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Abstract

The Arabian Shield is a part of a larger geological ensemble, the Arabian-Nubian shield, which covers several countries, mainly Egypt, Eritrea, Ethiopia, Saudi Arabia, Somalia, Sudan and Yemen (2200 km NS x 1200 km EW). These different areas, accreted during the late Proterozoic, share a very similar geological evolution (accretion of volcanic island arcs) and many mineral deposits formed by similar processes (epithermal and mesothermal gold deposits…). The geology (in a broad sense) and mineral deposits of the Arabian Shield have been worked in very different ways during the past decades. The resulting information is very heterogeneous and has only rarely been synthesised. In particular, synthesis documents for mining exploration purpose are very scarce, and often only available in the form of paper maps and not in a more modern version, namely Geographical Information System (GIS) and attached databases. 

GIS is a modern and efficient method of valorising the abundant data collected over the last decades. It provides an opportunity to re-examine the Shield from a geological and metallogenical angle and finally it is an opportunity to develop a sophisticated mineral exploration tool. 

With this in mind, a research project led to the reevaluation and compilation under Arcview™ software of several layers of information provided by the DMMR (Deputy Ministry for Mineral Resources) : geography, geology, structures, geochemistry, aeromagnetics, geochronology, paleosurfaces, surficial formations…and linked to a mineralised occurrence data base containing not only known information on the occurrences but also a new reappraisal of the metallogenic data as well as a quantitative evaluation of the regional- and local-scale geological, geophysical and geochemical exploration work that has been done on the different occurrences.

Cross-analysis of these different layers of information with Synarc™, a software tool developed by BRGM and ESRI, allows to produce synthetic documents and thematic maps which can be used for the selection of new exploration targets and adapted methodologies.

We present here the reassessment methodology, part of the relevant data and preliminary conclusions on the mineral potential of the Arabian Shield.

1. Introduction

After several decades of active geological and mining exploration in the Arabian Shield there are 2 mines in exploitation, several mining projects at a feasibility or investment stage, numerous promising occurrences at the evaluation stage. 

But the mineral exploration is far from being sufficient :

- the regional exploration is not complete (often focused only on old workings areas) and its distribution is heterogeneous,

- some large areas were explored with methods no longer considered as the most effective,

- newly developed metallogenic concepts were not considered at the time of the regional exploration,

- the possibility of hidden deposits under thin allochtonous cover (reg, sands, volcanic harrats...) was little or not at all tested;

- in addition, there is a lack of a size and economic potential criteria

- and a lack of a quantitative exploration criteria.
The resulting information is very heterogeneous and has only rarely been synthesised. In particular, synthesis documents for mining exploration purpose are very scarce, and often only available in the form of paper maps and not in a more modern version, namely Geographical Information System (GIS) and attached databases. 

With this in mind we made a global reassessment of the mineral potential of the Arabian Shield with the main objective to identify areas with promising mining potentialities but underexplored.

A first stage in the achievement of this program involved a  reevaluation and a compilation under Arcview™ software of several layers of information provided by the DMMR (Deputy Ministry for Mineral Resources) : geography, geology, structures, geochemistry, aeromagnetics, geochronology, paleosurfaces, surficial formations…and linked to a mineralised occurrence data base containing not only known information on the occurrences but also a new reappraisal of the metallogenic data as well as a quantitative evaluation of the regional- and local-scale geological, geophysical and geochemical exploration work that has been done on the different occurrences (figure 1).

Deterministic and stochastic modelling of these different layers of information with Synarc™, a software tool developed by BRGM and ESRI, allows to produce synthetic documents and thematic maps which can be used for the selection of new exploration targets and adapted methodologies.

Below we present the reassessment methodology, part of the relevant data and preliminary conclusions on the mineral potential of the Arabian Shield.

2. Exploration history within the Arabian shield

The past 35 years of exploration by the various organizations and companies operating in the Kingdom of Saudi Arabia have led to the discovery of more than 5300 mineral occurrences.  Fortunately, at a very early stage, back in the 1970s, BRGM proposed that it set up a computerized database of all exploration drill-hole data for the Deputy Ministry for Mineral Resources (DMMR), which resulted in the creation of the Drill Hole Information System (DHIS).  A few years later, another database, the Mineral Occurrence Documentation System (MODS), was created to record all mineral occurrences discovered in the Kingdom. 

Since 1971, the DMMR has recorded in the MODS databank all Saudi Arabian mineral occurrences recognized in the field.  Each point is recorded under a serial number, with a descriptive file (location, type of occurrence or mineralized body, condition of discovery, list of reference reports, chemical analyses, etc.).  Each entry receives a sequential number, the MODS number (Delfour, 1975).

Twenty years later, it is clear that many of the MODS entries lack the criteria on size and economic potential that would render them useful for planning mineral exploration.  Moreover, the data are highly heterogeneous due to the advances in basic geologic knowledge with time and to the fact that the exploration geologists working on the Shield had different levels of experience and training. 

A first assessment of most of DMMRs past activities was made in 1989 by Watts, Griffis and McOuat (WGM), who published 38 reports, six of which were devoted to the extent, status and adequacy of mineral exploration in the three main areas of the Arabian Shield. 

Béziat et al. (1995) (BRGM) carried out a further assessment of the major mineral occurrences and compiled a map of the metallic mineral deposits of the Arabian Shield including 1800 major occurrences. 

Since 1989, several gold-target evaluations have been carried out by various agencies. 

3. Geotectonic framework and associated mineralization of the Arabian Shield

3.1. Geotectonic framework

Before the opening of the Red Sea, 30-25 Ma ago (Camp and Roobol, 1992), the Arabian Shield (650,000 km2) formed part of a larger geological ensemble (Stern, 1994), the Arabian-Nubian Shield, which covers several countries, mainly Egypt, Eritrea, Ethiopia, Saudi Arabia, Somalia, Sudan and Yemen (2200 km N-S x 1200 km E-W). The Arabian-Nubian Shield consists primarily of Neoproterozoic juvenile crust and represents an area of suturing between East and West Gondwana before the Paleozoic. It formed through the accretion of numerous, mainly inter-oceanic, island arcs along ophiolite-lined suture zones and gneissic fault zones (Kröner, 1985; Stoeser and Camp, 1985; Vail, 1985; Pallister et al., 1987; Quick, 1991; Windley et al., 1996; Johnson, 1998; Al Saleh et al., 1998) between 900 Ma and 550 Ma when the Mozambique ocean closed (Stern, 1994). It might have included an oceanic plateau formed by the head of an upwelling mantle plume (Stein and Goldstein, 1996). 

These “terranes” are now separated by major, mainly N-S and NE-SW, suture zones lined by serpentinized ultramafic rocks (ophiolites and tectonic slices) and by major NW-SE faults.

The entire Arabian Shield is, except for some gneissic structures, only slightly metamorphosed and constitutes one of the best preserved and exposed Neoproterozoic assemblages resulting from the accretion of several volcanic-arcs. It is overlain to the east, north and south by a thick Phanerozoic sedimentary formation.

The more than 500 U-Pb, Rb-Sr, Sm-Nd, K-Ar and Ar-Ar age determinations available for the Arabian Shield , both previously published (see synthesis by Johnson, et al.,1997) and obtained within the frame of this project were reevaluated on analytical grounds using Isoplot software (Ludwig, 1991) and subdivided into four analytical classes (figure 2). They span a very long time interval from 2340 to 340 Ma with three main maximum at 590-580 Ma, 640-630 Ma, 730-720 Ma. Acceptable ages fall in the range 850-560 Ma with a maximum at 630-620 Ma, and ages acceptable with minor restrictions fall in the range 901-550 Ma (plus two geologically suspect Rb-Sr ages from Wadi al Faqqh [1165+/-110 Ma; Agar et al., 1992] and from the Khamis Mushayt batholith [495+/-3 Ma; Qari, 1985]) with again a marked maximum at 630-620 Ma. Terrane analysis in terms of lithostratigraphy and ages of suture zones, fault zones, overlapping basins and stitching plutons, provides a tool that helps to constrain the geological history of the Arabian Shield.

Ages greater than 910 Ma result from a recycling of old continental crust in the eastern terranes. Ages obtained on ophiolitic and volcanic-arc material are between 910 and 680 Ma, with the volcanic material from that period being older in the south (Asir terrane) than in the north (Midyan terrane) and east (Ar Rayn terrane). Most of the ages were obtained on plutonic material emplaced after the accretion of the Ar Rayn terrane, and are synchronous with the final suturing of the Arabian Shield (680-610 Ma) marked by the development of the Nabitah and peripheral belts and gneiss domes, and synchronous with the formation of large molassic basins. This Panafrican orogenic event was followed by an extension event marked by abundant alkaline magmatism and the last stages of deformation along the Najd Faults that led to the formation of pull-apart basins (Jibalah)(Figure 3 and 4).

The final evolution took place in a continental setting on the Arabian Platform, with the deposition of several great sandstone successions, such as the Siq and the Saq sandstones, preceded by paleo-laterite.  Glacial deposits marked the Late Ordovician and Carboniferous periods.  In general, the Paleozoic stratigraphic record is rather incomplete, which may be partly due to intra-Paleozoic erosion between the various eras, and partly to Cretaceous-to-Recent erosion.  The Platform deposits include some shallow-marine rocks of Jurassic and Cretaceous age, but especially during the latter period, repeated uplift led to renewed erosion.  During one of these major weathering periods, the Zabirah bauxites were created.  Cretaceous rifting in the Red Sea led to doming of the Shield area, which uncovered the deep-seated axes of the Nabitah arcs with their dominantly intrusive ridges (Gurayyah-Ranyah, Afif-Miskah, Ha’il).  The rifting caused coastal subsidence and the creation of thick lagoonal evaporite deposits during the Late Cretaceous and Tertiary.  Alkaline olivine basalt extruded as the result of crustal thinning, creating the enormous lava flows of the Tertiary harrats.  These eruptions continued until the historic period, with a last event threatening the City of Al Madinah in 1265.  Duricrust silcrete and calcrete are found as remains on the Tertiary paleosurface and paleosols exist beneath the recent basalt, witnessing of a humid paleo-climate.  At the end of the Tertiary and during the Quaternary, the climatic evolution saw an increasing aridification that caused the great sand sheets with a few periods that were more humid during the interglacial periods. 

For a detailed presentation of the geological evolution of the Arabian Shield, see Johnson et al. (this volume).

The aeromagnetic map (Figure 4) provides an image of a complex web of orogenic zones arranged in an anastomosing network of primarily left-lateral strike-lip faults. The Nabitah Belt, in the central part of the structure, is associated with a number of peripheral ranges, gneiss domes and molassic basins. In the central part of the Shield, the intersection of the N-S and NW-SE networks outlines a sigmoidal feature, which reflects their contemporaneous formation.
This distribution does not correspond to the configuration of orogenic zones proposed previously by different authours (e.g. Stoeser and Camp, 1985), in which the Nabitah Fault zone and Najd Fault system were generated by two distinct tectonic events. In addition, when compared to our previous geological knowledge of the Arabian Shield, the aeromagnetic synthesis shows several major new findings:

1) the weak aeromagnetic signatures associated with the suture zones (except for the eastern Al Amar suture) when compared to the signatures of the Najd Faults;

2) the weak aeromagnetic signature associated with the Nabitah Fault zone;

3) the strong signatures associated with the Najd Fault system;

4) the sigmoidal shape of the aeromagnetic anomalies in the central part of the Shield, at the intersection between the Nabitah and the Najd Fault zones;

5) the penetrative E-W to NW-SE aeromagnetic anomalies.

This, along with available and new georeferenced geological and geochronological data, leads us to propose a new structural model and geologic history of the final suturing of the Arabian Shield. 

3.1.1. Before suturing

The different terranes in the Arabian Shield are compositionally very similar, although their ages differ significantly. They are interpreted as recording the formation of island-arc crust or continental-marginal-arc crust above complexly evolving subduction systems during the Late Proterozoic. Volcanic-arcs are generally subparallel to the structures that generate them and when amalgamated and accreted to a continental margin, remain subparallel to the suture zones. The major volcanic belts corresponding to old volcanic-arcs that have been mapped in the Arabian Shield, are globally N-S in the southern Asir terrane, SW-NE in the Jeddah and Hijaz terranes and N-S in the eastern Afif and Ar Rayn terranes (Johnson and Vranas, 1984; Stoeser and Camp, 1985; Cole, 1993). The number of suspected terranes (10 for Johnson and Vranas, 1984; 5 for Stoeser and Camp, 1985; 17 for Cole, 1993; 8 for Johnson, 1998) remains a matter of geological debate. In addition, magnetic data autocorrelation studies (Galdeano, personal communication) and magnetic trend orientations show that they cannot be distinguished on the basis of magnetic anisotropies.

The arc-related aeromagnetic signatures are now largely obscured by a dominant and penetrative NW-SE Najd trend, which reflects the importance of transposition of pre-existing rocks along the Najd Fault system. The age of final suturing of the different terranes is generally well constrained. It postdates the age of the ophiolitic rocks in the melange zones and of the adjacent arc rocks, and predates the post-tectonic intrusions. 

3.1.2. Fault zones

The northern Arabian Shield is cut by a system of left lateral NW-SE strike-slip faults known as the Najd Faults (Moore, 1979). Because these faults controlled the formation of discordant Jibalah carbonate platforms and associated Shammar Formation volcanics dated from the Late Proterozoic (Delfour, 1970), they were classically thought to be post-accretion and post Nabitah (Stoeser and Camp, 1985; Stacey and Agar, 1985).

The fault zones are classically 10 km wide and are characterized by ophiolitic-type ultramafic rocks, serpentinite, listwaenite, mylonite, phyllonite, gneiss. The whole unit forms a network of anastomosing faults within the major orogenic zone known as the Nabitah Belt and its adjacent structures. With the exception of a few kilometer- to multi-kilometer-wide corridors that show steeply dipping early-stage lineations (Ad Dafinah Fault, Al Amar Fault, Nabitah Fault), the fault zones generally exhibit well-marked subhorizontal lineations.

The left-lateral faults are oriented NW-SE, with conjugate N-S to NNE-SSW right-lateral faults also being observed. In the northern part of the Shield, they are associated with gneiss domes showing a well-developed stretching lineation, where the kinematic criteria of the S/C planes indicate right-lateral movement. In the southern part of the Shield, the main volcano-sedimentary belts and the large batholiths underwent right-lateral transcurrent movement. 

3.1.3. Early age of the Najd Faults

The chronology of the fault zones can be constrained by dating pre-existing rocks present as melange within the faults (ophiolite, etc…), the syntectonic gneiss domes, the overlapping volcanic and sedimentary basins, and the stitching plutons.

The syntectonic NW-SE-trending Tin gneiss granodiorite along the Ruwah Najd Fault zone in the central part of the Shield (Subay Suite, U/Pb on zircon; 683+/-9 Ma; Stacey and Agar, 1985) provides the oldest indication of movement along the Najd Fault system. More recent ages along the Najd Faults are provided by deformed plutons intrusive in the Asir terrane (granodiorite of the Damar complex; U/Pb on zircon, 635+/-5 Ma; Stoeser and Stacey, 1988).

The early age of 683+/-9 Ma is very close to the Ar/Ar ages obtained on the Halaban ophiolites (680 Ma; Al Saleh et al. 1998). This implies very early transpressive deformation synchronous with and/or immediately following the closing of the Mozambique ocean and the accretion of the last terranes to the east.

Similarly, several NW-trending belts of orthogneiss and paragneiss crop out in the northeastern part of the Shield (Qazaz, Wajiyah and Hamadat gneiss domes) and are in geographic continuity with the Ar Rikah left-lateral transpressional Najd Fault. Satellite imagery, field data and aeromagnetic imagery reveal a unique structural arrangement comprising an anastomosing network of planar structures that demarcate large fish-shaped units. Field measurements have shown the existence of a network of ductile left-lateral transcurrent faults with occasional right-lateral faults. The age of deformation can be constrained with several available isotopic ages. Some of the orthogneiss is derived from the Ar Ra'al granodiorite, which has been dated at 636+/-23 Ma (Rb/Sr; Calvez et al., 1982). Syntectonic tonalites emplaced in the Baladiyah and Gazaz faults have provided rather close model ages of 676+/-4 Ma and 672+/-30 Ma (U/Pb on zircon and whole-rock Rb/Sr; Hedge, 1984). These three ages constrain the formation of the gneiss belts to around 680-630 Ma, thus to a similar period as the southermost Ruwah Najd Fault.

The synchronous formation of the Najd Faults and Nabitah Fault zone is also indicated by several trends on the aeromagnetic map which shows very large curvatures and delineates major sigmoid blocks between the Nabitah and Najd Faults. This implies that the Nabitah Belt cannot be used as marker of the amount of displacement along the Najd Faults as has been done in earlier studies (Brown, 1972; Davies, 1982, 1984; Cole and Hedge, 1986; Johnson and Kattan, 1999) 

3.1.4. Molassic basins in relationship with the Najd Faults

Obvious relationships exist between the gneiss domes and the adjacent sedimentary formations of Murdama age. Sedimentological and structural analyses of these basins reveal that they were formed during a period of ductile deformations, with the basins occupying the synclinal depressions and the domes representing the anticlines of the same crustal fold train (Figure 5). The kinematic processes were accompanied by the deposition of sedimentary megasequences in the basins, with large wedges and internal unconformities, which sealed the successive movements of the basement. 

The molasse basins collected the sediments derived from the progressive erosion of the Nabitah Belt, and their total thickness in places reaches 10,000 m. They include the Murdama/Maraghan/Arfan basins in the east of the shield, the Ablah basin in the southern part of the Shield, the Hadiyah and Thalbah basins in the northwestern part of the Shield, and the Furayah basin in the central part of the Shield.

The large Murdama basin, located east of the Nabitah Belt, displays increasing degrees of deformation and metamorphism from east to west. To the west, it is bounded by gneiss domes with foliation folds that have curved axes and merge progressively southwestward into the Nabitah structures and northeastward into the folds of the sedimentary basin.

The minimum ages of the Maraghan and Murdama basins are well-dated by several early-stage cross-cutting intrusions such as the An Najadi dacitic plug at 631+/-12 (Walker et al. 1994), the As Asfar granodiorite at 620+/-7 Ma (Cole and Hedge, 1986), the Darat al Jibu granodiorite at 614+/-5 Ma (Cole and Hedge, 1986), and the Uwaiyah granodiorite at 611+/-3 Ma (Agar et al., 1992).

Deposition of the Murdama Group occurred after 677 Ma (age of the As Sawda tonalite; Stacey et al., 1984). This constrains its formation to a period from 677 to 631 Ma, thus synchronous with the development of the gneiss domes and Najd Faults.

Other basins formed at approximately the same time are Bany Ghayy, Arfan, Furayah, Thalbah, Hadiyah, Ablah.

The Bany Ghayy basins form overlapping sedimentary and volcanic assemblages in the central part of the Shield and are disrupted by the Najd Faults. It is dated by an interlayered rhyolitic flow that provided a zircon U-Pb age of 620+/-5 (Stacey and Agar, 1985).

Similarly, the central Furayah basin provides a Rb/Sr age (analytically suspect age) of 633+/-15 (dacite from the Qidirah Formation; Brown et al. 1978) and the Ablah basin in the southern part of the Shield has been dated at 642 + 1 Ma (Genna et al., 1999), i.e. contemporaneous with the Murdama basins in the north of the Shield. 

Early enthusiasm led geologists to propose paleogeodynamic reconstructions in which these molassic basins represented pre-accretion and syn-subduction forearc and/or backarc basins. For example, Quick (1991) suggested that the clastic sedimentary rocks of the Murdama Group are relicts of a fore-arc basin synchronous of the Nabitah arc and Abt accretionnary wedge, all belonging to the same subduction system. However, the chronological constraints and geological relationships presented here imply that they can no longer be viewed as such, but that they in fact represent orogenic foreland basins related to the cratonization of the Arabian Shield. 

3.1.5. Postorogenic extension. 

Major E-W short-wavelength anomalies appear shield-wide on the aeromagnetic map and cross-cut the structural lineaments at a high angle. They are strongly oblique to the N-S and NW-SE Nabitah and Najd structures, subparallel to major dyke swarms and show up particularly well in the southern part of the Shield. 

The E-W magnetic anomalies are related to a major Shield-wide post-orogenic intrusion event, expressed at the surface by major E-W- to NW-SE-oriented dyke swarms. Genna et al. (1999) has shown that most of the dykes cross-cutting the Shield are related to a post-accretion late-stage magmatic event related to late-orogenic extension and crustal thinning controlled by the Najd transform faults (Shammar volcanics and Jibalah sediments). Continued extension and erosion led to a total peneplanation of the Shield and to the Paleozoic marine transgression.

3.1.6. A redefinition of the Najd Faults.

The NW-SE-striking faults, known as the "Najd Faults" are generally viewed as late-stage left-lateral strike-slip faults (Moore, 1979). This work shows that they are the result of a two-phase evolution. Early left-lateral transpresional movements along the faults developed major gneiss domes and large volcano-sedimentary Murdama-type basins. Later movements controlled the deposition of clastic sediments in pull-apart basins.

3.1.7. What was the continental growth rate ?

The Arabian-Nubian Shield was mainly formed over a relatively short period, which led Reymer and Schubert (1986) to suggest an arc addition rate of 310 km3 per km arc length per Ma (assuming an area of 6 106 km2, a volume of 3 108 km3, a 300 Ma interval and an arc length of 2500 km). This is one order of magnitude higher than present-day arc addition rates of 30 km3 per km arc length per Ma, and has led several authors to suggest the existence of much higher spreading rates in the past than at present (see Howell, 1989, for discussion). Although questioned by several authors, this high growth rate was used by Stein and Goldstein (1996) to support the existence of a major oceanic plateau component to the Arabian-Nubian Shield. Not only has this oceanic plateau component never been evidenced geochemically in the Arabian Shield, but the important dispersion/accumulation tectonics exposed here imply that simple orthogonal convergent-type accretion models cannot be used to estimate the continental growth rate of the Arabian-Nubian Shield.

3.2. Geotectonic framework and mineralizations

Based on this general geodynamic framework, the different types of mineralization found in Saudi Arabia can be fitted in their specific structural and metallogenic context:

- Some of the mineralization was emplaced at least in part during the oceanic-basin stage;  this includes the Cr-Ti-Fe-Ni-Cu associated with ophiolites, and some of the volcanic massive-sulfide (“VMS”) and Cu orebodies.
- Other types of mineralization are related to the volcanic activity in island arcs, such as VMS deposits in submarine environments, epithermal orebodies in subaerial environments, and porphyry stocks in the plutonic roots of arcs.

- Further types are the result of remobilization of pre-existing mineralization, particularly gold of the mesothermal type that is related to arc accretion and Panafrican tectonics.

- Tin-tungsten mineralization in places is associated to post-tectonic peraluminous intrusive plutons.

- Pb-Zn mineralization is related to carbonate-platform or paleo-channel environments in Cenozoic sandstone around the Red Sea.

- Some mineralizations are associated to (paleo)-placers (gold) or weathered rocks related to lateritic paleosurfaces (bauxite), gold bearing gossans on VMS, …

4. Methods used for re-evaluating the mineral occurrences of the Arabian Shield

The WGM compilation report(1) and the Béziat et al.(2) map have been taken as the starting documents for the filtering and selection of the main occurrences.  For the post-1989 exploration work, a review of the United States Geological Survey (USGS), DMMR and BRGM reports concerning the Kingdom of Saudi Arabia was carried out. 

The 1800 major mineral occurrences selected by Béziat et al.(2) from MODS files, have been re-assessed by introducing additional exploration criteria when available in the above-mentioned sources.  The criteria include metallogenic context, hydrothermal alteration, main geochemical pathfinders, supergene enrichment, old metallogenic models, new metallogenic models, ore discoveries, overall potential, comments relating to possible extensions, new commodities, etc.  Finally, a general-interest score from 1 to 10, reflecting the overall potential of the mineral occurrence, was added to the database (Figure 6). 

Among the criteria used for attributing a ranking of exploration interest the following points deserve mention:

Metallogenic setting:  Specific examples of favorable settings are:  

· Presence of a hiatus in the deposition of submarine volcanic rocks with the development of chemical deposits (jasper, carbonate, etc.);  

· Existence of a graben with a reducing environment and sulfide traces, with Ni-Mo-Ba-Cr anomalies associated with barite and jarosite, in an acid volcanic setting;  

· Presence of a silver anomaly that either indicates epithermal mineralization, or a residual concentration;  

· The presence of radioactive (U, Th, Zr) granite of the Jabal Sayid or Jabal Tawlah type near metavolcanic rocks that favored metal circulation in the crust, is another favorable element; 

· Several leucogranites are known for their Sn, W, and Au potential; 

· Granite of the Idah suite intersecting Murdama rocks has a high gold potential. 

Density of occurrences in a given area: they can be for a single commodity, e.g., gold, or for several metals. In the latter case, if the distribution shows a zonation resembling a known model, such as Au-Ag, Pb-Zn, Cu-Mo that evokes an epithermal and porphyry setting, the interest of the occurrence is further enhanced.

Surface dimensions:  A vein set obviously is of more interest if it can be followed over 1 km than when it is small.  The dimension is not always easy to establish, as recent erosion can increase the apparent size, whereas wind-blown sand can mask other veins.

Type and intensity of alteration:  Several gold occurrences are related to shear zones intersecting intrusives (Sukhaybarat, Zalim, Bulgah), with pyritization and arsenopyrite in the walls.  Oxidation of the sulfides in an arid climate has enriched the shallow groundwater in sulfates that precipitate gypsum during dry periods, e.g., at Bir Tawilah and Zalim.  The presence of anomalous arsenic in the old dumps thus is a favorable indication that increases the potential interest of the occurrence.  

Propylitic or potassic alteration in an intrusive-rock setting can indicate the presence of porphyry-type mineralization, and thus enhances the potential interest of the occurrence. 

Geochemical associations:  The presence of W-Mo and As-Sb anomalies near a shear zone intersecting intrusive rocks is a favorable indication for the presence of gold.

Structural setting:  Generally speaking, the more an area is fractured, the more complex will be its metamorphic and magmatic history, and the higher is the potential for the existence of a trap for fluid-borne mineralization.  In Saudi Arabia, several favorable metallotects are known:

For gold

· Old workings developped over acid metavolcanic rocks, containing cockade breccia and a polymetallic s (Cu-Pb-Zn-Ag) signature as at Mahd adh Dhahab and Al Amar.

· Shear zones intersecting ultramafic rocks altered to listwaenite, associated with syntectonic intrusions (Hamdah, Ghadarrah), and halos of granitic intrusions in Murdama Group rocks or black shale.

· The presence of dike swarms intersecting carbonate-rich greenstones (e.g. Abt schist) or carbonate-rich black shale (Ash Shumta type).

· Contact zones and scheelite skarns in a metavolcanic hostrock.

· Gossans on polymetallic bodies of pyritic-arsenopyritic massive sulfides, etc.

For silver
· Shear zones containing propylitic alteration, intersecting granodiorite, and associated with dikes and subvolcanic intrusions (Samrah type).

· Caldera-rim and normal faults associated with sub-aerial volcanism of the Shammar type or older (Ram Ram).

For base metals
Periods of interruption in submarine volcanic activity, shown by the deposition of chert and carbonates, and the presence of disseminated sulfides.

Platform areas with carbonates and evaporites, bounded by basin faults, and the presence of salt domes that, in addition to hydrocarbons, can trap Pb-Zn mineralization of the Fej El Adoum or Bou Grine type (Tunisia).

Intra-cratonic basin areas or reducing-environment deeps as are found in the Red Sea and the Barent Sea, where metals concentrate either because of a sedex-type sulfide exhalation, or through bacterial or chemical precipitation. 

5. Description of the main mineralized districts

Eighteeen mineralized districts (figure 7) have been delineated on structural and metallogenical grounds. Their mineral potential and exploration perspectives are shortly presented in this chapter.

5.1. Mineralized district N°1: Wadi Schwas, Wadi Bidah and Bishah belts

Mineralization

The district encloses more than 43 mineralized sites: 16 of the VMS type (base metals and gold) in the volcano-sedimentary belts, 9 of the shear-zone vein type with gold and lead-zinc, 5 of the porphyry type (Cu, Mo, etc.), 3 sedimentary mineralization with barite (and BMS), and a dozen copper occurrences in the Ablah basin.

Of the 16 VMS occurrences, 6 have a major potential for residual gold.  A Tertiary lateritic paleosurface affects the southwest summits of the Asir Mountains, leading to the development of major ferruginous gossans.  Some of these have economic gold contents, such as the one at Al Hajar (>12 t Au metal and under development by Ma’aden). 

Most of the primary polymetallic VMS-type mineralization that was investigated has not yielded economic resources.  The most important primary body, Rabathan, represents 2.1 Mt at 0.25% Cu, 0.5% Zn, and 1.2 g/t Au.  Jadmah contains 1.6 Mt at 2.5% Cu and 1.5% Zn (Béziat and Donzeau, 1989). 

In the metavolcanic rocks of the Bishah belt, the mineralization is mostly gold in veins (locally with high grades in dumps) and base metals, as well as polymetallic porphyry-type mineralization with Au, Cu, and Mo and an intra-batholitic type with Be, Li, and Mo.  

Exploration perspectives

The potential for new discoveries remains high, as several gossans and input anomalies in the VMS belts remain untested by drilling. 

Other occurrences may present further exploration interest, such as:

-
The Mamilah gold prospect associated to a shear zone and that of Aqiq Ghamid that lies within a major north-south shear zone intersecting tonalites, which are cut by a late quartz porphyry that further increases its interest.

-
The stratiform barite occurrence of Al Aqiq, associated with a large Cu-Zn anomaly that remains untested for gold.

-
The titaniferous magnetite occurrence of Lakatah in a gabbroic intrusive that remains to be checked for PGE.

-
Disseminated copper mineralization in detrital rocks and basic sills of the Ablah synform, which locally reach grades of 1% Cu and can be followed over more than 5 km.

· The peralkaline granite of Jabalat (see Colenette and Grainger, 1994) should be checked for the possibility of Cu-Mo porphyry mineralization. 

5.2. Mineralized district N°2:  Najran - Wadi Wassat 
Mineralization

Eighteen mineralized occurrences are known from the district:

· Six massive-sulfide bodies, four polymetallic, and two dominantly pyritic  

· Three vein-gold prospects associated with shear-zones

· Nine smaller gold occurrences that have not been ranked.


Sulfide mineralization, depleted in Pb, commonly occurs as stratiform mineralization above rhyolitic domes below the basalt.  Pyrite/chalcopyrite stockworks have intense carbonate (dolomite) and propylitic alteration.  In contrast with the preceding district, high-energy sediments (fanglomerates, turbidites) truncate the volcano-sedimentary rocks, which limits their potential in terms of major massive-sulfide bodies (Carsten and Tayeb, 1990).

The most important prospect in economic terms is the Al Massane massive-sulfide body, representing 7.5 Mt at 5.7% Zn, 1.3% Cu, 1.2 g/t Au, and 45 g/t Ag.

Two other bodies, Kutam and Al Halaliha, were drilled as well but turned out to be sub-economic (8 Mt at 1.8% Cu, 0.95% Zn, and 0.3 g/t Au for Kutam; 2.1 Mt at 2.7% Zn, 0.3% Cu, and 0.3 g/t Au for Al Halahila). 

Exploration perspectives 

The well-preserved massive-sulfide bodies at Wadi Wassat and Wadi Qatan are mostly pyritic, and investigations for their residual gold potential (G. Récoché 1992) were disencouraging.  But significant nickel grades in some of the Wadi Qatan gossans, in particular those lying upstream from the strong Ni-Cu geochemical anomalies in wadi sediments (Parker, 1982), might indicate a potential for stratiform-type Ni-Mo-(PGE?-Au?) sulfides 

Among the 14 gold occurrences known in the district, Farah Garan, Milha, Jabal Guyan, and Masana are worthy of interest in view of their large size and the high gold grades found in dumps.  

5.3. Mineralized district N°3:  Tathlith 

Mineralization

The district has a high potential for shear-zone type gold mineralization, as over 30 occurrences are known, three of which have economic potential: Hamdah (4.8 t Au), Gariat Avala (5.5 t Au), and Jabal Mokhyat with very extensive old workings, but only erratic values.

The Hamdah occurrence is interesting from a modeling viewpoint, as it contains disseminated gold mineralization controlled by a thrust sole outlined by listwaenite and with an aplitic sill at the contact with amphibolite; the whole has been folded into an antiform.  This layout resembles that of Ghadarah (see district 5) or the one of porphyry/epithermal gold at Koum and Comète in New Caledonia (J.M. Eberlé, A. Magnien 1987, N. Stolojan 1989).  

In addition, the district contains a further six VMS type occurrences with dominant Pb-Zn, including the Ash Shaib prospect with 1.7 Mt at 6% Zn and 0.3% Cu. 

A Cu-W occurrence (Jabal al Mutbig) occurs in the young intrsive rocks in the southeast quadrant of the district.

Finally, several Ni-Cu-Cr occurrences are known from the serpentinite schuppen.

Exploration perspectives 

Additional gold resources might be found through studying the old workings around Hamdah, Gariat Avala, and Jabal Mokhyat in a more systematic manner.

5.4. Mineralized district N°4:  Bir JugJug –Ad Duwayah

Mineralization

Various tectonic events have contributed to the mineralization of this district, resulting in more than 45 occurrences.  They created the pathways for mineralized-fluid circulation and for the emplacement of intrusions that further activiated such fluid circulation and made a magmatic Ag-Sn-W-Mo-Bi contribution.  About 20 of these occurrences lie on, or close to, extensional horse-tail-shaped structures related to the Ruwah fault, or are associated with small intrusions as at Ad Duwayah. 

Four gold prospects were studied in detail, the Ad Duwayah gold porphyry with reserves of 11 t Au (J. Doebbrich, A. Siddiqui, 1999), Jabal Um Mathierah (3.1 t Au in dumps and primary veins), Ishmas Kabir (1 to 2 t Au), and Bir Jabuah (>1 t Au and very promising arsenic alteration).  Three other prospects have very large old workings: Bir Warshah and Dahlat Shahab on the Ruwah fault or its extensions, and Nafud Al Mistajed on the Nabitah fault farther south.

Exploration perspectives 

Several gold prospects require additional work, in particular geochemistry on pit or shallow auger/R.C-drill samples to look below the eolian sand, and resistivity, in order to increase the reserves of this very promising district.

The nickel-rich parts of the gabbro intrusion of Jabal Jedair should be reanalyzed for PGE. 

5.5. Mineralized district N°5:  Zalim –Ash Shaktalyah 

Mineralization 

The district contains more than 55 gold occurrences, as well as several major polymetallic occurrences that locally are auriferous, and three tin-tungsten occurrences.

Gold

Gold occurrences  occur as four different types: 


1)
Gold related to shear zones in quartz-diorite intrusions or to oblique shears intersecting metavolcanic rock and listwaenite.  The Zalim deposit (>20 t Au), and As Suq belong to this type.  The Jadib Ghuzzayil prospect also belongs to this type, but here the very widespread ancient workings show a geochemical Cu-Pb-Zn zonation (Cassard and Salpeteur, 1985), possibly caused by shallow biotite-granite and diorite intrusions that outline polyphase vein structures and alteration zones.  The Bir Tawilah gold prospect (1.8 t Au) is related to a north-south vein swarm, which is related to a north-south fault and predates the acid-type mineralization that intersects it.  However, gold is remobilized along late aplite dikes that are contemporaneous with the Ghadarah intrusion (see below). 


2)
Gold related to subvolcanic diorite intrusions, contemporaneous with shear zones that created mylonitic drains with propylitic alteration and silicification.  Examples are Ash Shaktalyah (2.4 t Au), Quwaymah North, and Bir El Hiyan.


3)
Gold related to volcano-sedimentary exhalative base-metal deposits in black shale and dolostone.  Examples are Ar Rjum Zinc (potential >1.8 Mt at 5% Zn and 1.5 g/t Au), Al Gharith (Ag sulfides with jarosite, barite, and manganese oxides, a signature that evokes an epithermal setting, but could also be due to a nearby paleo-surface), and Shaib Lamisah (1.4 Mt at 2% Zn, where the gold content was not tested). 


4)
Gold related to pyritic granite intrusions with arsenic anomalies, injected in silicified serpentinite and synchronous with the sinistral Najd compression phase (Ghadarah type, 1.2 t Au with possible extensions related to post-Najd intrusions.  

Tin, Tungsten, Fluor


Several differentiated intrusions are enriched in F, Li, W, Sn, Sb, e.g., Bir Tawilah tungsten (265,000 t at 1.2% WO3, Jebel Abal, and Wadi Hazarh (MODS 04573).  These intersect the Ash Shiam series and seem to postdate the main gold-mineralization.

Polymetallic mineralization, Pyrite occurrences, Oxidized gossans

Three exhalative sedimentary occurrences in black shale were studied in detail.  They are the Shaib Lamisah prospect, the Ar Rjum Zinc prospect, and the Al Garith prospect (mostly argentiferous), but their resources are likely to be too small to be economic.



About 20 gossans and pyrite occurrences are described from black shale in the Ash Shiam and Ad Dafinah areas.  Several of these have never been tested for gold. 



Al Himar is an epithermal-type occurrence.  It contains a stockwork with chalcedony and manganese oxide, and was discovered during a geochemical survey.  This mineralization may be related to the volcanism that accompanied the Jibalah-basin faulting, around 550 Ma, i.e. post Naj faulting.  

Exploration perspectives 

Several old gold workings areas (As Suq-Al Haffirah, Azzeraib, Bir Tawilah, Jabal Mugherah, Mangar An Nam) are partially covered by wind-blown sand or thin alluvial deposits.  They strongly merit additional exploration, such as bedrock geochemistry and geophysics, to locate extensions to known mineralization, a technique that was very successful at Zalim.  The Bir Tawilah – Ghadarah thrust fault also has a high potential for mineralization associated with syn-tectonic intrusions and listwaenite.  The gold occurrences associated with differentiated F-W intrusions also should be re-investigated from a porphyry or perigranitic viewpoint (case of the tungsten intrusions mentioned above).  In a volcano-sedimentary context, the polymetallic occurrences of Shaib Lamisah and Ar Rjum Zinc should be retested for gold, something that was not done either for some of the other base-metal targets.  At Shaib Lamisah, gold anomalies were identified, but not checked by drilling.

5.6. Mineralized district N° 6:  Samran – Mahd adh Dhahab-Jabal Sayid 

Mineralization

Gold


Only a dozen gold occurrences are known from this district, which nonetheless contains Mahd adh Dhahab, the most important gold occurrence of Saudi Arabia.  This is an epithermal, low-sulfidation, adularia-type, polymetallic deposit, the total production of which, including that by the Ancients, has been estimated at over 100 tons of gold (Doebrich et al., 1999).  The reserves before the last stage of exploitation were around  1.2 Mt at 24 g/t Au, 92 g/t Ag, 0.65% Cu and 3.11% Zn.



Systematic rock-geochemistry over a 50 m x 50 m grid discovered new reserves (Roberts et al., 1978) in the metavolcanic rocks hosting the old workings in rich quartz veins.  The polymetallic mineralization of chalcopyrite, sphalerite, galena, gold and silver tellurides, and rare electrum occurs in a dense vein network.  The veins were filled in successive stages, are ribboned, and contain cockade breccias that cut felsic agglomerate and crystal tuffites.  A subsequent porphyritic rhyolite intrusion may have been the driving engine for fluid circulation.  The mineralization is older than 709 Ma, the age of the intersecting dikes (Huckerby et al., 1983).  Zinc grades increase to the north and at depth, whereas the gold grades decrease commensurately.  In November 1999, the remaining 0.65 Mt were estimated to contain 12 g/t Au and 3.11% Zn.  Four successive alteration stages are observed:  early alteration with quartz, sericite, pyrite; an intermediate stage with chlorite, sericite, microcline, sphalerite, pyrite; the gold-bearing stage with quartz, chlorite, sphalerite, galena, pyrite, gold, tellurides, and accessory siderite-calcite-hematite; and a final stage with quartz, calcite, and barite.



Minor (apparently)  gold indications are known from near Mahd adh Dhahab, as Lahuf, or an older (769 Ma) epithermal silver occurrence associated with the Ram Ram caldera (Saeed Al Yazidi, 1997).

Volcano-sedimentary massive sulfides


Four occurrences of this type are known in the district:  Umm ad Damar, Samran, Shayban, and Jabal Sayid.  The last is a deposit with substantial reserves. 



Jabal Sayid lies 40 km east of Mahd adh Dhahab, in acid metavolcanic rocks that may be younger than the Mahd succession.  A major Cu gossan indicated the presence of ore in the north limb of an anticlinorium in the roof of rhyolitic paleo-domes.  The ore-bearing level is marked by a temporary halt in volcanic activity, and chemical sedimentation of chert and chloritite (Milesi, 1984; Pittre, 1985).  The tree main ore types are:  massive breccia copper ore (orebody 1), finely ribboned ore that is rich in zinc and depleted in copper (orebodies 1 and 4), and stockwork ore with dominant chalcopyrite (orebodies 2 and 4).  Total resources of the copper-rich ore are 20 Mt at 2.68% Cu and 5 Mt of zinc-dominant ore at 4% Zn and 0.5% Cu.  Lead content is low (120-900 ppm) and gold has not been systematically assayed for, even though high spot values were found (12 g/t in the gossan, 2.3 g/t in a Zn stockwork in orebody 4, and 18 g/t in orebody 1, which grades are systematically associated with good silver values.



Umm ad Dammar comprises several gossans with rich copper that were intensively mined by the Ancients.  Located in the structural continuation of the Sayid formation, Umm ad Dammar may be an extension of the Jabal Sayid mineralized system, if one restores the hostrock to its position before sinistral NNW-trending strike-slip faulting offset the Jabal Sayid unit from the Mahd adh Dhahab one.



The Samran–Shayban–Baydan belt contains over 14 occurrences of the volcano-sedimentary massive-sulfide or disseminated-polymetallic-sulfide type.  The copper stockwork of Samran contains a resource of 0.9 Mt at 2% Cu.  The Baydan mineralization (Bellivier et al., 1997) is a concealed polymetallic VMS (0.6 Mt at 20% Zn equiv.) associated with black shale intercalated in acid volcanic rocks;  and laterally within the black shale, barite and jasper are found outcropping.  Three classic types of mineralization for this type of deposit were found:  Au-Ag (Cu-Pb-Zn) remobilized mineralization in black shale, massive polymetallic, but dominantly zinc mineralization in ribboned sulfides, and Cu-Zn stringer and disseminated mineralization in the chloritized breccia stockwork of the footwall.  The deposit is partly affected by faulting and folding, but moreover an adverse topography/mineralization-dipping combination is a strong handicap for the search of additional resources.



The Bari prospect includes a network of east-west quartz veins, more than 4 km wide, intersecting Hufayriyah tonalite on the edge of calc-alkaline granite near Harrat Khisb.  Within this area, showing a relatively high density of old workings for gold, a polymetallic Pb-Zn-Cu-Au-Ag-As mineralization (Cassard et al., 1987) was found over 39 m in a drill-hole as vein sulfides with sphalerite (1.2% Zn), pyrite, and arsenopyrite with a high gold content (7 g/t), surrounded by a Sb halo.  No extension to this rich mineralization was found at that time.  However, it might be profitable to resume exploration as many positive indicators exist for the existence of polyphase intrusions or a porphyry:  biotite microgranite in sills;  subvolcanic dikes;  pegmatite with magnetite and hornblende;  a Cu-Pb-Zn-Sn-Sb geochemical zonation;  the existence of disseminated pyrite and magnetite in the boreholes testing the IP anomaly north of the prospect;  and potassic and propylitic alteration in the veins.  The Bari prospect evokes Hollister’s (1978) “Diorite model”, i.e. dominant albitic and propylitic alteration (carbonate, zeolite, epidote) and only minor potassic alteration, low sulfur activity leading to the coexistence of pyrite and magnetite (as at Bari), and a late gold-pyrite-base metal paragenesis.  

Rare Earths, thorium, uranium mineralization


South of Jabal Sayid, the alkaline Nb-Y-Zr Jabal Hadb / Ash Sharar granite contains reserves of 23 Mt at 0.13% Nb; 0.13% Ce, >1.7% Zr, and 134 ppm U (Elliott, 1997).  REE are found in bastnaesite, doverite, monazite, and synchisite;  Nb is associated with pyrochlore, Zr with zircon, and thorium with thorite and thorianite.  The monzogranitic complex hosting these rocks is dated 573 Ma (Rb/Sr: Calvez and Kemp, 1982). 



Several copper occurrences of marginal interest are found in the Bir Umq serpentinites north of Jabal Sayid. 

Exploration perspectives

This district has a high potential for various types of mineralization.  Epithermal, volcano-sedimentary, and prophyry occurrences merit a systematic geochemical coverage with the aim of finding other mineralized structures, in particular near interruptions in the volcanic activity.  The last are indicated by the presence of breccia, epiclastic rock, and black shale.  Other areas of potential interest are around rhyolite domes and subvolcanic microgranites. 

At Bari, some deep drill-holes on the IP anomalies north of the prospect should test for the presence of Zn- and Au-bearing diorite porphyry.

At Jabal Sayid, it is recommended to make an accurate assessment of the gold potential in the gossan, in the poorly tested sulfidic zones, and in particular in the polymetallic baritic mineralization found in a lateral position to the stockwork.

The Bir Umq sub-district warrant additional investigations for base- (mainly copper) and precious- metal (4 m at 20 g/t in one drill-hole) mineralization.

5.7. Mineralized district N°7:  As Safra-Musayna’ah

Mineralization

Four types of mineralization are found in the As Safra - Al Maham - Jabal Hamick - Nuqrah belt :  massive-sulfide sedex, epithermal, and porphyry,  and vein-type installed on shear-zones.  

The belt, which in addition to the volcano-sedimentary component contains black shale and turbidites, hosts over 18 gold occurrences, one of which, Bulgah, is potentially economic (50 Mt at 1 g/t Au), as well as 29 gossans or stratiform pyritic occurrences and 8 copper occurrences of which 2 are associated with serpentinite slivers. 

Massive-sulfide sedex

The Nuqrah massive-sulfide sedex mineralization is disseminated and polymetallic, within graphite schist and carbonates near the top of the pyroclastic Halaban formation (Delfour, 1971).  The mineralization occurs in north and south zones, 4 km apart and each marked by a gossan.  That of the (largest) south gossan represents about 1 Mt at 0.8% Cu, 1.8% Pb, 5.6% Zn, 220 g/t Ag, and 4-33 g/t Au.  The disseminated and massive sulfides with sphalerite, galena, chalcopyrite, and pyrite also contain Pb-Bi sulfo-antimonides and Pb, Bi, Ag, and Ni tellurides.  Molybdenite and linneite are known from the paragenesis.  The mineralization of the north gossan is smaller: 400,000 t at 0.75% Cu, 1.22% Pb, 6% Zn, 332 g/t Ag, and 2.5 g/t Au, and strong talc alteration affects the carbonates.  In addition, Mo grades of 118-275 ppm were intersected in drill-holes, as were mercury values of  2,300 to 13,300 ppb) and pyritized rhyolites dikes. 

The Jabal Hamick sedex prospect, in the center of the Hulayfah volcano-sedimentary belt, has ancient workings that stretch north-south over more than 1.5 km.  The hostrock is chlorite-schist (meta-rhyolitic tuffs) with a subvertical carbonate bed, in dacitic and andesitic tuff.  The gold (4 g/t) occurs in ferruginized chlorite schist with an anomalous zinc content of >1%, but depleted in Cu and Pb.  A silver-bearing level is found nearby.  The prospect merits further work:  an EM anomaly that can be followed over 3 km to the north has not been tested.

At Jabal Mardah, several gossans overlie basic volcaniclastic rock to the northwest of the central belt, which is part of the Darb Zubaydah ophiolite succession.  Disseminated sulfides (pyrite, polybasite, vaesite, polydymite, sphalerite, chalcopyrite) occur in volcani-clastic rock and sandstone, overlying basalt affected by propylitic alteration.  A rough resource estimate is 1.5 Mt at 0.8%Ni, but no data are available on precious-metal contents.

Epithermal mineralization occurs in a carbonate context at As Safra, and in younger volcanic rocks at Asfar al Hadawi.  
The As Safra prospect has extensive old workings in a shear-zone developped in rhyolitic tuff associated with carbonates, intruded by subvertical rhyolitic dikes.  Two types of mineralization are found:  copper with variably high (nul to 40 g/t Au) gold in schistose metavolcanic rock, and base metals plus locally very high (> 200 g/t Au) gold in carbonate breccia and metavolcanic rock. Skarn-type alteration (epidote, garnet) affects the rocks and could indicate thermal metamorphism related to the late dike injection.  The old workings were mainly focussed upon vein mineralization, but the hypothesis of epithermal mineralization trapped at the intersection of carbonate beds and rhyolite dikes merits further testing.

The Asfar al Adawi occurrence lies northwest of Hulayfah, in an undeformed (Shammar age?) ignimbritic caldera.  It consists of fractures filled with barite, and silver and uranium minerals, corresponding to a gold-depleted epithermal acid-sulfate type.  Other fluorite and Mn-oxide occurrences are associated with rhyolitic Shammar breccia in the east of the district. 

Porphyry type mineralization

The Musayna’ah prospect, over 6 km long, is one of the largest concentrations of old workings for copper in the Shield. Delfour (1971) studied the area for the possibility of massive-sulfides associated with andesite.  Work carried out as part of this project has shown the Cu-Au potential of the area to be very large and of four types:

1)
Disseminated Cu sulfides (chalcopyrite mainly) in andesitic breccia, with minor Au and Cu in veinlets cutting andesite and rhyolite dikes.  K-feldspar alteration, biotite, magnetite, and hematite accompany the Cu sulfides (cuprite, tenorite).  Laterally, other parageneses with chalcedony, chlorite, carbonate (propylitic alteration), and auriferous pyrite (lateral epithermal type) are more indications for a large porphyry system centered on syntectonic grano-dioritic intrusion.  The last also contains pegmatites with magnetite, tourmaline, and Cu oxides.  

2) Vein-type rich copper-irregular gold (up to 14 g/t in gossan) sub-massive sulfides (main ore of the ancient miners)

3)
Disseminated Cu and Au (up to 13 g/t) in breccias displaying cockade structure; 

4)  Other Cu occurrences associated with magnetite are located south of the intrusion (Hamra) and skarn type parageneses are known farther north.

Vein-type mineralization 

Bulgah, some 75 km south of Nuqrah, occurs in diorite of the same age as that of Sukhaybarat, and is polyphase as well.  Quartzitic tonalite and mafic and felsic dikes cut the diorite intrusion, which is affected by a shear zone that caused micro-fractures with arsenopyrite, pyrite, and pyrrhotite.  The main geochemical signature is Au-As, with in the south of the prospect a Sb-Cu-Zn-Ag signature resembling the one found at Bari.  Mineable reserves (heap leaching) are presently (Portacio, pers. comm., 11/99) estimated at 33 Mt at 1.1 g/t Au 

Maham is another vein-type gold prospect, in a favorable intersection of acid metavolcanic rocks and black shale.  The mineralization is epigenetic with Ni (pentlandite), Cu (chalcopyrite), Zn (sphalerite), molybdenite, and gold-bearing arsenopyrite in quartz, as well as a stratiform mineralization with a similar composition and additional magnetite, marcasite, and graphite in black shale.  A drill-hole intersection gave 29 g/t Au over 9 m.  

Tayma shows old workings over several hundreds of meters in granodiorite.  At the contact with quartz veins, sericite, carbonate, pyrite alteration occurs.  A drill-hole intersected 3 m at 8 g/t Au.  

Exploration perspectives

The Cu-Au Musayna’ah prospect has to be re-studied with a Cu-Au porphyry perspective.  Mapping of the surface alteration coupled with a rock-geochemistry survey, and an adapted ground geophysic campaign are recommended for delineation of drilling targets. 

The gossan prospects with anomalous Ni-Mo-Ag-As grades of the central area merit study, either from the viewpoint of low-grade gold associated with young polyphase intrusions of the Bulgah type, or from that of Au, PGE, Mo, Cu mineralization in black shale.  

5.8. Mineralized district N° 8:  Sukhaybarat-Silsilah 

Mineralization

The Sukhaybarat-Silsilah district contains over 40 gold occurrences where silver is subordinate.  These are generally installed on shear-zones and hosted , either by Murdama volcano-sediments, or by post-Murdama intrusives of the Idah suite.  Some Cu-Mo porphyries also occur in this context, as does the Mibari Cu-Au prospect (E. Jaques, A. Al Jehani 1998) or the zoned Silsilah greisen intrusive with tin mineralization.  

Gold mineralization in shear zones 

Gold mineralization in shear zones is found in extensional fractures related to shear-faulting.  The hostrock is either an intrusive whose emplacement was related to the structural movement, or a metasedimentary rock that was affected by the thermal halo around the intrusion.  Biotite hornfels occurs up to 100 m distant from the intrusion and is marked by a negative ground-magnetic anomaly.  The post-Murdama intrusives were dated at 622 Ma (Walker et al., 1994).

Gold mineralization in intrusive rocks

· Sukhaybarat mine was discovered as the result of a systematic re-evaluation of old workings.  The mine, which is now almost worked out, will have produced 21 tons of gold from ore grading on average 2.5 g/t Au



The gold occurs in en echelon fractures filled with quartz with arsenopyrite and pyrite, and traces of chalcopyrite and galena.  The fractures intersect hornblende-biotite diorite cut by a tonalite and late porphyritic microgranite dikes.  Alteration with actinolite, pyrite, sericite, chlorite, arsenopyrite, and carbonates affects the walls over 30-40 cm.  Gold grades in the walls are significant at 0.5-1 g/t.  Geochemically, the alteration stands out through a clear increase in K2O, CaO, MgO, and CO2, and a decrease in Na2O.

· The An Najadi prospect attracted attention because of its very large size (4 x 0.7 km) and the fact that its alteration halo is very similar to that of Sukhaybarat.  Resources of 250,000 tons at 1.76 g/t Au were found in ancient dumps (Walker et al., 1994), but subsurface grades were found to be erratic and no economic resource could be sized.  The fracturing that affects the small near-surface diorite stock might be related to the rise of a larger and deeper batholith beneath an anticlinal axis in the Murdama, and more exploration appears warranted for this large and unexplained old-working area. 

· The Meshaheed prospect is composed of several vein clusters, associated to the shear faults northeast of An Najadi and, locally, to hematitic alteration.  Recent re-evaluation of this prospect as a large-tonnage/low-grade target was unsuccessful (Lewis et al., 1993), but more exploration should be carried out.  

· Several gold occurrences occur in rather flat-lying shear zones with northeasterly dips, in the thermal halo of the Silsilah granite.  The Raha and Shaila prospects are very close to a major thrust fault with a northeast vergence that affects Murdama rocks and serpentinite schuppen, i.e. a favorable host environment for the trapping of peri-intrusive gold-bearing fluids.  Wadi Shaba is another prospect of this type that was drilled in 1993, with disappointing results of 260,000 tons at 2.4 g/t Au for Wadi Shaba East. (Schull, 1993).  Hematite alteration and traces of stibnite were found in the dumps.  

Porphyry-type mineralization with Cu-Mo

Several occurrences with gold and silver around intrusions, or with copper and molybdenum within them, were studied in detail as porphyry-type or epithermal mineralization targets.  

· Al Habla, east of Sukhaybarat, has a great potential for this type of mineralization:  old workings extend over 3.7 km and the average grade in the dumps is around 7.8 g/t Au. 

· The Mibari Cu-Mo-Au prospect (devoided of old workings) was explored in 1998 (E.Jaques and A. Al Jehani, 1997-1998), searching for the potassic core of a porphyry system with Cu and Mo. But trenches and relatively shallow drilling remained in the propylytic zone, and if the volume of Cu-Au mineralized rocks is significant (around 80 Mt), the average grades were disappointingly too low (0.18 g/t Au, 0.12% Cu). Nevertheless this exploration suggests that Cu-Au (Mo)  low-grade/high tonnage targets, not attractive for the ancient miners, might as well be underexplored and missed by exploration carried out along the last decades.   

· The Hibshi prospect is located near a major shear fault.  It is known to contain a Cu-Mo mineralization and should be re-visited with new work hypothesis and in particular tested for gold.

Greisen-type mineralization with cassiterite related to the Silsilah intrusions

The Silsilah intrusions form a huge ring structure of 12 km diameter, dated at 587 Ma.  Its core is alkali granite, with a rim of aplite and peralkaline commendites.  This intrusive complex has been interpreted as a subsidence structure of the “Simple Bell Jar” type (Roobol and White, 1986).  Within the alkali granite, a greisen-type alteration with muscovite and topaz contains disseminated cassiterite mineralization.  The sized resources were about 1.5 Mt at 0.19% Sn, but the full potential may be not fully assessed.
Exploration perspectives 

The district has a good potential for shear-zone-type mineralization related to young intrusions as well as for porphyry/epithermal deposits and perigranitic mineralization.  Systematic regional geochemical sampling over a regular grid as well as ground geophysics (gravimetry, magnetism) should provide a clearer idea of the potential of this district, which is marked by a high density of ancient workings.

5.9. Mineralized district N° 9:  Baid Ad Jimalah – Ad Dawadimi

Mineralization

Four types of mineralization are known from the district: 

1)
Polymetallic sedex mineralization at Ar Ridanyah, on the edge of the Abt Schist.

2)
Perigranitic Sn-W mineralization at Baid Ad Jimalah, Minyah, and Umm Hadhir. 

3)
Au-(Cu) mineralization related to the Ruwah-Halaban shear zone in an ultrabasic context, or Au-(Pb-Zn-Ag) mineralization in Abt schist near rhyolite dikes (Hajlan). 

4)
Silver vein mineralization that might be epithermal in a context of polyphase intrusions. 

Several small Cu, Mo, or Ag occurrences related to subvolcanic or young peralkaline intrusions are potentially of the porphyry type (Ar Ruwaydah complex, etc.), or the topaz-rhyolite type enriched in F-Sn-Nb-Zr-Th (Hajlan prospect; Ferrand, 1985). 

Two major targets, Ar Ridanyah and Arjah (Ag) have been evaluated in more detail: 

The Ar Ridanyah prospect

Several gossans occur where microgranite dikes intersect marble and metavolcanic chlorite-biotite schist.  The schist, associated with basalt, might be part of the Humayan ophiolites below the Abt Schist to the east, where they are thrust over the Dawadimi batholith to the west.  A resource of 1.5 Mt at 5% Zn was indicated by drilling.  Several IP anomalies were found, one of which (“B”) is associated with graphite schist with disseminated pyrrhotite depleted in base metals.  In addition to the stratiform mineralization, it is possible that porphyry type mineralization could be found:  a Sn-Mo-Cu-Ag anomaly (“G”) related to a breccia intersecting a quartz porphyry was noted northeast of the prospect (possible analogy with Hajlan).

Samrah ancient mine and the Arjah–Dawadimi silver district

More than eleven silver occurrences, including the ancient mine of Samrah, are located on the Dawadimi batholith and its surrounding Abt Schist. 

Samrah ancient mine lies in the Dawadimi batholith, an andesine granodiorite to hornblende-oligoclase granite.  It encloses xenoliths of the old mafic Rharaba complex that comprises gabbro and norite.  In its center, the batholith is folded into a N-S antiform with potassic-feldspar alteration, cut by aplite (muscovite granite) and pegmatite dikes.  Along the old workings, a shear foliation (N.070°E. strike and southeast dip) extends over more than 1.2 km.  Along the edge, the granodiorite is hydraulically brecciated and re-cemented by quartz, chlorite, and carbonates.  A pink microgranite dike was injected parallel to the shear.  All indications point at an epithermal mineralization related to this late subvolcanic episode.  The resources at Samrah were evaluated at 278,000 t at 653 g/t Ag. 

Most silver prospects, whether in intrusives (Sydriah) or Abt schist (Arjah) have a paragenesis of galena, sphalerite, Ag, Pb and Cu sulfo-antimonides, and carbonates, and are related to horsetail extension fractures that may be caused by movement along the Halaban (Najd) fault.  The paragenesis and the propylitic alteration indicate an emplacement through low-temperature (250°) and low salinity fluids (L. Bailly, pers. comm.).

Exploration perspectives 

Paupy et al. (1985) argued that the probability of finding an economic silver target in this setting was low.  However, it might be worthwile to (1) re-appraise the Ad Dawadimi silver district with the hypothesis of porphyry/epithermal models (such as Mexico Ag-Pb-Zn districts) and (2) re-investigate certain gold occurrences in the thermal halo of W-Sn leucogranites (Baid Ad Jimalah, Umm Hadhir, Minyah, etc.).  For this, an airborne radiometric survey will be of precious help. 

5.10. Mineralized District N°10:  Al Amar  

Mineralization

Several occurrences and a Pb-Zn deposit are of the volcano-sedimentary type;  other precious- and base-metal deposits, such as Al Amar, are epithermal.  About ten gold occurrences are related to shears associated with the major Al Amar Fault Zone.  A major magnetite deposit (Jabal Idsass)  is related to andesite, and several copper occurrences are part of the basic/ultrabasic Jabal Rugaan complex.  Skarn-type and peri-granitic occurrences are known as well.

Polymetallic volcano-sedimentary mineralization

The Knaiguiyah Zn-Cu deposit 

The Khnaiguyiah deposit consists of four stratiform ore lenses, intercalated at the top of a felsic metavolcanic succession and accompanied by hydrothermal carbonate breccia.  The whole was deformed in a shear zone.  To the northeast, Phanerozoic rocks cover the deposit.

The mineralization consists of sphalerite, chalcopyrite, pyrite, magnetite, and hematite, and the manganese minerals rhodonite, rhodochrosite, and Mn-garnet.  The gangue is rich in epidote, chlorite, and carbonates.  As in other massive-sulfide models, copper enrichment is noted at the base of certain bodies.  An asymmetry exists between the K-Cu-Fe-B alteration haloes in the footwall, and those with Mn-Zn-As-Pb in the hanging wall and to the sides of the orebodies (Prévot and Barbier, 1984).  The demonstrated resource is about 16 Mt at 5.8% Zn and 0.8%Cu. 

Other, similar-type occurrences in the district are Wadi ar Rufia and Marjan. 

Epithermal mineralization 

The Al Amar deposit

The Al Amar deposit was found beneath extensive old workings in metavolcanic rocks.  Initially, it was interpreted as Au-Cu-Pb-Zn vein mineralization; then it was seen as an exhalative massive-sulfide deposit with base metals, before being recognized as epithermal gold mineralization accompagned by Ag, Cu, and Zn.  Five basic volcanic cycles, intermediate to acid, were found at Al Amar.  An early mineralization developed as a stockwork with quartz, pyrite, chlorite, sericite, barite, and sphalerite in “Unit 2”, and sulfide lenses with barite and talc occur at the top of felsic “Unit 3”.  Most of the gold mineralization is found in two zones:  the “North vein”, striking N.100°E. with a 70°SW dip, and the subparallel “Breccia vein”.

The North vein shows polyphase filling with cockade breccia and ribbons of sphalerite, pyrite, and chlorite.  There is a correlation between zinc and gold grades.  Gold and silver tellurides are found, as at Mahd adh Dhahab. 

The estimated resource is 1 Mt at 33 g/t Au, 31 g/t Ag, 7.8% Zn, and 0.87% Cu for the “North vein”, and 1.1 Mt at 9.4 g/t Au, 26 g/t Ag and 5.75% Zn and 0.68% Cu for the southern “Breccia vein”. 

Several occurrences of the same type, but with few old workings and much more discrete hydrothermal alteration, yielded disappointing results, such At Taybi (south of Al Amar) where Zn-Cu-Ag sulfides were intersected, Umm Ad Dabah (270,000 t at 2.5% Cu), Umm ash Shalahib (epithermal with Cu-Zn-Au), and Marjan (Au-Ag-Cu-Zn).  

Gold prospects related to the Al Amar fault or its satellites

Several vein areas are found along the mylonitic N-S or NE-SW zones that are superimposed to the Al Amar Suture Zone, and may locally  correspond to the later Najd deformation episode (Selib, Wadi Merjan and Fawarah).  The mineralized quartz veins generally contain pyrite (abundant in the wall-rocks, as at Selib) and carbonate alteration (particularly developed at Fawarah) that can be sericite-rich in the wall-rocks.  Such veins commonly are late extension features that cut across mylonitic schistosity, which itself can be marked by early and barren quartz boudins, such as at Wadi Merjan. 

Some veins occur in flat faults with sub-horizontal striations that can be slightly wavy because of late compression, as at Selib, related to transpression along Najd faults. 

Other gold prospects are associated with vein zones in the wall-rocks of structurally late microgranitic or rhyolitic dikes, e.g., Umm Shaddon and Wadi Khyam.  At Umm Shaddon, the geochemical signature of the mineralized areas is clearly polymetallic (Au-Pb-Zn-Cu-Ag-As-Sb).  At Umm Ash Shara, the gold is associated with a fracture network that intersects the Al Amar fault, marked by listwaenite and cut by small plagiogranite and diorite intrusives. 

Porphyry type mineralization 

At Wadi Garrah, a circular peralkaline granite cupola of about 100 m diameter occurs in non-outcropping reg conditions, within a regional setting of  gneissic tonalite.  The intrusion has an altered (F-K) core with a diffuse quartz stockwork, and a ring of flat-lying quartz. Orientation rock-sampling (BRGM Mission, 1997) yielded significant grades of Mo (up to 0.6%), Au (up to 0.8 g/t), and Cu (up to 0.6%). Given these values, the real extension of this porphyry-type mineralization assessed, as well as other similar deposits should be searched. 

Exploration perspectives 

Re-investigation of the At Taybi and Umm Ad Dabah occurrences appears warranted, on the base of the Al Amar deposit-model.

The magnetite lenses at Jabal Idsas, whose economic interest as iron ore is limited might indicate the presence of blind gold-copper porphyry mineralization according to the Hollister (1978) model.  

The copper occurrences of Jabal Rugaan merit a check from the viewpoint of possible gold and PGE mineralization associated with ultrabasic cumulates. 

Exploration of selected (with the help of compiled previous geochemical samplings) areas of the Al Amar Belt for porphyry deposits is necessary, as well as a regional re-appraisal of the Al Amar Fault Zone for mainly gold and PGM. 

5.11. Mineralized district N°11:  Ash Shumta- Al Khushaymyah 

Mineralization

Three groups of occurrences are known.  In the northwest, the As Shumta area is mostly auriferous;  in the center, the Aklyah (gold) Afif area contains base metals associated with metavolcanic rocks and black shale;  in the south, the Kirsh-Al Kushaymyah-Hammat Um Musnifah area hosts porphyry indications with Cu, Mo and base metals, and some silver-gold occurrences. 

The Ash Shumta area

The Ash Shumta area contains a dozen gold occurrences agenced like a crown around the contact between granodiorite of the Idah suite and metavolcanic Hulayfah rocks.  The Ash Shumta prospect, which resembles Sukhaybarat, has been the subject of detailed work.  It is a bundle of flat veins at the roof of a granodiorite cupola in contact with Murdama rocks.  A greisen-type alteration developed in the vein walls (Bounny et al., 1987).  A halo with pyrite, sericite, and K enrichment is seen in the wall.  Gold is associated with pyrite.  The paragenesis also includes base-metal sulfides and trace sulfosalts and oxides (magnetite, hematite, ilmenite, rutile).  The main difference with Sukhaybarat is that arsenopyrite is practically absent.  Despite the apparent large size of the prospect, results from reconnaissance percussion- and core-drilling campaigns at Ash Shumpta were disappointing.
The Simfan umm Shieh prospect, 5 km southwest of Ash Shumta, contains several old workings related to silicified fractures in granodiorite and a set of perpendicular rhyolite dikes.  Here, the average values from dump samples were high, 5 to 50 g/t Au, but the volumes of mineralized rocks appear limited. 

The Al Qoom intrusion located to the west is potentially interesting because of the large number of gold occurrences within and around this cupola in a structurally disturbed area with abrupt changes in the directions of late dikes, a setting comparable with the one of Sukhaybahrat or Zalim, but with significant additional copper content that may suggest a porphyry signature. 

The Aklyah prospect, farther south, comprises pyritiferous quartz veinlets that intersect a syenite intrusion.  The resources identified by drilling are modest. 

The Afif area

The Afif area hosts medium-grade metamorphic metavolcanic rocks, including marble, gneiss, amphibole micaschist, and pyritiferous quartzite and chert, in a graben surrounded by granitic and granodioritic intrusives.  Surface geochemistry and a geophysic investigations (EM-INPUT) revealed several Pb-Zn anomalies.  But two reconnaissance drilling campaigns on the “North” and “South” prospects only found disseminated mineralization (6 m at 3.2% Pb, 3.1% Zn, and 0.8% Cu) of apparently limited extension. 

The Kirsh/Wadi Salamah area

The Kirsh/Wadi Salamah area, which lies in the center of the district, contains several porphyry-type Cu-Mo indications associated with young alkaline intrusions that cut Murdama rocks, with gold occurrences at the contact or within the thermal haloes.  These occurrences are suggested to have a strong potential, either for epithermal-, or for skarn-type mineralization.  

The Khushaymiyah-Zaen area

The Khushaymiyah-Zaen area is centered on the Uwayjah-Al Khushaymiyah ring structure, composed of alkaline granite intruded by a young calc-alkaline granite in the Murdama basin in the south of the district.  Cu-Mo occurrences were found in the core of the intrusion, and silver/base-metal occurrences associated with quartz and siderite intersect the metasedimentary hostrock.  Despite this favourable organization, the disposition seems to be of  marginal interest because of the scarcity of sulfides. 
In the south, the Umm Hadid prospect contains epithermal-type mineralization associated with riedel-shear veins related to Najd fracturing with late rhyolite and microgranite, which intersect granodiorite that intruded metavolcanic rocks.  In addition to Fe-Zn-Pb sulfides and Pb-Ag sulfosalts, the presence of fluorite and the tungsten minerals huebnerite and scheelite was noted.  Probable resources of 500,000 t at 340 g/t Ag were indicated by previous drilling, but no assays for gold were done. 

Exploration perspectives 

For gold, the Ash Shumta prospect and the Al Qoom intrusions should be tested with deeper boreholes.  It is also recommended to re-analyze the Afif and Umm Hadid drill cores.   

The gold and base-metal potential of the district is considerable: a string of gossans has been described from the vitric tuff and volcano-sedimentary rocks in the upper Afif group southwest and west of Ash Shumta.  Some of these gossans are associated with quartz porphyry intrusives that cut the Afif group near its contact with Murdama rocks.  These intrusions have a calc-alkaline composition with biotite and hornblende, and locally the plagioclase is albitic.  It is recommended to systematically check these gossans, some of which yielded significant Mo values (e.g. at Jabal Al Yanufi by Letalenet in 1976), for precious and base metals, either in a porphyry or an epithermal setting. 

5.12. Mineralized district N° 12:  Al Wajh- Umm Lajj 

Mineralization

Two major mineralized sectors are recorded in the Northwestern Shield:  the Al Wajh area that hosts a dozen of vein structures related to a Najd shear zone and two tin-tungsten occurrences occuring in leucogranite; and the Umm Lajj area containing eight gold occurrences related to north-south faults. 

In addition to these, two lead-zinc prospects of interest occur within the sedimentary rocks of the Coastal Plain : Jabal Dhaylan, recently re-studied by the DMMR/USGS Mission, and Wadi Azlam to the north of Al Wajh.

Gold mineralization 

The Al Wajh area (Leanderson et al., 1995) hosts mesothermal veins with a low sulfide content, which are related to the main Najd deformation.  The basement here comprises conglomerate, sandstone, and basalt of the Miyah formation, and sandstone, pyritic black shale, and carbonates of the Kibrah formation.  The district was subjected to four deformation phases:  gold is associated with phases 2 and 3 that were accompanied by a sericite-carbonate-pyrite alteration.  Notwithstanding the extensive ancient workings, and/or the  presence of attractive prospects such as at Al Qubbah, the resources found by the last exploration work were found to be limited,  such as 500 kg of gold at Umm al Quayrat.  Also was noted the fact that basalt was regionally found to have an abnormally high background value of 20 ppb Au, even away from any hydrothermal features.  Scheelite occurrences were found by alluvial prospecting, in particular around the ancient workings of Wadi Arjah (Jacquin et al., 1983).

The Umm Lajj area also hosts mesothermal gold mineralization related to the conjugate opening of Najd faults, as around Al Wajh.  This area as well merits a more systematic re-assessment. 

The tin-tungsten leucogranites of Jabal Liban and Wadi Unaybick have apparently a limited interest, as placer samples below these occurrences did not show economic grades.  However, at Wadi Unaybick, a 1-km-long vein yielded good gold assays (Jaquin and Quinet, 1984).   

A nickel-copper occurrence is related to the ultramafic intrusion of Jabal Garhabah.  This area, that contains gossans in a setting of ultrabasic cumulates, merits further investigation with indirect methods such as adapted geochemical sampling. 

The Jabal Dhaylan prospect  in sedimentary setting 

Several lead-zinc occurrences are located in Miocene reef limestone overlying a paleorelief in basement rocks.  Such mineralization seems to be related to rejuvenated basement faults along the Red Sea.  Copper occurrences exist in Oligocene red sandstone.  Claystone and anhydrite, as well as brines moving along the faults, have played a direct role in the deposition of this mineralization.  At Calamine Hill (Jabal Dhaylan prospect), 21 boreholes showed a resource of 1.2 Mt at 5.6% Zn and 1.4% Pb. (Carlson, 1996).  The deposits are under re-assessment by DMMR/USGS mission that interpreted them as salt-dome related systems (T. Hayes, A. Siddiqui 1998) in a complex setting, but having a real potential that warrants more investigations.

Exploration perspectives 

The gold potential of Umm Lajj, Wadi Unaybick, and Al Wajh clearly merit more regional approach as well as detailed studies from a viewpoint of mesothermal gold related to quartz  veins near or within dioritic intrusions and leucogranite. 

For lead and zinc, the potential of the coastal plain warrants to be fully assessed, using in particular indirect markers for Pb-Zn mineralization, i.e. geophysics for locating structural and lithologic traps, as well as gas and fluid geochemistry. 

5.13. Mineralized district N°13:  Ash Shizm 

Mineralization

Four types of occurrence are found in the district:

1)
Polymetallic volcano-sedimentary mineralization of Ash Shizm and Qalat Zummurud

2)
Porphyry-type mineralization with Mo and Ag 

3)
REE, Nb, and Zr mineralization related to differentiated alkalines intrusions 

4)
Titaniferous magnetite occurrences in the differentiated basic/ultrabasic Qabqab intrusion.

5) Listwaenite-related gold occurrences. 
The Ash Shizm prospect is a 150-m-thick stockwork that intersects keratophyric quartz lava and pumice-like breccia, between two pillow-lava layers.  Magnesian chlorite alteration is seen laterally and in the roof, which is covered by carbonates and jasper breccia.  The mineral paragenesis includes chalcopyrite, sphalerite, magnetite, and bornite, with accessory pyrite, tellurides, and selenides.  The Fe content in sphalerite increases in the stockwork at depth, and the appearance of cobaltite shows an upwards-decreasing temperature gradient.  Drilling (Donzeau et al., 1980) resulted in a resource of 1 Mt at 2.93% Cu, 0.7% Zn, and 18 ppm Ag.  Gold was not systematically analyzed, notwithstanding the favorable character of such stockworks for trapping precious metals (Leistel et al., 1994), but was evidenced at significant level (8 to 30 g/t; Angel, 1974) in neighbouring chlorite schists and gossan.    

The Qalat Zummurud prospect is a stratiform occurrence with Cu-Pb-Zn depleted in gold, in basic metavolcanic rock intruded by a diorite and deformed by conjugate faults.  The prospect merits a second look from the porphyry viewpoint, as several Cu, Mo, and Ag occurrences occur at the intersections of the late faults near the intrusions.

Gold was encountered in alluvial panned samples within listwaenitic faulted corridors nearby the Al Quayran occurrence.   

The quartz-syenite intrusion of Hamra, located northeast of Qalat Zummurud, is one of the richest REE intrusions known in Saudi Arabia.  The resource estimated in silexite with Fe oxides, bastnaesite, and monazite is around 18 Mt at 0.17% Nb, 0.26% La, 0.34% Ce, and 1.3% Zr (Elliott, 1994). 

Exploration perspectives 

A re-assessment of the Ash Shizm district is necessary, including (1) a re-evaluation of the Ash Shizm VMS deposit for which, in addition to potential discoveries of extensions of the stockwerk and/or desolidarized massive sulfide bodies, an added content of precious-metal might well be identified through re-analysis of core-samples and newly collected samples, and (2) a regional re-appraisal of other VMS and sedex potentialities. 

Exploration is also warranted for listwaenite-hosted gold deposits, as well as for PGM in mafic/ultramafic outliers. 

5.14. Mineralized district N° 14:  Wadi Sawawin 

Mineralization

Mineralization is found in four areas: 

- In the south, the Wadi Azlam area hosts seven volcano-sedimentary-type Cu-Zn occurrences 

- Around Wadi Sawawin, japillite and banded iron formations (BIF) 

- In the north, several occurrences are associated with young intrusives, either of the Cu-Mo type (porphyries), or REE-Nb associated with peralkaline intrusions

- A coastal area with Jabal Dhaylan type mineralization with Zn-Pb, or Cu red beds.  

The stratiform Cu-Zn occurrences of Wadi Azlam can be divided into disseminated Cu-Zn mineralization associated with volcano-sedimentary chert overlying basalt, and Cu occurrences in fractures near late plutons (Wadi Dama, Wadi Matelian).  At Muzubia, remobilization of Cu and Zn (1-2%) (and Pb) is seen in the metavolcanic hornfels in contact with gabbro, but the extensions of the mineralization appears very limited (I. Salpeteur, M. Sahl, 1999).

The jaspilitic iron deposit of Wadi Sawawin is of significant size (> 245 Mt at 42% Feox), but of limited economic interest today. It classically signals a favourable setting for gold, but previously carried-out sampling brought negative results.
Among the young intrusions, the Ghurrayah microgranite with abundant quartz, microcline, and sodic amphiboles is a potentially economic target with 440 Mt of ore at 0.22% Nb, 0.85% Zr, 0.13% Y, 400 ppm Th, and 117 ppm U.  Some drilling was carried out in 2000 as an attempt to locate richer zones.  Another intrusive of this type, the sickle-shaped Jabal Tawlah is much smaller (6 Mt), but with higher Zr, Nb, and Y grades. 

The mineralization of the Tertiary Maqnah basin in the north includes phosphates in the black pyritic claystone of Miocene age, and barite-Pb-Zn occurrences at the base of Late Miocene evaporites.  

Exploration perspectives 

From what is known, the occurrences of the coastal plain merit to be investigated for base metals, using paleogeography and microgravimetry studies.  Additional regional gold exploration is recommended in the iron-ore area of Wadi Sawawin and around the copper occurrences of Wadi Dama.

- Nevertheless, in reason of its location far from Jeddah with access difficulties, the Northwestern part of the Shield obviously received less attention than other parts, a fact that must be kept into mind. 

5.15. Mineralized district N° 15:  Wadi Kamal – Al Ays 

Mineralization

The district has a high potential for PGE-Ni-Cu mineralization related to ultrabasic cumulates.  Two areas are very promising: the basic-ultrabasic Wadi Kamal complex and the chromiferous Al Ays ophiolite complex.  Within and to the east of Al Ays, gold occurrences related to shear zones affecting late diorite intrusions and associated to listwaenites are potentially interesting.

PGE-Ni-Cu mineralization related to basic/ultrabasic rocks 

The Wadi Kamal complex is 55 km long and has an asymmetric synclinorium shape.  From bottom to top, it contains dunite (serpentinized), lherzolite, wehrlite, websterite, leuconorite, anorthositic gabbro, and late trondjhemite (Chevremont and Johan, 1980).  The ultrabasic base, exposed in the south, contains a Cu-Ni gossan-occurrence that was initially drilled for these two substances.  The  gossan was later  (Cassard et al., 1986) found to be rich  in Pt-Pd (7 g/t Pt) and Au (6.2 g/t). The re-analysis of the KMS1 drill-hole, undertaken in 1996 (DMMR/BRGM Mission) confirmed the copper (0.3-0.4% Cu and nickel (0.6-1% Ni), and enhenced significantly mineralized intervals for PGE (twice 2 m at 1495 ppb Pt+Pd) within  dunitic cumulates.  Strongly contrasting Pt anomalies were found in the wadi sediments draining ferrogabbro and melanogabbro with titaniferous magnetite of the upper (northern) part of the complex, where Cu-Ni indications were noted in the footwall of the main anorthosite (Salpeteur and Ziab, 1996).

The Al Ays complex is located 100 km north of Wadi Kamal.  It was interpreted as part of an ophiolite complex that was dismembered during the accretion of island arcs (Prichard et al., (1996).  The complex comprises sepentinized harzburgite with chromite lenses, dunite cumulates, wehrlite, and gabbro.  The chromite lenses are too small to be economic.  Os-Ir-Ru alloys were described from these chromites, which are common features in this context (Augé and Legendre, 1984), and Prichard et al., (1996) found Pt+Pd grades over 2 g/t in a chromite sample enriched in Ni. 

Gold mineralization at Murayib and Billiwy

This gold mineralization was investigated for placer deposits by Riofinex, but without success.  At Billiwy, however, the possibility exists for large-tonnage/low-grade gold mineralization related to a shear zone in diorite and its alteration halo (Sukhaybarat type).  Trenching found 32 m at 1.7 g/t Au and a 700-m-long Au-As anomaly remains to be checked. 

Exploration perspectives 

The PGE potential of the Wadi Kamal complex is high and should be systematically investigated, starting with stream-sediment and heavy-mineral-concentrate geochemistry. The PGE potential of Al Ays might be low, but still significantly attrative. The gold potential of Al Ays and its eastern and southeastern surroundings, of probable listwaenite/epithermal/porphyry type (remind the Hg-cinnabar alluvial occurrence of Wadi Itan) and resembling Jabal Ghadarah-Bir Tawilah or Hamdah, could be of first interest and remains to be assessed.

The Murrayjib-Billiwy area remains interesting, with a potential for disseminated gold in a shear-zone in diorite at Billiwy. 

5.16. Mineralized district n° 16:  Madinah North  

Mineralization

The district includes five gold occurrences in NW-SE shear zones with sinistral movement that intersect altered andesitic and rhyolitic metavolcanic rocks of the Al Ays group, as well as a copper occurrence.  Gold is associated with silver and at Mutaheel with lead and zinc. 

Pyritization is intense and strong arsenic anomalies reinforce the potential of certain structures, such as at An Numraniyah. 

As many of the other vein-gold districts, this one merits a re-evaluation, but with lower priority according to the very limited extensions found by previous exploration.

5.17. Mineralized district N°17:  Al Lith-Taif   

Mineralization

Several gossans and polymetallic mineralization were found through regional geochemical surveys on these slopes of the northern Asir.  Re-examination of priority anomalies, in particular upstream from gold-bearing boulders in wadis, appear necessary for a better understanding and consequently a more accurate definition of the real potential of this district. 

5.18. Mineralized district N° 18:  Ghurayrah-Khamis Mushayt

The Ghurayrah-Khamis Mushayt district is located in the heart of the Asir.  It comprises metasedimentary and metavolcanic rocks, affected by medium-grade metamorphism and intruded by gabbros.  

The district contains a dozen scheelite occurrences discovered through alluvial prospecting (Gaukroger, 1984).  The main occurrence at Jabal Marya consists of disseminated scheelite lenses in leucogabbro enriched in hornblende.  The best drilling intersection was 0.81 m at 0.9% WO3, but the extension of the mineralization appeared very limited. 

The scheelite mineralization hints at a gold potential.  In amphibolitic greenstones, scheelite is a good indicator (Mueller and Grooves, 1991) for gold mineralization, or at least a significant neighbour-substance as for example in the giant (>800 t Au) Kolar deposit in India (GSI/BRGM report, 1993).

6. The main mineralization types of the Arabian Shield 

The metallic-mineral deposits can be classified into 9 main types (the main prospects, with their resources/reserves and grades are listed in table 1 and shown in figure 8). 

6.1. Base- and precious metals DEPOSITS related to submarine volcanism (VMS type)

The volcanogenic massive-sulfide (VMS) type is one of the major metal resources of the Kingdom. The deposits include Cu, Zn, Pb, Ag, Au mineralization deposited on, or next to, submarine volcanic centers of oceanic-island-arc or back-arc affinity.  Generally, they include mafic to felsic volcanic rocks with tholeiitic to calc-alkaline affinities.  In Saudi Arabia, most of the VMS occurrences are related to intermediate to felsic rocks, and have  therefore affinities with the "Kuroko" type VMS.  Very few VMS occurrences are chalcopyrite-dominant in basaltic rocks, i.e. the "Cyprus" type VMS, and they are found in ophiolitic rocks of the paleo-suture zones. The banded-iron jaspilite of Wadi Sawawin, of the "Algoma" type,  hosting a significant iron metal-stock, associated with felsic volcanics, can be attached to this category of deposits. 

Nine major VMS belts have been distinguished from south to north:

1)
The Tathlith-Najran belt includes more than fifteen base-metal sulfide occurrences of the VMS type, with two known potentially economic deposits at Al Massane (Cu, Zn, Au) and Kutam (Cu, Zn).  

In the eastern part of this belt, some Ni-rich gossans are related to graphitic-schist-hosted disseminated to sub-massive pyrite, pyrrhotite and pentlandite bodies, but should be probably better attached to SEDEX or even sedimentary type .

2)
The Wadi Bidah - Wadi Shwas belt hosts over sixteen polymetallic VMS occurrences;  the two main being at present  Al Hajar (with a supergene-enriched gold deposit) and Jadmah.

3)
The Khurmah - Al Muwayh belt includes four occurrences, two of which (Al Gharif and Ar Rjum) are of the sub-aerial epithermal type with a characteristic Ag-Ba-Mn association.

4)
The Zalim - Afif - As Safra - Nuqrah belt follows the main Nabitah suture zone.  It includes more than 45 occurrences of which about half are pyritic gossans with low precious- or base-metal contents.  Nuqrah is a sedimentary/exhalative-rock (Sedex) gold and base-metals deposit.

5)
The Samran - Jabal Sayid belt follows the Bir Umq suture zone and contains eight known VMS occurrences, including the major Jabal Sayid (Cu, Zn) deposit and the concealed Baydan (Zn, Cu, Au) deposit.

6)
The Al Amar - Khnaiguyah belt (Ar Rayn terrane) hosts seven polymetallic VMS occurrences, including the major Khnaiguyah (Zn) deposit. 
7)
The Hulayfah - Hanakiyah belt may be considered as a northern extension of the Zalim belt.

8)
The Khaybar - Al Ula belt (Yanbu suture zone) encloses five VMS Cu-Zn occurrences.

The most northerly Wadi Sawawin belt is clearly distinguished from the others by its Fe-oxide-jaspilite association (Algoma type).  From the seventeen described occurrences, only the eight of  West Shinfa/Sahaloola area may have an economic potential. 

6.2. Cr-Ti-Fe-Ni-Cu (PGE) mineralization related to mafic-ultramafic rocks

These commodities, i.e. chromium, titanium, iron, nickel, copper, and (minor) platinum-group elements, are related to two main subtypes according to the host rock:

The ophiolitic type:  this includes disseminated Cu, Ni and Cr mineralizations in the ultramafic part of such oceanic rocks, or in their serpentinite equivalent.  They are found in the various suture zones of Al Ays, Jabal Ess, and Bir Tuluha.

The layered mafic-ultramafic type:  this includes the Wadi Kamal complex in the Yanbu suture zone and mafic-ultramafic zoned intrusives of Jabal Rugaan, Lakathah and Jabal Idsas,

None of the occurrences found in rocks of these two types has at present characteristics of potentially economic deposits. But most of these ultramafic unities lack adapted regional systematic investigations,  in particular for PGM. 
6.3. Sn-W mineralization related to peraluminous post-collisional granite

Most tin and tungsten mineralizations are related to highly differentiated “specialized” granites enriched in volatiles (F, P, Li).  

Two subtypes are found in the Shield.  They are the Bir Tawilah W-Sb-Bi-Mo mineralization occurring as veins around granite cupolas, and the Silsilah Sn-F mineralization related to greisen alteration within a peraluminous granite intruding Murdama metasedimentary rocks.  

Both deposits above mentioned represent a significant meta-stock that is not economic at present, but their potential, in particular for Bir Tawilah was not by far fully assessed. 

6.4. REE-Th-U mineralization related to HFSE enriched granite and syeno-granite

Some younger intrusives are sodic-alkalic granites enriched in high-field-strength elements (Ti, Y, Zr, Nb, Hf, Ta).  Some are enriched in niobium, uranium, yttrium. thorium and rare-earth elements (REE), like the Ghurrayah prospect, and others are enriched in heavy REE (Nb, Zr, Y).  None of these occurrences was demonstrated to be economic at present.

6.5. Porphyry-type Cu-Mo, Cu-Au and W-Mo mineralization

Porphyry-type occurrences have only recently been recognized in the Shield.  Commonly, the associated potassic intrusives are spatially associated with quartz ring-veins or aplitic ring-dikes.  A commonly found geochemical zonation has Cu-Mo anomalies in the core, Sn-W anomalies near the contact, and Pb-Zn-Ag-Au quartz veins farther out in the country rock.  They are found in an inter-arc (microplate) crustal setting, or in younger sedimentary basins such as those of the Murdama and Jibalah.

Studies carried out by D. Thieblemont in 1996-1998, starting from a compilation of rock-geochemical data in porphyry/epithermal circum-Pacific provinces, evidenced that most of epithermal/porphyry deposits are accompagned by a specific signature called the “Adakitic” signature. Such a signature was also identified in the Arabian Shield, for instance in the Al Amar and Samran Belts, as well as at Jabal Ghadarah-Bir Tawilah. 

The porphyry-type occurrences known at present are clustered in eight major districts.  These are the Fawarah Murdama basin, the Baid ad Jimalah – Umm Hadid belt, the Ar Ruwaydah belt (west of Al Amar), the Wadi Salamah – Al Khushaymaiyah Murdama basin, the South Afif terrane, the Ghurayrah block north of Khamis Mushayt, the Musayna’ah district (Cu-Au) west of Nuqrah, and the Al Ula -Khaybar district.

6.6. Epithermal gold and base-metal sulfide mineralization

Epithermal deposits are commonly associated with (sub-aerial) volcanic rocks that form the upper part of sub-volcanic potassic intrusives, and most frequently above porphyry systems, and in a subduction-related arc setting.  However, several epithermal deposits have recently been described from submarine andesitic-rhyolitic volcanoes, e.g., in the fore-arc basin of New Guinea.  

The two major gold deposits of the Shield, Al Amar and Mahd adh Dhahab. are related to this type.  The Umm Hadid silver occurrence and some Mn-Ba-Ag occurrences may belong to the same group.

6.7. Mesothermal gold veins related to faults

More than 700 vein-type gold occurrences are reported in the MODS system and several gold districts can be delineated.  Most veins are related either to shear zones or to secondary extensional flat dipping thrusts.  

The shear zones are major brittle-to-ductile sinistral strike-slip Najd features that transect the Shield; examples are the Halaban ‑ Zarghat fault zone, the Ranyah (Ar Rawdah – Ad Dafinah fault, or the Al Wajh - Hamalyiah fault).  Younger post-Murdama intrusive stocks, e.g., the Raha– Ali NaJadl - Mibari district, the Sukhaybarat – Al Jurdhawiyah district, or the Bulgah – As Shumta district, crosscut the secondary thrusts.  

Some North-South pre Najd (so-called suture) faults, the Al Amar - Nabitah and Bir Umq sutures, are also associated with gold occurrences.  These linear, sheared serpentinite belts, intruded by syn- or late tectonic diorite and granodiorite, were favorable for the precipitation of gold, as at Ghadarah and Hamdah.  Pyrite, arsenopyrite, and sericite or chlorite and carbonate alteration are common in these shear zones where they are related to intrusive bodies.

The Sukhaybarat mine (21 t of gold) belongs to this type, as does the Zalim deposit (> 20 t of gold), and Bulgah, (> 30 t of gold), Hamdah, and Ash Shakhtaliyah.

6.8. Sedimentary Pb, Zn, Cu or Ni-Mo mineralization

During the Late Proterozoic, detrital material and graphitic shale with dolomite and locally barite, were deposited in a near-shore environment within inter-arc basins.  Distal epiclastic-volcanic layers indicate volcanic activity along the basin margins.  

Several disseminated Pb-Zn (Au-Ag) occurrences are related to this type, e.g. in the Ar Rjum – Al Gharif basin, the As Siham - Shaib Lamisah basin and the Ash Sha’ib basin.  Stratabound copper in detrital rock has been recorded from the Ablah graben.

In the southeastern Asir Mountains, several Ni-Mo gossans are related to black shale enriched in pyrite, pyrrhotite and pentlandite.  Though at present no occurrences of economic interest are known, the Farah Garan - Wadi Qatan belt could host this type of mineralization.

Along the Red Sea Coastal Plain,  Pb-Zn (Cu) mineralizations are related to Tertiary detrital infilling of (half) grabens, which themselves were created by the tectonic activity accompanying the formation of this new ocean basin.  The mineralization is a combination of red-bed type in detrital sediments, and younger Pb-Zn mineralization in Miocene calcareous-reef-related rocks, e.g., the Jabal Dhaylan prospect that belongs to a sub-type mixing unconformity features and hydrothermal activity, and defined by T. Hayes as a salt-dome related deposit-type. 

Other Pb-Zn occurrences were discovered during oil-exploration drilling in the Paleozoic and Mesozoic Cover Rocks.  Some of them are connected with salt-dome structures of Early Cambrian and Early Jurassic age.

6.9. Ti-Au-W residual placers

Several marine titanium-rich beach-sand placers were recognized in the Coastal Plain along the Red Sea shore.  However, the grades and tonnages that were found are not encouraging.

Gold placers were identified downstream or in the vicinity of primary deposits, some of them having been exploited by ancient miners (Hamdah, Ad Duwayah, Madh ad Dhahab). Modern exploration was tentativelly carried out on placer-type deposits, such as at Murrayjib, but without success. 

Exploration for tungsten (scheelite) and gold in the Quaternary terraces of alluvial piedmont deposits at the mouth of Wadi Unaybik, north of Al Wajh on the Red Sea coast, indicated low concentrations of these metals.

The handicap for this type of deposit in Saudi Arabia is certaily the lack of good sorting of the alluvial sediments resulting from the repeated “discharges” of sediments and/or boulders after episodic rare but very strong rainfalls. 

7. Evaluation of the mining exploration of the Arabian Shield

In order to make a quantitative inventory/evaluation of the overall mining exploration activity already performed we made a multistage evaluation of the works performed on each area or prospect according to 3 classical levels of exploration activity (phase):

- regional exploration,

- detailed prospect exploration,

- detailed target exploration (evaluation of target).

For each phase, we made an assessment of the main works performed and attributed a semi-quantitative rating (table 2; figure 9).

The main elements considered to the establishment of the scale of rating are:

- the presence or absence of adapted types of works according to an appropriate succession of phases,

- the type of organization of the works: local test? systematic exploration? adequate extension...,

- the quality and adequacy of the sampling (grid, density of sampling, granulometry and weight of the analyzed sample) and of the analysis (digestion, analytical method, elements analyzed),

This exploration reevaluation allows to provide a global rating for each reevaluated occurrence that can be used along with the metallogenical potential in order to propose a new exploration program on known occurrences (figure 9, 10).

8. Deterministic versus stochastic modelling

In mineral exploration, layers of bedrock and surficial geology maps, geophysicaal and geochemical maps, the distribution of mineral occurrences…has been used to generate representations of mineral potential to help aid in the selection of particularly promising areas for further prospection. Many more applications and associated strategies have been developped since the early manual overlay techniques. At present, computer techniques allow fast processing of multilayered spatial databases, however, the basic difficulty of transforming intuitive concepts and spatial observations into spatial evidences that can be treated computationally, is still a major challenge.

At present quantitative models can be constructed to predict in space the locations where situations are likely to exist which are similar to the ones in which geologic events, such as "volcanogenic massive sulfide" mineralizations for example, have been observed.

Two complementary approaches to this are possible. First, the knowledge of the conditions favorizing the formation of specific mineral deposits can be used to find new occurrences. A very simple example of this type of approach would be to select all ultramafic section of an ophiolitic pile when one looks for podiform chromite deposits for example. While this approach works rather well in well-mapped, recent or little-deformed geological environments its application to old tectonized terranes is more problematic and a stochastic approach can be more meaningful. In addition one can use the information contained in the localisation of known mineral occurrence and extrapolate this information. 

Weights of evidence methodology combines spatial data from diverse sources to describe and analyze interactions, provide support for decision makers and make predictive models. The SynArc extension uses the statistical association between a reference training grid such as a grid showing mineral occurrencees and thems showing rock types, faults, surficial formations  to determine weights. The weight of evidence methodology is based on the application of the Bayes Rule of Probability, with an assumption of conditional independance. Table 3 shows the probability to find specific types of mineral occurrences in the different lithologies.

9. General conclusions and recommendations for future exploration

8.1 - Known OCCURRENCES that WARRANT a detailed re-evaluation

Gold 


Gold in shear zones

Fawarah, Gariat Avala, Mamilah, Aqiq Ghamid, Miha, Masan, Umm Mathierah, Ishmas Kabir, Bir Jabuah, As Suq/Haffirah cluster, Bir Tawilah Au, Jabal Mugherah, Ar Rjum Au, Jabal Guyan, Shignah, Samhah, Mangar An Nam, Jabal Hamick, Tayma, Azzeraib, Umm Lajj, Al Wajh, Selib, and Wadi Merjan.


Gold in shear zones associated with altered ultrabasic rocks 

Hamdah, Ghadarah (also associated with syntectonic intrusions in the shear), Shiaila (idem), Umm Ash Shara, and Wadi Tulay.


Gold occurrences associated with intrusive bodies

Al Qoom, Aklyah, Al Habla, Al Qubbah, Simfan um Shieh, Bir Tawilah Au, An Najadi, Meshaeed, Wadi Shabaah, Al Habla, Makkah Road, Jabal Mawan, Umm Ash Shatton (dike), Wadi Unaybick (leucogranite), Ash Shaktalyah (subvolcanic), Murajib, and Billiwy (low-grade/large-tonnage). 

Base metals


Volcano-sedimentary deposits


Kuroko type
For supergene enriched residual gold: Rabathan, Shaib At Tare, Mulhal, Gehab, Lahuf, Jadmah, Farah Garan, Wadi Shugea, Al Jaufir (Wadi Shwas-Wadi Bidah belts), and Jabal Sayid gossan. 

Polymetallic lens: Al Masane (gold anomalies around the deposit should be checked), Umm Ad Damar, Kutam, Umm Hijlan, An Nimar, Al Halahila, Baydan, Maadan-Mahawiyah, Gith Gath, Ash Shaib, Wadi Wassat.  


In addition, the Afif, Shaib-Lamisah, and Samran districts contain Input and geochemical anomalies that were not checked, and gold gossans that have to be re-sampled.
Co-Bi bearing stockwork to be checked for gold at Ash Shizm.


Cyprus type

Jabal Mardah (Ni gossan).


Sedex type
Nuqrah, Umm Ar Rjum (Zn prospect), As Safra (pro-parte), Shaib Lamisah, Al Meddadah, Jabal Hamik, Gossan Hulayfah, Al Aqiq, Al Gharith (Au-Ag-Ba, Mn).  The last two examples have a somewhat hybrid character, and a combination epithermal-sedex is possible.

Ni-Mo Black-Shale type

Wadi Qatan, As Siham gossans, Al Maham, Jabal Al Ma’zah, and Habdah.


Disconformity type

Dhaylan and Wadi Azhlan.  In addition, most oil-bearing layers have a high base-metal potential, in particualr around salt diapirs in Mesozoic Cover Rocks.  A re-examination of certain oil-well cores is to be envisaged. 


Porphyry type

Musayna’ah (Cu-Au), Jabal Hamra (SW of Musayna’ah), Bari (polyphase polymetallic), As Safra (Cu-Au), Samrah, Arjah (Ag), Mo gossan near Afif SW, Al Lugata, and Jabal Ash Shuhaban.  


Epithermal type

At Taybi, Umm Adh Dabah, Umm Hadid (Al Amar), Al Gharith (Ba-Mn-Ag), Asfar Al Hadawi (Ag-Ba-U), Al Himar (Mn-Au), As Safra (pro-parte) and Umm Ash Shalahib (with a very low priority).


Cr-Cu-Ni-PGE associated with ultrabasic rocks

Ophiolitic chromites: Al Ays, in particular for PGE

Banded basic-ultrabasic complexes: Wadi Kamal, in particular for PGE

Zoned mafic intrusions: Lakatah (Fe-Ti), Jabal Jedair, Jabal Rugaan, Jabal Gharhabah: to be checked for PGE.  

All descriptive elements of these occurrences can be found in the Occurrence table of the GISARABIA GIS. 

8.2. Future work and perspectives

To improve the success of mineral-exploration work in the Kingdom, several ways are possible: 

· Optimize the selection of favorable areas through:

· a better knowledge of mineralization models and 

· an enlargement of the GIS by integrating drill-hole data, and the addition of new data, such as remote sensing, geochemistry, radiometry, etc.

· Provide new tools for delineating targets at the follow-up stage, for instance in-situ measurement of some parameters like mineralogy (PIMA), hydrogeochemistry, gases, etc. 

· Improve the analytical data for identifying those anomalies really indicating a mineralization; using, for example, selective extraction techniques or enzyme leach, can achieve this.  

MINERALIZATION MODELS

More regional- and district-scale approaches will provide new exploration guidelines.  Basin morphology and sedimentary evolution in relation to submarine volcanic activity will help identify the most favorable areas for sedimentary-exhalative or volcanic-exhalative base-metal deposits.  

Similarly, stratabound disseminated Ni, Mo, PGE, and REE deposits, which can occur in more reducing conditions (graphitic beds) near platform carbonates, could be located by correlating magnetic and radiometric anomalies, and geologic data.

Calc-alkaline granite doming in a paleo-subduction environment, identified by indirect depth indicators (gravimetric data) and geochemical pathfinders indicating vertical zoning, could be used to locate new porphyry and epithermal Au-Ag mineralization. 

A surface geochemical halo must not simply be interpreted as belonging to one particular or telescoped system(s), but also with respect to the multistage paleosurface evolution of the Shield. Supergene enrichment, even during the Proterozoic, can have totally changed the economic parameters of, e.g., a low-grade disseminated deposit. 

Deep crustal shear zones with remnants of an obducted oceanic floor (e.g., listwaenite) are favorable for fluid circulation and gold deposition. 

New styles of PGE mineralization have been described from ophiolites around the world; PGEs, the price of which is still increasing, have never been really systematically explored in Saudi Arabia and several favorable targets are known in the Shield. 

GIS APPLICATIONS

Integrating new databases into the GIS should enhance the selectivity of searches for potentially mineralized areas:

· Thematic analysis could use Landsat TM images, with specific processing for delineating alteration halos (like iron rich layers, water, OH-rich aureoles, etc.)

· Radiometric multichannel coverage of the Shield is needed

· Regional geochemical surveys should include multi-element data and low detection limits for Au and selection of the finest fraction to avoid pollution by wind-blown particles

· A regional heavy-mineral survey should provide additional information of value. 

TECHNIQUES

At the prospect scale, using PIMA (infra red spectroscopy) to delineate alteration haloes will give better correlation between the lithology and the variations in reg or bedrock geochemistry. 

Where a regional anomaly is found, a partial-extraction technique on the corresponding heavy-concentrate samples may provide useful indicators of the primary source before starting costly grid sampling. 

ECONOMICS

An updated metallogenic framework encompassing most of the MODS entries will give more weight to certain unexpected criteria, and the new priority ranking of these occurrences should provide a strong incentive for attracting mineral exploration investors. 

This is particularly true within this period of increasing world metal consumption in response to optimistic economic forecasts for the next five years. Between 1998 and 2000, the average base-metal price increased by 30%. The strongest demand increase was for Ni and PGE. Aluminum and magnesium (some altered ultramafics in Saudi Arabia are favorable) are increasingly used in new-car manufacturing. 
8.3. Final conclusion

It should be remembered that most of the major deposits discovered to date in Saudi Arabia are located near ancient workings. However, during regional geochemical prospecting in favorable districts, several mineral occurrences were identified that had no ancient workings to mark their location. Examples are Shayban, Ar Rjum zinc, Ghadarah, and Al Himar. This shows that systematic exploration of Shield areas with thin sand cover, using an integrated multi-method approach, is a viable proposition.:

Future mineral-exploration activities in Saudi Arabia should include the checking of all remaining anomalies of potential interest. A much more important future activity, however, will be the constant reappraisal of available mineral data in the light of new scientific results and other developments. This is the reason why the Deputy Ministry for Mineral Resources has decided to make a considerable investment in the Integrated Geoscience Database, "IGD". 

As in many parts of the world, the mass of available data has been growing almost exponentially, and it has become very difficult to handle data in even one domain because of their sheer volume. The IGD not only facilitates such data manipulation, but also enables the plugging-in of almost unlimited new data, as well as the future recombination of such data in ways as yet unimagined. 

Future exploration efforts should include:

- systematic regional coverage of soil geochemistry at regional (1:250,000 to 1:100,000) scales, building up a database of background values for minerals in various geologic settings, and possibly discovering new mineralization. 

- a low density geochemical exploration on selected areas of sufficient surface with application of the most up to date methods as applied recently successfully by BRGM in morpho-pedological contexts of desert regions similar to the Arabian Shield, in order to obtain a homogeneous and global geochemical cover on areas with high mineral potential but with a very heterogeneous repartition of the information),

- a high-resolution airborne geophysical survey covering the Shield as well as a wide band of Phanerozoic rocks that may hide shallow, blind, deposits in Proterozoic rocks. The survey should acquire new data on magnetism, electromagnetism, radiometry and gravity,
- a high density aerogeophysical prospections (mag., scintillo...) on selected areas, in order to make available modern, reliable and high quality regional geophysical data allowing data processing and combination with other types of data),

- new radar satellite data should be acquired to have complete coverage of the Shield area, including its sedimentary borders.

- much of the older (e.g., pre-1980) mapping of the Shield and its surrounding area will have to be revised in the light of new stratigraphic data and other geologic concepts, which will require extensive field efforts.

- systematic use of GIS processing of available data should precede any exploration project, whether detailed or regional.

In conclusion, it is clear that part of the exploration work should include the continued checking of high potential and under explored known anomalies discovered in the frame of the Arabian Shield project. However, a completely novel type of work will have to be continued in parallel, in order to maintain an integrated data base of the Arabian Shield and to use it to prepare new projects for mineral development over the next quarter century.
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Tables
	Gold Prospects
	Mods
	District
	Type
	Subst.
	Resource or Reserves (t)
	Grade

g/t
	Metal (kg)
	References

	Mahd adh Dhahab
	3
	Jiddah
	E
	Au
	953 000
	25
	23825
	SAMS estimate

	Mahd adh Dhahab
	3
	Jiddah
	E
	Au
	2 050 000
	24
	49200
	Goldfields-Ma'aden (88-99)

	Mahd adh Dhahab
	3
	Jiddah
	E
	Au
	800 000
	25
	20000
	future prod IUGS Worksh. 1999

	Al Amar
	8
	Al Amar
	E
	Au
	3 500 000
	10.5
	36750
	Ma'aden

	Bulgah
	604.1
	Western Afif
	SZ/I
	Au
	33 000 000
	1.1
	36300
	Ma'aden

	Sukhaybarat
	405-406
	Afif
	SZ/I
	Au
	8 500 000
	2.5
	21250
	BRGM 1998

	Zalim
	1020
	Afif
	SZ
	Au
	7 800 000
	2.63
	20514
	BRGM 1998

	Ad Duwayah
	1182
	Western Afif
	SZ
	Au
	5 000 000
	2.2
	11000
	USGS

	Jabal Shayban
	411
	Samran
	VMS
	Au
	3 400 000
	3
	10200
	

	Al Masane
	673
	Asir
	VMS
	Au
	7 500 000
	1.2
	9000
	Fernette and Tawil (1984)

	Al Hajar (S)
	649
	Asir
	VMS(R)
	Au
	2 700 000
	2.6
	7020
	

	Simfan Umm Shieh
	2100
	Miskah
	SZ
	Au
	1 500 000
	4.3
	6450
	

	Al Gariat Avala
	
	Tathlith
	SZ
	Au
	872 000
	6.5
	5668
	Bache 1994

	Al Hajar (N)
	649
	Asir
	VMS(R)
	Au
	1 540 000
	3.45
	5313
	

	Nuqrah S
	13
	Western Afif
	VMS
	Au
	610 000
	8.7
	5307
	Petromin/Granges (1980)

	Ash Shakhtalyah
	4149
	Western Afif
	SZ
	Au
	740 000
	5.2
	3848
	Roubichou (1991)

	Rabathan
	463
	Asir (Ablah)
	VMS
	Au
	2 100 000
	1.5
	3150
	

	Jabal Sayid
	1
	Jiddah
	VMS
	Au
	2 000 000
	1.5
	3000
	BRGM (1986) Geol.Res.

	Umm ash Shalahib
	(E1-E2)9
	Al Amar
	E
	Au
	900 000
	3
	2700
	WGM-CR-11-11 p.87, not conf;

	Ar Rjum Zn
	3875
	Jiddah
	VMS
	Au
	1 800 000
	1.50
	2700
	Salpeteur (1998)

	Hamdah
	619
	Tathlith
	R
	Au
	911 500
	2.89
	2634
	USGS 1996

	Umm Ad Damar (ox)
	17
	Jiddah
	VMS
	Au
	160 000
	15
	2400
	Japanese mission M.M.A.J (1999)

	Ar Rjum Au
	1179
	Jiddah
	SZ
	Au
	700 000
	3.2
	2240
	Martel Jantin (1985)

	Umm Matierah
	1172
	Southern Afif
	SZ
	Au
	300 000
	7.3
	2190
	USGS 1996

	Bir Tawilah (Au)
	1925
	Western Afif
	SZ/P?
	Au
	300 000
	6.3
	1890
	Couturier (1986)

	Shaib at Tare
	464
	Asir (Bidah)
	VMS(R)
	Au
	299 000
	6.23
	1863
	

	Hamdah
	619
	Tathlith
	SZ
	Au
	303 000
	5.7
	1727
	

	Jadmah (ox)
	639
	Asir
	VMS(R)
	Au
	260 000
	5.6
	1456
	

	Ghadarah (Au)
	3278
	Western Afif
	SZ/I?
	Au
	500 000
	2.4
	1200
	Billa M.(1986)

	Jabal Baydan
	3514
	Samran
	VMS
	Au
	600 000
	2
	1200
	Bellivier (1987)

	Gehab
	467
	Asir (Bidah)
	VMS(R)
	Au
	293 000
	4
	1172
	BRGM OF-09-8

	Umm Ash Shalahib
	(A1)9
	Al Amar
	E
	Au
	110 000
	10.6
	1166
	id.

	Bir Jabuah
	1454
	Nabitah
	SZ
	Au
	136 000
	8.5
	1156
	

	Bit Tawilah (East)
	1925
	
	SZ
	Au
	58 000
	19.2
	1113.6
	

	Umm Hijlan 
	1155
	Bidah
	VMS(R)
	Au
	137 000
	7.7
	1054.9
	Beziat et al. 1989

	Umm Mathierah
	1172
	Southern Afif
	R
	Au
	127 000
	8.3
	1054
	USGS 97

	Umm Ad Damar
	17-18
	Jiddah
	VMS
	Au
	134 000
	7.7
	1031.8
	

	Shignah
	1605
	Jiddah
	SZ
	Au
	260 000
	3.9
	1014
	BRGM

	Mamilah
	40-42
	Asir (Bidah)
	VMS(R)
	Au
	237 000
	4.1
	972
	

	Mulgatah
	467
	Wadi Bidah
	SZ
	Au
	140 000
	5.4
	756
	

	Azzeraib
	2690
	Western Afif
	SZ
	Au
	140 000
	5.4
	756
	Couturier(1985)

	Farah Garan
	112
	Asir
	VMS(R)
	Au
	225 000
	2.8
	630
	

	Wadi Shabah
	4234
	Afif
	SZ
	Au
	260 000
	2.4
	624
	USGS

	Al Farah
	1391
	Bishah
	SZ
	Au
	140 000
	4
	560
	

	Nuqrah N
	14
	Western Afif
	VMS
	Au
	300 000
	1.8
	540
	Delfour (1968)

	Umm Al Qurayyat
	1289
	Al Wajh
	SZ
	Au
	155 634
	3.1
	482
	DMMR (1995)

	Mulhal (ox)
	466
	Asir
	VMS(R)
	Au
	100 000
	4.5
	450
	

	An Najadi
	1272
	Eastern Afif
	SZ
	Au
	255 000
	1.76
	448.8
	

	Ad Duwayah placer
	1182
	Western Afif
	R
	Au
	400 000
	0.7
	280
	


	Silver Prospects
	Mods
	District
	Type
	Subst.
	Resource or Reserves (t)
	Grade

g/t
	Metal (kg)
	References

	Al Masane
	673
	Asir
	VMS
	Ag
	7 500 000
	45.6
	342000
	

	Nuqrah S
	13
	Western Afif
	VMS
	Ag
	610 000
	347
	211670
	Petromin/Granges 1978

	Samrah
	745
	Ad Dawadimi
	E
	Ag
	278 000
	651
	180978
	Holzem 1976

	Mahd adh Dhahab
	
	Jiddah
	E
	Ag
	2 050 000
	86.8
	177940
	Future production

	Umm Hadid
	11
	Al Amar
	E
	Ag
	500 000
	343
	171500
	

	Umm Ash Shalahib (E1-E2)
	9
	Al Amar
	E
	Ag
	900 000
	72
	64800
	

	Umm Ad Dabah
	71
	al Amar
	VMS
	Ag
	270 000
	200
	54000
	

	Nuqrah N
	14
	Western Afif
	VMS
	Ag
	300 000
	173
	51900
	

	Kutam
	1128
	Asir
	VMS
	Ag
	8 100 000
	6.1
	49410
	

	Al Halahila
	2025
	Asir
	VMS
	Ag
	2 100 000
	20
	42000
	

	Jadmah (sulf)
	639
	Asir
	VMS
	Ag
	2 000 000
	20
	40000
	

	Marjan
	2093
	Al Amar
	E?
	Ag
	288 000
	126
	36288
	

	Mahd adh Dhahab
	
	Jiddah
	E
	Ag
	610 000
	54.6
	33306
	Goldfields -Ma'aden production

	Mahd adh Dhahab
	
	Jiddah
	E
	Ag
	953 000
	33
	31449
	SAMS production estimate 

	Ar Ridanyah
	2070
	Ad Dawadimi
	VMS
	Ag
	1 500 000
	20
	30000
	

	Farah Garan
	112
	Asir
	VMS(R)
	Ag
	225 000
	33
	7425
	

	Bir Tawilah (W)
	960
	Western Afif
	I/P?
	Ag
	265 000
	26
	6890
	

	Umm Ash Shalahib (A1)
	
	AlAmar
	E
	Ag
	110 000
	55
	6050
	


	Copper Prospects
	Mods 
	District
	Type
	Subst.
	Resource or Reserves (t)
	Grade

Perct..
	Metal (t)
	References

	Jabal Sayid
	1
	Jiddah
	VMS
	Cu
	24 300 000
	0.02.6
	607500
	BRGM (1986)

	As Safra
	2
	Western Afif
	SZ/E?
	Cu
	18 000 000
	0.01
	180000
	

	Kutam
	1128
	Asir
	VMS
	Cu
	8 100 000
	0.02
	145800
	

	Umm Ad Damar
	18
	Jiddah
	VMS
	Cu
	1 000 000
	0.02
	20000
	

	Khnaiguiyah
	72
	Al Amar
	VMS
	Cu
	24 800 000
	0.01
	138880
	

	Al Masane
	673
	Asir
	VMS
	Cu
	7 500 000
	0.01
	97500
	Fernette and Tawil (1984)

	Kutam
	1128
	Asir
	VMS®
	Cu
	4 000 000
	0.02
	80000
	

	Al Halahila
	2026
	Asir
	VMS
	Cu
	2 100 000
	0.00
	7140
	

	Rabathan
	463
	Asir (Ablah)
	VMS
	Cu
	2 100 000
	0.03
	52500
	

	Ar Ridanyah
	2070
	Ad Dawadimi
	VMS
	Cu
	1 400 000
	0.02
	23800
	Elsass (1983)

	Jadmah (sulf)
	639
	Asir
	VMS
	Cu
	696 000
	0.03
	17400
	Poloni, Cheesman (1980)

	Ash Shizm
	541
	Midyan
	VMS
	Cu
	1 600 000
	0.03
	46400
	BRGM 1967

	Khnaiguiyah
	72
	Al Amar
	VMS
	Cu
	12 000 000
	0.00
	40800
	BRGM OF-05-17)

	Shaib Lamisah
	4001
	Afif
	VMS
	Cu
	1 400 000
	0.02
	26600
	BRGM 1982

	Al Hajar (S)
	649
	Asir
	VMS
	Cu
	300 000
	0.07
	20460
	BRGM 1988

	Samran
	410
	Jiddah
	VMS
	Cu
	900 000
	0.02
	18000
	

	Khnaiguiyah
	72
	Al Amar
	VMS
	Cu
	1 850 000
	0.01
	16465
	

	Gehab
	467
	Asir (Bidah)
	VMS®
	Cu
	1 000 000
	0.01
	13000
	

	Nuqrah S
	13
	Western Afif
	VMS
	Cu
	610 000
	0.01
	6710
	Petromin/Granges (1980)

	Ash Shaib
	625
	Asir
	VMS
	Cu
	1 700 000
	0.00
	5100
	

	Nuqrah N
	14
	Western Afif
	VMS
	Cu
	300 000
	0.01
	2700
	

	Umm Ad Dabah
	71
	Al Amar
	
	Cu
	270 000
	0.03
	6750
	

	Shaib at Tare
	464
	Asir
	VMS
	Cu
	1 000 000
	0.00
	4000
	

	Farah Garan
	112
	Asir
	VMS®
	Cu
	225 000
	0.01
	2025
	


	Zinc Prospects
	Mods
	District
	Type
	Subst.
	Reserves (t)
	Grade

Perct.
	Metal(T)
	References

	Khnaiguiyah
	72
	Al Amar
	VMS
	Zn
	24 800 000
	0.04
	1019280
	BRGM (1994)

	Jabal Baydan
	3514
	Samran
	VMS
	Zn
	600 000
	0.20
	120000
	BRGM (1996)

	Al Masane
	673
	Asir
	VMS
	Zn
	7 500 000
	0.06
	427500
	Fernette and Tawil (1984)

	Jabal Sayid (orebody 4)
	1
	Jiddah
	VMS
	Zn
	5 000 000
	0.04
	200000
	

	Ash Shaib
	625
	Asir
	VMS
	Zn
	1 700 000
	0.06
	102000
	

	Ar Rjum Zn
	3875
	Jiddah
	VMS
	Zn
	1 800 000
	0.05
	90000
	Salpeteur (infer.) 1998

	Al Amar (Au rich)
	8
	Al Amar
	E
	Zn
	1 000 000
	0.08
	78000
	Ma'aden (1998)

	Kutam
	1128
	Asir
	VMS
	Zn
	8 100 000
	0.01
	72900
	

	Ar Ridanyah
	2070
	Ad Dawadimi
	VMS
	Zn
	1 500 000
	0.05
	69750
	Elsass (1981)

	Jabal Dhaylan
	332
	Red Sea
	SD
	Zn
	1 200 000
	0.06
	67200
	Carlson (1996)

	Nuqrah S
	13
	Western Afif
	VMS
	Zn
	800 000
	0.07
	59200
	Holzem (1976)

	Al Amar
	8
	Al Amar
	E
	Zn
	2 100 000
	0.03
	58800
	Ma'aden (1998)

	Al Halahila
	2026
	Asir
	VMS
	Zn
	2 100 000
	0.03
	56700
	

	Al Hajar (S)
	649
	Asir
	VMS
	Zn
	1 850 000
	0.02
	39405
	

	Jadmah (sulf)
	639
	Asir
	VMS
	Zn
	2 000 000
	0.02
	34000
	

	Shaib Lamisah
	4001
	Afif
	VMS
	Zn
	1 400 000
	0.02
	26600
	

	Umm Ad Damar
	18
	Jidaah
	VMS
	Zn
	1 000 000
	0.03
	25000
	

	Nuqrah N
	14
	Western Afif
	VMS
	Zn
	300 000
	0.06
	19200
	

	Samrah
	745
	Ad Dawadimi
	E
	Zn
	278 000
	0.05
	14178
	Holzem 1976

	Ash Shizm
	541
	Midyan
	VMS
	Zn
	1 600 000
	0.01
	11840
	

	Rabathan
	463
	Asir (Ablah)
	VMS
	Zn
	2 100 000
	0.01
	10500
	

	Farah Garan
	1127
	Asir
	VMS
	Zn
	225 000
	0.03
	5625
	

	Umm Ash Shalahib
	9
	Al Amar
	E
	Zn
	110 000
	0.05
	5500
	

	Umm Ash Shalahib
	(D1)9
	Al Amar
	E
	Zn
	60 000
	0.04
	2400
	

	Jabal Shayban
	411
	Samran
	VMS
	Zn
	300 000
	0.02
	4500
	


	Other Prospects
	Mods 
	District
	Type
	Subst.
	Reserves
	Grade

Perct.
	Metal (t)
	References

	Wadi Wassat
	617
	Asir
	VMS
	FeS2
	108 000
	
	
	

	Jabal Mardah
	450
	Nabitah N
	VMS
	Ni
	1 800 000
	0.01
	14400
	WGM CR 11-13,p.87 

	Habdah
	2173
	Asir
	SBS
	Ni
	1 800 000
	0.01
	24300
	

	Samrah
	745
	Ad Dawadimi
	E
	Pb
	278 000
	0.02
	4559
	Hankock et al. (1975)

	Nuqrah S
	13
	Western Afif
	VMS
	Pb
	800 000
	0.03
	24000
	Holzem 1976

	Nuqrah N
	14
	Western Afif
	VMS
	Pb
	300 000
	0.02
	6000
	

	Jabal Dhaylan
	332
	Red Sea
	SD
	Pb
	1 200 000
	0.01
	16800
	Carlson (1996)

	Silsilah
	3262
	Afif
	I
	Sn
	1 200 000
	0.00
	2244
	to be updated (USGS 1999)

	Bir Tawilah (W)
	2688
	Western Afif
	I/P?
	Sn
	265 000
	0.00
	345
	Riofinex 1985

	Baid ad Jimalah
	2661
	Eastern Afif
	I
	W
	10 000 000
	0.00
	11700
	Riofinex 1985

	Bir Tawilah (W)
	2688
	Western Afif
	I/P?
	W
	265 000
	0.01
	1855
	Labbé (1985)

	Ghurrayah 
	765
	Midyan
	I
	Nb
	400 000 000
	0.000025
	10000
	Elliott (1997)

	Ghurrayah 
	765
	Midyan
	I
	Zr
	400 000 000
	0.000082
	32800
	

	Al Aqiq
	1382
	Asir
	SZ/E?
	BaSO4
	56 700
	0.71
	40257
	

	
	1382
	Asir
	SZ/E?
	CaF2
	56 700
	0.134
	7597.8
	Cartier (1983)

	Ablah
	26
	Asir
	I/P?
	CaF2
	
	
	20000
	Cartier (1983)


Table 1 - Main drilled prospects of the Arabian Shield with indicated reserves. 

Type: VMS: volcanogenic massive sulfide; E: epithermal; P: Porphyry; I: intrusive ; R: residual; SD : sedimentary disconformity; SBS : sedimentary black shales; SZ: shear zone; E : epithermal
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Table 2 - methodology and scoring of the exploration evaluation
	
	Epi-thermal
	Por-phyry
	Shear zone
	Intrusion
	VMS
	Hornfels
	Au
	Surface

Km2

	
	63
	108
	192
	119
	96
	25
	535
	

	QUATERNARY - TERTIARY BASALT
	-22.7
	-23.2
	-23.8
	-23.3
	-2.4
	-21.8
	-2.3
	72163

	QUATERNARY-TERTIARY SEDIMENTARY DEPOSITS
	-1.1
	-2.0
	-1.1
	-2.1
	-2.6
	-1.2
	-1.2
	88430

	PALEOZOIC
	-21.8
	-22.3
	-2.2
	-1.7
	-0.8
	-20.9
	-2.5
	29236

	ALKALI GRANITE 650 to 530 Ma
	0.3
	-0.2
	-0.8
	0.5
	-0.4
	-20.9
	-0.4
	29792

	GRANODIORITE,MONZOGRANITE 650 to 530 Ma
	-0.5
	0.3
	-0.9
	-0.6
	-1.3
	-0.7
	-0.7
	50568

	TONALITE,TRONDHJEMITE, 650 to 530 Ma
	-17.5
	-18.1
	-18.6
	-18.2
	-17.9
	-16.6
	-19.6
	413

	GRANODIORITE,MONZOGRANITE 700 to 650 Ma
	0.2
	0.1
	0.0
	0.1
	-1.3
	0.9
	-0.1
	50129

	TONALITE,TRONDHJEMITE 700 to 650 Ma
	2.2
	-19.8
	-20.3
	1.6
	1.1
	2.4
	1.0
	2262

	FELSIC VS ROCKS < 700 Ma
	-18.5
	-19.1
	1.1
	-19.2
	-18.9
	-17.6
	0.8
	1131

	SEDIMENTARY AND EPICLASTIC ROCKS < 700 Ma
	-0.1
	1.0
	0.6
	1.0
	-22.8
	-0.1
	0.4
	54582

	MAFIC VS ROCKS < 700 Ma
	-18.9
	-19.4
	0.7
	-19.5
	1.4
	-18.0
	-21.0
	1607

	VS ROCKS < 700 Ma
	-20.8
	0.1
	0.6
	0.7
	-21.2
	-19.9
	0.1
	10838

	MAFIC VOLCANIC ROCKS < 700 Ma
	-19.9
	0.3
	0.8
	1.3
	-20.3
	-19.0
	0.3
	4587

	MAFIC VOLCANIC ROCKS >700 Ma
	0.8
	-0.3
	0.8
	0.0
	1.0
	0.6
	0.6
	41397

	VS ROCKS > 700 Ma
	0.7
	0.5
	0.4
	-0.7
	1.3
	0.9
	0.6
	42031

	DIORITE
	3.0
	-19.0
	-19.5
	-19.1
	-18.8
	-17.5
	1.3
	1035

	GABBROS
	0.0
	-0.5
	0.9
	0.5
	0.3
	0.9
	0.6
	10052

	ULTRAMAFIC PLUTON
	-0.3
	0.5
	0.7
	0.4
	0.0
	0.7
	0.6
	26444

	MAFIC VS ROCKS >700 Ma
	1.5
	0.1
	0.6
	0.7
	1.3
	1.9
	1.1
	11056

	FELSIC VS ROCKS > 700 Ma
	1.0
	0.6
	-0.1
	-22.0
	1.4
	-20.4
	0.3
	18834

	TONALITE,TRONDHJEMITE > 700 Ma
	-0.4
	-0.1
	-0.5
	0.2
	-0.9
	-20.9
	0.0
	31956

	SEDIMENTARY AND EPICLASTIC ROCKS > 700 Ma
	1.1
	0.5
	0.8
	0.0
	1.0
	-20.5
	0.6
	20714

	GRANODIORITE,MONZOGRANITE > 700 Ma
	-21.6
	0.0
	-0.2
	-0.4
	-0.6
	-20.7
	0.1
	24717

	FELSIC VOLCANIC ROCKS < 700 Ma
	-20.0
	0.2
	-21.1
	-20.6
	-20.4
	-19.1
	-22.1
	4891

	FELSIC VOLCANIC ROCKS > 700 Ma
	-20.3
	0.6
	0.7
	0.9
	1.1
	1.3
	-0.1
	6836

	OPHIOLITE SUITE - ULTRAMAFIC ROCKS
	-20.3
	-0.2
	1.2
	2.2
	1.6
	1.3
	0.9
	6920


Table 3 - Example of weight of evidence modelling. The table shows the distribution of mineral occurrences classified as Epithermal, Porphyry, Shear zone, Intrusion, VMS, Hornfels and Gold bearing occurrences (the numbers in the second line are the number of occurrences classified as such) in respect to the different litho-stratigraphic units distinguished on Beziat and Bache (1995) Map. The higher the number, the higher the density of specific occurrences within a given lithology.

The last column gives the surface in km2 of the different litho-stratigraphic units.

A positive weight for a particular lithostratigraphy indicates that more occurrences occur on that specific lithology than would occur due to chance, whereas the converse is true for negativee weights. A weight of zero indicates that the occurrences are spatially uncorrletaed to the lithos stratigraphy. The range in weight values gives an overall measure of the correlation.
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Figure 1 - Main Information layers integrated within the Arabian Shield GIS
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Figure 2 - Chronology of geological events in the Arabian Shield. Bar diagram shows the distribution of available ages according to analytical confidence of the determination : 1 = acceptable; 2 = acceptable with restrictions (few available data, high MSWD, etc…) ; 3 = unacceptable (MSWD too high, not enough data, etc.); 4 = insufficiant data for reevaluation. Of the 507 available ages, only 97 are conssidered of quality "1" and 52 are considered of quality "2".
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	Figure 3 - Simplified geological map
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Figure 4 - Aeromagnetic map of the arabian shield (reduced to the pole)-UTM 38 Projection.
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Figure 5 - Simplified lithostructural sketch map of the Arabian Shield showing the main structural features (belts and faults and associated molassic basins : T=Thalbah, H=Hadiyah, F&G= Furayah and Ghamr, M=Murdama, L=Lasasah, J=Junaynah, A=Ablah). The small inset shows the main suspected terranes/composite terranes (after Johnson, 1998): Asir, Afif, Jiddah, Hijaz, Midyan, Hail, Ad Dawadimi and Ar Rayn.
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Figure 6 - Gold occurrences (in red, size as a function of the gitological potential (between -1 (not documented) and 10 (highest)) plotted on top of a surficial deposit map Contours are for the density of Gold occurrences as documented in the MODS data base.

[image: image9.wmf]T

a

t

h

l

i

t

h

Z

a

l

i

m

A

s

h

S

h

a

k

t

a

l

y

a

h

A

s

h

S

h

i

z

m

B

a

i

d

A

d

J

i

m

a

l

a

h

A

d

D

a

w

a

d

i

m

i

A

s

S

a

f

r

a

M

u

s

a

y

n

a

'

a

h

W

a

d

i

S

c

h

w

a

s

B

i

d

a

h

,

B

i

s

h

a

h

A

l

L

i

t

h

T

a

i

f

W

a

d

i

S

a

w

a

w

i

n

S

a

m

r

a

n

M

a

h

d

A

d

h

D

h

a

h

a

b

J

a

b

N

a

j

r

a

n

W

a

d

i

W

a

s

s

a

t

A

l

A

m

a

r

A

s

h

S

h

u

m

t

a

A

l

K

h

u

s

h

a

y

m

y

a

h

S

u

k

h

a

y

b

a

r

a

t

S

i

l

s

i

l

a

h

B

i

r

J

u

g

J

u

g

A

d

D

u

w

a

y

a

h

A

l

W

a

j

h

U

m

m

L

a

j

j

W

a

d

i

K

a

m

a

l

A

l

A

y

s

G

h

u

r

a

y

r

a

h

K

h

a

m

i

s

M

u

s

h

a

y

t

M

a

d

i

n

a

h

N

o

r

t

h


Figure 7 : Localization of the principal mineralized districts discussed in the text
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Figure 8 - Reserve vs grade for the main prospects (E=epithermal; VMS = volcanogenic massive sulfides, SZ=Shear zones, R= residual)
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Figure 9 - Quantitative evaluation of the mineral exploration (symbols represent the respective importance of regional mapping, geochemistry, geophysics, detailed geochemistry, geophysics, trenches and drilling) plotted on top of a grid showing the density of gold bearing occurrences.
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Figure 10 - Mineral occurrences (dots with size as a function of the ratio between the metallogenical potential and a quantitative evaluation of the exploration work; (the larger the size the higher the global potential) plotted on top of a simplified surficial deposit map of the arabian shield
































































































































































� This document is a short outline of the presentation made during the IUGS/UNESCO Meeting on the "Base and Precious Metal Deposits in the Arabian Shield" held in Jeddah from the 12th to the 19th November 1999. 
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				Prospect name		Mods N°		District		Type		Commodity				grade		Metal(Kg)		References		0

				Al Amar		8		Al Amar		E		Au		3.5		10.5		0.03675		Maahden		0.0035

				Jebel Sayid		1		Jiddah		VMS		Au		23.6		1.5		0.0354		BRGM (86)		0.0236

				Sukhaybarat		405-406		Afif		SZ/I		Au		8.5		2.5		0.02125		BRGM 98		0.0085

				Zalim		1020		Afif		SZ		Au		6		2		0.012		BRGM 98(grade uncertain)		0.006

				Al Masane		673		ASIR		VMS		Au		7.5		1.2		0.009		Fernette and Tawil(1984)		0.0075

				AsShaktalyah		4149		Western Afif		SZ		Au		1.7		4.8		0.00816		Martel Jantin(1985)		0.0017

				Al Hajar(S)		649		ASIR		VMS(R)		Au		2.7		2.6		0.00702				0.0027

				Ad Duwayah		1182		Western Afif		SZ		Au		14		0.5		0.007		USGS		0.014

				Al Gariat Avala				Tathlith		SZ		Au		0.872		6.5		0.005668		Bache 94		0.000872

				Al Hajar(N)		649		ASIR		VMS(R)		Au		1.54		3.45		0.005313				0.00154

				Nuqrah S		13		Western Afif		VMS		Au		0.8		5.6		0.00448		Delfour(1968)		0.0008

				Rabathan		463		ASIR(Ablah)		VMS		Au		2.1		1.5		0.00315				0.0021

				Um Ash Salahib		(E1-E2)9		AlAmar		E		Au		0.9		3		0.0027				0.0009

				Um Ar Rjum Zn		3875		Jiddah		VMS		Au		1.8		1.50		0		Salpeteur (98)		0.0018

				Hamdah		619		Tathlith		R		Au		0.9115		2.89		0		USGS 96		0.0009115

				Hamdah		619		Tathlith		SZ		Au		0.303		5.7		0				0.000303

				Um Ad Damar(ox)		17		Jiddah		VMS		Au		0.16		15		0.0024				0.00016

				AsShaktalyah		4149		Western Afif		SZ		Au		0.74		3.2		0.002368		Roubichou (1991)		0.00074

				Um Ar Rjum Au		1179		Jiddah		SZ		Au		0.7		3.2		0.00224		Martel jantin (1985)		0.0007

				Um Mathierah		1172		Southern Afif		R		Au		0.127		8.3		0		USGS 97		0.000127

				Um Matierah		1172		Southern Afif		SZ		Au		0.3		7.3		0.00219		USGS 96		0.0003

				Bir Tawilah (Au)		1925		Western Afif		SZ/P?		Au		0.3		6.3		0.00189		Couturier (1986)		0.0003

				Bit Tawilah (East)		1925				SZ		Au		0.058		19.2		0.0011136				0.000058

				Shaib at Tare		464		ASIR(Bidah)		VMS(R)		Au		0.299		6.23		0				0.000299

				Jadmah (ox)		639		ASIR		VMS(R)		Au		0.26		5.6		0.001456				0.00026

				Ghadarah(Au)		3278		Western Afif		SZ/I?		Au		0.5		2.4		0.0012		Billa M.(1986)		0.0005

				Jabal Baydan		3514		Samran		VMS		Au		0.6		2		0.0012				0.0006

				Gehab		467		ASIR(Bidah)		VMS(R)		Au		0.293		4		0.001172		BRGM OF-09-8		0.000293

				Um Ash Salahib		(A1)9		AlAmar		E		Au		0.11		10.6		0.001166				0.00011

				Shignah		1605		Jiddah		SZ		Au		0.26		3.9		0.001014		BRGM		0.00026

				Mamilah		40-42		ASIR(Bidah)		VMS(R)		Au		0.237		4.1		0				0.000237

				Azzeraib		2690		Western Afif		SZ		Au		0.14		5.4		0.000756		Couturier(1985)		0.00014

				Farah Garan		112		ASIR		VMS(R)		Au		0.225		2.8		0.00063				0.000225

				Wadi Shabah				Afif		SZ		Au		0.26		2.4		0.000624		USGS		0.00026

				Nuqrah N		14		Western Afif		VMS		Au		0.3		1.8		0.00054		Delfour (1968)		0.0003

				Mulhal(ox)		466		ASIR		VMS(R)		Au		0.1		4.5		0.00045				0.0001

				An Najadi		1272		Afif		SZ		Au		0.25		1.76		0.00044		USGS TR 94-5		0.00025

				Ad Duwayah placer		1182		Western Afif		R		Au		0.4		0.7		0.00028				0.0004

				Umm Al Qurayyat		1289		Al Wajh		SZ		Au		0.155634		3.1		0		DMMR(95)		0.000155634
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