CHAPTER 5
Mafic-ultramafic complexes

DRAFT 22-3-10

As already described, most of the early Neoproterozoic rocks of the Arabian Shield consist of late Tonian and Cryogenian juvenile arc assemblages created above subduction zones in the Neoproterozoic Mozambique Ocean.  The Mozambique Ocean has long since disappeared – consumed and obliterated during the convergence of East and West Gondwana and the formation of the Gondwana Supercontinent.  To properly understand the geologic setting of the arc systems that make up the shield, it would be useful to know something about the composition and structure of the Mozambique Oceanic crust on which the arc systems were constructed and the composition and structure of  oceanic crust in back-arc and fore-arc basins that developed during Neoproterozoic subduction.  Some clues are given by the geochronology and isotopes of the shield, as discussed in Chapter 4; the most direct evidence is given, however, by fragments of oceanic crust locally preserved as ophiolitic mafic-ultramafic complexes  preserved among the supracrustal rocks of the shield along sutures at the boundaries between amalgamated terranes and in  later shear zones.  Many of the mafic-ultramafic complexes are thoroughly disrupted by shearing and do not retain the range of lithologies typically associated with ophiolites, but enough examples of ophiolite are preserved that geologists can make some generalizations about original oceanic conditions in many parts of the shield.

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

5.1    Overview
Mafic-ultramafic complexes are a small, but geologically important, component of the Arabian Shield (Fig. 5-1).  In terms of surface area, the complexes make up as little as 1 percent of the Precambrian rocks exposed on the shield, but since the 1970s they have been prominent in discussions about the origins of the shield (e.g., Al-Shanti and Mitchell, 1976; Bakor and others, 1976; Frisch and Al-Shanti, 1977; Shanti and Roobol, 1979; Ries and others, 1983; Nassief and others, 1984; Kroner, 1985; Berhe, 1990).  They are important because they are members of a particular class of mafic-ultramafic rocks, interpreted as ophiolites, that represents juvenile suprasubduction oceanic crustal material in the shield.  The larger mafic-ultramafic complexes in the shield are listed in Table 5-1, identifying those that have the hallmarks of a classic “Penrose-type” ophiolite pseudostratigraphy. 
Ophiolites in orogenic belts have been studied for more than 100 years, and there has been prolonged debate about their origin and tectonic significance.  With the advent of deep sea geology facilitated by oceanic drilling and submersible observation and sampling platforms, many older ideas have been overtaken by newer interpretations.  Major recent reviews of ophiolites are collections of papers edited by Dilek and others (2000), Dilek and Newcomb (2004), and Kusky (2004), and reviews of Arabian Shield ophiolites are by Pallister and others (1988), Dilek and Ahmed (2003), Johnson and others (2004), and Ahmed and Hariri (2008).
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Ophiolites were first recognized in the region by (Rittmann, 1958), and starting with pioneering work by Al-Shanti and Mitchell (1976) and Bakor and others (1976), they have been interpreted as remnants of oceanic crust in the Arabian Shield and as indicators of arc-arc suturing and terrane amalgamation (Pallister and others, 1987; Stoeser and Camp, 1985; Johnson and Woldehaimanot, 2003; Genna and others, 2002; Johnson and others, 2003, 2004).  They range from 890 Ma to 675 Ma (Table 5-2), and have Nd model ages close to their crystallization ages and positive εNd values (Table 5-3) indicating that they are juvenile oceanic crust.
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Not all Neoproterozoic mafic-ultramafic complexes in the region are oceanic crust, however.  Many are and, with varying degrees of certitude depending of the range of geologic features and rock types preserved in each complex, give an insight into the oceanic crust of the shield and its varying tectonic environments (Dilek and Ahmed, 2003).  But others may represent post-accretionary intrusions or paraautochthonous  complexes in intracontinental rifts, may be roots of island arcs, such as Darb Zubaydah in the Arabian Shield (Quick and Bosch, 1989), or autochthonous layered intrusions, such as Dahanib in Egypt (Dixon, 1981).  Consequently, care must be taken to identify assemblages that may legitimately be referred to as ophiolites.  Care must also be taken in correlating among the mafic-ultramafic complexes.  They are sufficiently abundant that it is reasonable to conclude that the crust of the Arabian-Nubian Shield was produced by processes similar to those of modern plate tectonics, but their sheer abundance makes it difficult to define the orientation of sutures solely from the distribution of ophiolitic rocks (Stern et al., 1990).  Ultramafic-decorated shear zones in the Arabian Shield have been joined up in at least 4 different ways, illustrating the inherent difficulty in correlating mafic-ultramafic complexes (Church, 1988; 1991); Fig. 5-1 shows the correlations in the Arabian Shield preferred here. 
Ophiolitic mafic-ultramafic complexes in the Arabian-Nubian Shield are scattered over a region that is 3000 km north-south and more than 1000 km east-west and make up one of the highest densities of ophiolitic rocks known for any Proterozoic terrane on Earth (Kusky, 2004).  They are concentrated along shear zones (Fig. 5-1), varying in structure from nappe complexes marking suture zones between terranes to lenses of serpentinite along strike-slip shears.  Because ophiolites in the Arabian Shield were generated and emplaced relatively early in the Neoproterozoic history of the region, they are commonly fragmentary, and it may be difficult to interpret dismembered mafic-ultramafic assemblages as once being autochthonous pieces of oceanic crust.  Nonetheless, diagnostic components of ophiolites are recognized at several locations in the Arabian Shield including harzburgite, cumulate ultramafics, layered as well as higher level gabbro and plagiogranite, sheeted dikes, and pillowed basalt. 
Differences in distribution and structural setting are observed between the mafic-ultramafic complexes in the Arabian Shield and Nubian Shield.  Allochthonous mafic-ultramafic ophiolitic complexes in the southern Arabian Shield and in the southern Nubian Shield in Ethiopia and Ertirea are mostly present as highly deformed and metamorphosed lenses of serpentinite along shear zones.  In the northern Nubian Shield, ultramafic complexes commonly occur as small to large lenses in greenstone (metavolcanic rocks) making up the mélange zones that characterize much of the Eastern Desert or occur as nappes.  Ophiolite complexes in the northern Arabian Shield occur along steeply dipping shear zones, as in the southern part of the Arabian Shield, but have more complete “Penrose” stratigraphies than those in the south.  The challenge to identifying ophiolites in the southern parts of both the Arabian and Nubian Shields is that the area was closer to and thus more intensely affected by the end-Neoproterozoic terminal collision, with the result that structures related to ophiolite obduction are transposed or obliterated (Abdelsalam and Stern, 1996).  In these parts of the Arabian-Nubian Shield, basement structures dip steeply, units are intensely deformed and shuffled by high-angle thrusting and sub-horizontal shearing, and metamorphism is typically amphibolite-facies (Yihunie, 2002).  South of the traditional boundaries of the Arabian-Nubian Shield, Neoproterozoic ophiolites are identified in southern Ethiopia, Uganda, and northeast Kenya (Berhe, 1990).  Their presence is a major factor in support of correlation between the Arabian-Nubian Shield and the Mozambique Belt, and contributes to identification of the East African-Antarctic Orogen as a throughgoing Gondwanan orogenic belt.
5.2   General character of ophiolites
For the past 50 years, ophiolites have been accepted as parts of the Earth's oceanic crust and the underlying upper mantle that have been uplifted and emplaced, or “obducted”, among continental crustal rocks on the Earth’s surface.  In general English, “obduct” means “to draw over” or “to cover”, and the word is used in Geology to describe to the occurrence of ophiolitic complexes in thrust sheets with the understanding that part of the ocean floor has been structurally drawn over, obducted over, continental supracrustal rocks.   Under normal circumstances, sections through oceanic crust can only be observed in obducted ophiolite, but in a few instances, deep drilling in ocean basins allows inspection of in situ crust.  Most oceanic drilling programs only penetrate the upper few hundred meters of basaltic flows (Malpas, 1993), but two deeper holes have been drilled at site 504B in the eastern equatorial Pacific Ocean and site 735B in the Indian Ocean.  Hole 504B penetrated 2,000.4 m below the sea floor (Fig. 5-2), revealing 274.5 m of sediment, 571.5 m pillow basalt and minor sheet flows, underlain by a 209 m transition zone of breccia, pillow lava, thin flows, and minor sheet flows, and 845.4 m of sheeted dikes (Malpas, 1993).  The overall basement intersection of 1725.9 m corresponds to the mere upper part of a typical ophiolite succession, but importantly gives an actualistic model of fresh undisturbed oceanic crust.  A typical ophiolite cross section is also shown in Fig. 5-2, illustrating the correlation between ophiolite lithology and seismic stratigraphy.  The figure also gives a comparison between the 504B drillhole and some Arabian Shield ophiolites and, by implication, gives a model for the composition of the Mozambique Ocean crust.
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The name ophiolite was coined by Alexandre Brongniart (1813) from ophio, Greek for "snake" and lite meaning "stone", in reference to the sinuous veining observed in typical serpentinite, a key ingredient of many exposures.  The name originally applied to serpentinite in mélanges in the Alps but was later expanded to encompass a suite of ultramafic rocks, gabbro, diabase, and volcanic rocks found in many localities in the Alps and the Apennines (the mountain chain running along the central axis of Italy).  Steinmann (1927) modified its use to include peridotite (serpentinite), diabase-spilite, and chert (the well-known "Steinmann's trinity" of pre-plate tectonic geologic thinking), again based on occurrences in the Alps.  Spilite, a term commonly found in descriptions of ophiolites, is albitized, vesicular basaltic lava.   At this time, ultramafic rocks in ophiolites were interpreted as intrusive-extrusive complexes reminiscent of “alpine-type” peridotites well known in the area.  Alpine peridotite is a tectonic, not petrologic, term for ultramafic rock, commonly serpentinized and bounded by fault surfaces, and ophilolites were considered as mainly intrusions of mafic-ultramafic magmas emplaced during folding of oceanic sediments (the chert association) deposited in the axial part of geosynclines. The geologic importance of ophiolites increased in the late 1950s to early 1960s when it came to be realized that the ophiolitic assemblage provides an analog for oceanic crust and the process of seafloor spreading and gives insight into the developing concept of plate tectonics.   A key observation was that the sheeted dike complex in the Troodos ophiolite (Cyprus) was formed entirely of material from new magma, since no older wall rocks are preserved within the complex (Gass 1968).  This led Moores and Vine (1971) to suggest that the sheeted dike complex at Troodos resulted from a process similar to the sea-floor spreading proposed by Vine and Matthews (1963), cementing the interpretation that ophiolites represent oceanic crust that had been emplaced on land.  The Troodos complex is in a relatively small island in the Mediterranean; the presence of ophiolites within enormous mountain belts such as the Alps and Himalayas revealed their great tectonic significance as marking the existence of former ocean basins that have now been consumed by subduction.
Building on the newly formulated plate-tectonic paradigm and growing research into the structure of oceanic crust, ideas about the composition and origins of ophiolites were synthesized at an international Penrose Field Conference in September 1972.  The resulting description of the so-called “Penrose ophiolite” became the standard, for many years thereafter, against which field examples of mafic-ultramafic rocks were compared and judged whether to be an ophiolite or not.  According to the Penrose definition (Anonymous, 1972), a fully developed ophiolite would include, from bottom to top:

· Ultramafic complex (mantle peridotite) consisting of variable proportions of harzburgite, lherzolite, and dunite, usually with a metamorphic tectonic fabric and more or less serpentinized

· Gabbroic complex ordinarily with a cumulus texture containing cumulus peridotite and pyroxenite and less deformed than the ultramafic complex

· Mafic sheeted dike complex

· Mafic volcanic complex, commonly pillowed
Nevertheless, it was recognized by the conference delegates that contacts between mappable units are commonly faulted and whole sections may be missing and any given ophiolite may be incomplete or dismembered. 
The Penrose definition came out of the widely accepted view that ideal oceanic crust had a uniform, layered composition.  But with ongoing research, it came to be realized that the oceanic crust is not homogeneous, but variable in its development and stratigraphy, which means that ophiolites are more variable and complex than earlier thought, and the classic layered stratigraphy of the Penrose type cannot be universally applied (Malpas, 1993; Dilek, 2003).  On the one hand it was realized that internal intrusive relationships may be present, such as those of the type noted many years earlier, in fact, by Steinmann in which gabbro and diabase intrudes serpentinized peridotite (Dilek, 2003).  On the other hand it came to be realized that ophiolites vary in character depending on their tectonic setting.  Thus it is now believed that typical Penrose ophiolites form at fast spreading ridges, such as the East Pacific Rise, whereas slow-spreading ridges such as those in the Atlantic may give rise to harzburgite overlain by thick masses of serpentinite and both in fault contact with pillow lava, dikes, and gabbro.  More importantly, it came to be realized that ophiolite representing crust from mid-ocean spreading ridges is the exception rather than the rule, and that a more common environment for ophiolite formation is in marginal extension basins in arcs (either back arc, or forearc) or as part of the magmatic arc itself (Leitch, 1984).  As a consequence there has been a shift from the early interpretation of ophiolites as on-land analogues of the crust and upper mantle formed at mid-ocean ridges, to an acceptance that the majority of ophiolites form above subduction zones, and can be grouped as a class known as suprasubduction zone ophiolites (Hawkins, 2003).  Reflecting this shift in ophiolite studies, Dilek (2003), for example, presented a revised classification of ophiolites, naming them after seven type areas where they are well exposed and developed: Ligurian-type, Mediterranean-type, Sierran-type, Chilean-type, Macquarie-type, Caribbean-type, and Fanciscan-type.  Such classifications are not universally adopted, however, and other workers for example Nicolas and Boudier (2003) divide ophiolites according to their mantle peridotite composition into harzburgite ophiolite type (HOT), harzburgite-lherzolite ophilite type (LHOT), and lherzolite ophilite type (LOT).  The utility of using such classifications in describing the Arabian Shield Neoproterozoic ophiolties remains to be established.     
5.3    Field characteristics of Arabian Shield ophiolites
Ophiolites have been recognized in the Arabian Shield for more than 50 years. Where most complete, the Saudi Arabian ophiolites consist of serpentinized peridotite, gabbro, dike complex, basalt, and pelagic rocks.  Because of folding and shearing, many localities lack one or more of these diagnostic lithologies, but mafic-ultramafic assemblages tend to be termed “ophiolitic” in the Saudi Arabian geologic literature if they contain peridotite, gabbro and, in ideal cases, basalt, and if the assemblages show evidence of emplacement by thrusting and shearing rather than intrusion.  All known examples are strongly deformed, metamorphosed, and variably affected by silicification and carbonatization (listwaenite).  Low-grade greenschist facies metamorphism predominates, but in places the rocks reach amphibolite grade.  Alteration results in the development of listwaenite, particularly in shear zones, and locally the only evidence that mafic-ultramafic rocks underlie a given area is the presence of upstanding ridges of listwaenite that are resistant to erosion.  S/C fabrics are ubiquitous along the shear zones that bound and internally dissect the ophiolites, providing evidence that the ophiolites were emplaced during periods of transpressive deformation with both strike-slip and vertical displacements. 
Jabal Ess ophiolite

The Jabal Ess ophiolite (Fig. 5-3; Fig. 5-4) is the most complete ophiolite known in the Saudi Arabian Shield (Al-Shanti, 1982; Shanti and Roobol, 1979).  Its name derives from Jabal Ess, which is a prominent peak held up by a ridge of listwaenite developed along a north-dipping shear zone.  It crops out in an area of more than 30 km east-west by 5 km north-south, as an assemblage of mantle peridotite, isotropic and layered gabbro, a dike complex, pillow basalt, and pelagic sediments up to 3 km thick.  The ophiolite is bounded north and south by conspicuous shear zones.  These merge to the east where the ophiolite ceases to be recognizable; to the west, the ophiolite is cut by the northwest-trending sinistral fault system of the Da’bah and Durr shear zones.  Mafic-ultramafic rocks continue to the south as the Sahluj mélange (Johnson and others, 2004) and the Jabal Wask ophiolite  (Bakor and others, 1976; Chevrèmont and Johan, 1982a; Ledru and Augé, 1984).
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Because of folding and internal shearing, typical ophiolite components are not always juxtaposed in the expected relationships.  Peridotite makes up most of the ground south of Jabal Ess.  It is strongly altered and is chiefly black, massive serpentinite in which original textures are rarely preserved although sufficient primary features remain to locally indicate the presence of harzburgite, subordinate tectonized dunite, and cumulate wehrlite, and orthopyroxenite (Al-Shanti, 1982; Chevrèmont and Johan, 1982b).  The harzburgite and dunite represent a zone of mantle peridotite as much as 500 m wide in outcrop.   The harzburgite contains 5-20 percent bastite pseudomorphs after euhedral orthopyroxene in a serpentinized olivine ground mass (Shanti and Roobol, 1979).  Bastite is a name for a pseudomorphs of  serpentine-group minerals after enstatite, and its presence is a means of identifying the primary composition of ultramafic rocks even when thoroughly altered.  Enstatite banding and trains of ovoid, stretched chromian spinel define a metamorphic foliation and lineation in harzburgite and dunite that is suggestive of high-temperature subsolidus deformation possibly as a result of plastic mantle flow (Pallister and others, 1988).  Olivine in the peridotite is magnesian rich with forsterite in the range Fo91-92.7, orthopyroxene is close to enstatite, and clinopyroxene is mainly diopside (Chevrèmont and Johan, 1982b; Shanti, 1983).  Chromiferous spinel is present as anhedral grains enclosing olivine and less commonly as euhedral grains interstitial to the cumulate olivine in the dunite or enveloped in orthopyroxene in harzburgite (Chevrèmont and Johan, 1982b).  Dunite contains bastatized pyroxene ghosts and local disseminated chromite and podiform chromite lenses 20 cm across.  Cr-spinel from peridotite and from podiform chromitite ranges in Cr# from <0.4 to >0.8, a wide range characteristic of Type II alpine-type peridotites of Dick and Bullen (1984), a composite type such as ultramafic rocks found in oceanic crust beneath an island arc (Pallister and others, 1988).  Using alternative discrimination fields after Azer and Stern (2007), it can be seen that most of the Jabal Ess spinels plot in the field of modern forearc peridotites and extend toward, but just outside the field for boninite (Stern and others, 2004) (Fig. 5-5).  It should be noted that Cr# and Mg# can be reported as fractions (as done here) or as percentages.  In the latter case, Cr# and Mg# are calculated by the formulae 100.Cr/(Cr+Al) and 100.Mg/Mg+Fe +2).  Boninite is a mafic extrusive rock high in both magnesium and silica, formed in forearc environments, typically during the early stages of subduction. The rock is named for its occurrence in the Izu-Bonin arc south of Japan.  It is characterized by extreme depletion in incompatible trace elements that are not fluid mobile (e.g., the heavy rare earth elements plus Nb, Ta, Hf) but variable enrichment in the fluid mobile elements (e.g., Rb, Ba, K).  Boninite is found almost exclusively in the forearc of primitive island arcs, that is, closer to the trench than a typical well developed island arc, and in ophiolite complexes thought to represent former fore-arc settings.  Some authors use the spelling “bonninite”, but the rock is named after Bonin Island and should therefore be spelt with a single “n”.  
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Gabbro mainly crops out along the northeastern side of the complex but is present in the south juxtaposed with peridotite by means of a transitional zone of fault-imbricated gabbro and serpentinite (too thin to show on Fig. 5-4).  The gabbro is predominantly massive but locally has well-developed igneous lamination and rhythmic alternations of melanocratic gabbro and leucocratic anorthosite in layers as much as 20 cm thick.  It is metamorphosed and, where strongly deformed, is mylonitized and brecciated (Shanti and Roobol, 1979).  A sheeted dike complex as much as 600 m wide is present southeast of Jabal Ess composed of metadolerite dikes 30 cm to 2 m wide.  Its contacts with gabbro, below, and pillow basalt, above, are transitional.  Outcrop features of the dike complex are commonly obscured by extensive desert varnish but, where exposure is favorable, the complex is seen to consist entirely of dikes that have fine-grained chilled margins and fine- to medium-grained cores (Shanti and Roobol, 1979).  The basalt unit includes pillow basalt, subordinate massive basalt flows as much as 10 m thick, and sparse basalt breccia.  It is estimated to be up to 300 m thick but because of folding and fault repetition is exposed over a width of nearly 2.5 km (Al-Shanti, 1982).  Khaki, locally siliceous shale, and laminated chert crop out as interbeds 50 m thick in the pillow basalt and as isolated, strongly sheared exposures at the northern boundary fault of the ophiolite (Shanti and Roobol, 1979), and are interpreted as pelagic sediments at the top of the ophiolite succession.

The complex is steeply dipping and internally disrupted by shearing but the overall distribution of rock types suggests an ophiolite succession younging from south to north. Igneous layering in the peridotite dips 40(-90(, mostly to the south; the basalt is folded into a series of anticlines and synclines; and the gabbro is repeated by folding and(or) thrusting north of the basalt.  Shear zones, characterized by serpentinite schist, secondary listwaenite, magnesite, and mélange, are abundant and dip between 30( and 90( south and north.  Mélange, composed of angular to subrounded bocks of massive serpentinite, gabbro, dolerite, and basalt up to 50 m in diameter in a yellow to black serpentinite schist matrix, is particularly conspicuous as a subvertical shear zone as much as 500 m wide in the southern part of the ophiolite.  A north-dipping unit of chert and listwaenite marks the shear zone at the northern boundary of the ophiolite on Jabal Ess.  South-dipping shear zones are common in the northern unit of gabbro and in the southern part of the ophiolite, and a subvertical shear zone forms the southernmost boundary of the ophiolite (Johnson and others, 2004).   Where observed, S/C fabrics indicate a prevailing sense of dextral slip on the shear zones, but a large degree of strain partitioning is evident, and some shear zones have indications of both dextral and sinistral slip and some are largely sinistral.  Micro-kinematic indicators of vertical movement on the shear zones have not been observed, but it is conceivable that south-dipping shears throughout the ophiolite are north-vergent thrusts (Johnson and others, 2004).
Jabal Wask
Jabal Wask, the largest ophiolite complex in the Arabian Shield, is exposed over an area of about 20 by 80 km but is extensively broken up by shearing and interrupted by intrusions and younger cover.  It is located along the Yanbu suture some 120 km south of the Ess ophiolite, offset about 50 km from the Ess ophiolite by a left-lateral Najd faults (Fig. 5-3).  The ophiolite has sheared contacts with adjacent rocks, which consists of volcaniclastic deposits of the Hijaz terrane to the southeast and the Midyan terrane to the northwest.  The complex contains structurally intercalated serpentinized peridotite, gabbro, diabase, and pillow lavas.  Sheeted dikes have not been recognized.  It is referred to by Pallister and others (1988) in general terms as a huge serpentinite-matrix tectonic and intrusive complex.

In the literature alternative names for the complex are the Haja complex (Kemp, 1981) and the Al ‘Ays ophiolite complex (Chèvremont and Johan, 1982); Jabal Wask is the term used by Bakor (1973) and Bakor and others (1976).  The ultramafic rocks are chiefly serpentinized harzburgite and dunite, locally altered to listwaenite along shear zones.   Olivine and pyroxene from the harzburgite are highly magnesian and somewhat uniform in composition (Fo91-93, En89-91) , but olivine from dunite and wehrlite is more variable (Fo85-91).  Chèvremont and Johan (1982) and Ledru and Auge (1984) suggest that these mineral compositions are evidence that the ultramafic rocks represent both residual mantle tectonite and more evolved cumulates.  The chromian spinel composition varies widely, ranging in Cr# from 0.4-0.85, concentrating in the forearc field of Azer and Stern (2007) (Fig. 5-5) or the Type II field of Dick and Bullen (1984).  Relict porphyroclastic and porphyroblastic textures, deformed enstatite (bastite) grains, and trains of ovoid Cr-spinel, indicate high-temperature deformation of the mantle peridotite (Nicolas and others, 1980).

Bakor and others (1976) interpret the Jabal Wask complex as a back-arc ophiolite, and describe an unconformably overlying sequence of shallow-water pyroclastic rocks, limestone, chert and argillaceous turbidites suggestive of formation in a shallow basin close to a volcanic arc.  Ahmed (2003) reports adakitic compositions in the overlying rocks, which may be evidence of a relatively young, hot crust in the basin.  The boninitic affinity of some chromium spineals together with the main concentration of spinels suggests a forewarc setting.  The bounding shear zones are steeply dipping and because there is little evidence of original low-angle thrusting, the structural origin of the ophiolite is debated.  Ledru and Auge (1984) rejected an obduction origin and treat the ophiolite as a mafic-ultramafic assemblage emplaced by vertical movements along a subvertical shear zone, and Kemp (1981) regarded the complex as a non-ophiolitic intrusion.   However, the abundance of S/C fabrics in shear zones at the margins of and within the ophiolite are evidence of considerable strike-slip as well as vertical movements and, by analogy with the Jabal Ess and Jabal Thwarah ophiolties, there is little reason to doubt that the ophiolite was emplaced during suturing between the Hijaz and Midyan terranes, along thrusts that were subsequently steepened and now resemble subvertical shears.

Jabal Thurwah ophiolite complex

The Jabala Thurwah ophiolite complex (Nassief, 1981; Nassief and others, 1984; Pallister and others, 1988) consists of mafic-ultramafic rocks preserved as a stack of steeply dipping, northwest- and southeast-vergent thrust sheets in the northern part of the Bi’r Umq suture zone between the Jiddah and Hijaz terranes.  It comprises a full Penrose type section, exposed over an area 13 km east-west and 6 km north-south, with a spur of undifferentiated mafic-ultramafic rocks extending northeast of Wadi Qirba’ (Fig. 5-6).  Correlatives of the ophiolite occur in the Bi’r Umq area to the northeast, and along the Nakasib suture in Sudan (Nassief and others 1984; Johnson and others, 2004).   The succession is disrupted and locally inverted and descriptions of the ophiolite tend to be model driven.  Serpentinized depleted-mantle harzburgite and subordinate dunite together with minor lenses and dike-like bodies of lherzolite and gabbro make up the central part of the complex.  The rocks are tectonized and have a strong, high-temperature foliation composed of orthopyroxene and chromite grains (Nassief and others, 1984).  Cumulate ultramafic rocks crop out in the northern part of the complex as a unit of dunite, lherzolite, and pyroxenite intercalated in layers 1-10 m thick.  The cumulate rocks are nearly 3 km thick, but are probably thickened by deformation from an original thickness of about 1 km (Nassief and others, 1984).  Oriented pyroxene produces a weak igneous lamination, but a high-temperature deformational foliation of the type displayed by the peridotite is absent  (Nassief and others, 1984).  Harzburgite contains relict olivine (Fo89.5-93.4) (70-90 mode %), bastite pseudomorphs of orthopyroxene (En90-92) (15-30%), chromite (<1%), and clinopyroxenes (<1%).  Dunite is largely serpentinized olivine.  Chemically, the chromites resemble chromitiferous spinels in modern-day forearcs and backarcs (Stern and others, 2004), although there is a large scatter on the Cr# v. Mg# diagram (Fig. 5-5).  Pallister and others (1988) treat the chromites, which have Cr/(Cr+Al) ratios of between 0.4 and 0.7 and Mg/(Mg+Fe+2) ratios between 0.3 and 0.6, as comparable to the Type II category of Dick and Bullen (1984) and suggest the ophiolites represents an arc built on mid-ocean ridge.
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Layered to locally massive gabbro is present in thrust plates in the north and south of the complex.  It is metamorphosed in the greenschist facies, but has well-developed igneous lamination (Nassief and others, 1984).  Sheeted dikes crop out in fault-bounded units 10 km long and over 300 m thick at the southern margin of the ophiolite.  The dikes are not as well exposed as the dike complex in the Jabal Ess ophiolite and, because of shearing and alteration their protoliths are not always evident.  However, Nassief and others (1984) report that, in places, dikes comprise 50-90 percent of the outcrop and are observed to be 1-1.5 m wide, separated by screens of altered gabbro and basalt.  Pillow basalt occurs in part of the dike complex.  The rocks are strongly sheared and altered but bulbous pillow forms are still discernable (Nassief and others, 1984).  Fine-grained argillaceous and cherty sedimentary rocks, carbonates, and basalt interpreted to be pelagic, ocean-floor deposits at the top of the ophiolite are faulted against the main mass of the Tharwah ophiolite south of Jabal Tharwah along the Thamrih fault and appear to be in depositional contact with the ophiolite northeast of Wadi Qirba’.  Small lenses and veins of gabbroic pegmatite and leucodiorite or trondhjemite, probably representing late-fractionated derivatives of the gabbroic magma, intrude massive gabbro at the extreme northern edge of the complex along the Qira’ fault.   Trace element abundances and ratios from the metabasaltic rocks of the Tharwah ophilite suggest derivation of the magma in an island-arc, suprasubduction setting (Nassief, 1981; Nassief and others, 1984).   Ahmed and Hariri (2008) report that chondrite-normalized rare-earth element (REE) data for hypabyssal volcanic rocks show strongly light rare-earth element (LREE) enriched patterns typical of calc-alkaline rocks typically found in island arcs, whereas more ultramafic rocks show LREE-depeleted patterns typical of normal/common oceanic ridge (N-MORB) basalt.  This pattern is consistent with the model of Pallister and others (1988) that the ophiolite formed in an arc constructed on a spreading center.
Layering in the cumulate unit is locally moderately inclined, but the internal and bounding faults are mostly steep.  Johnson (1998) proposes that the Jabal Thurwah ophiolite is a flower structure that developed in a zone of dextral transpression along the B’ir Umq suture.  Nassief and others (1984) interpret the structure as mainly a set of northwest-vergent thrusts.
Bi’r Umq ophiolite complex

The Bi'r Umq ophiolite complex consists of relatively small lenses of serpentinized and carbonate-altered peridotite, gabbro, and mélange, in the south, and a 1500-m thick succession of spilitic metabasalt, chert, and metatuff assigned to the Sumayir formation to the north (Al-Rehaili, 1980; Al-Rehaili and Warden, 1980; Le Metour and others, 1982; Kemp and others, 1982; Pallister and others, 1988; Johnson and others, 2004; Blasband, 2006) (Fig. 5-7).  The complex crops out in an area of about 60 km by 20 km at the northeastern end of the Bi’r Umq suture (Johnson and others, 2003).   The ultramafic rocks underlie hills, the higher parts of which are held up by listwaenite and chert; the Sumayir formation crops out in low-lying exposures extensively covered by colluvium and alluvium.  The ophiolite is truncated by the Arj fault on the west, a sinistral strike-slip structure belonging to the Najd fault system, and the Raku-Mandisa faults on the east.  The Raku fault is a dextral shear of uncertain origin; because of poor exposure little is known about the Mandisa fault other than its trace, identified by a narrow, linear zone of listwaenite (Johnson and others, 2004).
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The peridotite, representing cumulate dunite and subordinate harzburgite (Le Metour and others (1982), was pervasively sheared during ophiolite emplacement (Le Metour and others, 1982) and is commonly exposed as serpentinized, carbonated, and silicified Cu- and Ni-rich listwaenite along shear zones.  Olivine in the dunite is thoroughly replaced by serpentine and is only recognized as ghost pseudomorphs.  Harzburgite contains cumulus serpentinized olivine and intercumulus bastite-altered orthopyroxene (Le Metour and others, 1982).  Small intrusions of hypabyssal trondhjemite, plagiogranite (termed keratophyre by Pallister and others, 1988), diorite, hornblende gabbro, metadiabase, and basalt occur at, or in a separate thrust slice south of, the Bi’r Umq fault (Le Metour and others, 1982; Pallister and others, 1988).  The Sumayir formation is predominantly a homogeneous, monotonous unit of fine-grained greenstone derived from basalt flows and tuffs and subordinate pillow basalt and basaltic breccia (Al-Rehaili and Warden, 1980).  Minor metasedimentary units in the greenstone consist of thin-bedded felsic tuff, limestone, chert, and siltstone, locally altered to mafic and felsic schist and amphibolite.  Mélange consists of blocks of serpentinite, spilitic basalt, dolerite, and gabbro a few to several hundred meters across in a sheared serpentinite matrix.  Cr-spinel compositions for harzburgite and dunite are TiO2 poor (less than or equal to -0.25 percent) and have a wide range of Cr/(Cr+Al) ratios (0.4-0.8) with a relatively high Mg/(Mg+Fe+2) ratio typical of the Type II field of Dick and Bullen (1984) (Le Metour and others, 1982; Pallister and others 1988) and the forearc-boninite fields of Azer and Stern (2007) (Fig. 5-5).   REE data for Bi’r Umq samples  show a range chondrite-normalized patterns from LREE-depeleted, to LREE-enriched to flat, to LREE-strongly enriched (Ahmed and Hariri, 2008).  Keratophyres are Na-rich extrusive rocks, containing pure sodic plagioclase with or without quartz (soda rhyolite).  As salic extrusive and hypabyssal rocks, keratophyres usually comprise secondary albite or albite-oligoclase and chlorite, epidote, and calcite. Some keratophyres contain sodic orthoclase, sodic amphiboles, and pyroxenes.  Keratophyres commonly are associated with spilitic rocks and interbedded with marine sediments.  Keratophyre dikes and sills are associated with some ophiolite complexes, and keratophyre lava flows are found in some island arcs.

Regionally, the Bi’r Umq ophiolite trends east-west, but is broadly folded about a north-south axis. The dip changes from steeply northwest in the south to steeply southeast in the north and the structure of the ophiolite may be a large asymmetric synform (Al-Rehaili, 1980) or a flower structure (Johnson and others, 2004).  The Bi’r Umq fault at its southern margin is a steeply (50(-70() north-dipping reverse fault, and the Wobbe fault is a moderately (40-50() southwest-dipping reverse fault.  The northern Shuwaykah fault is believed to be a high-angle southeast-dipping reverse fault (Johnson and others, 2002).   Shear fabrics and the down-dip plunge of stretching lineations indicate an early phase of top-to the south reverse dip-slip movement on a south-vergent thrust along the Bi’r Umq fault; later movement included dextral and sinistral horizontal shear (Blasband, 2006).

Bi’r Tuluhah ophiolite

The Bi’r Tuluhah ophiolite is strongly folded and sheared and the original stratigraphy is obscure, but an ophiolite is identified on the basis of amphibolite, serpentinized peridotite, layered gabbro, and noncumulus gabbro (Delfour, 1977; Kattan, 1983).  The ophiolite crops out over about 30 km north-south and 6 km east-west, aligned along the Hulayfah fault zone, part of the complex suture at the western margin of the Afif terrane (Johnson and Kattan, 2001) (Fig. 5-8).  The exposures are mostly strongly serpentinized, partly mylonitized peridotite derived from harzbugite and dunite.  Primary textures are largely obliterated by a strong cataclastic texture but ghost equant grains and a relict granoblastic texture are recognized in thin section (Kattan, 1983).  Serpentinized harzburgite comprises about 15 percent orthopyroxene, 80 percent serpentinized olivine presudomorphs, and minor chromite and magnetite.  In hand specimen, serpentinized dunite is fine grained and dark gray to green, and in thin section is an aggregate of serpentine minerals that locally have a well-developed boxwork texture derived from the original olivine (Kattan, 1983).  The dunite contains anhedral grains of chromite and magnetite, and small lenses of massive chromite.   Gabbro and dunite with minor wehrlite, lherzolite, websterite, and olivine clinopyroxene, with cm to m-thick layering, form a narrow band in the western part of the ophiolite (Le Metour and others, 1983).  Serpentinization obscures primary textures, and it is not clear whether the layered rocks are mantle tectonites or ultramafic cumulates (Quick and Bosch, 1989).  A narrow zone of mafic plutonic rocks farther west consists of gabbro and diorite in the north, and fault slivers of layered gabbro in the south.  The northern gabbro and diorite either intrude or are faulted against the ophiolitic rocks, and may postdate ophiolite magmatism (Le Metour and others, 1983).  The southern layered gabbro has a cumulus texture in pyroxene- and hornblende-rich phases and may be a cumulate part of the ophiolite succession.  Amphibolite, treated by Delfour (1977) as part of the ophiolite, crops out east of the peridotite.  Fine-grained amphibolite is strongly schistose and lacks clear textural or relict mineralogic indications of its protoliths.  Coarse-grained amphibolite appears to be the result of epidote-amphibolite facies metamorphism of gabbro and diabase (Quick and Bosch, 1989).  Chromite from the harzburgite and dunite have a wide range of Cr/(Cr+Al) and Mg/(Mg+Fe+2) ratios typical of Type II peridotite (Pallister and others, 1988).  As shown by Stern and others (2004), the chromites plot on the low-Mg side of the field of present-day forearc chromian spinels, suggesting a suprasubduction origin for the ophiolite.  The data from Pallister and others (1988) replotted in Fig. 5-5, are sparse and scatter within and outside the field for forearc spinel.  
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Massive, locally pillowed metabasalt and chert together with fine-grained sandstone, keratophyre, and interbedded felsic tuff and minor basalt make up a volcanic-volcaniclastic assemblage on either side of the mafic-ultramafic units along the fault zone (Le Metour and others, 1983; Quick and Bosch, 1989).  It is possible that those on the east represent an arc sequence above the ophiolite succession, part of the Isamah formation in the ~845-820 Nuqrah subterrane of the Afif composite terrane.  Those on the west likely belong to the suprasubduction volcanic arc that makes up the Hulayfah terrane.  The metabasalt is a fine-grained, light gray to gray-green rock, the original structure and texture of which are virtually obliterated by metamorphism.  The rock is identified as basalt in the field by its mafic composition, general massive appearance, and the local presence of pillow structure.  In thin section, the basalt has a strongly developed, fine-grained metamorphic foliation composed of saussuritized plagioclase, epidote, carbonate, chlorite, clinozoisite, and iron oxides (Kattan, 1983).   Dikes of diabase, gabbro, plagiogranite, and diorite cut all the serpentinized ultramafic rocks, and plutons of diorite and quartz diorite intrude the southern part of the ophiolite (Le Metour and others, 1983; Quick and Bosch, 1989).
Darb Zubayd ophiolite

The mafic-ultramafic rocks at Darb Zubaydah are identified as an ophiolite on the basis of a largely intact succession of serpentinized mantle peridotite, gabbro, and diabase, but differs from other ophiolites in the Arabian Shield in that it has no sheeted dike complex or pelagic chert and limestone.  At the structural and stratigraphic top, the mafic-ultramafic complex passes into a sequence of interbedded pillow basalt, turbiditic sediments, lahah deposits, and basaltic and rhyolitic tuff.  The extrusive rocks include tholeiites with MORB characteristics, and calc-alkaline andesites and rhyolites, and on the basis of their relationship with the underlying mafic-ultramafic rocks it is inferred that the ophiolite originated as the base of an island arc, not at an oceanic spreading ridge (Quick,1990).

The ophiolite crops out in a north trending zone about 10 km east-west and about 30 km north-south.  The axis of this zone is intruded by a large pluton of post-ophiolite granite, which disrupts the arrangement of the components of the ophiolite separating most of the ultramafic and gabbroic members from the diabase and volcanosedimentary succession, but the units are in close contact in the south, which allows the ophiolitic sequence to be recognized.  From west to east, this comprises ultramafic rocks, gabbro, diabase, and interbedded sedimentary and volcanic rocks.  The ultramafic rocks are thoroughly altered and primary minerals are replaced by serpentine, talc, chlorite, dolomite, and magnesite.  However, on the basis of the presence or absence of bastite and carbonate pseudomorphs after pyroxene, Quick (1984) estimated that the ultramafic rocks original consisted of dunite and subordinate pyroxene-bearing peridotite, unlike ultramafic tectonite sections of other ophiolites in the Arabian Shield that contain more harzburgite than dunite.  Dikes and plugs of gabbro and diabase are abundant in the ultramafic rocks.  The gabbroic section of the ophiolite is difficult to map because outcrops are small and isolated on talus-covered slopes.  Cumulus layering is rare, and the gabbro is chiefly marked by abrupt changes in grain size and mineralogy, suggesting it is composed of many small intrusions rather than a single body that crystallized in a large magma chamber.  Diabase crops out east of the gabbro.  It originally consisted of a subophitic intergrowth of small plagioclase laths, interstitial clinopyroxene, and opaque minerals.  Toward the east, it passes into a transition zone consisting of diabase sills and dikes in volcanic and sedimentary rocks.  No classic sheeted dike complex has been observed, but individual intrusions are difficult to delineate because of extensive fracturing of the rocks and poor exposure.  In places, porphyritic diabase is present, distinguished by small plagioclase phenocrysts.  The volcanic and sedimentary units make up the eastern part of the ophiolite zone.  The oldest layered rocks, those in contact with and intruded by diabase, consist of basaltic to andesitic flows, breccia, sandstone, and tuff.  They form a section about 800 m thick, referred to as the lower volcanic rocks, and are overlain by sandstone, shale, lahar deposits, basaltic flows and ferruginous marble (the Kaffan sandstone), and a thick section of pillow basalt, basaltic and andesitic tuff, and rhyolitic tuff referred to as the Upper volcanic rocks (Quick, 1990).  Chemically, the volcanic rocks plot near the boundary of the tholeiite and calc-alkaline fields on FeO/MgO-SiO2 diagrams and within or near the MORB field on a Ti-Zr diagram (Quick, 1990).  Because of their upward interfingering with andesite, and general low Ti abundances, Quick (1990) concluded that the lower volcanic rocks formed in a primitive island arc or within a back-arc basin near an active arc, rather than at a mid-ocean ridge.  Overall, it is proposed that the Darb Zubaydah mafic-ultramafic rocks formed in a subduction-related incipient back-arc basin close to an island arc. In this context, it is instructive to note that the volcaniclastic sandstone and basalt overlying the Darb Zubaydah ophiolite contain nickeliferous gossans (Jabal Mardah prospect) that results from the oxidation of disseminated primary pyrite and lesser polydymite and millerite.  The sulfides appear to be stratabound and extend along strike for 10 km within a 20-250 m thick sequence of basaltic turbidites.  The sulfides are interpreted to be volcanic exhalatives, formed contemporaneously with sedimentation in an active spreading ridge (Carten, 1989; Bosch et al., 1989). 

 Halaban ophiolite
At the type area of Halaban, the Halaban ophiolite consists of metagabbro (Fig. 5-9) and subordinate serpentinite but peridotite, gabbro, serpentinite, listwaenite, and basalt crops out to the north (Al-Shanti and El-Mahdy, 1988).  The ophiolite is in fault contact, west and east, with diorite and gabbro of the Suwaj terrane and the Abt formation, respectively, and structurally is part of the Halaban suture between the Afif and Ad Dawadimi terranes.  Foliation, interpreted as igneous layering, is prominent in the metagabbro (Al-Shanti and El-Mahdy, 1988), and Al-Saleh and others (1998) describe microscale igneous lamination and large-scale rhythmic layering caused by differences in mineralogy, grain size, and texture.  Some of the foliation, however, is clearly secondary in origin, comprising oriented metamorphic minerals and quartz ribbons with ductile folding and S/C fabrics.  Al-Saleh and others (1998) interpret much of this type of foliation to be the result of sea-floor metamorphism under greenschist- to amphibolite-facies conditions.  The widespread development of actinolite, chlorite, clinozoisite, and albite is inferred to reflect ubiquitous, low-grade, low-temperature, off-axis metamorphism, whereas local amphibolitization of gabbro is inferred to reflect metamorphism close to the spreading axis in conjunction with shearing.  Primary feldspar in the gabbro is commonly saussuritized and clinopyroxene tends to be replaced by chlorite and quartz.  Lenses of massive black serpentinite and serpentinized iherzolite and olivine websterite occur sporadically along the western margin and axis of the gabbro (Fig. 5-9).  The serpentinite lenses have sharp contacts with surrounding gabbro and are interpreted as ultramafic diapirs emplaced in the gabbro from an originally lower stratigraphic position in the ophiolite (Al-Saleh and others, 1998).  Chromite from a small pod south of Halaban village plots close to the fields of chrome spinels from boninite and forearc ophiolites (Stern and others, 2004).  South of Halaban village the gabbro is structurally underlain by metamorphosed mafic and ultramafic rocks belonging to a sub-ophiolitic metamorphic complex (Al-Saleh and others, 1998).  The eastern part of the metamorphic complex contains abundant blocks of serpentinite, 1-20 m across, sheathed by soapstone and small lenses of chromite in a matrix of orthoamphibolite and rodingite.  It forms a heterogeneous unit that may represent an obduction-related mélange. To the west, the metamorphic complex becomes more felsic.  It contains no ophiolitic material and was probably largely derived from diorite and tonalite belonging to the Suwaj magmatic arc.  The metamorphosed rocks were affected, particularly at their contact with the Halaban gabbro, by partial melting, which resulted in the development of migmatitic gneiss composed of coarse-grained hornblendite, amphibolite and gneissic gabbro and diorite intruded by numerous veins and irregular lenses of trondhjemite.  Petrologic studies indicate that the mafic paleosome of the gneiss was partially melted under hydrous conditions; the neosome segregations are chiefly quartz and andesine plagioclase (Al-Saleh and others, 1998).
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Jabal Tays ophiolite

The Jabal Tays ophiolite crops out in the central part of the Ad Dawadimi terrane, 75 km east-southeast of the Halaban ophiolite.  The exposures form a group of prominent hills that have a local relief of 220 m rising to a summit of 1057 m above sea level at Jabal Tays.  They are surrounded by low-relief exposures of low-grade sandstone, siltstone, conglomerate, and limestone of the Abt formation (Johnson and others, 2004).  Isolated bodies of gabbro and mafic dikes exposed south of Jabal Tays may be detached parts of the ophiolite (Al-Shanti and Gass, 1983), but their exact relation to the Jabal Tays exposures are not clear at this stage because of surficial cover.

Mafic-ultramafic rocks at Jabal Tays include gabbro and serpentinite (Cox, 2009).  The gabbro ranges from isotropic to pervasively foliated.  It is variably serpentinized but is fresh enough that igneous lamination and cyclic layering of melanocratic, olivine- and pyroxene-rich gabbro and anorthosite are locally recognized (Al-Shanti and Gass, 1983).  Plagioclase and clinopyroxene in the gabbro have a cumulate texture; orthopyroxene is mostly replaced by chlorite.  Serpentinite is present in two styles.  In one, it forms a matrix enclosing blocks, boulders, and cobbles of gabbro, and is interpreted as serpentinite mud mélange or classic serpentinite volcanic mud (Cox, 2009).  The other style is snake-skin textured massive to highly sheared serpentinite.  The serpentinite protoliths have not been fully indentified, but rare cumulates of amphibolite and harzburgite are locally observed (Cox, 2009).   Both gabbro and serpentinite, but not the surrounding Abt formation, are cut by mafic dikes of boninitic affinity and intruded by plutonic trondhjemite (Cox, 2009).   The serpentinite mélange was first described by Al-Shanti and Gass (1983), but is more extensive than originally described, and not only confined to the western side of Jabal Tays.   It comprises irregular blocks of gabbro and massive to schistose serpentinite from a few centimeters to tens of meters across in a serpentinite and talc-schist matrix.  Carbonate alteration is widespread in the area and was inferred by Johnson and others (2004) to mark west-dipping shear zones on the southern flank of Jabal Tays, on which basis the mountain was interpreted to be a stack of west-dipping thrusts.  Cox (2009) however found no internal mechanical contacts in the complex.
The external contacts of the Jabal Tays complex are west-dipping shears, and the Jabal Tays complex is interpreted as a thrust sheet sandwiched by Abt formation.  It is thrust east over the Abt formation on the east, and is overthrust in turn by the Abt formation on the west.  Mapping at Jabal Tays fails to reveal any systematic variation in lithology and no Penrose-type stratigraphy is present.  The complex is treated as an ophiolite however, because of the extensive gabbro, serpentinite, evidence of serpentinite-mud volcanism, and boninitic affinities of dikes and plutonic rocks.   Because trondhjemite intrusions are limited to the mafic-ultramafic complex, Cox (2009) infers that the intrusive rocks intruded the mafic-ultramafic rocks prior to emplacement of the thrust sheet.   Serpentine mud volcanoes have been recognized to be a feature of ophiolite systems since recent exploration of the Mariana convergent plate margin.  They take the form of large submarine protrusions (eruptions) directly onto the sea floor of serpentine mud, crystals, and clasts that build up to form seamounts.  Mudflows from the serpentine seamounts are incorporated in the forearc strata before subsequent emplacement on land and before the deformation and associated metamorphism of the materials enclosing them (Fryer and others, 2000). 
Gabbro and basaltic dike rocks lie within the compositional field of boninite and low Ti island-arc tholeiite (IAT).  They plot in the fields of island-arc tholeiite and boninite on the Cr/Y diagram of Pearce and others (1984); not in the MORB field, and follow a trend consistent with magmas sourced from a previously depleted asthenosphere (Cox, 2009) (Fig. 5-10).  Rocks of boninitic affinity and low Ti IAT typify forearc magmatism sourced from a refractory mantle sequence, and the composition of the Jabal Tays rocks are strong evidence that the ophiolite formed in a forearc environment.  The composition of chrome spinels obtained from serpentinized cumulates reinforce this interpretation, plotting in the field of forearc peridotite of Azer and Stern (2007) and the transitional Type II (depleted to ultradepeleted peridotite) of Dick and Bullen (1984) (Fig. 5-5).  Gabbro samples have strongly positive (Nd(t) values of +7.33 and +7.38, adjusted for an age of 677 Ma, suggesting derivation from a very depleted mantle (Cox, 2009).  Evidence that other ophiolites in the Arabian-Nubian Shield have strongly positive (Nd(t) values has been reviewed by Stern and others (2004), leading to the conclusion that much of the Arabian-Nubian Shield was underlain by depleted mantle.  The trondhjemite intrusions plot in the field of volcanic-arc granites on the Rb/Y+Nb and Ta/Yb diagrams of Pearce and others (1984) (Fig. 5-11A) and show an adakitic trend (Fig. 5-11B).  Overall, the Jabal Tays ophiolite is interpreted as an ophiolitic body that formed in a forearc environment at about 678 Ma that was emplaced within the Abt formation as an east-vergent thrust sheet between 632 Ma and 600 Ma.
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Jabal al Uwayjah ophiolite

The Jabal al Uwayjah ophiolite (Fig. 5-12) is exposed at the eastern edge of the Arabian Shield is a group of isolated hills of low relief.  Because of extensive cover by Quaternary eolian sand, pediment gravel, and wadi alluvium, exposure is poor, and the ophiolite is the least well known of any in the shield (Johnson and others, 2004).   It crops out at the edge of the shield in an area of about 45 km north-south and 12 km east-west, but aeromagnetic data indicate that it continues 40 km to the southeast beneath the flanking Phanerozoic rocks, making it one of the larger ophiolites in the region.  The contacts of the ophiolite are concealed and its structure is obscure, but prominent magnetic lineaments suggest major faults occur along the axis and western margin of the ophiolite (Johnson and others, 2004).  Permian sandstone and limestone are unconformable on the ophiolite on the east and amphibolite-grade metadiorite, metagabbro, and amphibolite, and garnet-amphibole gneiss of the Ghadaniyah complex (701±5 Ma; Agar and others, 1992) flank the ophiolite on the west.  The Ghadaniyah complex is lithologically and geochronologically similar to the Suwaj domain rocks that form the western flank of the Halaban ophiolite, and Johnson (1996) correlates the Jabal al Uwayjah and Halaban ophiolites, as two parts of an ophiolite complex offset 110 km from each other by sinistral slip on the Hufayrah fault.
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The ophiolite includes serpentinized peridotite, pyroxenite, metagabbro, undifferentiated serpentinite, and minor metabasalt and metaandesite (Manivit and others, 1985).  Pyroxenite has relict orthopyroxene (enstatite) and clinopyroxene (augite and diallage).  Fine grained, strongly foliated metagabbro closely resembles the Halaban gabbro, and contains relict olivine and pyroxenes pervasively altered to epidote and serpentine.  Serpentinite is a black to green rock composed of antigorite, talc, and relict pyroxene.  A fine-grained brick-red colloidal and ferruginous siliceous unit located at the contact between the ophiolite and Permian rocks is probably serpentinite silicified by weathering.  A low-lying area west of the Jabal al Uwayjah hills is virtually devoid of exposures other than discontinuous north-trending ridges of carbonate.  Some of the ridges are fine-grained gray or variegated white and gray, massive to thinly layered marble that resembles sedimentary marbles in other parts of the shield.  Others, however, are listwaenite, which suggests that, despite the lack of outcrop, bedrock includes a significant amount of ultramafic rock.

5.4    Serpentinite-decorated shear zones

A number of north-south shear zones in the Arabian Shield contain large to small lenses of sheared serpentinite and minor gabbro that in the geologic literature are sometimes referred to as “ophiolite”.  The exact origin of the serpentinite and gabbro are uncertain however; the rocks may be disrupted parts of ophiolite or mafic-ultramafic intrusions emplaced during shearing.  The Al Amar fault is one such serpentinite-decorated shear zone, forming the boundary between the Ad Dawadimi and Ar Rayn terranes (Nawab, 1979).  At its northern end, the Maraghah area contains serpentinite in tight folds with metagabbro.  South along the fault zone are numerous small lenses of talc-fuchsite rock and listwaenite.  Mafic-ultramafic rocks in the Umm ash Sharah area include layered but deformed websterite, intercalated with serpentinized dunite and harzburgite, and basaltic pillow lava containing lenses of chert and pyrite or gossan.  They form two belts separated by Abt formation metasandstone and shale and are interpreted as an overturned synform (Vaslet and others, 1983).  As with other ophiolitic outcrops in the Arabian Shield, chromites from serpentinized peridotite along the Al Amar fault have a wide ranging Cr# of <40 to >80, of the type found in the Type II field of Dick and Bullen (1984). 
Mafic-ultramafic rocks in the Ar Ridaniyah area, in the north-central part of the Ad Dawadimi terrane, crop out as a mélange or an intricately isoclinally folded and thrusted association of serpentinite blocks with subordinate metagabbro and metabasalt, set in a matrix of either sheared serpentinite or, more commonly, sheared metamorphosed ultramafic rocks, principally talc-tremolite, and chlorite schist (Delfour, 1982; Al-Saleh and Boyle, 2001).  They are in contact with Abt formation on the east and with biotite and hornblende schist, fine-grained quartz-feldspar rock or leptite, and quartzite on the west.  The mafic-ultramafic rocks crop out in a north-south zone about 10 km east-west and 40 km north-south that is bounded east and west by west-vergent thrusts.  Serpentinite and metagabbro tend to be concentrated along the western edge of the ophiolitic zone, greenschist and metabasalt along the eastern edge.  Cox (2009), on the basis of descriptions of the Ar Ridaniyah serpentinite mélange, draws an analogy with the serpentinite mud mélange at Jabal Tays, making the point that such ultramafic mud volcanism is typically found in and close to forearc trenches, such as the Mariana trench.  On this basis, it is possible that the ophiolitic rocks at both Jabal Tays and Ar Ridaniyah are relicts of serpentinite mud volcanic edifices that developed along a paleotrench at the time of deposition of the Abt formation.      
The Ad Dafinah fault zone contains large mafic-ultramafic lenses at Jabal Khadra, in the north, and farther south toward Zalm.  The rocks include listwaenite, serpentinite, gabbro, diorite, and marble, and crop out as linear hills and regolith in valleys.  The fault zone passes to the southeast into the Ruwah fault and into a structurally complicated region where the Ruwah fault zone truncates or merges with the north-south-trending ultramafic decorated Lamisah and Bi’r Tawilah faults.  All of these faults, and others in the area that are concealed by alluvium, contain discontinuous lenses of serpentinite, as is revealed by distinctive short wavelength negative magnetic anomalies along the trends of the faults (Fig. 3-15), of the type known to be caused by serpentinite elsewhere in the shield.
The Nabitah fault zone contains a well known chain of lenses of serpentinite, listwaenite, and talc-actinolite schist, some of which, north of and at Tathlith, are associated with gabbro and mafic volcanic rocks.  The origin of the ultramafic rocks is not certain, but they are commonly referred to in the Saudi Arabian geologic literature as “ophiolite”.  Pallister and others (1988) for example, describes them as “probably. . .disrupted ophiolitic serpentinite” (pg. 21).  The ultramafic rocks contain abundant microkinematic markers (S/C and rotated porphyroclasts) indicating consistent dextral shear on the fault zone.  Shearing pre- and post-dated the emplacement of ~640 Ma granites.
The Hamdah area contains two large and several smaller bodies of serpentinized ultramafic rocks.  The larger bodies are as much as 12-16 km across.  They are extensively deformed, but are structurally conformable with the surrounding metamorphosed volcanic rocks and occupy the cores of broad antiforms.  The ultramafic rocks include serpentinized dunite, serpentinized harzburgite, extensively uralitized and serpentinized pyroxenite, and less altered pyroxenite.  Pyroxenite occurs mainly in the marginal zones of the bodies and may have formed a cumulate phase, and Worl and Elsass (1980) described both metamorphic (tectonized) and cumulus peridotite.  The ultramafic rocks are interpreted as the erosional remnants of a large folded slab thrust over some of the adjacent volcanic rocks.  The footwall rocks include a thick sequence of hornblende schist, passing up into a phyllonite immediately beneath the serpentinite.  Foliated gabbro and diorite are present in the area, and locally occur within the enclosing rocks as a type of tectonic breccia.  Following thrusting, the phyllonite was intruded by aplite sills, which partly altered the serpentinite to listwaenite, and introduced gold, which makes the Hamdah area a significant gold resource (Bookstrom and others, 1994).  The origin and tectonic setting of the Hamdah ultramafic rocks are uncertain.  Worl and Elsass (1980) suggest that the rocks represent harzburgite in alpine-type peridotite, that is, an intrusion of ultramafic rock. Pallister and others (1988) interpret the rocks are part of an ophiolite, whereas Al-Rehaili and Warden (1980) interpret the rocks as essentially an intrusion, emplaced during regional folding and metamorphism.
5.5    Arabian Shield ophiolite petrology

Mineral and lava compositions as well as limited isotopic data are consistent with the hypothesis that most Arabian Shield ophiolites formed in ‘suprasubduction zone’ (SSZ) settings, particularly as forearc ophiolites.  Harzburgites are the most common type of mantle peridotite, and these contain magnesian olivines and spinels with compositions that indicate large extents of melting.  Limited data for relict olivines in harzburgites show these to be significantly more Mg-rich than peridotites recovered from modern mid-ocean ridges and similar to olivines in harzburgites recovered from forearcs.   Cr# [Cr/(Cr+Al)] for spinels in harzburgites are mostly >0.60, again most like those recovered from modern forearcs and distinctly higher than those from mid-ocean ridges; chromian spinel from dunite at the Darb Zubaydah ophiolites has a Cr# even as high as 0.85 (Quick, 1990).  A forearc setting is further suggested by the boninitic affinities of rocks are Jabal Wask, Bi’r Umq, Jabal Tays, and along the Al Amar fault zone.  The adakitic chemistry of dunite samples from Jabal Wask (Ahmed, 2003) suggests subduction of young hot oceanic crust, and the high-silica composition of adakitic rocks at Jabal Tays is strongly suggestive of slab melting (Cox, 2009)
Arabian Shield ophiolitic gabbros are mostly pyroxene gabbro; olivine gabbro is much less common. Clinopyroxene generally dominates over orthopyroxene. Where ophiolitic gabbros are well preserved and studied, they are commonly layered, at least in part (Jabal Ess, Jabal Tharwah, Halaban).  Phase layering, evidenced by melanogabbro and anorthositic gabbro couplets are typically ~5 cm thick and can be traced for meters. Layered metagabbros made up of alternating plagioclase (An63-83)- and amphibole rich layers are part of the Ess ophiolite (Shanti, 1983).  Amphibole may be uralitized pyroxene as at the Jabal Wask ophiolite.  High level gabbros are more massive, lack layering and other evidence of crystal accumulation, and commonly include pegmatitic gabbro and isolated bodies of plagiogranite.  Plagiogranites are high in SiO2 (70-77%) and low in K2O (0.04 – 1.9%) (Shanti, 1983), and mostly plot in the field of trondhjemite and tonalite on a normative Ab-An-Or diagram (Shanti, 1983; Cox, 2009).  The high level gabbros are often intruded by mafic dikes, which represent the base of the sheeted dike complex. 
Sheeted diabase dikes are not everywhere present, but where observed (Jabal Ess, Jabal Tharwah) are transitional downward into the high-level gabbros and upward into pillowed basalts.  It is not clear if the apparent absence of sheeted dikes at other ophiolites is a function of differential preservation of diagnostic dike-on-dike textures (making it difficult to observe the dikes) or reflects original differences in crustal sections. 

Lavas with well-preserved pillow structures are diagnostic parts of some ophiolites in the Arabian Shield.  These are especially important because the composition of the lavas provides valuable clues about tectonic setting and the nature of melt generation.  Stern and others (2004) compiled available chemical data for 200 samples of such lavas associated with ophiolites in the Arabian and Nubian Shields.  The compilation revealed that ophiolitic lavas are dominantly basalts, with some andesite and minor dacite.  The lavas average 1.2% (±0.7%) TiO2 and the pillow basalts define a low-K suite, with mean K2O = 0.26%.   These major element characteristics are similar to a wide range of oceanic lavas, including MORB, some intra-oceanic arc lavas, and BABB (back-arc basin basalt).   Most samples from Sudan, Egypt, and Saudi Arabia are tholeiitic, but with a significant proportion of calc-alkaline representatives as well.  REE data for 67 samples from the Arabian-Nubian Shield ophiolites (Stern and others, 2004) indicate both LREE-enrichment and LREE-depletion, as was also found by Ahmed and Harari (2008) in Bi’r Umq samples.  On Ti/V diagrams, the lavas mainly plot in the discriminant fields for mid-ocean ridge and back-arc basin basalts although some plot in the fields for island-arc tholeiites or calc-alkaline basalts (Stern and others, 2004).  Zr-based discriminant diagrams show similar mixed affinities of Arabian Shield ophiolitic lavas.  On a plot of Ti vs. Zr the samples define a reasonably coherent trend, clustering about a mean Ti/Zr = 97 in the fields of arc tholeiites and MORB.  On a plot of Zr/Y vs. Zr, a large proportion of samples in the fields defined by arc basalts, MORB, and within-plate basalts, but a number plot outside these fields in a region on the diagram that accomodates the field of boninite (using the summary data of  Crawford and others, 1989).  Boninite was reported earlier from the Jabal Tays ophiolite (Al Shanti and Gass, 1983) although that specific identification was challenged by Camp and others (1984).  Cox (2009) confirms the presence of gabbro and basaltic dikes rocks with adakitic affinity at Jabal Tays however.
Intrusive gabbros at Jabal Tays and mafic (basaltic) dikes have similar trace-element patterns, showing marked depletion from Nb to Lu and lacking any prominent Eu anomaly.  The pattern suggests partial melting of a depleted ultramafic source in the absence of garnet or amphibole residual phases.  This is in contrast to the trace-element patterns displayed by younger trondhjemite and tonalite intrusions at Jabal Tays, in which the heavy REE are strongly depleted with respect to MORB, suggesting melting at amphibole or eclogite depths with garnet and amphibole as residual phases (Cox, 2009).  
Sediments that rest immediately on the uppermost part of Arabian Shield ophiolites include dolomite, ferruginous marble, ribbon chert, fine-grained argillaceous rocks, sandstone (Jabal Ess; Jabal Wask; Jabal Tharwah; Darb Zubaydah).  The limestone is inferred to be similar to modern pelagic carbonates, whereas the cherts are thought to be due to silica-rich emanations without the involvement of radiolaria.  Metasediments overlying the Jabal Ess ophiolite also include minor conglomerate (Shanti and Roobol, 1979).  The overlying volcanosedimentary rocks at the Bi’r Tuluhah and Darb Zubaydah ophiolites resemble island-arc or incipient back-arc basin deposits rather than pelagic sediments, and account for the interpretation of these two ophiolites as being emplaced at the base of an arc system rather than in an extensional forearc basin.
5.6    Arabian Shield ophiolite geochronology
Arabian Shield ophiolites have been dated using U-Pb zircon techniques (Stacey et al., 1984; Pallister and others, 1988; Hargrove, 2006; Cox, 2009) and Pb-Pb zircon evaporation techniques (Kröner et al., 1992) (Zimmer et al., 1995) on zircons separated from gabbros and plagiogranites and Sm-Nd mineral and whole-rock techniques (Claesson et al., 1984) (Zimmer et al., 1995) (Table 5-2).  These results give age ranges of 695-675 Ma for the youngest ophiolite (Halaban) to 845 Ma for the oldest (Bi’r Tuluhah).   For comparison, ophiolites in the Nubian Shield formed between 810 Ma and 740 Ma. 
Jabal Ess

The Jabal Ess ophiolite is directly dated by means of a 780±11 Ma U-Pb zircon age obtained from gabbro in the eastern part of the ophiolite (Pallister and others, 1988) and a 782±36 Ma Sm-Nd mineral model age obtained from the same gabbro sample (Claesson and others, 1984).   A younger U-Pb zircon age of 706±11 Ma obtained from trondhjemite that intrudes already serpentinized and sheared gabbro provides a minimum age for ophiolite formation and obduction (Pallister and others, 1988).  Both U-Pb ages are model ages, obtained by forcing the lower intercept through a fixed point of 15±15 Ma, a procedure commonly applied to U-Pb geochronologic data in the Arabian Shield (Cooper and others, 1979), as described in Chapter 4.  A minimum age for emplacement of both the Jabal Ess and Jabal Wask ophiolites is given, furthermore, by the ~700 Ma age of trondhjemite and tonalite of the Jar-Salajah batholith, which intrudes the Yanbu suture and the ophiolites. 
Tharwah

The age of the Tharwah ophiolite is the subject of debate.  Pallister and others (1988) obtained a U-Pb zircon age of 870±11 Ma from metagabbro in the northern and southern parts of the ophiolite.  The result is a near-concordant age that Pallister and his colleagues interpret as “a maximum estimate of the magmatic age of the ophiolite” (pg. 35).  Other zircon fractions yielded highly discordant data and 207Pb/206Pb model ages ~1250 Ma that are interpreted by Pallister and others (1988) as the result of assimilation of older material during emplacement of the gabbro, as may be the explanation of anomalously old ages for some Bi’r Umq ophiolite zircon samples (Calvez and others, 1985).  The 870 Ma result is not robust, but if provisionally accepted as a crystallization age, suggests ocean-floor magmatism 100 million years earlier than the Jabal Ess magmatism.  In an attempt to resolve the age of the ophiolite, Hargrove (2006) resampled the metagabbro a few hundred meters from the site of Pallister and other’s sample, and obtained nine zircons from two samples of gabbro for SHRIMP U-Pb dating.  Because of the small number of zircons analyzed, the result is not conclusive.  The data yield an older near concordant age of ~ 1130 Ma, which probably reflects an age of inheritance, and a 2-point lower concordia age of 777±17 Ma.   If this 777 Ma age approximates the igneous age for the metagabbro it casts doubt on the 870±11 Ma age obtained by Pallister and other (1988).    Further work is clearly required to establish the age of the Thawrah ophiolite.
Bi’r Umq

The ophiolite is directly dated by a three-point U-Pb zircon model age of 838±10 Ma obtained from diorite in the ophiolite close to the Bi’r Umq fault (Pallister and others, 1988).  Trondhjemite and a pyroxene separate obtained from nearby gabbro yielded a composite Sm-Nd isochron age of 828±47 Ma (Dunlop and others, 1986), and Sumayir-formation basalt yielded a three-point Rb-Sr whole-rock isochron of 831±47 Ma (Dunlop and others, 1986).  On the basis of these three results, the ophiolite is inferred to have an age of ~830-840 Ma.  Plagiogranite (or keratophyre) that cuts already serpentinized and carbonated peridotite yields single-point zircon model ages of 764±3 Ma and 782±5 Ma, and is interpreted as an 780-760 Ma post-serpentinization and post-obduction intrusion, constraining the minimum age of ophiolite emplacement (Pallister and others, 1988).

Bi’r Tuluhah

Model U-Pb zircon ages of 847±14 Ma and 823±11 Ma obtained from plagiogranite (trondhjemite) dikes that intrude serpentinized harzburgite in the center of the ophiolite (Pallister and others, 1988) provide a minimum age for the Bi’r Tuluhah ophiolite.  The dikes have rodingite margins indicating intrusion prior to complete serpentinization and they are interpreted by Pallister and colleagues as forming during ophiolite magmatism (~845 Ma) and obduction (~825 Ma).  Together with a U-Pb zircon age of 839±23 Ma obtained from Isamah formation rhyolite 40 km east of the Bi’r Tuluhah ophiolite (Calvez and others, 1984), the Bi’r Tuluhah model ages suggest that oceanic crust and volcanic arc rocks were actively forming in the region between 845-820 Ma.  An approximate U-Pb zircon age of 710 Ma obtained from a quartz diorite pluton intruded into the southern part of the ophiolite and Hulayfah fault zone constrains the minimum age for ophiolite deformation and alteration (J.S. Stacey, personal communication, cited by Quick 1991) and approximate U-Pb and Rb-Sr ages between 630 Ma and 615 Ma obtained from the post-amalgamation Shammar group and Shammar “stitching” granites (Stuckless and others, 1984; Calvez and Kemp, 1987) give a minimum age for completion of suturing along the Hulayfah fault zone.

Halaban

Radiometric age determinations are reported from many units in the area.  A conventional 2-zircon U-Pb model age of 694±8 Ma obtained from a hypersthene gabbro in the southern part of the ophiolite about 10 km north-northwest of Halaban is inferred by Stacey and others (1984) to be a magmatic age, and is possibly a maximum age for the ophiolite.  Several 40Ar/39Ar ages of about 680 Ma obtained from amphibolites of the sub-ophiolitic metamorphic complex and from metamorphic hornblendes in the ophiolite gabbro are interpreted to reflect rapid cooling of the ophiolite at the time of obduction (Al-Saleh and others, 1998), with a further phase of uplift at about 600 Ma.  The Suwaj domain, west of the ophiolites, is dated by U-Pb and 40Ar/39Ar techniques at ~680 Ma.  A more recent dating project by Cox (2009) obtained a LA-ICP-MS U-Pb zircon age of 674±6 Ma from diorite that forms part of the Halaban ophiolite.  Cox interprets the result as a crystallization age; it may represent a minimum age for the Halaban ophiolite, and is broadly coeval with the Jabal Tays ophiolite.
Jabal Tays

Gabbro from Jabal Tays is directly dated with a U-Pb zircon (LA-ICP-MS method) age of 678±5 Ma, which is interpreted to be the time of crystallization of the ophiolite (Cox, 2009).   The ophiolite is contemporary with the minimum age of the Halaban ophiolite.  Zircons from a trondhjemite-intrusion sample give a U-Pb crystallization age of 632±8 Ma, consistent with a previous Rb-Sr whole rock age of 620±40 Ma (Al-Shanti and others, 1984).  Because it is believed, as commented above, that the trondhjemite intruded the mafic-ultramafic complex prior to thrusting, its crystallization age implies that emplacement of the Jabal Tays thrust sheet was sometime after 632 Ma (Cox, 2009).  The timing of a later metamorphic event is indicated by a 206Pb/238U age of 599±6 Ma obtained from metamorphic monazite in the main body of trondhjemite at Jabal Tays and a lower intercept age of 593±15 Ma obtained from discordant monazites (Cox, 2006).
Ar Ridaniyah

The Ar Ridaniyah ophiolite is not directly dated, and its relationship to other ophiolitic complexes in the region such as at Halaban, Jabal Tays, or serpentinite lenses along the Al Amar fault is not certain.   40Ar/39Ar dates of 596±6 Ma and 611±8 Ma obtained from the Ar Ridaniyah ophiolite are interpreted as a regional metamorphic event (Al-Saleh and others, 1998).  The ages are consistent with the metamorphic age obtained from the Jabal Tays ophiolite.  The nature of the metamorphic event recorded by the monazite ages is not certain.  They may reflect extensive fluid flow as suggested by Cox (2009) and(or) reactivation of faults that controlled the earlier  emplacement of the ophiolite (Al-Saleh and Boyle, 2001).  Because Abt formation deposition continued until at least 560 Ma, and granite intruded the formation between 600Ma and 560 Ma, the age cannot reflect closure of the Abt formation basin itself. 
5.7    Arabian Shield ophiolite isotopic data

Little isotopic data exist for the ophiolitic rocks of the Arabian Shield, but in combination with data from the Nubian Shield, what is available gives important insights into the origins of the rocks (Stern and others, 2004).  The most reliable data comes from Sm-Nd isotopic systematics (Table 5-3).  Alteration makes it difficult to rely on Sr and Pb isotopic compositions, but Sm and Nd are relatively immobile and corrections for in situ radiogenic growth are simple if the age is known.  The strongly positive εNd (T) (+5.0 to + 7.7) of the studied ophiolites indicate that there were generated from a long-depleted (high Sm/Nd) mantle source and had an asthenospheric source in a juvenile, ensimatic setting.  Recently reported Os isotope data from chromites in the Al Ays ophiolite (Walker et al., 2002) straddle the line defined for the evolution  of the primitive mantle.  
Feldspar Pb isotope data reported by Pallister and others (1988) show that samples from Jabal Ess and Ad Dafinah lie close to the mantle Pb growth curve and lie on a trend for the present day MORB.   Lead samples from Bi’r Tuluhah, Bi’r Umq and Tathlith, in contrast, are quite radiogenic, although the Bi’r Umq and Tathlith samples may be from intrusive rocks that were emplaced considerable later than the respective ophiolite complexes, or contaminated by material from continental sources, as in samples from Jabal Tharwah. 
5.8    Structural and tectonic setting

As mentioned in the introduction, ophiolitic complexes in the Arabian Shield have potentially great tectonic significance as markers of zones of arc-arc collision, being strung out along shear zones that are interpreted as sutures between the crustal blocks that make up the shield. 
All the ophiolites are structurally complex, and exhibit multiple phases of folding and shearing (Johnson and others, 2004).  Most planar structures (foliations and shears) are steep.  Unlike some of the Neoproterozoic ophiolites in the Nubian Shield (Abdelsalam and Stern, 1993; Schandelmeier and others, 1994), the Arabian examples have few preserved low-angle thrusts.  The only candidates for original thrusts identified to date are low- to moderately inclined shears in the southern part of the Jabal Ess ophiolite, in the eastern part of the Jabal Tharwah ophioltie, at the western contact of the Halaban ophiolite, along parts of the Jabal Tays eastern contact, and at the Eastern fault at Jabal al Uwayjah.  Other shear zones are subvertical, either because they are folded thrusts, similar to the folding evident in the basal thrust at Jabal Tays, or are steep shear zones that developed during later phases of deformation.

Overall, the available structural evidence is permissive of modeling the Jabal Ess ophiolite as a stack of steepened north-vergent thrusts and strike-slip shear zones that resulted from a period of dextral transpression.  The Jabal Tharwah and Bi’r Umq ophiolites are possibly both flower structures related to southeast- and northwest-vergent thrusting along the Bi’r Umq-Nakasib suture (Johnson and others, 2002).  The Bi’r Tuluhah ophiolite is preserved in a subvertical shear zone that forms the northern part of the Hulayfah-Ad Dafinah-Ruwah shear zone created during sinistral transpression.  The Halaban ophiolite is part of a west-vergent allochthon thrust over the eastern margin of the Afif terrane at the Halaban suture.  The Jabal Tays ophiolite is part of an east-vergent allochthon thrust over the Abt formation coupled with dextral movement (Cox, 2009).  The Jabal al Uwayjah ophiolite is an extension of the Halaban ophiolite, detached from the Halaban rocks by the sinistral and top-to-the-north Hufayrah fault zone.  Its presence is evidence that the Halaban suture continues to the edge of the shield and beyond, beneath Permian rocks that flank the shield.  West-dipping shear zones in serpentinite in the east of the Jabal al Uwayjah ophiolite contain S/C fabrics indicating top-to-the-east reverse slip, and the eastern margin of the ophiolite may be an east-vergent thrust.  
5.9    Listwaenite

Narrow linear zones of sheared and Mg- and Cr-rich carbonate-altered serpentinite are particular common along the shear zones and crustal boundaries in the Arabian Shield (Brown and Coleman, 1972; Al-Shanti and Mitchell, 1976; Bakor and others, 1976; Frisch and Al-Shanti, 1977; Nawab, 1979; Schmidt and others, 1979) and characterize the principal sutures recognized in modern terrane analysis of the region (Stoeser and Camp, 1995; Johnson and others, 1987).  Gonzalez (1974) described irregular masses of light brownish-red talc-carbonate rock at the contact zones of serpentinite along the Nabitah fault, and Thekair (1975) documented carbonate alteration of serpentinite along the Al Amar fault.  The rocks are distinctively altered to fuchsite-quartz-carbonate±hematite lithologies and are referred to in the Saudi Arabian geologic literature as listwaenite or birbirite (Augustithus, 1965) ; in the Nubian Shield, “talc-carbonate schist” or “Barramiya rock” are the preferred terms.  The talc-carbonate rocks mainly consist of magnesite (±dolomite) and talc.  Other alteration produces serpentinite or mixtures of serpentine, talc, tremolite, magnesite, chlorite, magnetite, and carbonate. 

Listwaenite, named for the Ural Mountain locality of Listvenya Gora (Larch Hill) (Rose, 1837) is "essentially composed of carbonate (magnesite or ankerite), quartz, and fuchsite (chromian mica)" (Halls and Zhao, 1995, p. 305) and results from the carbonatization of ultramafic rocks in the presence of K-bearing fluids.  Fuchsite and a K-rich chemical signature are important markers that distinguished listwaenite (sensu stricto) from other types of talc-carbonate-chlorite altered ultramafic rocks.  Halls and Zhao (1995), following Russian workers, recommends restricting the term listwaenite to fuchsite-quartz-carbonate rock derived from ultramafic rock by potassic and carbonate metasomatism; other rocks containing potassic phases such as phlogopite may be termed as members of the listwaenite series.  They consequently recommend that serpentinite-talc-(chlorite)-carbonate assemblages should not be described as listwaenite or members of the listwaenite series unless there is evidence of K and CO3 metasomatism.

Field relationships clearly indicate that the carbonate rocks are an alteration product of serpentinized ultramafic protoliths.  Serpentinite can be observed grading into carbonate and in this section carbonate can be seen to have relict serpentinite mesh texture.  Cox (2009) notes that at Jabal Tays three generations of carbonate are present distinguished by morphology and (13C values.  Two of the generations have  (13C values consistent with mantle derived carbon [(13CPDB (permil) -4.95 to 7.69].  The third type of carbonate has lighter (13C values consistent with a carbon source derived from an organic carbon reservoir or from decarboxylation of a pre-existing carbonate (carbonate from which carboxylic acid has been removed).
The origin of the carbonate alteration fluids remains to be elucidated, but Stern and Gwinn (1990) argued on the basis of C and  Sr isotopic studies that carbonate intrusions in the Eastern Desert of Egypt, which could be related to the carbonatizing fluids affecting ANS ultramafic rocks, are mixtures of mantle-derived and remobilized sedimentary carbonate.  Certainly the prevalence of carbonate alteration in ophiolitic ultramafics in both the Arabian and Nubian Shield suggests a tremendous flux of CO2-rich fluids from the mantle during middle and late Neoproterozoic time (Newton and Stern, 1990; Stern and Gwinn, 1990).  In contrast, (Surour and Arafa, 1997) argued that the ‘ophicarbonates’ of the Ghadir ophiolite are reworked oceanic calcites that formed after it was obducted.  Hall and Khao (1995) emphasize that listwaenite results from hydrothermal alteration of ultramafic rocks in which primary silicates minerals are replaced by assemblages of Mg-Fe(-Ca) carbonate, quartz, and chromian mica by the addition of CO2 and alkalis.  Because alteration takes place in a dynamic structural setting - on faults and thrusts - the metasomatic changes occur in an open system resulting in major changes in the relative major-oxide and minor element content of protolith and altered rock.  Cox (2009) notes that the (13C values require that the reactions take place while the serpentinite is still in communication with the mantle CO2 .  Whereas ophiolitic ultramafic rocks normally contain as much as, or less than, 0.01 wt percent K2O, for example, listwaenite commonly contains between 0.5 and 4 wt percent K2O (Halls and Zhao, 1995).  Chromium is remobilized from chromite or Cr-bearing silicates in the ultramafic host rock, and forms fuchsite or other Cr-bearing micas and clay minerals, and typically, together with nickel, is present in chemical anlyses in the amount of 1000 ppm or more.  A high content of nickel and chromium in this range is probably sufficient to identify carbonate-altered ultramafic rocks as opposed to other types of carbonate-altered rock, such as basalt and gabbro.

Fuchsite has a distinctive earthy green color, which commonly imparts a speckled appearance to the rock, and its identification helps establish the origin of suspected carbonate-altered ultramafic rock.  Carbonate-altered ultramafic rocks are commonly red-brown at surface, the result of release of iron from iron-bearing carbonate forming iron oxides, have quartz-carbonate veins, may contain inclusions of unaltered serpentinite, chromite, and fragments of other adjacent rock types.  The rock is normally developed at the contacts of serpentinite bodies with enclosing rock types, and may grade over a few meters into unaltered ultramafic rock.  The weathered surfaces of the carbonate-altered ultramafic rock are characteristically rough, reflecting the presence of quartz grains and many small intersecting joints that weather recessively to give a "chopped-up" appearance similar to that found on surfaces of dolomite.  The rock may also have layering that resembles sedimentary bedding.  However, this is pseudo-bedding, resulting from alteration of structurally layered (sheared) serpentinite (or mafic lava; Hopwood, 1979) and can mostly be demonstrated to be so in the field by the lack of other sedimentary features such as any discernable grain-size variation or interbedding of other lithologies.  Chemical analysis is probably the best resolution in cases of doubtful identity.  Regardless of how carbonatization of the ophiolitic ultramafics occurred, it has economic implications, because a spatial and genetic relationship has been observed between carbonatized ultramafics, subsequent granite intrusions, and gold mineralization.  Apparently the carbonatization preconcentrates gold up to 1000 times that in the original ultramafic rocks, and interaction with hydrothermal systems associated with granite intrusions may further concentrate gold (Cox and Singer, 1986).

5.10    Metamorphism

Thin sheets of high-grade metamorphic rocks, called metamorphic soles, are found structurally beneath many ophiolites worldwide, apparently formed at the initiation of intraoceanic subduction (Wakabayshi and Dilek, 2000).  Thrust contacts are documented at the base of some, but not all, Arabian-Nubian Shield ophiolites.  Many of these contacts are associated with mylonitization, chloritization, and the development of pronounced S/C fabrics, but thermal effects are not generally conspicuous.   Metamorphic soles of ophiolites have been studied along the western part of the Allaqi-Heiani ophiolite belt in southeast Egypt, where El-Naby and Frische (1999) inferred temperatures of up to 700°C and pressures up to 8 kbar.  The metamorphic sole of the Halaban ophiolite consists of tightly folded amphibolites, hornblendites, gneisses, migmatites, rodingites and serpentinized ultramafics, all of which are cut by granitic dikes associated with partial melting (Al-Saleh et al., 1998).  At this contact, the footwall is dominated by greenschist to amphibolite facies metasedimentary rocks whereas the hangingwall carries higher grade amphibolite-facies meta-igneous rocks. Such inverted metamorphic zonation is common in sub-ophiolitic complexes (Al-Saleh et al., 1998).  The footwall of the Hamdah serpentinite includes phyllonite overlying hornbende schist that may have been produced during metamorphism contemporary with emplacement of the serpentinite thrust sheet.
Despite the abundant evidence of intense and prolonged subduction in the Arabian Shield, blue schist is not reported.  Blue schist is a low temperature/high-pressure metamorphic rock commonly found in along faults or sutures in orogenic belts.  It typically derives from basalt, and is characterized by a metamorphic assemblage of glaucophane+(lawsonite or epidote)±jadite±albite or chlorite±garnet±muscovite.  The schist forms at depths of 15 to 30 km, but at low temperatures of between 200°C and ~500°C.  The absence of blue schist from a long-lived orogenic belt the size of the Arabian-Nubian Shield is puzzling, but may result from the manner of exhumation of crustal rocks from the fossil subduction zones (sutures) that divide up the shield.   Exposure of blue schist requires a rapid exhumation of the metamorphosed rocks from the mid-crustal depths of its formation so that thermal equilibration of the blue schist rocks with the normal geothermal gradient at depths of 15 to 30 km is arrested and the blue schist metamorphic assemblage will be preserved.  If exhumation is slow, the blue schist may heat up and convert to greenschist or eclogite facies. 
5.11    Summary

Ophiolites are widespread in the Arabian Shield but are ubiquitously deformed, with the consequence that typical ophiolite successions are not preserved at every occurrence.  Of these, Jabal Ess is one of the most complete; Jabal Tays the least complete.  Jabal al Uwayjah is the least well known. The ophiolites developed over a 170-million year period ranging from Bi’r Tuluhah (~845 Ma) and Bi’r Umq (~840 Ma) to Halaban (~675 Ma), the oldest and youngest ophiolites known in the entire Arabian-Nubian Shield.  Because the ophiolites occur along suture zones, their structure and geochronology are important constraints on the history of suturing although as pointed out by Church (1998) “the practice of linking widely separated ultramafic-mafic complexes to define suture zones cannot be accepted without question” (pg. 309).  Dating of the Bi’r Umq and Jabal Tharwah ophiolites and associated intrusions imply oceanic magmatism in the west-central part of the shield between ~845 and 775 Ma consistent with development of the Bi’r Umq suture at about 780-760 Ma (Johnson and others, 2002).  The 706 Ma age of post-ophiolite trondhjemite at Jabal Ess is consistent with completion of convergence along the Yanbu suture and its Northeast African extension between ~700 and ~600 Ma.  The Bi’r Tuluhah ophiolite is the oldest known example of oceanic-floor magmatism along the Hulayfah-Ad Dafinah-Ruwah suture (Johnson and Kattan, 2001), and is consistent with an approximately 840 Ma age for supracrustal rocks in the Nuqrah area.  The Halaban ophiolite constrains oceanic magmatism and suturing at the eastern edge of the Afif terrane at ~695-675 Ma.
Reconstructions of a few ophiolitic successions indicate a crustal thickness of 2.5 to 5 km.    Some ophiolites were emplaced while still hot enough to metamorphose underlying rocks, while others were emplaced cold.  This gross tectonic setting is simplest to explain if Arabian Shield ophiolites generally were located on the hanging wall of a convergent plate margin and were emplaced when buoyant crust entered the subduction zone.  Such an event could cause the subduction zone to fail, suturing the two terranes at the same time that the ophiolite was emplaced (Cloos, 1993).  This describes a forearc setting for such ophiolites, an interpretation that finds increasing favor for ophiolite origins in the scientific community (Shervais, 2001).   

The Arabian Shield ophiolites typically include harzburgite-rich mantle peridotite, characterized by magnesian-rich olivines and spinels consistent with extensive melting (Stern and others, 2004).  Together with overlying gabbro, diabase, and volcanic rocks, the peridotite makes up oceanic crust and upper mantle section some 3.5-7 km thick.  Cr# for spinels in harzburgites are mostly >0.6, comparable to spinels from modern suprasubduction forearcs and distinctly higher than spinels from mid-ocean ridges and back-arc basin peridotites.  Arabian Shield ophiolites are often associated with a thick (1-3 km) sequence of dunite-rich cumulate ultramafic rocks, marking a transition zone between seismically and petrologically defined MOHO discontinuities, that grade upward into layered gabbro.  Lavas, where preserved, have mostly subalkaline tholeiitic and calc-alkaline affinities that plot in fields for MORB, BABB, arc tholeiite, and boninite.  Nd isotopic compositions indicate derivation from a long-depleted mantle source, with εNd(T) ~+5 to +8 and geochronology indicates emplacement between 850 Ma and 690 Ma.  This period of juvenile crust formation is contemporary with the formation of the volcanic/magmatic arcs that make up the bulk of the pre-suturing Tonaian-late Cryogrenian crust of the shield.  The emplacement, deformation, and metamorphism of ophiolties and magmatic arcs are twin themes in the formation of the protocratonic craton on which younger, late Cryogenian-Ediacaran volcansedimentary basins were deposited and into which vast late Cryogenian-Ediacaran granititoid batholiths were intruded.

Arabian Shield ophiolitic lavas mostly define a subalkaline suite characterized by low K and moderate Ti contents that is moderately fractionated.  They have both tholeiitic and calc-alkaline affinities and include a significant if subordinate proportion of boninites.  There is little in the structure or composition of the ophiolites to support the hypothesis that Arabian Shield crustal growth entailed widespread involvement of oceanic plateaus or large igneous provinces, although rare examples of within-plate lavas are identified. 
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