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To lesser or greater extent, all the Precambrian rocks exposed in western Saudi Arabia are deformed.  Even the youngest Precambrian rocks – posttectonic A-type granites, dikes, and Ediacaran volcanic and sedimentary successions –are affected by faulting, are emplaced in extensional fractures, or are gently folded.  To lesser or greater extent, also, virtually all the rocks in the shield are metamorphosed.  Greenschist-facies metamorphism predominates among the Tonian and Cryogenian rocks, but amphibolite and locally granulite facies assemblages are found and Ediacaran rocks have been subjected to lower-greenschist or lower metamorphism.  As seen in the field, deformation includes compression and rotation (folding), translation (faulting, shearing, and thrusting), and extension (jointing).  Folds vary from broad, open structures with wavelengths of kilometers and no or minimal associated cleavage, to tight, isoclinal structures on the scale of meters to millimeters with strongly developed cleavage and(or) bedding transposition.  Faults and fault zones range in size from centimeters to hundreds of kilometers in length and millimeters to tens of kilometers in width.  Jointing is pervasive and dikes swarms affect hundreds of square kilometers.

Although ideally exposed, the Precambrian rocks in western Saudi Arabia have not been systematically surveyed for their structural history.  Information about the interrelationships of metamorphism and deformation are mostly lacking; robust geochronologic constraints on the timing of deformation and metamorphism are meager; the number of discrete and progressive deformational events is not well established; and kinematic indicators are not comprehensively reported.  Nonetheless, the structural geology of several parts of the region have been describe in some detail, and structural, geochronologic, and stratigraphic data are sufficient to give a preliminary outline of the main structural domains and the general sequence of structural events in different parts of the shield.
…………………………………………………………………………………………………

Structural geology is the study of deformation in the Earth’s crust.  Its scope is from the Earth’s surface to the greatest depths that can be surveyed by geophysical means.  Its dimension is from the micron slip of crystalline lattices to thousand-kilometer displacements of continents.  Its purpose is to describe the physical and geometric features of deformed rocks, to evaluate the kinematics involved, to measure changes in location, orientation, shape, and size, and to analyze the forces and stresses operating on rock material of different strengths and behavior over differing intervals of time (Davis and Reynolds, 1996).  Structural geology begins with qualitative observations in the field–writing descriptions, taking photographs, recording dips, strikes, and lineations, and making preliminary kinematic interpretations.  But increasingly, modern structural geology entails detailed and complex quantitative, numeric calculations based on the principles of physics and rock mechanics.

The study of structural geology is not only an aesthetic and scientific response to wondrous shapes and forms presented by convoluted and altered rocks, but a reflection of practical needs and challenges.  Structural geology is essential to our understanding of stratigraphy and geologic history.  Structural geology informs our analysis of the movements and trapping of fluids, with direct applications in mineral exploration, petroleum geology, and hydrology.  Structural geology underlies our appraisal of slope stabilities and engineering foundations.  Structural geology is the first step in unraveling tectonics.

8.1    Tools of structural geology
Structural geology begins in the field, with observations and measurements of deformed rocks.  The standard measurements are of dips and strikes of bedding and foliation, the plunges and azimuths of lineations and folds.  Other types of data include variations in bedding thickness; changes in shapes and dimensions of pebbles, fossils, and other bodies such as lapilli, dikes and sills; the orientations, frequencies, and interrelationships of joints and fractures.  Simple graphic procedures, done manually or with computer programs, include the plotting of poles to bedding and cleavage and the display of the plunges of lineations and folds on stereonets, and the calculation of dips and fault offsets.  Observations require the geologist and geologic organization to adopt a consistent method of making numeric measurements and describing folds, faults, and other structures.  Standard text books give guidance here.  (See Cox, 2009 for an example of the application of the pebble-measurement technique to conglomerate at Jabal Tays in the eastern part of the Arabian shield, and Abdelsalam, 2010 for an example in the Nubian Shield).
Field observations, of course, can be made on many scales.  The most direct, is the description and measurement of features in a given outcrop or hand specimen (the mesocale).  Greater detail is obtained with a hand lens on the outcrop or by the microscope (microscale).  At the other extreme, structural geology can be done at the scale of a map or aerial photograph, or at the scale of remote sensing images generated from TM and radar data.  The scale of observations is important, on the one hand, because what we see as significant features may vary between outcrop and hand specimen.  From a distance, the Dhaiqa formation shown in Fig. 8-1 appears to be a stack of beds of uniform thickness and continuity.  Up close, however, discontinuities and irregularities are obvious.  Likewise, on close examination a fold may be seen to have achieved its form by slip on a myriad of microfaults at an angle to the bedding, whereas from a distance the folded rock may appear to be smoothly flowing.  Scale on the other hand, may reveal remarkable similarities, in situations of penetrative deformation, as in the case of the pattern of S-C fabric seen in outcrop of a shear zone that repeats itself on a regional scale, when viewed from space (Fig. 8-2).
FIG 8-1 ABOUT HERE SCALE OF OBSERVATION OF DHAIQA FORMATION

FIG 8-2 ABOUT HERE SCALE OF OBSERVATION OF PENETRATIVE DEFORMATION

A fundamental tool for understanding the deformed rocks of the Arabian Shield is provided by kinematic indicators in outcrop, hand specimen, or thin section.  The basic principle is that under conditions of penetrative deformation, namely deformation that operates at all scales, the geometry of rock fabrics observed at small scales provides information about the deformation dynamics at a regional scales.  This principle is widely exploited when trying to understand the dynamics of shear zones by means of observing small-scale kinematic indicators such as S-C fabrics and winged porphyroclasts.  A fundamental requirement, of course, is to observe shear fabrics as they are displayed on rock surfaces parallel to the stretching lineation and perpendicular to the shear zone or foliation–in its simplest form, “ to look down on the lineation”.   Such a surface will be parallel to the S1S3 plane of the finite strain ellipsoid; S1 being the long axis of the ellipsoid, the direction of maximum finite stretch, S3 being the direction of minimum finite stretch.  Viewing shear fabrics from other directions will give misleading information about the sense of movement.  The Arabian Shield is a vast collage of shear zones at differing scales, durations, and ages (Fig. 8-3; Fig. 8-4), and our understanding of the structural and tectonic history of the shield depends on unraveling the intricacies of movements on the shear zones.  Standard texts describing the mechanisms involved in the creation of these indicators, and how they should be interpreted are given by Hanmer and Passchier (1991) and Passchier and Trouw (1998).  An example of the application of kinematic indicators in shear zones to mineral exploration is Bursnall (1989).  Examples of the use of kinematic indicators in structural mapping and interpretation include Johnson and Kattan (2001) and Genna and others (2002).
FIG 8-3 TYPICAL SHEAR ZONE IN THE SHIELD QIYA COMPLEX

FIG 8-4 SHEAR ZONES IN THE ARABIAN SHIELD
Sense-of-shear indicators come in many shapes and sizes.  Some of the most spectacular are shape fabrics, displayed by the bending and disruption of foliation or compositional layering.   The fabrics are referred to by the letters S, C, and C’, following the first formal description of the fabrics by Berthé and others (1979) using French-language terminology: S is for schistosité (foliation, schistosity, compositional layering); C is for cisaillement or shear.  Classic S-C fabrics are shown in Fig. 8-5.  Fig. 8-5A is a discrete, single shear zone showing the typical manner in which already formed foliation (S) rotates toward the shear plane (C) and the curvature of the S surfaces indicates the shear sense.  Fig. 8-5B contains a number of shear planes that, typical of this form of shear fabric, are irregular and somewhat discontinuous.  But in both cases, the bend of the foliation toward, and sigmoidal shape of the lithons between, the C surfaces indicate a sinistral sense of shear.  The S-C terminology is used in these cases, because the individually observed shears (C) surfaces are parallel to the boundaries of the larger shear zone that the sample belongs to.
FIG 8-5 ABOUT HERE CLASSIC S-C FABRICS

In other shear zones in the Arabian Shield, minor shears may be observed at a small angle to the foliation or compositional layering (Fig. 8-6).  These structures are called S-C’ fabrics (Berthé and others, 1979) or extensional shear bands (Platt and Vissers, 1980).  The chief distinction from S-C fabric is that the minor shear surfaces (C’) are at an angle to the overall shear zone.
FIG 8-6 ABOUT HERE S-C’ FABRICS

As seen in Fig. 8-7, shear fabrics are only one of several types of important kinematic indicators in shear zones.  Other indicators, common in shear zones in the Arabian Shield, particularly if mylonitic gneiss is a significant component of the shear zone lithology, are rotated, mantled porphyroclasts and mica fish.  Mantled porphyroclasts develop by recrystallization of material from the porphyroclast to form tapering aggregates of grains (wings) that of the same material as the porphyroclast (Passchier and Trouw, 1998).   If the flanking material consists of another material than the porphyroclast the wings are known as pressure shadows.   The formation of mantles and their kinematic implications are dependent on a complex interaction between strain rate, vorticity, flow, and perturbation of the flow field under conditions of simple shear (Passchier and Trouw, 1998).  Mica fish are lozenge to sigmoidal shaped crystals of mica that occur in micaceous mylonites.   They have a long axis in the extensional quadrant of the strain ellipse associated with the deformation and are useful indicators of the sense of shear.  Other kinematic indicators observed in Arabian Shield shear zones include microfaults in porphyroclasts and solid objects such as pebbles in conglomerate, oblique foliations, ribbons of oriented quartz in mylonites, and rotated quartz boundins.
FIG 8-7 ABOUT HERE SCHEMATIC OF KINEMATIC INDICATORS IN A SHEAR ZONE

Like shearing, folding in the rocks of the Arabian Shield is at all scales, from the microscopic to regional folds with wavelengths of tens of kilometers.  Folding is observed in hand specimens (Fig. 8-8A); in outcrops (Fig.9-8B), or at map scale and from the air and space (Fig. 8-8C).  In some locations, fold structures developed while the sediment was still soft, or unlithified (Fig. 8-9l Fig. 7-2B); such structures give us information about instability in the depositional basin, for example earthquake shaking or wave-induced slumping, but are not diagnostic of solid-rock strain and rotation.  In other locations, intrafolial folds are common, and fold hinges may be detached from their limbs because of bedding parallel shear.  Folds may be open to tight and isoclinal; some folds are more chaotic, as in ptygmatic folding of quartz veins, but even these provide important structural information about the direction of shortening during deformation in the larger region.  Important features of folds, for descriptive purposes, include the identification and measurement of the hinge lines, axial surfaces, and associated axial plane cleavages; measurement of the plunge of the folds; descriptions of the shape of the folded surfaces; notation about the tightness of the folds; and above all, identification of what surface is being folded, whether is it bedding or an already existing foliation of schistosity.  These features are described in standard textbooks.

FIG 8-8 ABOUT HERE FOLDS AT VARIOUS SCALES

FIG 8-9 ABOUT HERE VARIOUS TYPES OF FOLDS

An important structural tool applicable to the Arabian Shield is to use the geometric relationships between bedding and cleavage to determine the direction of younging and the location of adjacent anticlinal and synclinal hinges.  Other way-up tools include sedimentary structures such as grading, ripple marks, fluid escape, structures, and tepee structures (see Figs. 7-2A; 7-3).  Additionally, the orientation of pillow-basalt nesting and stromatolite doming and fingering has been found useful to determine the direction of stratigraphic facing or younging, and thereby work out the position of anticlinal and synclinal folds (see Fig. 6-23).

8.2    Faults and shear zones: Definitions and concepts
Large parts of the Arabian Shield are structurally dominated by the translation of rocks past each other along fractures, faults, and shear zones.  Deformation of this type  is common in regions of intense folding, such as in the southern parts of the Arabian Shield, where the rocks are exposed in upright, tight to isoclinal folds, bedding dips are steep to vertical, and shears and faults trend parallel to or cross-cut the bedding.  But faults and shear zones are also present in regions of less intense folding in the shield where the rocks may be only moderately folded but are cut by narrow zones of concentrated strain expressed as major strike-slip faults.
Faults and shear zones are the expression of shear, a particular type of strain that results from a particular orientation of stress.  Strain and stress are mutually interrelated.  Stress is a force that tends to deform a body of material, technically a force per unit area.  Stress may act perpendicular (normal stress) or parallel (shear stress) to a reference plan.  The resulting strain may show as a change in size of the body of material (dilation) or a change in shape (distortion).  Shear is the particular type of strain that results from stresses causing or tending to cause contiguous parts of a body of material to slide relative to each other in a direction parallel to their plane of contact (Jackson, 1997).   An important distinction is between pure shear and simple shear (Fig. 8-10).  Pure shear is nearly synonymous with coaxial strain.  In this, a cube of rock, for example, is shortened in one direction and extended in the perpendicular direction within the plane of strain.  An imaginary square drawn on the rock face becomes a rectangle; the 90° angles at the corners of the square remain 90° in the rectangle, the original sides of the square remain parallel after deformation, and the finite stretching axes in the strain ellipsoid do not rotate.   The effect of pure shear on rocks can be thought of as a flattening; it is a effect of compression.  Simple shear, on the other hand, is nearly synonymous with noncoaxial strain.  A cube of rock is effectively sheared like a deck of cards; a square is converted to a parallelogram that progressively lengthens as deformation proceeds.  The top and bottom of the cube maintain the same length, but the sides of the cube extend; the finite stretching axes rotate and change length.  Simple shear is important in the development of shear zones.  It may result in the creation of foliation and stretching lineations.
FIG 8-10 ABOUT HERE PURE AND SIMPLE SHEAR   

Strictly speaking, simple shear involves no shortening in the direction perpendicular to the direction of shear, whereas shear zones, in nature, typically have a component of shortening.  The combination of simple shear and shortening is referred to as transpression, and results in oblique shear.  The direction of stress is oblique to the plane of the shear zone.  In plate movements, for example, it is rare that plates converge head on; typically one plate will move obliquely toward the other.  During transpressive deformation of shear zones, the rocks on either side move past each other, but the width of the zone become shorter and the sides of the shear zone move toward each other.  The converse is transtension, in which rock bodies move away from each other obliquely.  Another feature of shear zones is that the direction of slip on either side can be in any direction–horizontal or vertical.  Horizontal slip causes strike-slip faults; vertical slip is evident in normal faults or thrusts.  Commonly though, shear zone undergo a mix of horizontal and vertical slip so that the sides of the shear zone slide past each other in a horizontal direction but also move up and down, relatively.  Transpressional shear zones are characterised by the co-existence of different structures, related to both strike-slip shear and shortening (Fig. 8-11).  End-member structures include strike-slip faults and thrust (reverse) faults.  Faults which have components of both (termed 'oblique' slip faults) are abundant.  In addition, shear zones are commonly associated with folds oblique to the direction of shearing, tension fractures, and riedel shears.  Where shear zones bend or split into left-stepping or right-stepping splays, there will be regions of extension or compression in which pull-apart basins may develop.  All of these features are found in and alongside shear zones in the Arabian Shield.

FIG 8-11 ABOUT HERE FEATURES IN SHEAR ZONES

Bodies of rocks slide past each other along faults or shear zones.  There is no hard distinction between faults and shear zones–they grade from one to another, and it may be a personal choice which term to use.  In general, however, brittle dislocations are referred to as faults and brittle-ductile dislocations as shear zones.
Faults are “fractures along which there is visible offset by shear displacement parallel to the fracture surface” (Davis and Reynolds, 1996, pg. 269).  They are typified by clean breaks; the rock bodies rupture and move past each other.  There may be a single discrete break– a discrete fault plane with a finite, sometime quite small, width– but in other locations, the fault may be a zone of close-spaced and interconnecting fault surfaces, with a greater more diffuse width.  Faults are mostly found in near surface conditions, in which the rock bodies are relatively cool and brittle.  Under conditions of greater temperature and pressure deeper in the crust, rock is more plastic and shear displacement takes the form of shear zones.  In the field, faults are best classified in terms of their sense of displacement; (1) normal, (2) reverse or thrust, and (3) strike-slip or transcurrent.  Technically, a thrust fault dips less than 45°; a reverse fault dips more than 45°.  In reality, these three sense directions are end members in a displacement continuum.  Any given fault, for example, may have components of dip-slip as well as strike-slip displacement and be referred to as a normal oblique dip-slip fault.  In many cases in the Arabian Shield moreover, the distinction between thrust faults and reverse faults is blurred.  Locations in the shield in which one would expect to find thrusting, at the margins of obducted ophiolites, for example, are more likely to be the site of subvertical shears.  An explanation given by a number of geologists is that thrust faults that developed during the early stages of deformation were rotated and steepened as deformation progressed.

A shear zone is “a tabular to sheet-like, planar or curviplanar zone composed of rocks that are more highly strained than rocks adjacent to the zone” (Davis and Raynolds, 1996, pg. 493).  Strain, as noted above, means change in shape or size of the material being affected, and so shear in this context implies that some degree of displacement and possibly volume reduction has taken place.  Shear zones are characteristically zones of intense deformation.  They form under brittle-ductile to ductile conditions; show the effect of mylonitization or grain-size changes within the zone; develop new foliations; and display changes to the shapes of rock components such as clasts or crystals by stretching and(or) flattening.  As outlined by Davis and Reynolds (1996), shear zones are mostly much longer (strike-length) and deeper (vertical extent) than they are thick, and as illustrated in Figs. 9-2, 9-3, 9-5, they exist on all scales and may be seen in thin section, in outcrop, or from space.  Individual sets of shear zones in western Saudi Arabia are as much as 1200 km long, and 50 km wide, and are world-class examples of this dramatic type of geologic structure. 
Shear zones reflect a concentration of deformation in a narrow zone of rock, and are evidence of a heterogeneous distribution of strain.  Once a shear surface develops, furthermore, there is a tendency for progressive or future shear to follow the same path so that shear zones build up over time and earlier shear fabrics are overprinted by later fabrics.  Shear fabrics are distinctive structures that develop in shear zones.  Almost universal, is a grain-size reduction or mylonitization of the country rock within the shear zone.  Pre-existing foliations or markers, such as quartz veins, thicken or thin and change orientation in the shear zones, rock clasts and(or) mineral grains within the shear zone mylonites may be rotated and develop characteristic “wings” of recystallized material, and superimposed foliations develop reflecting metamorphic recrystallization and slip surfaces referred to as S-C and S-C’, as described above.  Details of the growth of these fabrics are given in standard structural geology text books; their importance is to provide information about the sense of shear, indicating the direction in which the two sides of the shear zone moved relative to each other.  Identifying and interpreting these, and other, kinematic markers is fundamental to the assessment of the structural history and tectonic significance of individual shear zones.  Such kinematic markers give insight into the dynamics of deformation, a sense of displacement of rock masses on a continental scale, and are a sure basis on which to develop the history of an orogenic belt.  Determining the senses of movements along shear zones in the Arabian Shield has been increasing done since the origin and interpretation of shear fabrics were clarified and published in the 1980s.  In many cases, the use of kinematic markers confirms earlier interpretations of the sense of shear on structures in the shield, but in other cases the results are surprising and lead to new interpretations of the origin and significance of particular shear zone.  A word of caution however: because strain may be partitioned in shear zones, the result being that different styles of deformation may develop in different parts of a shears zone, it is important to observe as many kinematic markers as possible along and across strike before concluding that any given shear zones is “dextral”, “sinistral”, or whatever.  Furthermore, kinematic markers observed in outcrop may be merely a record of the effects of the most recent or last strain to affect the rock.  Thus for example, a shear zone that now contains indications of dextral shear may have originated as a sinistral strike-slip shear zone.  It should also be noted that the fabric in some parts of a shear zone may be a combination of foliations and lineations, with lineations developed on the foliation surfaces (this is S-L tectonite); in other parts of the same shear zone the rock may only contain lineation, no foliation (this is L-tectonite), and elsewhere only foliation may be present (S-tectonite).  S-L tectonite betokens flattening and elongation (stretching) of the rock body in the sear zone; L-tectonic betokens elongation alone.

8.3    Faults and shear zones in the Arabian Shield
Faults and shear zones are present throughout the Arabian Shield, and their trends reveal interesting patterns (Fig. 8-4).  They are fundamental elements in the structural architecture of the shield and, as described in Chapter 9, are important metallotects, spatially and sometimes genetically related to metallic mineralization, particularly gold.  The southern and extreme eastern parts of the shield are dominated by north-trending structures; the northeast by north-west trending structures, and the coastal region between Al Lith and Yanbu’ al Bahr by northeasterly trending structures.  Within the various regions of the shield, the faults and shear zones tend to have similar geologic histories, but in detail, each fault and shear zone has its own particular history and tectonic significance.  Some of the shear zones are sutures created during a processes of brittle-ductile deformation associated with transpressive collision and mark the sites of amalgamation between the terranes that make up the shield.  Other structures are brittle-ductile transcurrent faults that displace and dislocate the already amalgamated terranes and were created during a process of continental dispersal or escape at the time of final East-West Gondwana collision.  Some structures have complex histories that reflect early shortening and suturing and later reactivation by strike slip.  Other structures reflect strong shortening perpendicular to their strikes.  Orthogneiss and paragneiss of various ages are associated with the shear zones, cropping out as linear belts of high-grade metamorphic rock and elongate antiformal domes along or on either side of major shear zones (See Fig. 8-4).  The gneisses originated during periods of terrane suturing and as well as later orogenic collapse and crustal exhumation.  Gneisses that have old protoliths mostly represent deformation and metamorphism of preexisting (pretectonic) volcanosedimentary assemblages and plutons during terrane suturing.  Some gneisses are syntectonic plutons reflecting magmatism contemporary with arc deformation and terrane suturing.  Other gneisses are the product of metamorphism, mylonitization, and uplift of preexisting and contemporary plutonic rocks along Najd faults.  In other instances, strike-slip shear zones are the locus of dike intrusions and down-faulted sedimentary rocks (see Fig. 7-19).
8.4    Shear zones in the southern shield
The shear zones in the southern part of the Arabian Shield are long-lived, commonly rejuvenated structures that from a structural and tectonic point of view are some of the most interesting and complex in the shield.   They are as much as 400 km long and 1 km wide, and are located along the axes of or at the margins of the structural domains that make up the Asir composite terrane (Fig. 8-12).   They trend north-south and are commonly serpentinite decorated.  It is possible that some of the shear zones originated as early to middle Cryogenian sutures between crustal units in the Asir composite terrane and between the Asir and Tathlith terranes.  But structural and geochronologic data indicate that most were reactivated during the late Cryogenian to Ediacaran contemporary with final convergence of East and West Gondwana, long after peak orogeny in the Asir terrane.  In this regard, the shear zones are comparable with late Cryogenian-Ediacaran shear zones in Sudan, Eritrea, and Ethiopia in the Nubian Shield (Abdelsalam and others, 1998, Abdelsalam and Stern, 1996; Tadesse, 1996; de Wall and others, 2001).    In the Saudi context, it should be noted that many structures referred to in the literature as “faults”, for example the Nabitah fault, are technically shear zones, but the conventional names are mostly retained here for convenience.
FIG 8-12 ABOUT HERE SHEAR ZONES IN THE ASIR TERRANE

8.4.1 Tabalah-Tarj shear zones
The Tabalah-Tarj shear zones are a set of strike-slip shears that cuts diagonally across the northern part of the An Nimas batholith (Fig. 8-13) and extends along the eastern margin of the batholith.  Related structures include the Thaniyat and Ta’al shear zones.  The shears originated in the middle Cryogenian and are some of the oldest shear zones documented in the Arabian Shield.  The Tarj shear zone appears to have been reactivated during the Ediacaran, but there is no evidence that the Tablah shear zone has moved since about 750 Ma.  Most detailed information about the Tabalah shear zone is by Balsband (2006), and the following paragraphs draw extensively on his reporting.
The Tabalah shear zone is a straight sided structure trending about 65 km north-northwest across the An Nimas batholith.  To the south, it makes a sigmoidal curve to the east and then to the south to merge with the Tarj shear zone.  At its northern end, the Tabalah shear zone passes over a few kilometers into relatively undeformed rocks of the An Nimas batholith by a gradual decrease in the intensity of deformation.  The Tarj shear zone is a longer structure than the Tabalah shear zone and extends near 250 km well beyond the southern limits of the An Nimas batholith virtually as far as the border between Saudi Arabia and Yemen.  In its northern section, the Tarj shear zone lies along or close to the eastern margin of the An Nimas batholith and is part of a broad zone of shearing, isoclinal folding, and gold mineralization in the Tayyah structural belt. To the south, the shear zone forms the contact between the Tayyah and Ablah structural belts.

The Tabalah shear zone is 1-2 km wide and characterized by a conspicuous uniform parallel striping seen in outcrop and from the air that results from well-developed, regular, subvertical gneissic layering and schistosity in mylonitic gabbro, diorite-tonalite, and amphibolite.   The margins of the shear zone are transitional over tens of meters into relatively undeformed gabbro and diorite.  The amphibolite includes amphibolite gneiss, hornblende-biotite schist, quartz-feldspar schist, and locally garnet-biotite schist. Quartz diorite-tonalite gneiss is homogeneous, medium-to coarse-grained, and strongly foliated and lineated.  Stretched xenoliths of diorite-tonalite are present in the amphibolite.  Elongate quartz-rich lenses, in places rimmed by epidote, are present in the mylonitic gabbro-diorite close to the shear-zone amphibolite.  The gabbro-diorite wall rocks preserve their primary igneous textures, although locally pyroxene is altered to green hornblende.  Hornblende in the shear-zone rocks is bluish-green, suggesting relatively low to medium pressure and medium temperature conditions of lower amphibolite facies metamorphism (Balsband, 2006), although comparable hornblende in the Tarj shear zone is brown suggesting higher temperature of formation. 
The most prominent structures in the shear zone are foliation and lineation.  The foliation in both amphibolite and quart diorite-tonalite is defined by biotite and flattened, recrystallized quartz grains.  In the central part of the shear zone, the area outlined by the box on FIG 8-13, foliation is steeply dipping and strikes north-northwest (Fig. 8-13C).   Lineations are observed on the foliation planes of the amphibolite and quartz diorite-tonalite.  They are chiefly defined by the growth of hornblende grains in a uniform direction, but locally by the stretching of quartz, plagioclase, and hornblende minerals and small xenoliths.   In any given exposure, the stretching lineation is parallel to the hornblende-growth lineation.   Overall, the lineations have a subhorizontal plunge toward the south-southeast and to a lesser extent toward the north-northwest, but a secondary concentration is formed by lineations plunging more steeply to the southeast (Fig. 8-13D).  Mineral lineations in the Tarj shear zone mostly plunge moderately toward the SE.  Microstructural indicators of non-coaxial dextral deformation include S-C’ extensional-crenulation fabrics, rotated clasts, and mica fish (Fig. 8-14).  The S-C’ fabrics are defined by hornblende indicating that deformation was coeval with amphibolite-facies metamorphism.  The Tarj shear zone also contains dextral S-C’ fabrics, but they have not been as systematically studied as those in the Tabalah shear zone.  On the basis of apparent offset of bodies of pyroxenite, movement on the Thaniyat shear zone appears to be sinistral.
FIG 8-13 ABOUT HERE MAP OF TABALAH SHEAR ZONE

FIG 8-14 ABOUT HERE MICROSRUCTRES TABALAH SHEAR ZONE

The timing of movement along the Tabalah shear zone is well constrained by U-Pb conventional, U-Pb SHRIMP, and 40Ar/39Ar mineral dating.  The shear zone postdates emplacement of the An Nimas batholith, dated by the Rb-Sr whole-rock method at 837±50 Ma (Fleck and others, 19780) and dated more robustly by the U-Pb zircon method at 816±4 Ma and 797±7 Ma (Cooper and others, 1979), and predates the Al Khalij tonalite, which has a U-Pb zircon SHRIMP age of 755±7 Ma (Johnson and others, 2001).   The An Nimas batholith is the largest continuous body of plutonic rocks in the southern part of the Arabian Shield.  It consists of gabbro, diorite, tonalite, and trondhjemite, and comprises a calc-alkaline plutonic assemblage emplaced in volcanic-arc rocks of the Shwas and Tayyah structural belts.  The Al Khalij tonalite is a relatively undeformed pluton that discordantly intrudes the Tabalah shear zone, interrupting the north-northwest trending zone of amphibolite and gneiss.  Weighted-plateau 40Ar/39Ar ages (Blasband, 2006) fall within the 40 million year window between the youngest crystallization age for the batholith (797±7 Ma) and the Al Khalij pluton.  Notably, the oldest 40Ar/39Ar age (779±7 Ma) was obtained from hornblendes extracted from an outcrop of amphibolite that carries steeply east-northeast plunging lineations and kinematic evidence of top-to-the-west-southwest movement, that is, reverse faulting or thrusting, in the present-day orientation of the lineations.  Well foliated and well lineated hornblende schist the central part of the Tabalah shear zone yield younger 40Ar/39Ar ages of 765±5 Ma and 764±7 Ma (Fig. 8-13B).  These lineations are subhorizontal and kinematic indicators show dextral strike-slip movement.  The youngest 40Ar/39Ar age (761±6 Ma) comes from undeformed granodiorite (not separately shown on Fig. 8-13) that discordantly intrudes sheared rocks and, within error, is identical to the crystallization age of the Al Khalij tonalite.

On the basis of the geochronology, shearing in the An Nimas batholith occurred between about 780 Ma and 765 Ma, initiated after emplacement of the batholith itself, and ceasing shortly before emplacement of posttectonic tonalite.  The dominant sense of movement on the shear zone is dextral strike-slip at about 765 Ma, but there is evidence of earlier thrusting at about 780 Ma.  The Tarj shear zone contains S-C fabric indications of dextral shear, observed by the author in three locations. It is conceivable therefore that both shear zones are kinematically related, suggesting a major dextral strike-slip event within and along the eastern margin of the An Nimas batholith at about 765 Ma, perhaps preceded by a period of westerly-vergent thrusting.
Syntectonic gneiss domes south and west of the An Nimas batholith dated 778-763 Ma (Cooper and others, 1979) suggest a contemporary deformation and magmatic (orogenic) event in a large region west and southwest of the Tabalah-Tarj shear zone.  The gneiss domes make up the Qiya complex, a belt of gneisses that possibly extends into an area of 796 Ma (Teklay 1997) gneiss in the Ghedum terrane of Eritrea (Fig. 8-15).  The gneiss closest to the Tabalah-Tarj shear zone is the Baqarah gneiss.  The Tabalah-Tarj shear zone and the Qiya complex are inferred to mark a period of middle Cryogenian arc amalgamation in the southern Arabian-Nubian Shield.
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8.4.2 Shear zones west of the An Nimas batholith

The Umm Farwah shear zone (Figs. 9-4, 9-12, 9-16), named after Jabal Umm Farwah (19.5°N, 41.8° E), lies 10-20 km west of the An Nimas batholith.  It has a strike length of more than 100 km, extending from Jabal Umm Farwah to the southern edge of Harrat al Buqum; whether it continues farther north in unknown.  The shear zone comprises a set of anastomosing subvertical shears that is notable for serpentinite decoration at its northern and southern ends.  Kinematic markers indicate dextral and sinistral movements at different locations along the strike of the shear zone (Fig. 8-17A, B), but an insufficient number of observations have been made to postulate an overall sense of movement.  The shear zone moreover has an indication, observed at one locality, of dip-slip movement suggesting east-side up (Fig. 8-17C). The shear zone is developed, at its southern end, in the Cryogenian volcanosedimentary succession of the Shwas belt.  Farther north, the shear zone deforms the Shwas pluton, correlative with the An Nimas batholith, and at its northern end is the boundary between the Ablah group and Shwas belt volcanosedimentary rocks.  Shearing along the Umm Farwah shear zone is not directly dated but, in part at least, at its northern end, postdated deposition of the Ablah group.  In this northern part of the shear zone, shown in Fig. 8-16, serpentinite contains brittle-ductile sinistal S-C’ fabrics (Fig. 8-17A) and is in contact with the Ablah group across a brittle fault. The Ablah group is dated by the U-Pb and SHRIMP zircon methods at 641±1 Ma (Genna and others, 1999) and 613±7 Ma (Johnson and others, 2001).  Shearing is also interpreted as coeval with the emplacement of A-type granitoids (syenite, quart syenite, and syenogranite) in the Ablah pluton, produced from melts triggered by Umm Farwah shearing (Moufti, 2001).  Syenite has a whole-rock Rb-Sr isochron age of 617±17 Ma, and quartz syenite-granite an age of 605±5 Ma (Moufti, 2001).  These results suggest that brittle-ductile deformation occurred as late as 605 Ma, making the shear zone one of the youngest known in the southern part of the Arabian Shield.  The shear zone at its southern end is truncated by the posttectonic Thuraybah granodiorite, of unknown age.  The maximum, onset, age of shearing is unknown.  The Ablah group, itself, is moderately to strongly folded about south-southwest-trending axes, which is consistent with transpressional shearing along the Umm Farwah shear zone contemporary with the folding. CHECK COMMENTS BY GENNA ET AL
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The Muhayil and Sayayil shear zones are curvilinear, although overall, northerly trending narrow zones of moderate to intense shearing southwest of the Umm Farwah shear zone (Fig. 8-12).  They are part of a complex system of anastomosing shears that continue to the north into the Bidah and and Aqiq shear zones.  Where observed, the Muhayil shear zone has a dextral (Fig. 8-6B, Fig. 8-18) and the Sayayil a sinistral sense of movement (Fig. 8-19).  Both shear zones are subvertical, but notably occur in the only region in the southern part of the Arabian Shield, in the southern part of the Ablah structural belt, where there is a localized abundance of low-angle shearing or thrusting.  Prominent thrusts crop out on either side of Jabal Qatruy (approximately 18°53’N, 41°53’E) and at approximately 19°06’N, 41°53’E, and as many as two subhorizontal, east-vergent thrust surfaces are exposed in an overturned fold south of Muhayil (approximately 18°32’N, 42°02’E) (Fig. 8-20).
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The Bidah shear zone encompasses a north-trending zone of strongly folded and sheared rocks.  The most intense shearing is in shales and pelitic schists along Wadi Bidah itself, a prominent linear north-trending valley, which gives its name to the shear zone.  Other shear zones are evident on Fig. 8-21 as straight to curvilinear contacts and valleys.  Non-coaxial deformation is pervasive in much of the area west of Wadi Bidah, with brittle-ductile S-C’ fabrics and rotated quartz veins widespread in the volcanosedimentary and intrusive rocks that make up this part of the Bidah structural belt (Fig. 8-22).  The set of S-C fabrics shown in Fig. 8-2A is from the northern end of the shear zone.  
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Bedrock across the Bidah shear zone consists of basaltic volcanic rocks to the east, a central region of felsic volcaniclastic rocks, and epiclastic (fine grained sandstone or wacke, local conglomerate, siltstone, and black shale), and felsic volcaniclastic rocks to the west.  This assemblage is intruded by diorite and tonalite of the Bidah and Dhara plutons.   The volcanosedimentary rocks are subvertical and folded and faulted into the conspicuous north-trending belt seen on the TM images in Figs. 8-2 and 8-21.  Because of the prevalence of folding and bedding transposition, the original stratigraphy is commonly distrupted, a situation that is reflected in the lack of agreed lithostratigraphy in the Bidah area.  As described by Johnson (1999), the rocks between Wadi Bida and the Nakhl shear zone are variously referred to as the Hawiyah formation (Ziab and Ramsay, 1986), Group 2 (Béziat and Donzeau, 1989), Unit E (Ramsay and others, 1981), the western part of the Jof formation (Greenwood, 1975b), the Bidah and Gharb groups (Jackaman, 1971), and Unit 1 and 2 (Greene and Gonzalez, 1980). 

Much of the layering seen in the TM image is S0//S1 schistosity developed in upright and tight regional folds that, together with an association mineral lineation, plunge very gently toward the north and south.  This period of ductile deformation, referred to as D1 (Volesky and others, 2003) reflects E-W compression.  Subsequent (D2) transpression resulted in brittle-ductile north-south slip (Volesky and others, 2003).  A prevailing sinistral sense of shear during D2 is demonstrated by an abundance of S-C and S-C’ fabrics and rotated and sigmoidal clasts in outcrop (Fig. 8-22A) and by regional-scale deflection of D1 foliation (Fig. 8.2B).  A third phase of deformation (D3) along the shear zone resulted in the development of brittle sinistral shears.  They form a synthetic-antithetic set with faults that trend 165° and have offsets of as much as 1.5 km, and other faults that trend 65° and have offsets of tens of meters (Volesky and others, 2003).  The orientation of the synthetic-antithetic faults suggests that D3 resulted from a rotation of the direction of maximum shortening from E-W, as in D2, to SE-NW.  The timing of D2 and D3 shearing on the Wadi Bidah shear zone is not constrained.  Shearing postdated deposition of the layered bedrocks and their associated diorite-tonalite intrusions, which have an approximate minimum age of about 815 Ma (see discussion in the section on the Bidah belt in Chapter 6), and post-dated sulfide mineralization (Volesky and others, 2003).  The minimum age of shearing is determined by plutons of relatively undeformed  biotite monzogranite and syenite and trondhjemite that intrude the sheared rocks.  Unfortunately, none of these intrusions are reliably dated.  The Turabah granite and ring dike, at the northern end of the Bidah shear zone, for example, yields a Rb-Sr mineral age of 635 Ma (feldspar) and younger biotite ages of 515 Ma (Rb-Sr) and 400 Ma (K-Ar) (Aldrich, 1978) suggesting cessation of shearing by about 635 Ma.  A 4-point Rb-Sr whole-rock isochron of a 117±0.4 Ma is reported by Radain and others (1988), but a Mesozoic granite would be highly unusual in the Arabian Shield and the age possibly reflects Mesozoic isotopic disturbance rather than a crystallization age.

8.5    Suture zones

Suture zones, the contacts between amalgamated terranes, are some of the most prominent shear zones in the Arabian Shield (Fig. 8-23).  Not all have been studied in detail, but a large amount of information about shearing is available for the Bi’r Umq, Afif, Halaban, and Nabitah sutures.  A lesser amount of information has been published on the Yanbu and Al Amar sutures.  The Ad Damm fault zone in a conspicuous shear zone between the Jiddah and Asir terranes, but is a probable Ediacaran transcurrent fault, not the original suture.    

The Bi’r Umq shear zone is the ophiolite-decorated suture between the Jiddah and Hijaz terranes.  It extends from Bi’r Umq southwest toward the Saudi Arabian Red Sea coast, and continues on the other side of the Red Sea as the Nakasib suture, in Sudan (Johnson and others, 2003), forming a composite collisional structure of almost 600 km length.  The volcanosedimentary rocks on the south side of the suture zone in both the Arabian Shield and Nubian Shield are important as the host of gold and base-metal mineralization.  Mahd adh Dhahab epithermal gold and Jabal Sayid VMS are close to Bi’r Umq; the Samran-Shayban mineral district is closer to the Red Sea coast; and polymetallic VMS deposits occur in the Ariab and Hassai regions in Sudan.  The suture zone and mineralization are extensively described by Hargrove and others, 2006; Abdelsalam and Stern 1993; Camp 1984; Johnson 1994; Johnson and others, 2003; Ramsay 1986; Stoeser and Camp 1985; Stern and Kröner 1993; Vail, 1985).   Wipfler (1996) describes transpressive oblique collision along the Nakasib shear zone in Sudan.   At Bi’r Umq, the shear zone reflects a period of transpression involving initial southeast-directed thrusting and dextral strike sip followed by minor sinistral strike slip (Blasband, 2006).  In the Samran-Shayban area, southeast-vergent thrusting occurred during two phases of progressive deformation that folded and sheared the rocks of the Samran group, in the footwall, and emplaced the Birak group and Tharwah ophiolite, in the hanging wall.  Suturing began sometime after 810-780 Ma; was active between 780-750 Ma; and was complete by ~760-750 Ma (Stern and Abdelsalam 1998; Schandelmeier and others, 1994a; Pallister and others, 1988; Hargrove, 2006).  The period of greatest activity is constrained the age of 782±7 Ma Khamrah gneiss and 751±5 Hadabah gneiss, both of which belong to the Qudayd suite of syntectonic magmatism along the Bi’r Umq suture in the vicinity of Jabal Tharwah.  They were deformed at or near the solidus temperature indicating the protoliths of the gneisses intruded an active shear zone (Hargrove, 2006).  A late-stage dike dated at 747±5 Ma provides a tight constraint on the cessation of active suturing (Hargrove, 2006).  Undeformed quartz keratophyre emplaced along the Bi’r Umq thrust at Bi’r Umq yield upper concordia-intercept ages of 764±3 Ma and 782±5 Ma (Le Metour and others, 1982; Pallister and others, 1988).  The keratophyre was possibly emplaced after obduction of the Bi’r Umq ophiolite, suggesting that active suturing may have finished somewhat earlier in the Bi’r Umq area than the Jabal Tharwah area.  The suturing event reflects terrane amalgamation contemporary with, but on a larger scale than, the amalgamation event represented by the Tabalah-Tarj shear zone in the Asir terrane.  The structure is the oldest unambiguously documented suture zone in the Arabian-Nubian Shield.  It marks the site of a paleosubduction zone and collision between the Gebeit-Hijaz terrane on the north and the Haya-Jiddah terrane in the south, and is one of the clearest examples of Precambrian plate tectonics worldwide.  An important recent finding, with exploration implications, is that some of the plutonic and volcanic rocks along the Bi’r Umq suture zone have geochemical affinities to modern adakites (Hargrove and others, 2006).  Adakitic petrogenesis was important during the earliest stage of magmatism, perhaps reflecting rapid subduction and partial melting of a hot oceanic slab, coeval with development of the sulfide and gold hosting volcanosedimentary rocks, and became less important as the system evolved. 
Younger suture zones are in the Arabian Shield north and east of the Bi’r Umq suture.  The Yanbu suture is a sinuous, subvertical shear zone in the northwestern part of the Arabian Shield that contains nappes and fault-bounded lenses of mafic and ultramafic ophiolite complexes (Bakor and others, 1976; Shanti 1983; Pallister and others, 1988; Johnson and Woldehaimanot, 2003).   The suture is offset about 50 km by left-lateral strike-slip faults belonging to the later Najd system and is folding around the east-southeast-plunging nose of a gneiss antiform (see Fig. 8-41 below).  The suture is discontinuously exposed because it is interrupted by late- to post-amalgamation granitoids and partly covered by Cenozoic flood basalt.   The trajectory of suturing has not been established.  Stoeser and Camp (1985) suggested a southerly vergence but abundant S-C fabrics indicate a significant component of dextral strike slip.  The timing of convergence along the suture is not well constrained, but amalgamation likely occurred by about 700 Ma, following 808-721 Ma ophiolite formation and preceding emplacement of 696 Ma granodiorite and tonalite of the Jar-Salajah batholith (Pallister and others, 1988; Claesson and others, 1984).  The suture zone continues in the Red Sea Hills, Sudan and the Eastern Desert of Egypt as the Allaqi-Heiani-Sol Hamed-Onib suture (Kröner 1985; Kröner and others, 1992b; Stern and Hedge, 1985; Stern and Kröner, 1993; Fitches and others, 1983).
The Hulayfah-Ad Dafinah-Ruwah shear zone, in the northeastern part of the Arabian Shield, is the suture between the Afif terrane, on the east, and the already amalgamated Asir-Jiddah-Hijaz terranes, on the west (Johnson and Kattan, 2001).   It is a subvertical structure, 5-30 km wide, and 600 km long that was created during an episode of sinistral transpression (Johnson and Kattan 2001).  Suturing was possibly in progress by 683 Ma and completed by 650-630 Ma.  Subsequent Najd faulting modified the suture by thrusting along its southeastern segment (the Ruwah fault), and sinistral Najd faults offset the suture along its northern segments (Hulayfah and Ad Dafinah faults).  Kinematic markers in mylonitic gneiss and pelitic schist along and adjacent to the fault zone indicate a consistent sinistral strike-slip component (Fig. 8-24).  Mineral and stretching lineations in the southeast, on the Ruwah fault segment of the suture plunge moderately northwest and southeast (Fig. 8-25), compatible with mainly horizontal slip, but lineations father north are steep suggesting a thrust component of movement on the suture (Johnson and Kattan, 2001).  The Ruwah fault zone section of the suture underwent amphibolite-grade metamorphism concurrent with a brittle-ductile phase of shearing, during which the main rocks types along the fault zone were created–amphibolitic paragneiss and mafic and felsic mylonite and ultramylonite (Fig. 8-26) (Schmidt, 1981).  Following exhumation of the gneisses, Bani Ghayy marble was thrust southeast across the shear zone, followed by Riedel-type faulting that offset the Bani Ghayy thrust sheets as well as the older gneisses.  The Riedel fractures are oblique to the general trend of the fault zone and indicate a further phase of sinistral shear under brittle conditions.  The timing of shearing on the Hulayfah-Ad Dafinah-Ruwah fault zone is not well constrained.  It obviously post-dated formation of the Siham group and associated plutonic rocks  (750-685 Ma) in the Afif terrane, the Mahd group and related plutonic rocks (785-745 Ma) in the Jiddah terrane, and emlacement of the Hadhaq complex in the Asir terrane (719±9 Ma) is therefore than about 720 Ma.  Tin complex tonalite and granodiorite along the Ruwah fault zone is dated 683±9 Ma and may be syntectonic or pretectonic with respect to shearing on the fault zone (Johnson and Kattan, 2001).   Brittle-ductile shearing and high-grade metamorphism was completed prior to the emplacement of the Bani Ghayy group thrust sheets, sometime after 630 Ma, and all further movement on the Ruwah fault zone was complete by the time of intrusion of relatively undeformed granite dated at 591±6 Ma (for further details, see the section on Najd faults, below).  On balance, available data suggest that the Afif terrane began to converge with the Asir-Jiddah-Hijaz terranes to the south and west sometime after 720 Ma, were in active contact at about 680 Ma, and were in place, with suturing complete, by 630 Ma.
The Halaban fault zone is part of the suture between the Afif and Ad Dawadimi terranes (Urd suture of Pallister and others, 1988).  It comprises a nappe of Halaban ophiolite (~695-675 Ma) thrust west over the easternmost rocks of the Afif composite terrane (the Suwaj magmatic complex)  (Al-Saleh and others, 1998).  Aeromagnetic data suggest that the suture originally extended north of the shield, but it has been extensively modified by post-amalgamation Najd faulting, so that its exact course is uncertain and is shown in two possible locations on Fig. 8-23.  At the present time, the Halaban shear zone is part of a composite northwest-trending zone of brittle-ductile shearing, gneiss, and ophiolitic rocks referred to as the Halaban-Zarghat fault zone.  As described in Chapter 5, the Halaban ophiolite is composed of metagabbro with subordinate serpentinite and with a length of 170 km is one of the longest contiguous ophiolite sheets in the Arabian Shield.  It is separated by the Halaban-Zarghat fault on the west from the Suwaj terrane, and by the Eastern shear zone on the east from the Abt formation.   The Eastern shear zone consists of strongly deformed gabbro, talc schist mélange, and pelitic schist exposed in a zone as much as 1 km wide.  The rocks are tectonically intercalated with each other or are present as a mélange comprising irregular, scattered blocks of mafic and ultramafic rocks in an anthophyllite-talc schist matrix.  Gabbro in the Eastern shear zone commonly has a mylonitic texture and is cut by shear zones several centimeters thick that contain S/C fabrics (Al-Saleh, 1993).   In part, the deformation along the ophiolite is related to sub-ophiolitic metamorphism complex and the formation of emplacement-related mélange composed of blocks of serpentinite and chromite set in a matrix of orthoamphibolite and rodingite.  The Suwaj magmatic complex west of the footwall of the ophiolite contains sheared diorites and tonalite.  The general structure of the Halaban fault zone is interpreted to be stack of westerly vergent thrusts.  The footwall comprises the Suwaj magmatic complex; the hanging wall the Abt formation; and an intermediate thrust is composed of the ophiolite.   The Suwaj complex has a magmatic U-Pb age of 694 Ma (Stacey et al, 1984) and an Rb-Sr isochron age of 687 Ma (Manivit et al,1985).  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 and obduction of the ophiolite (Al-Saleh and others, 1998).

The Al Amar fault is a high-angle shear zone at the contact between the Ad Dawadimi and Ar Rayn terranes.  It contains narrow lenses of ophiolites and carbonate-altered ultramafic rock (listwaenite and fuchsite-talc schist) (Al-Shanti and Mitchell 1976; Nawab 1978).  The age of movement on the Al Amar fault is constrained as middle to late Ediacaran by the ages of synarc and posttectonic plutons (689-583 Ma) in the Al Amar arc in the Ar Rayn terrane (Stacey and others, 1984; Doebrich and others 2007), the inferred age of the Abt formation (~615-580 Ma) in the Ad Dawadimi terrane, and the age of sedimentary and volcanic rocks (Hamir group) present in small deformed basins along the fault zone (615-605 Ma).  The trajectory of convergence is unknown apart from limited observations of S-C shear fabric that suggest a component of dextral horizontal slip along the fault.  The fault zone is conventionally interpreted as a suture between the Ar Rayn and Ad Dawadimi terrane, with the ultramafic rocks along the fault zone being remanants of ophiolitic crust.  The ages mentioned suggest that Ad Dawadimi and Ara Rayn terranes were in place by about or soon after 580 Ma, making the Al Amar fault between them the youngest suture in the Arabian Shield, broadly contemporary with the Keraf suture  in the western part of the Nubian Shield, which was caused by ~650-600 Ma east-west shortening and northwest-southeast oblique collision at the western margin of the Arabian-Nubian Shield (Abdelsalam and others, 1998).
The Nabitah fault zone is a zone of Cryogenian-Ediacaran brittle-ductile shearing in the southeastern part of the Arabian Shield in Saudi Arabia.  It gives its name to the 680-640 Ma Nabitah orogeny and to the Nabitah orogenic (or mobile) belt, which is mapped as a zone of deformation and magmatism extending north across the entire shield (Stoeser and Camp 1985; Stoeser and Stacey 1988).  Strictly speaking, the Nabitah fault zone is limited to the region between the Ruwah fault zone and the Yemen border, a strike length of about 430 km.  The fault zone is a set of brittle-ductile anastomosing shears.  An early, more ductile, phase of shearing associated with the Nabitah orogeny (680-640 Ma) created serpentinite schist, mylonitic orthogneiss, and phyllonite; a later, more brittle, phase of deformation (≤640 Ma) is marked by offsets of limestone marker beds and granite contacts, normal as well as strike-slip faulting, and deformation of small sedimentary basins along the fault zone.  The fault zone probably originated as the suture between the Asir composite terrane and the Tathlith terrane, in the north, and an intra-Asir terrane suture in the south.  In the north, the fault zone separates greenschist-facies mainly volcanosedimentary rocks of the Asir terrane to the west from amphibolite-facies paragneiss and orthogneiss of the Tathlith terrane to the east; farther south it extends as a ductile shear zone through the middle of the Tarib batholith.  Mylonitic gneiss along and on either side of the fault zone has protolith ages between 735 Ma and 640 Ma (Fig. 8-28).  Gneisses with ~735 Ma ages are reworked rocks of the Tarib batholith that were originally intruded during the earlier period of Cryogenian arc-magmatism found in this part of the Asir terrane (Stoeser and others, xxxx).  Gneisses with ages between 680 and 640 Ma are syntectonic granitoid intrusion emplaced during the Nabitah orogeny (Stoeser and Stacey, 1988).  Post-Nabitah-orogeny brittle reactivation of the fault zone is indicated by offsets of 640 Ma posttectonic granites that intruded the fault zone and by northwest-trending Najd fault splays.  The fault zone forms the axis of the Ishmas-Tathlith gold district, which has been explored repeatedly since the 1950s (e.g., Worl, 1979).
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Deformed rocks along the fault zone contain many examples of kinematic markers, ranging from S-C’ fabrics or extensional-crenulation cleavage in serpentinite, phyllite, and mylonitic gneiss to flattened and rotated, sigmoidal conglomerate clasts, to S-C fabric in arkosic sandstone of the Al Junaynah group (Figs. 9-29, 9-30).  These indicators show a consistent dextral sense of slip for the Nabitah orogeny brittle-ductile sense of movement on the fault zone.  Dextral slip is also indicated for the later brittle phase of faulting that offsets marker beds and granite contacts.  Numbers of these structural features are well exposed in the vicinity of Ja’sh (Fig. 8-31).  Lenses of serpentinite south of Ja’sh contain S-C and S-C’ fabrics.  A pluton of  ~640 granite is split and offset about 15 km by the fault, and a small basin of Al Junaynah group arkosic sandstone, lying on the axis of the fault zone, displays well developed S-C’ fabrics.  The Al Junaynah group, exposed at Ja’sh and farther north immediately west of the 640 Ma Jabal ash Shawhatah granite (Fig. 8-32), is unconformable on the ~640 Ma granite.  The unconformity implies a major period of exhumation occurred along the fault zone in addition to strike slip, whereby 640 Ma granites that were presumable emplaced several kilometers below the surface, became unroofed by uplift and erosion, prior to being overlain by arkosic sandstone and conglomerate.  The granites themselves are not penetratively deformed, which further helps to differentiate an early phase of deformation in which volcanosedimentary and plutonic rocks belonging to the Asir and Tathlith terranes were strongly folded and metamorphosed, developing a prominent cleavage, during and  prior to the Nabitah orogeny, from a subsequent phase of late- to post-Nabitah orogeny granite magmatism.  The northern end of the Nabitah fault zone contains a prominent steeply plunging mineral and stretching lineation developed on steeply dipping, north-striking foliation and cleavage (Fig. 8-25).  The timing of development of this lineation is not certain, but its presence has implications for the proper interpretation of the shear fabrics observed along the northern part of the fault zone.  As mentioned above, the shear fabrics appear to indicate dextral shear.  However, if the lineations developed concurrent with shearing, that is if both are the expression of the same finite shear, then the shear fabrics must be examined on surfaces parallel to the lineation, that is from a view point looking perpendicular to the lineation.  In the field, this means examining vertical surfaces, effectively looking end-on to the fault zone, not looking down on the fault zone.  The fabrics illustrated in Fig. 8-30 are all viewed from above; an end-on view point will change the appearance and the interpretation of the shear fabrics.
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The Ad Damm fault zone is a well developed dextral strike-slip shear zone between the Jiddah and Asir terranes.  In contrast to the sutures described above, it has no serpentinite lenses.  The fault zone deforms the Numan complex, which has an isochron lead age of 540 Ma (Stacey and others, 1980) and an Rb-Sr whole-rock age of 542±23 Ma (Fleck and Hadley, 1982).  The latter is too young to be a crystallization age, and may reflect isotopic disturbance associated with some degree of end-Neoproterozoic fault movement.  The protolith of the Numan complex is likely to be an Ediacran granite, but one not much older than 620 Ma (Fleck and Hadley, 1982); faulting is therefore Ediacaran.  The fault zone has consistent indications of dextral shear (Fig. 8-33).  The Numan complex is largely a coarse-grained biotite monzogranite, but along the Ad Damm fault zone has undergone intense cataclasis and forms a mylonitic gneiss (Fig. 8-33C).  The fault zone is well exposed over a strike length of xxx km between the Red Sea Coastal Plain and Sahl Rukbah, but can be continued northeast beneath the alluvium of Sahl Rukbah, as shown by the dashed line in Fig. 8-23, by means of magnetic data.
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8.6   Najd faults
One of the most conspicuous Late Neoproterozoic structural elements of the Arabian Shield is the broad zone of northwest-trending brittle-ductile shears belonging to the Najd Fault System that extends across the northern part of the shield (Fig. 8-34).  The shears are prominent on geologic maps as offsets of earlier shear zones and terrane-forming volcanic, sedimentary, and plutonic rocks, are particularly conspicuous on the aeromagnetic anomaly map of western Saudi Arabia (Fig. 8-35), and show on what gravity is available for the shield (Fig. 3-15).
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The Najd fault system is extensively discussed in the literature on the Arabian-Nubian Shield.  Its earliest definition, as the “Nejd wrench fault” was by Brown and Jackson (1960), followed by Delfour (1970) who introduced the term “fault system”.   Brown (1972) suggested that the fault system extended as far as the Gulf of Aden.  Early work on the structural and metamorphic effects of the fault system were by Schmidt and others (1973) and a description of the structural relationship between Najd faulting and the formation of Jibalah group basins wes presented by Hadley (1974).   Initial consideration of the tectonic setting of the fault system by Fleck and others (1979) was based on the concept of “indentor tectonics” introduced by Tapponnier and Molnar (1976) and Molnar and Tapponnier (1977) to account for strike slip faulting north of the Himalayas as a result of Eurasian collision with India.  An indentor explanation for Najd faulting was supported by Davies (1984) (Fig. 8-36), but challenged by Stern (1985) as incompatible with the known orientations and slip directions of Najd faults.   In the more recent literature, the faults are modeled in two ways.  In one, they are treated as transpressional structures that originated during final late Cryogenian-Ediacaran oblique collision between East and West Gondwana, couple with north-directed orogenic extension and escape of crustal blocks toward the free-face plaeo-Tethys ocean (Stern, 1994). A similar model of tectonic escape has been recently advocated for faulting at the southern end of the East-African-Antarctic Orogen (Jacobs and Thomas, 2004).  In the second model, the Najd system is interpreted as structures that originated during Ediacaran-Cambrian extension associated with collapse of the East African-Antarctic Orogen and rifting of the Gondwana margin (e.g., Al-Husseini, 2000) (Fig. 8-37).  Given the age range and geographic scale of the fault system, both compression and extension may have operated (Sharland and others, 2001) depending on local thermal and mechanical conditions.  In fact, however, the age and origin of the Najd fault system are debated.  One problem is that all northwest-trending faults in the shield tend to be grouped together as members of the Najd fault system, implying a common history and origin, whereas individual faults have distinctive structural and chronologic features indicating unique histories that should not be overlooked (Johnson and Kattan, 1999).  

FIG 8-36 ABOUT HERE DAVIES INDENTOR MODEL

FIG 8-37 ABOUT HERE AL HUSSEINI NAJD MODEL   
The Najd fault zone on the Arabian Shield is as much as 300 km wide and over 1100 km long.  It crosses the central part of the Shield, continues northwest into what, prior to opening of the Red Sea, were adjacent parts of the Nubian Shield, and is inferred, on the basis of magnetic and gravity data and paleogeographic reconstructions, to extend southeast across the concealed basement of the Arabian Plate into parts of India and the Lut block that were adjacent to Arabia as Gondwanan components at the end of the Precambrian (Al-Husseini, 2000).  The fault system is also inferred to be present in basement of southern Jordan, disrupted by much younger Cenozoic slip on the Dead Sea Transform (El-Rabaa and others, 2001).  Such as extent for the fault system, if correct, would make the Najd fault system one of the largest shear systems known on Earth.  Individual structures within the Najd system are brittle to brittle-ductile northwest-trending shears a few meters to several kilometers wide.  Movement was predominantly sinistral, although some faults show evidence of local dextral slip (Cole and Hedge, 1986; Agar, 1987; Matsah and Kusky, 2001; Kusky and Matsah, 2003).  Northeast-trending faults, such as the Ad Damm fault zone, are possibly linked with the northwest-trending faults as part of a conjugate fault system (Davies, 1984).  The structures range from single, linear faults to broader sets of anastomosing shears, have metamorphic effects ranging from none to amphibolite-grade, and are associated with extensional fault basins at steps or bends in the faults, as well as domes and antiforms of mylonitic gneiss replete with S/C fabrics, subhorizontal stretching lineations, and fault-parallel dikes.  The high-grade, gneissic sections of the Najd faults are highly significant components of the system.  The composite shear zone extending from Duba in the northwest (Qazaz shear zone) to Wadi ar Rika, at the eastern edge of the shield (Ar Rika fault), for example, has a length of 1140 km, in which the Qazaz, Ajjaj-Hamadat, Wajiyah-An Nakhil, and Kursh gneiss belts make up a cumulative length of 680 km (60 percent).      

Geochronology that constrains the timing of Najd faulting on the shield is listed in Table 9-xx, from which it appears that Najd movements probably began about 630 Ma and ceased by about 535 Ma, the age of the basal Lower Paleozoic deposits atop the regional unconformity developed by then across the shield.  Najd faulting, for example, controlled emplacement of the Hufyarah pluton (632±3 Ma) and deforms Tahlbah and Murdama group sedimentary rocks, implying onset of movement at or soon after 630 Ma.  A ~630 Ma onset is also compatible with an Rb-Sr age of 630±19 Ma obtained from the Raydan pluton; the pluton is cataclastically deformed by the Qazaz shear zone and the Rb-Sr age most likely reflects isotopic disturbance at that time.  A maximum age for Najd faulting along the northwestern part of the Halaban-Zarghat fault is given by the age of Murdma group rhyolite (625±4 Ma) unconformable beneath the Jibalah group Jifn basin located along the fault.  Cole and Hedge (1986) caution however, that the Halaban-Zarghat fault is a complicated structure that cannot be reconciled with the simple late Cryogenian-Ediacaran history.  Based on mapping and geochronology in the region, they infer that initial movements post-dated development of the Suwaj terrane (<683 Ma) but prior to deposition of the Murdama group, and following periods of reactivation, major transcurrent movements ceased by about 615 Ma.   This terminal date does not take account of the development of the Antaq basin (Jibalah group), however, which requires activity on the fault until sometime after about 570 Ma, the maximum deposition age of the Jibalah group in the Antaq basin (Nettle, 2009).  Cessation of brittle-ductile movement on the Ruwah fault zone is constrained by a “Najd” granite dated at 591±6 Ma that intrudes fault-zone gneiss but is itself not deformed, although continuation of some movement into the early Cambrian is implied by Rb-Sr potassium feldspar and K-Ar plagioclase ages of 530±20 Ma and 539±20 Ma obtained from granite gneiss within the fault zone (Kellogg and others, 1986).  Movement on the Qazaz-Ajjaj shear zone had ceased by 573 Ma, the age of undeformed lamprophyre dikes that cut paragneiss and schist along the shear zone.
Important structural features of the Najd faults include (1) transitions along strike from greenschist- to amphibolite-facies metamorphism and from brittle to ductile deformation; (2) the presence of belts and elongate domes of gneiss and schist with high metamorphic grades than surrounding rocks; (3) the ubiquitous presence, in the high-grade rocks, of gently plunging mineral and stretching lineation parallel to the fault trends; (4) marker-bed offsets and microkinematic structures indicating a predominant sinistral sense of strike-slip displacement; (5) a juxtaposition along some faults of mylonitic gneiss domes, thrusts with a vergence orthogonal to the regional strike, and fault-parallel dikes; (6) indications of  local dextral strike slip; (6) a close spatial and presumably genetic relationship between faulting, volcanism, and dike emplacement; and (7) the presence of fault-bounded basins filled by sedimentary and volcanic rocks of the Jibalah Group that either served as pull-apart depocenters or are younger extensional fault basins in which remnants of the Jibalah Group are preserved, or both.  These features are evidence that Najd faulting involved a large component of oblique strike-slip, with constriction across the fault zones, as well as a component of extension.  The variations in metamorphic grade along strike indicate profound changes in P/T conditions at greenschist/amphibolite- grade interfaces of the type that are well known elsewhere to have implications for mineralization.  An unknown structural element concerns the geometry of the Najd faults at depth.  It is commonly considered by structural geologists that a great strike length of a fault implies significant depth extent, but three-dimensional data for the Najd faults in the Saudi Arabian crust are not available.  The faults may continue to great depth in the crust, bottom in horizontal detachments as envisaged for intraplate faults by Lemiszki and Brown (1988), or flatten into listric faults. 
The principal Najd-type structure in the shield is the system of shears that extends from the Ar Rika fault zone in the southeast to the Qazaz-Ajjaj shear zone in the northwest (the Ar Rika-Qazaz-Ajjaj shear system).  This structure consists of en echelon and anastomosing brittle and brittle-ductile shear zones.  Initial movements on the Ar Rika fault followed deposition of the Murdama group (~655-620 Ma) and subsequent movements followed emplacement of 611 Ma granitoids.  Gneiss and pegmatite in the Al Hawriyah antiform in the southeastern part of the Ar Rika fault zone (see Fig. 9-38 below) have SHRIMP ages indicating zircon rim growth at of 585 Ma, possible metamorphism about 600 Ma, pegmatite crystallization as late as 602 Ma, and zircon crystalization at 647 Ma followed by new zircon rim growth at approximately 600 Ma (Kennedy and others, 2005; in press).  All these results are consistent with slip on the Ar Riak fault zone at about 600 Ma.    Movements on the Qazaz-Ajjaj shear zone are constrained to between ~635 and 573 Ma (Calvez and others, 1984; Kennedy and others, 2009 in press).   The Halaban-Zarghat fault zone is a shorter Najd fault structure in the northern part of the shield.  As described above, the Halaban part of the fault, marked by obducted ophiolite, originated about 680 Ma as the suture at the eastern margin of the Afif composite terrane.  But during later strike slip deformation, the trajectory of deformation along the Halaban fault was deflected northwest and extended across the shield as the composite Halaban-Zarghat fault zone.  Cole and Hedge (1986) argue that movement on the fault is predominantly sinistral and followed deposition of the Murdama group, that subordinate dextral slip occurred after emplacement of the Idah suite diorite at 621 Ma, and that movements appear to have ceased prior to deposition of the Jurdhawiyah group, which in places is as young as ~595 Ma (Kennedy and others, 2004, 2005).  According to Matsah and Kusky (2003), however, the fault was active later than 595 MA, at least until deposition of the Jibalah group in the Jifn basin for, as interpreted by Matsah and Kusky (2003), the basin was created as a pull-apart by dextral slip at a bend in the Halaban-Zarghat fault, and deformed by subsequent sinistral slip.  Deposition at ~ 570 Ma of Jibalah group rocks in the Antaq basin, north of Halaban, in a half-graben structurally controlled by the Halaban fault, and subsequent exhumation and tilting of the Jibalah group, indicates that movement on the Halaban-Zarghat fault must have continued until after 570 Ma (Nettle, 2009).

 The Ruwah fault zone consists of anastomosing shears that bound and internally divide a belt of gneiss and schist.  Several of the anastomosing faults are serpentinite decorated, as are faults that splay to the north from the Ruwah fault.  One of these, the Bi’r Tawilah fault, is a major control on gold mineralization.  Additional, concealed serpentinite-decorated faults are indicated by narrow, linear magnetic anomalies east of the Bi’r Tawilah fault, and are viable targets for exploration.  In the southeast, the Ruwah fault zone is overthrust, along its northeastern margin, by Bani Ghayy group marble, in a region where brittle extensional fractures in the northern wall rock of the fault zone control gold-bearing quartz veins. To the northwest the Ruwah fault zone swings north and transitions into the Ad Dafinah and Hulayfah faults, forming the composite Hulayfah-Ad Dafinah-Ruwah suture zone at the western/southwestern margin of the Afif terrane.  
Despite extensive study of the Najd fault system, a number of issues are outstanding.  These include the lack of any systematic examination of the degree of similarity or contrast in structure and chronology of each of the main Najd faults, and the lack of consideration heretofore of the tectonic significance of the kinematic and metamorphic variations along strike.  Robust maximum and minimum ages of Najd faulting are not well constrained for all the Najd faults, and the possibility of Phanerozoic reactivation of Najd faults on the shield has not been addressed.  Other unanswered questions concern the relative importance and temporal progression of dextral and sinistal strike slip, the degree of shortening that occurred across Najd faults, and the extent to which the faults reflect transpression rather than simple shear.  The relationship (if any) of Najd faulting to crustal extension during the Cambrian needs to be addressed, as do the questions of the geometry of Najd faults at depth and the nature of the causal relationship between Najd faulting and magmatism. 
8.7    Najd fault gneiss domes
Elongate gneiss belts and domes are spatially and genetically associated with the Najd fault system (Fig. 8-34) reflecting the on-strike P/T variations referenced above (Genna and others, 2002).  The longest gneiss belt in the Arabian Shield—the Hajizah-Tin gneiss—extends along the Ruwah fault; other gneisses are on the Ar Rika fault and Halaban-Zarghat fault.  Gneisses on the Qazaz-Ajjaj shear zone continue into Egypt as metamorphic core complexes (e.g., Blasband and others, 1997; Fritz and others, 1996) or imbricated stacks of antiformal thrust duplexes , or as an Ediacaran structural feature (~630 Ma) that formed as a result of northeast-southwest shortening contemporaneous with folding of the nearby Hammamat sediments around 605–600 Ma, during oblique  collision of East and West Gondwana. (e.g., Fowler and Osman, 2001; Greiling, 1997; Andresen and others, 2007).

The Kirsh gneiss, along the Ar Rika fault, is an antiform of strongly foliated, mostly steeply dipping biotite monzogranite orthogneiss (Al Hawriyah anticlinorium) intruded into steeply dipping kyanite-quartz schist and subvertical zones of mylonite and ultramylonite (Fig. 8-38).  The gentle plunge of the northwesterly trending mineral and stretching lineations and elongated pebbles in Murdama-group conglomerate indicate a large component of constriction, or unidirectional stretching, and in several sectors of the shear zone the deformed rocks are L-tectonites.  The monzogranite is located in a zone of extension between left-stepping faults along the sinistral Ar Rika fault zone.  Left-stepping faults on the southwest side of the shear zone contain a down-faulted section of nonmetamorphosed Jibalah group sedimentary rocks in the Kibdi basin.  The kyanite-bearing schist has been explored as a possible source of kyanite.  Ductile deformation along the gneiss belt postdates the Murdama group (~630 Ma) and is possibly younger than the age of the Al Khushaymiyah batholith (611 Ma).  The gentle plunge of lineations along the Kirsh gneiss belt is replicated along all the Najd fault gneiss belts and is one of the over-arching structural similarities of the Najd fault system across the shield.  Likewise, the ductily deformed gneisses in the Kirsh belt and other Najd fault gneiss belts are mostly L-S tectonites, but in several places are L-tectonites.   
FIG 8-38 ABOUT HERE KIRSH GNEISS BELT

The Hajizah-Tin gneiss belt, 5-10 km wide and more than 160 km long (Johnson and Kattan, 2001), consists of amphibolite-grade mylonitic paragneiss and orthogneiss, serpentinite, gabbro, diorite, and tonalite (Fig. 8-39).  It is developed along the Ruwah fault zone and may have a complicated history, having undergone initial ductile deformation at the time the Ruwah fault zone was part of the Cryogenian suture between the Afif terrane and other terranes to the south, and having undergone remobilization during late Cryogenian-Ediacaran Najd faulting.  Ultramafic rocks are present as lenses of carbonate-altered listwaenite along faults at the northern and southern margins of the gneiss belts; they are too small to show at the scale of Fig. 8-39.  Southwest-verging thrust slices of barely metamorphosed Bani Ghayy group rocks overlie amphibolite on the northeastern side of the fault zone (Fig. 8-27), and late- to posttectonic granite and gabbro and mafic and felsic dikes intrude the fault zone and wall rocks.  Orthogneiss in the Hajizah gneiss belt is gray, fine-grained to very fine-grained, thinly layered trondhjemite gneiss, tonalite gneiss, quartz diorite, and hornblende diorite gneiss, all with well-developed mylonitic/ultramylonitic fabrics.  The rocks are regionally metamorphosed to the almandine-amphibolite facies (Schmidt, 1981) and locally retrogressively metamorphosed along shear zones to epidote-biotite-hornblende assemblages representative of the upper-greenschist facies.  The Hajizah gneiss was exhumed prior to deposition and overthrusting by the Bani Ghayy marble, and brittle sinistral faulting oblique to the main trend of the gneiss belt and marble overthrust signaled cessation of brittle-ductile deformation along the Ruwah fault.  L-tectonite is locally present, but L-S tectonite is the dominant deformational rock type.  Mineral and stretching lineations plunge gently to the northwest or southeast (Fig. 8-39).  Diorite gneiss in the Tin gneiss belt has a (protolith?) age of 683(9 Ma (Stacey and Agar, 1985), which is a constraint on the maximum age of deformation on the gneiss belt.  The minimum age is constrained by the emplacement of an undeformed “Najd” granite dated at 591±6 Ma, as mentioned above.  The granite intrudes orthogneiss and paragneiss along the Hajizah gneiss belt, indicating the cessation of ductile deformation and metamorphism by then.  However, an Rb-Sr potassium feldspar age of 530±20 Ma and a K-Ar plagioclase age of 539±20 Ma obtained from gneissic granites within the Ruwah fault zone suggests that possible fault-induced isotopic disturbance continued as late as the early Cambrian (Kellogg and others, 1986).
FIGURE 40 ABOUT HERE

Gneiss along the Ajjaj shear zone includes hornblende gneiss, tonalite gneiss, granodiorite gneiss, and granite gneiss (Fig. 8-41).  Strongly deformed volcanic and sedimentary rocks include quartzofeldspathic schist, amphibolite and amphibole schist, migmatite of alternating quartzofeldspathic and amphibole schist, garnet- and kyanite-bearing schist, and schistose volcanic rocks.  The maximum age of ductile deformation and high-grade metamorphism is not well constrained, but postdated deposition of the Thalbah group (660-620 Ma), pebbles of which are strongly elongated by shearing.  Ductile deformation continued until at least 575 Ma, the age of a granite gneiss on the northern margin of the Ajjaj shear zone, but had ceased by the time of emplacement of a undeformed lamprophyre dikes dated at 573 Ma that intruded the Ajjaj shear zone and adjacent granites.  The Ajjaj shear zone is notable for its intersection with the Hanabiq shear zone and Baladiyah gneiss.  The Hanabiq structure is a dextral shear zone shear, in contrast to the sinistral displacement evident on the Ajjaj shear zone.  The exact temporal and structural relationships between the two are yet to be fully established.  It is conceivable that the Hanabiq shear zone is a continuation of the Hamisana shear zone found in the Nubian shield.  The Baladiyah gneiss, with protolith ages of 686 Ma, may predate the Ajjaj shear zone.  New zircon growth in the Baladiyah complex at 610 Ma is consistent with the timing of movement on the Ajjaj shear zone.  The Ajjaj shear zone and Hamadat gneisses are strongly foliated and lineated, and in places have conspicuous S-C’ fabrics and rotated porphyroclasts.  As is found in other Najd-fault gneiss belts, L-S fabric predominates, but the rocks are locally entirely L-tectonite.  Poles to foliation in the Hamadat gneiss define a broad girdle, compatible with the map-scale anticlinorium that has been mapped in the gneiss.  Lineations plunge gently to the southeast (Fig. 8-41).
FIG 8-41 ABOUT HERE AJJAJ SHEAR ZONE AND HAMADAT GNEISS

8.8    Fold systems
Folding is endemic in the Arabian Shield.  Localities that retain horizontal bedding are very rare and even the youngest bedded rocks of the Jibalah group are tilted and gently folded (Fig. 8.1).   Detailed structural analysis is critical for the development of reliable lithostratigraphies (e.g., Elsass, 1983) and for mineral exploration (e.g., Genna, 1994).  It has been done in the Arabian Shield using remote sensing data (Al-Saud, 2008; Divi and Zakir, 2001;  Zakir and Divi, 2001), but preeminently done in the field by means of mapping and the careful observation and measurements of structural elements (e.g., Qari, 1985; Divi and others, 2001; Lewis, 2009).    
8.8.1 Samran-Shayban area and the southern margin of the Bi’r Umq suture 

Some of the earliest intensive structural studies in the Arabian Shield were done in the Samran-Sahyaban area south of the Bi’r Umq suture (for a simplified geologic map, see Fig. 9-9).  Nebert (1969) described polyphase, locally intense, deformation and documented north-northeast- to northeast-striking bedding (S0) (Fig. 8-42), axial-plane foliation and cleavage, and northeast- and southwest-plunging folds.  Sketches in Nebert’s report show kink folds and small crenulations in the shear cleavage of the type that are now referred to as S-C’ shear fabric.  Nebert reported that minor drag folds close to faults are abundant, some with transposed limbs.  Northeast-trending, southwest- and, locally, northeast- and north-plunging megascale folds were described, forming a system of upright, isoclinal anticlines and synclines with wavelengths of 500 to 1500 m in the area north of Jabal Simran.  For the area as a whole, Nebert mapped an antiform (the Al Khamrah anticlinorium) and two synforms (the Farasan and Samran synclinoria).   The principal faults mapped by Nebert strike north-northeast to northeast parallel to regional folding, and include a stack of southeast-vergent imbricate thrust sheets at Jabal Farasan (Fig. 8-43).  Smith and Kahr (1965) mapped the Jabal Simran area at a scale of 1:1,000 in order to determine the structural control on mineralization.  They noted recognized mesoscale folds with wavelengths between 1000 m and 2000 m and moderately inclined, north-northwest dipping faults, but concluded that the low-angle nappe described at the summit by Nebert (1969) is actually a depositional contact between marble and agglomerate (above) and other volcanic rocks (below).  In 1967-68, Kana’an and Liddicoat (1979) mapped a small area centered on the Shayban prospect and recognized the north-northeast trending, steeply east-dipping shear zone that cuts the prospect.
FIG 8-42 ABOUT HERE NEBERT STRUCTURAL DATA

FIG 8-43 ABOUT HERE JABAL FARASAN AND LABUNAH FAULT THRUST

Rexworthy (1972) recognized a main deformational event (D1) that folded the bedding (S0) into upright, northeast-trending tight to isoclinal folds with the S1 axial-plane schistosity viturally parallel to bedding on the limbs of the folds.  F1 fold axes and L1 lineations plunge 0°-75° to the northeast and southwest.  Subsequent minor events (D2) deformed the S1 schistosity, producing steeply plunging microfolds in the S1 surfaces and a second axial plane fracture cleavage (S2A).  During 1979-80, Al-Muallem (1983) mapped an area centered on the Shayban prospect and on the basis of way-up criteria such as graded bedding and the shape of pillows in basalt proposed a stratigraphic succession of eleven units.  The beds dip 60°-75° to the west, forming part of a homoclinal sequence that youngs to the west.  At the western edge of Al-Muallem’s map area, the rocks are more strongly deformed and contain a well developed schistosity striking north-northeast-northeast and dipping 30°-90° southeast or northwest.  North- and northeast-trending strike-slip faults cut the area and one, along Wadi Hamluck, has a sinistral displacement of 2000 m based on the apparent offset of a distinctive paraschist unit on either side of the wadi.  Ramsay (1986) compiled the current standard 1:250,000-scale geologic map of the Samran-Shayban area from the results of earlier work and a brief helicopter-supported field program.  Major structures include northeast to north-northeast-trending shear zones and high-angle reverse faults, north- and south-plunging folds, and northeast-striking axial-plane foliations, and a zone of thrust faults referred to as the Labunah thrust zone, which Ramsay interpreted as the remains of a southeasterly-directed subduction zone.  The largest folds include the Farasan synform, north of the Labunah thrust zone, the Al Khamrah antiform, immediately south of the Labunah thrust zone, and a system of tight folds in the Shayban formation, referred to as the Samran isoclines.  During 1993, Genna (1995) investigated the Shayban prospect concurrent with drilling, and divided the structural history into four phases.  Phase 1 is represented by bedding-parallel schistosity.   Phase 2 deformation rotated the bedding-parallel schistosity and caused the development of north-trending, gently north- or south-plunging, asymmetric folds, which are slightly overturned to the west and associated with a variably developed, steeply east dipping, axial-plane schistosity.  Phase 3 deformation resulted in the development of northeast-trending shear zones, which contain gold, copper, and zinc and constitute the mineralized zone at the Shayban prospect.  The shear zones are brittle-ductile subvertical to steeply-dipping structures that crop out as strongly foliated chlorite-talc rock derived by intense mylonitization from quartz-eye porphyry and other rock types.  Phase 4 deformation is represented by a brittle southeast-directed thrust.  Koch-Mathian (1995) showed that individual shear zones are a meter to several meters wide and make up a composite zone of anastomosing shears as much as 150 m across that constitute a flower structure (Fig. 8-44A).  Other structural investigations in the area were made by Bellivier, Abu Safiah, and Peyrol (1997) and others in conjunction with evaluation of Jabal Baydan VMS deposit and other prospects.  The work indicated that the Jabal Baydan area was affected by three deformational events.   The earliest resulted in the formation of a north-trending regional anticline, the west limb of which carries the west-facing and gently dipping volcanic succession and sulfide lenses of the Baydan prospect (Fig. 8-44B.  The two later events resulted in shearing and high-angle reverse faulting, initially with faults that dipped steeply east, and later with faults that dipped steeply west.
FIG 8-44 ABOUT HERE SHAYBAN FLOWER STRUCTURE and JABAL BAYDAN STRUCTURE

Johnson (1998) subsequently compiled earlier structural investigations and undertook new field work, concluding that the Samran-shayban areas was affected by two phases (D1, D2) of progressive brittle-ductile deformation, and a later (D3) brittle phase.  D1 resulted in northeast-trending, upright, tight to isoclinal folds by rotating bedding and an earlier formed bedding parallel foliation.  The D1 folds and associated lineations plunge moderately to the south-southwest (Fig.  8-45A).  A plot of poles to the S1 axial plan cleavage shows a broad girdle (Fig. 8-45B) that reflects post-D1 folding.  D2 resulted in pervasive shearing, evidenced by abundant S-C’ (extensional crenulation) fabrics and rotated porphyroclasts, and created sub-vertical, dextral and sinistral, strike-slip, reverse, and normal dip-slip shear zones.  D2 was also associated with the development of subvertical shear-related folds (Fig. 8-45C).  It is inferred that suturing of the Jiddah and Hijaz terranes occurred during D1 and D2,  associated with the emplacement of syntectonic gneiss of the Quadyd suite (782-751Ma) (Hargrove, 2006), and thrusting of the Tharwah ophiolite and Labunah fault zone.  Later deformation (D3), associated with extension and dike emplacement, was brittle.
FIG 8-45 ABOUT HERE STRUCTURAL DATA SAMRAN-SHAYBAN AREA  

Deformation in the Bi’r Umq area is typified by obduction of the Bi’r Umq ophiolite and folding and cleavage generation in the Mahd and Arj groups, south of the Bi’r Umq fault.  Three phases of folding and shearing are recognized (Blasband, 2006).  The D1-deformation phase resulted in folding, development of foliation, the formation of steeply plunging mineral lineations, and shear indicators.  D1 took place under ductile conditions during a phase of greenschist-facies metamorphism.  D1 involved southeast-vergent thrusting on the Bi’r Umq fault at the southern margin of the Bi’r Umq complex and on minor shear zones within the complex.  It is inferred that D1-deformation was a result of northwest-southeast compression and was responsible for the emplacement of the Bi’r Umq ophiolite in the overriding plate. The second deformation phase, D2, was marked by dextral strike-slip with a minor transpressive component in the central zone of the Bi’r Umq fault.  It resulted in the formation of subhorizontally west-southwest-plunging stretching lineations that are marked by elongated clasts.  D2 took place during west-northwest to east-southeast compression. The third phase, D3, involved shear reversal and resulted in sinistral strike-slip with a minor transtensional component on the Bi’r Umq fault.  This phase took place during north-northeast to south-southwest directed compression.  As noted by Blasband (2006), this structural history is of the type expected to be associated with the closure of an oceanic basin by subduction and is consistent with the history of arc-accretion to the southwest along the Bi’r Umq suture and its continuation along the Nakasib suture in Sudan, as well as other suture zone in the Arabian Shield.   The changes of the sense of movement on the main structures in the Bi’r Umq area can be attributed to a change in plate motion of the subduction plate, as exemplified, for example, by changes in plate trajectories modeled for Mesozoic arc-accretion in western North America.
8.8.2  Complications and questions in the Asir terrane
Some of the most complicated and, for a structural geologist, interesting structures in the Asir terrane are in high-grade layered rocks and adjacent syntectonic gneisses associated with the Nabitah orogeny in the Khamis Mushayt area (Amlas and others, 1984; Qari, 1985; Weijermars and Khan, 2000; Divi and others, 2001).  The challenge in this area is to interpret the spectacular and complex patterns of deformational and intrusive structures, so as to understand the overall kinematic history.  Because the layered rocks consist of alternating melanocratic amphibole-rich schists and gneisses, and leucocratic mica schist, quartzite, and quartzofeldspathic gneisses, the fold pattern is well displayed and can be easily mapped as a complex set of domes and crescent-shaped interference structures (Fig. 8-46).  Three phases of deformation are recognized.   D1 produced a pervasive stratiform foliation due to transposition of layering parallel to the axial surfaces of the first folds.  D2 is characterized by isoclinal folding and commonly recumbent folds that bend the stratiform foliation.  Interference between D2 and D3 produced the dominant mesoscale domal structure.  The peak of metamorphism indicated by the growth of sillimanite spanned D2 and D3.  Divi and others (2001) interpret the structural pattern as the result of interference folding caused by horizontal compression during D1 and D2 continuing into D3, coupled with vertical stress during D3 associated with diapiric intrusion of syntectonic plutons.

FIG 8-46 ABOUT HERE KHAMYIS MUSHAYT COMPLEX STRUCTURE

Great structural complexity has also been reported from the northern end of the Bidah structural belt (Divi and others, 1984), where as many as six fold events have been mapped.  The layered rocks are metamorphosed in the upper greenschist to lower amphibolite facies and are present as varieties of amphibole schist, chlorite schist, quartzofeldspathic schist, mica schist, marble and chert and tonalite and diorite gneiss.  The earliest D1 event created isoclinal folds, and strong bedding transposition resulting in a pervasive layering parallel foliation, schistosity, and gneissosity.  D2 folds are isoclinal and tight bends in the D1 foliation, whereas D3 created the dominant regional structural pattern with southwest and northeast-trending folds.  D4 and D5 are recognized by local folding and warping of earlier structures, and the last deformation event, D6, is a conjugate system of kink folds.  A post-tectonic ring dike (the Turabah ring structure) is discordant to, and post-dates, these other structures.

What is missing for the Asir terrane is a comprehensive synthesis of structure.  The terrane appears to be structurally homogeneous, with a pervasive a north-south structural grain created by a prevailing northerly trend of bedding and foliation, fold hinges, shear zones, and the long axis of elongated intrusions.  This common orientation of structural element imparts a first-order structural concordance throughout the terrane.  There is some evidence that structures in the Asir terrane developed at different times, and there are local reports of cross-cutting relationships, interference folding, and thrusting, as noted above and elsewhere in other Chapters in this book, indicating that the structural history may be more complicated than apparent, but the prevailing impression is of similar structure throughout the region.  The question, of course, is what causes this apparent uniformity?  Does the entire Asir terrane have a single structural history or has there been thorough overprinting of earlier structures by later structures creating a new uniformity?
One starting point for answering these questions is to consider the tectonic implications of evidence discussed above that although many of the shear zones and the Nabitah suture zone originated at different time, they continued to move until 640-610 Ma, late in the history of the shield, and that folding of Ediacaran rock assemblages along the shear zones (the Ablah and Junaynah groups) indicate east-west compression or shortening was associated with shearing.  Post-collisional east-west shortening is a major deformation style in the Nubian shield between ~650-550 Ma (Abdelsalam and Stern, 1996; de Wall and others, 2001) (Fig. 8-47) and may well have a more profound effect on the Asir terrane than hitherto recognized.  Another resolution of these questions may stem from the possibility of that high-grade metamorphism affected parts of the Asir terrane later than conventionally considered.  A case in point concerns the structural/metamorphic history of the Jawal anticlinorium, immediately south of the Ad Damm fault zone at the northwestern margin of the Asir terrane.  The anticlinorium is cored by granite gneiss assigned on the current geologic maps of the region of the Numan complex, and is flanked by amphibolite grade layered rocks of the Al Lith area and by strongly deformed, gneissic diorite, gabbro, and tonalite of the Khasrah complex.   All appear to be folded together and to share the same moderately steeply south-plunging lineation.  However, the timing of folding and metamorphism is not certain.  The age of the Numan complex is not known with confidence but Fleck and Hadley (1982) consider it to be Ediacaran .  If the granite gneiss in the core of the Jawal anticlinorium is correctly identified as Numan complex, then a relatively late, Ediacaran deformation and metamorphic event is implied in the northwestern part of the Asir terrane.  Strong deformation and high-grade metamorphism of this age is not known anywhere else in the Asir terrane, either because it did not occur or because it has beet been recognized.  If, however, Ediacaran deformation and metamorphism did occur throughout the Asir terrane, then pervasive overprinting is an obvious mechanism to achieve structural conformity.
FIG 8-47 ABOUT HERE SHORTERNING IN NUBIAN SHIELD   
8.8.3   Fold systems in the northeastern part of the shield
In contrast to the uncertainty about the timing of folding in the Asir terrane, folding in the northeastern part of the Arabian Shield is reasonably well constrained geochronologically.  Fold systems are developed in the post-amalgamation basins of the Murdama and Jurdhawiyah groups, and in the Abt formation in the Ad Dawadimi terrane (Fig. 8-49), but interestingly the orientation of the folds vary from basin to basin suggesting systematic changes in the direction of shortening  (Johnson, 2003).   Folding in the Murdama group, for example, consists of gently plunging, open, upright, north-trending folds, that locally have vertical to overturned limbs.  The folds are associated with a subvertical axial-plane cleavage and their axes are a few meters to several kilometers apart.  En echelon folds at the southwestern margin of the Maslum basin (Fig. 8-50) probably developed during a period of ductile shearing on the adjacent Ar Rika fault zone.  The trends of the folds indicate deformation by bulk east-west shortening, a stress orientation that would be compatible with sinistral shearing.  Folds in the Murdama group developed prior to deposition of the overlying Jurdhawiyah group and east-west shortening occurred therefore sometime in the period 630-612 Ma.  The Jurdhawiyah group (612-594 Ma) in the Idayri basin, in contrast to the Murdama group, has east-trending anticlines and synclines, contains a north-vergent reverse fault, and is bounded by an east-trending growth fault.  These structures imply north-south shortening and are evidence of compression 90° different from that which affected the Murdama group during and following Jurdhawiyah deposition.   Folding in the Abt formation indicates another switch in the direction of compression, with a return to a general east-west pattern of shortening of the type evidenced by the Murdma group.  North of the Ar Riyad-At Ta’if highway, for example, the Abt formation has open asymmetrical folds that are slightly overturned to the west-southwest and plunge moderately to the south-southeast (Lewis, 2009).  The poles to bedding define a broad girdle consistent with the open style of folding (Fig. 8-51A).  The dip of bedding steepens toward the Al Amar fault, and flattens to the west away from the fault.  The limbs of the mesoscale folds are extensively refolded by small-scale folds that crenulate the bedding.  Three stages of crenulation cleavage are recognized, each striking approximately north-south, and each modifying the preceding cleavage. Intersection lineations between bedding and all three cleavages as well as mineral lineations plunge shallowly to the south.  South of the Ar Riyad-At Ta’if highway, folds plunge gently to the north (Fig. 8-50B). The folding overall suggests east-west closure of the Abt basin, with multiple stages of closure suggested by the multiple stages of cleavage development.  The steepening of bedding toward the Al Amar fault and the westerly vergence of folding are compatible with thrusting of the Ar Rayn terrane over the Abt basin.  The onset of deformation in the Abt formation is possibly indicated by the 616 Ma and 613 Ma 40Ar/39Ar metamorphic muscovite ages reported by Lewis (2009) but basin closure would not have occurred until after the cessation of Abt formation deposition at about 580 Ma.  East-west compression affected the region therefore until at least 580 Ma, consistent with folding in the Abt formation as well as in the Jibalah group in the Antaq basin north of Halaban (see Chapter 7).   The dynamic implication of the various orientations of these folds is that the stress field in the northeastern part of the Arabian Shield changed orientation with time.  Folding in the Murdama group folding is consistent with east-west shortening sometime after 630 Ma; folding and thrusting in the Jurdhawiyah and Hibshi basins indicates north-south shortening at about and after 612 Ma;  folding in the Abt formation and Jibalah group indicates renewed east-west shortening sometime after about 580 Ma.
FIG 8-48 ABOUT HERE FOLDING IN POST-AMALGAMATION BASINS NE SHIELD

FIG 8-49 ABOUT HERE EN ECHELON FOLDS IN MURDAMA GROUP

FIG 8-50 ABOUT HERE POLES TO BEDDING AT FORMATION

…………………………………………………………………………………………………..
Structural geology is one of the first steps to understanding tectonics.  In some situations, structure and tectonics are use, erroneously, as synonyms.  But that is not correct usage, as is discussed in the final chapter of this book.  Tectonics involves structural geology on a large scale–dealing with structures displayed over hundreds and thousands of square kilometers and created during periods of millions of years.  Tectonics, however, is more than structural geology writ large.  Formally, it is the study of “the broad architecture of the outer part of the Earth, the regional assembling of rock bodies and structural and deformation features, a study of their mutual relations, origin, and historical evolution (Jackson, 1997), and this requires more than mere structure.  Tectonics includes explanations for the origins of rock bodies, as in interpretations of the tectonic setting of ophiolites in terms of mid-ocean spreading centers, fore-arcs, and back-arc basins.  It accounts for the creating of mountain belts and orogens.  It describes the assembly and break-up of vast continental masses. And of course, tectonics entails the fundamental concept of Plate Tectonics, which is the background for all modern geologic endeavors.  Some of these themes in the context of the Arabian Shield are touched on in Chapter 1; others are the topic of the final chapter of this book, Chapter 10.
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