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Cryogenian-Ediacaran depositional basins
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Large parts of the Arabian Shield are underlain by successions of low-grade, barely metamorphosed or greenschist facies layered formations that include significant amounts of epiclastic and carbonate sediment.  Many of the layered formations are volcanic or volcaniclastic in origin, and reflect volcanic activity associated with the formation of the volcanic arcs described in Chapter 6 that dominate the amalgamated terranes of the shield.  A significant proportion of the layered formations in the arc terranes are sedimentary–​either reworked and redeposited volcanic material, eroded volcanic material, or carbonate or iron-rich chemical deposits. But a greater proportion of sedimentary rocks is found intercalated with volcanic rocks in younger Cryogenian and Ediacaran basins that overlie the arc terranes. Such basins reflect a resumption of deposition following periods of terrane amalgamation, and mark a fundamental shift in tectonism in the shield, from deposition in juvenile oceanic basins to deposition in post-amalgamation basins on newly formed and forming continental crust.  The post-amalgamation basins are the focus of this chapter.

…………………………………………………………………………………………………

Following initial collision between the arc terranes of the Arabian Shield and the formation of a neocontinental crust, renewed sedimentation and volcanism occurred in large and small depositional basins unconformable on the newly amalgamated crust.  The basins are mostly late Cryogenian to Ediacaran in age and are referred to as “post-amalgamation basins”.  The rocks that fill these basins are variably deformed with gentle to vertical dips, open to tight folds, and commonly pervasive cleavages and lineations, and are mostly only weakly to moderately metamorphosed, although in places they may reach amphibolite grade or show the effects of intense ductile shearing and mylonitization.  Older sedimentary successions in the shield are intercalated with volcanic rocks of the arc terranes and are tectonically differentiated from the post-amalgamation basins as being parts of the arc assemblages.  Such successions tend to be strongly metamorphosed and deformed.  By means of their petrology and structural relations they provide important information about the evolution of the arc terranes, indicating episodes of erosion and deposition proximal and distal to volcanic centers, the supply of detrital material from distant, possible continental sources, and changes in chemical conditions within the volcanic basins conducive to the periodic formation of carbonate-, iron- , and carbonaceous-rich sediments, such as limestone, dolomite, banded iron formation, pyritic shale, and graphitic shale.  Some of these older successions are described in this chapter, but the focus is on the thirty or more post-amalgamation basins that unconformable overlie the arc terranes.

The post-amalgamation basins are mostly late Cryogenian to Ediacaran in age, ranging from <680 Ma to about 560 Ma, and vary in size, in their present deformed states, from aggregates of basins extending over as much as 72,000 km2 to small isolated basins of 200 km2.  The larger basins are in the northern and northeastern parts of the shield (Fig. 7-1), comprising the Murdama group, Bani Ghayy group, Abt formation, and Furayh group.  Smaller basins range from the Atura formation, in the far southern shield, to the Thalbah group in the northwest, to the Jibalah group in small basins along many of the Najd faults that cross the shield, and to small basins elongate along north-trending shear zones in the Asir terrane in the southern shield.    Depositional units within the basins may be entirely or largely volcanic or volcaniclastic in origin, such as basalt, andesite, or rhyolite flow rocks, agglomerates, ignimbrites, and tuffs; they may be mixed assemblages of volcanic, volcaniclastic, and epiclastic rocks, such as basaltic flows and tuffs interbedded with volcanic wacke and limestone; they may be dominantly or entirely sedimentary in origin, such as thick successions of sandstone and siltstone; or they may be chemical in origin, such as banded iron formation or carbonates.
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7.1    Sedimentary rocks and structures

Sedimentary rocks in the shield include (1) rocks of unambiguous clastic origin, such as pebble to boulder conglomerates, sandstone, and siltstone, (2) carbonate rocks that in some case may show an organic-sedimentary origin because of abundant stromatolitic laminations but in other cases may have uncertain origins because of their massive, homogeneous appearance, and (3) chemical rocks such as banded iron formation and chert.  To what extent sedimentary rocks should also include bedded volcaniclastic rocks is a moot point, partly depending on the purpose of the discussion and personal preferences.  In general, sedimentary implies the reworking of previously existing material be means of weathering, erosion, and transportation.  In the case of rounded pebbles of granite and wacke deposited in a bed of conglomerate, the sedimentary process and the applicability of the term is without doubt.  In the case of bedded tuff containing fresh fragments of plagioclase, whether to use the term sedimentary or volcaniclastic is open to debate.

Useful guidance on this point is given by the American Geological Institute (AGI) Glossary of Geology), which defines sediment as “solid fragmental material that originates from weathering of rocks and is transported or deposited by air, water, or ice, or that accumulated by other natural agents, such as chemical precipitation from solution or secretion by organisms, and that forms in layers on the Earth’s surface at ordinary temperatures in a loose, unconsolidated from”.  Sedimentary rocks are the consolidated equivalent of such material; sedimentary basins on the shield are depositional entities made up chiefly, but not exclusively, of sedimentary rocks.  They may contain conspicuous admixtures of clastic and chemical rocks (conglomerate, sandstone, and limestone, for example) but may also include subordinate or minor volcanic flow rock and tuffs.  Many sedimentary basin in the shield have an exposed unconformity at their base, but some, such as the Abt-formation basin have no exposed base, and others, such as the Hadiyah and Furayh groups appears to be structurally conformable with and grade up from underlying sedimentary successions.  

In the spirit of the AGI definition, it is common practice to refer to bedded rocks of volcanic origin that show evidence of deposition in water as sedimentary.  Rocks of volcanic origin transported and deposited by air, or as a result of gravity induced sliding down a slope are perhaps better referred to by terms that reflect their volcanic origin, such as crystal lithic tuff or lahar, for example.  Volcanic wacke, that is poorly sorted and immature sandstone that contains an abundance of volcanic clasts, is generally treated as a sedimentary rock in the geologic literature on the Arabian Shield.  The sample of feldspathic volcanic wacke shown in Fig. 7-2A comes from the Zaam group in the Midyan terrane, in the northwestern part of the shield.   The rock was deposited about 750 Ma, interbedded with siltstone, conglomerate, minor limestone, and basalt.  It is well bedded and contains a variety of structures that definitively demonstrate a sedimentary origin even though the clastic grains that make up the rock are lithic fragments, quartz, and feldspar in a clay-silt matrix that were derived mostly by weathering of volcanic source rocks.  The sedimentary structures include upward-fining graded beds that pass from coarse sand at the base to cross-bedded silts at the top, scour-and-fill, and fluid-escape or flame structures.  Other exposures of wack in the Zaam group show ripple marks and sole structures.   Structures of these types not only give information about the sedimentary environment–possible distal turbidites–and indicate that the Zaam group volcanic arc was being actively weathered and eroded during its formation, but provide critical structural evidence about the way up of the succession and therefore help to unravel the Zaam group stratigraphy in a complexly folded, thrusted, and sheared group of rocks in which the stratigraphic sequence is not easily apparent.  Fig. 7-2 B shows soft-sediment deformation in fine grained volcanic wacke from the Zaam group and Fig. 7-2C shows ripple marks in Bayda group sandstone.
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Other examples of how sedimentary structures help to establish the stratigraphy are widespread in the shield.  In Wadi Sawawin, for example, excellent exposures of graded bedding help place the Sawawin banded iron formation in its stratigraphic context indicating the depositional top and therefore providing a framework in which to interpret chemical and isotopic variations within the BIF (Fig. 7-3).  In Wadi Yiba, upside-down cross bedding demonstrates that the sedimentary succession containing the Yiba copper showings is overturned.  Along its southwestern margin, the Murdma group contains graded bedding that, assuming it is normal upward-fining grading, suggests the group has been overturned as do adjacent examples of scour and fill and mud-chip conglomerate.

FIG 7-3 ABOUT HERE SAWAWIN WACKE

Common sedimentary rocks elsewhere in the shield include abundant polymict conglomerate is common, gray-green lithic wacke and siltstone, and limestone and dolomite with locally conspicuous biohermal layering and stromatolitic doming (Fig. 7-4).  Quartzite is comparatively rare, a good example being the Samd formation in the Ash Shakhtaliyah shear zone; graphitic black shale is common in the southern part of the Malahah basin in the southeastern part of the shield, and in the Tayyah belt between An Nimas and Abha, but not elsewhere; red and interbedded red-green siltstone beds are conspicuous in the Hadiyah and Jibalah groups; diamictite is prominent in the Zaam, Mahd, and Hadiyah groups; and banded iron formation, a classic example of chemical sedimentation, is present in the Midyan terrane (Fig. 7-5).
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7.2    Fundamental issues

In contrast to the older terrane-forming volcanic-arc rocks, most of the basins considered in this chapter appear to be autochthonous, that is they are structurally in place at their site of deposition, rather than displaced in thrust sheets, although many are folded and locally metamorphosed.  Their basal contacts are exposed, and vary from angular unconformities to nonconformities involving gradations through weathered grus or rubble on plutonic substrates up into conglomerate, sandstone, and siltstone.

Exceptions include the Abt formation, for which the base is not exposed.  On the basis of SHRIMP dating of detrital zircons, the Abt formation is known to be Ediacaran.  It occupies a large basin in the eastern part of the shield, and may well be a forearc basin with respect to the Ar Rayn volcanic terrane.  In most tectonic models of the shield, the Abt formation is treated as a terrane-forming rock unit rather than a post-amalagamation type of basin.  Despite its relatively late Neoproterozoic age, it was involved in terrane amalgamation in the eastern part of the shield long after amalgamation was finished elsewhere.  Another exception is the Hadiyah group which appears to be gradational up from the otherwise typical arc assemblage of the Al Ays group and may belong to a terrane-forming phase in shield development.  In some cases, the late Cryogenian-Ediacaran deposits are predominantly volcanic (Shammar group and Jurdhawiyah group) and may reflect residual, ongoing subduction.  Other deposits appear to be confined to pull-apart and half-graben basins and may reflect deposition during tectonic-escape and extension in the shield; some basins are spatially and probably genetically associated with inter- and intra-terrane faults and suture zones; and some basins may be sags caused by thermal subsidence/sediment loading.
Despite the large number of late Cryogenian-Ediacaran basins in the Arabian Shield, and the great thickness of their deposits, relatively little is known about their development and depositional environments.  Fundamental unanswered questions concern (1) the extent to which the basins were originally interconnected, and whether (2) some, all, or none were marine or connected to the late Cryogenian-Ediacaran ocean.  The Ediacaran volcanic and sedimentary rocks of the Jibalah group now occupy separate basins–but are these basins erosional remnants of formerly more extensive sheets of Ediacaran deposits, or did they originate as separate basins?  Many of the Ediacaran basins contain red beds (reddish sandstone and siltstone)–does this mean that they are intracontinental deposits?  The Ediacaran is a period in geologic time during which multicellular organisms made significant appearance unlike the single-celled algae that had dominanted life, as stromatolites, for much of the preceding Preoterozoic.  What then is the likelihood of finding unequivocal late Neoproterozoic fossils in the Arabian shield?
The modern study of depositional basins goes beyond mere stratigraphy and lithologic description, which is mostly all that is currently known about the Arabian Shield basins.  Techniques developed to aid the task of analyzing the paleogeographic evolution of basins, include advances in stratigraphic methodology, sedimentology, facies analysis, basin mapping methods, interpretations of depositional systems, and the study of basin thermal histories and tectonics.  The result is an integrated approach to the study of ancient depositional basins referred to as basin analysis (Miall, 1984).   Most of the world’s non-renewable fuel resources and many of its metals and minerals are derived from sedimentary rocks, and the impetus for basin analysis–that is, an understanding of the processes that create and fill depositional basins, and the interrelationships between the rock units within the basins–has come from the needs of petroleum, and to a lesser extent, mineral exploration.    Modern basin analysis is routinely applied by the petroleum industry to the Phanerozoic rocks in eastern Saudi Arabia, but basin analysis is woefully lacking on the shield.  On the shield furthermore, in the tectonically active environment that prevailed in Arabia toward the end of the Precambrian, there is always a component of volcanism.  Even the most dominantly sedimentary units on the shield are likely to have some intercalations of volcanic rocks–either flows or tuffs–and close examination of epiclastic sedimentary rocks is likely to reveal the presence of volcanic grains, either by erosion of volcanic rocks in the source regions or as a result of contemporary volcanism.  Hence the title of this chapter “Depositional basins” rather than “Sedimentary basins”.  Nonetheless, the techniques and principles applied to the analysis of strictly sedimentary basins may be fruitfully applied to the analysis of mixed sedimentary and volcanic basins of the type developed in the shield during the late Cryogenian and Ediacaran.   It is said that sedimentary basins of one type or another cover about 70 percent of the Earth’s surface and contain thicknesses that range from about a kilometer to several 10s of kilometers.  The depositional basins considered in this chapter make up about 18 percent of the shield in Saudi Arabia.
7.3    Lithostratigraphy

Lithostratigraphy is the scientific discipline that describes and organizes rocks into named units on the basis of their lithologic features and stratigraphic relationships (Salvador, 1994).  It is the primary tool used by geologists to make sense of–to bring order to–geologic history.  At core, it involves the division of rocks into mappable units on the basis of observable lithologic characteristics.  It is essentially a practical tool to make geologic mapping and rock descriptions more efficient and understandable.  Where rocks are little deformed, such as in the Phanerozoic succession in central and eastern Saudi Arabia, lithostratigraphy can be established relatively easily.  In complex regions, such as in western Saudi Arabia, establishing the lithostratigraphy is much more difficult because the original sequences or intrusive relationships of the rocks are obscured by folding, faulting, and bedding transposition.  In such regions, the fundamental tool of lithostratigraphy is geochronology.

In addition to lithostratigraphy, rock sequences may also be divided on different bases, depending on the objective and application of the analysis.  Biostratigraphic units, for example, are based on the fossil content of the rock bodies, and are beginning to be recognized in the Precambrian (Sergeev, 2006, 2009).  Chronostratigraphic units are based on the time of formation of the rock bodies; geophysical units are based on properties such as the magnetic, gravity, or seismic velocity characteristics of the rock bodies; and chemostratigraphic/isotopic units are based on variations in isotopic characteristics.   Some chemostratigraphic analyses have been done on Neoproterozoic rocks in the shield and coeval successions in Oman (Miller and others, 2008; Rieu and others, 2007), and are a means of relating rock-forming processes in the shield with environmental changes globally.  The primary units used for making maps, however, are lithostratigraphic units.

So as to ensure consistency in methodology, most national geologic survey organizations and the wider geologic community in academia and business adopt stratigraphic guides.  The International Subcommission on Stratigraphic Classification, for example, published an “International Stratigraphic guide” in 1994 (Salvador, 1994).  Saudi Arabian lithostratigraphy is guided by the “Saudi Arabian Code of Lithostratigraphic Classification and Nomenclature”.  The code was issued by the Stratigraphic Committee of the Deputy Ministry for Mineral Resources in 1979, and issued in a second edition in 1984 (Stratigraphic Committee 1979; 1984).  The second edition was re-issued by the Saudi Geological Survey in 2004.  The Saudi Arabian code closely follows conventional international codes.  Its purpose is to guide in the ranking and naming of lithostratigraphic units so as to ensure the development of an internally consistent lithostratigraphy for the Kingdom.  The need for such guidance became obvious during the program of geologic map making on the shield in the late 1970s at 1:100,000 and 1:250,000 scales.  Three agencies–the DMMR, the USGS Saudi Arabian Mission, and the BRGM Saudi Arabian Mission–were completing their mapping commitments during which local stratigraphic successions were defined and correlations attempted across map-sheet boundaries.  Policy at that time required that maps and explanatory reports be submitted to the DMMR Stratigraphic Committee for approval of the names applied to lithostratigraphic units, to ensure that names were used in a consistent manner and to avoid duplications.  The Stratigraphic Committee was revived in 2007 as a national organization with committee members representing the main geologic stakeholder organizations in the Kingdom. 
In terms of the Saudi Arabian Stratigraphic guide, the names of lithostratigraphic units may have two components: a geographic name and a lithologic term and or a rank term.  The geographic names should be derived from local geographic features such as mountains, wadis, towns, or villages.  The guide suggests that articles (Al, As, Umm, for example) and initial parts of geographic names such as Jabal, Wadi, should preferably be omitted.  Lithologic terms (sandstone, limestone, granite, gneiss) need not be a full or precise indication of lithology but should be a simple term regarded by the field geologist as generally applicable.  The rank term should be according to the guide.  The basic conventional hierarchy of lithostratigraphic units of sedimentary, extrusive, and(or) low-grade metamorphic rocks is, from highest to lowest: group, formation, member, bed.  The corresponding hierarchy for intrusive and(or) high-grade metamorphic rocks is: suite, complex, member, layer.  The fundamental units from the perspective of geologic map making are formation and complex.  These are the primary units identifiable in the field on which the mapping of sedimentary, extrusive, metamorphic, and intrusive rocks is based.  Formations are layered, massive, concordant, or discordant bodies of rock that are unified by consisting dominantly of a certain lithology or combination of lithologies.  They are recognized and defined by observable physical or chemical features (ideally features that can be recognized in the field, such as the by use of the acid-test to distinguish between limestone and dolomite, for example).  Lithostratigraphic names should not be based on genetic criteria (the term “wacke” is recommended rather than the term “turbidite”) or on absolute age in as much as lithostratigraphic units may be diachronous, although of course age is a primary consideration when attempting to correlate rock bodies in the Arabian Shield or make assignments of a rock body to an already defined lithostratigraphic unit.  Neither is thickness a criterion.  In the case of formations and complexes, the primary considerations are that the units extend laterally over reasonable geographic extents with regard to the scale of the map being compiled or make up significant parts of, or entire, intrusive bodies.  Groups and suites contain two or more formations and complexes; members are named lithologic entities within formations and complexes; beds and layers are named distinctive layers in members, formations or complexes.
Examples of local stratigraphies that follow the Saudi Arabian Code of Lithostratigraphic Classification and Nomenclature are given in the legends of the standard 1:250,000-scale maps published in the DMMR and SGS Geologic Map series.  Other types of stratigraphies applied to the Arabian Shield have a more global extent, either comparing stratigraphies in different parts of the shield or conceived as a single shield-wide stratigraphy or set of sequences.  Sequence stratigraphy was first proposed in the early 1963 by Sloss (1963) in the context of understanding stratigraphic successions across entire cratons resulting from the large-scale epierogenic transgression and regression of seas.   Each sequence was deposited by an epieric sea extending across the craton, and bounded at the top by a craton-wide unconformity created when the sea receded.  It was envisaged that such unconformities could be correlated widely, and that major unconformities might mark synchronous global-scale events, with the practical outcome that widely-separated sedimentary successions that occur between correlatable unconformities could be compared with each other.  The concept was applied to the Arabian Shield in the 1980s (Jackson and Ramsay, 1980) on the assumption that shield-wide unconformities could be recognized across the shield and that coeval structural, volcanic, and depositional events created correlative layered-rock successions in different parts of the shield.  A major criticism of sequence stratigraphy as applied to the shield, however, is the implicit assumption of a “layer-cake” organization of lithostratigraphy– as if depositional, extrusive, intrusive, and metamorphic events were uniform across the shield.  In the light of what is known now about the structural and tectonic complexity of the region, the dynamic tectonic setting of the shield, and the evident differences in geologic history that underlie the concept of terrane analysis, such an approach is unhelpful.   In Phanerozoic rocks, on the other hand, sequence stratigraphy has proved extremely valuable, and the concept has been widely adopted by petroleum geologists in their attempts to model the structure and evolution of sedimentary basins.  In these studies, the sedimentary basin fill is analysed in terms of eustacy (that is, global changes in sea level), sedimentation, and subsidence through time and becomes the means by which strata are correlated and more importantly, the stratigraphy of relatively unknown areas may be predicted.  Sequences tend to be cyclic as a result of periodic changes in sea level.   Because seal-level changes, discounting structural effects, are universal the rise and fall of sea level creates timelines marked in the stratigraphic column by subaerial unconformities and maximum flooding surfaces, thereby allowing rocks to be placed in a chronostratigraphic framework.  The concept is readily applicable to the Phanerozoic succession of the Arabian Platform and other regions of Phanerozoic strata elsewhere worldwide but breaks down in regions such as the Arabian Shield in which structure and plate movements become the dominant controls on rock development.  For this reason sequence stratigraphy is not fully applicable to the Arabian Shield although some of the post-amalgmation deposits considered in this chapter lend themselves to such an analysis, being the first deposits following the development of major unconformities in the shield and the onset of Najd shearing and rifting.  In this vein, the Jibalah group is included together with the Saramuj Group in Jordan , the Huqf Spuergroup in Oman, and the Hormuz Group and Soltanieh Formation in Iran in the first (oldest) Tectonostratigraphic Megasequence in the standard sequence stratigraphic scheme established for the Arabian Plate (Sharland and others, 2001).  Megasequence AP1 is defined as the package of sediments lying above the basement (i.e metamorphic rocks) and below the pre-Siq (Saq) unconformity in Saudi Arabian and the Angudan unconformity in Oman.      

7.4    Lithostratigraphic revision

From time to time lithostratigraphic revision is required in the Arabian Shield, as new mapping reveals new and different depositional and intrusive relationships between rock bodies, new geochronology reveals different chronologic relationships, and new structural work reveals different interpretations of source rocks and protoliths.  A lithostratigraphic revision recently published by geologists working with the Saudi Geological Survey (Johnson and Kattan, 2008) discusses some of these issues and their implications.  The need for lithostratigraphic revision became particularly evident during the program of digital recompilation of the geology of the shield undertaken by the U.S. Geological Survey Saudi Arabian Mission and Saudi Geological Survey in the 1990s and 2000s (Johnson 2004a, b, 2005 a, b, c,d, 2006).  A 1:2 million-scale version of the digital compilation is attached to this book as the Plate.  As far as possible, original formation, complex, group, and suite names were retained while making the compilation, but substantive lithostratigraphic changes were introduced.  Some changes were necessary because adjacent source maps (that is, the 1:1000,000- and 1:250,000-sale geologic maps that provided the primary information for the compilation) use different formation names for the same rock unit on different sides of the map boundaries, in which cases precedence was given to the earliest reported names.  Other revisions to the source-map lithostratigraphies were required as a result of the development of sensitive high-resolution ion micro-probe dating of zircons.  Other revisions were made as a result of advances in tectonic analysis in the Arabian Shield, notably the recognition of tectonostratigraphic terranes.  Details of terrane analysis in the shield–how many terranes and what structures constitute their boundaries–are the subject of ongoing debate, but the terrane paradigm is almost universally accepted and provides a powerful tool for understanding the geologic history of the region (e.g., Johnson and Woldehaimanot, 2003; Stoeser and Camp, 1985; Stern, 1994; Genna and others, 2002; Nehlig and others, 2002).   When geologic mapping in the Arabian Shield began, geologists worked with a relatively simple tectonic model of craton development, and the resulting stratigraphy was relatively simple, with correlations extending across vast regions of the shield.  During the subsequent 40 years’ span of geologic mapping, simple models were replaced with more complex plate-tectonic and terrane models, leading to the mapping of separate tectonic domains (terranes) characterized by discrete assemblages of volcanic arcs, sedimentary basins, and intrusive rocks, with lithostratigraphic correlations confined within these domains and extending across more limited parts of the shield.

The foremost impact of terrane analysis on the lithostratigraphy of the shield derives from the fundamental characteristic that each terrane has its own geologic history and its own set of distinct terrane-forming rock units.  This implies that “terrane-forming” formations, groups, complexes, and suites crop out only within, and do not extend beyond, the terrane to which they belong.  In other words, formations, groups, complexes, and suites that make up one terrane do not cross over the terrane boundary to another terrane, and stratigraphic names of “terrane-forming” rocks will change at terrane boundaries.  In accordance with this principle, lithostratigraphic names were modified during the making of the digital map of the shield, so as to uniquely limit formation and other lithostratigraphic names to particular terranes.  For example, (1) the Siham group is limited to the Afif terrane, (2) the Al Amar group is confined to the Ar Rayn terrane, (3) the Al ‘Ays group is limited to the Hijaz terrane, and (4) the Zaam and Bayda groups are limited to the Midyan terrane.

A secondary implication of the terrane model is the necessity to abandon group names for rocks in one terrane that are based on reference areas located within another terrane, a restriction that led, in the compilation, to the abandonment of the terms Baish group, Bahah group, Jiddah group, and Halaban group.  The Baish and Bahah groups crop out in the southern part of the shield, in north-trending belts of mostly greenschist facies layered rocks that extend from Wadi Baysh, in the south, as far as Turabah, in the north.  In the literature on the shield, the layered rocks in these belts have a variety of names with conflicting geologic boundaries, and are not divided according to any agreed lithostratigraphy.  Existing lithostratigraphic names in the Bida area, for example, include the Sharq, Bidah, and Gehab groups (Jackaman, 1971), the Jiddah group (Greenwood, 1975a), the Ablah group (Greenwood, 1975a; Cater and Johnson, 1986), Units 1-5 (Greene and Gonzalez, 1980), Units B-H (Ramsay and others, 1981), groups 1, 2, and 3 (Béziat and Donzeau, 1989), the Khumrah greenstone (Ziab and Ramsay, 1986), and the Hawiyah formation (Ziab and Ramsay, 1986), as well as the Baish group (Greenwood, 1975a, b), and Bahah group (Greenwood, 1975a; b).  Because of this confusion, and because the exact structural and tectonic significance of the shear zones that bound the structural belts are uncertain, the terms Baish and Bahah were abandoned.

The term “Jiddah group” was introduced by Schmidt and others (1973) and Greenwood (1975a) for andesitic rocks exposed in Wadi Jirshah (Qirshah) in the Al ‘Aqiq quadrangle in the southern Arabian Shield, on the basis that the rocks are “lithologically similar to rocks east of Jiddah mapped as Jiddah greenstone” (Greenwood, 1975a, pg. 4).  However, rocks in the Wadi Jirshah area belong to the Asir terrane, whereas rocks in the Jiddah area belong to the Jiddah terrane.  Furthermore, the so-called Jiddah group volcanic rocks in Wadi Jirshah are reassigned in mapping by Donzeau and others (1989) to the Ablah group (Donzeau and others, 1989), and greenstones in the Jiddah area that were used by Greenwood and Schmidt as Jiddah correlatives of the rocks in the Wadi Jirshah area are assigned by Moore and Al-Rehaili (1989) to the Samran group.  In other words, there are no “Jiddah group” rocks in the Jiddah area with which to correlate the Wadi Jirshah rocks; the Wadi Jirshah rocks are much younger than traditional “Jiddah group” rocks; and the Wadi Jirshah and Jiddah areas are in different terranes.  As a consequence, it is inappropriate to apply the name “Jiddah” to rocks in the southern shield, and the name was likewise abandoned while making the digital compilation.


Use of the term “Halaban group” was found to be equally problematic. The Halaban group was introduced by Schmidt and others (1973) following Brown and Jackson (1960) for andesitic rocks in the Halaban area, and was extensively applied during geologic mapping programs in the 1970s to rocks in the southern shield, as far south as Najran (Sable, 1985).  However, since the late 1970s, the name has been abandoned for any rocks in the Halaban area itself (e.g., Delfour, 1979), which means that there is no Halaban group at Halaban village with which to correlate so-called Halaban group rocks elsewhere in the shield.  Furthermore, the Halaban area and the southern shield are in different terranes, which means that it is inappropriate to extend the name from the Halaban area across terrane boundaries to the south.

The extent of the Hulayfah group was also restricted in SGS digital map compilation.  The group was originally named after volcanic rocks in the vicinity of Hulayfah village in the north-central part of the shield.  The name was used during the 1:250,000-scale mapping program in the 1970s and 1980s to replace the term “Halaban group” and came to be applied to many volcanic assemblages in the north-central and eastern parts of the shield.  However, the region across which the name is applied is divided currently into at least three terranes and several possible subterranes.  The main Hulayfah outcrops are west of the Hulayfah fault zone, that is, outside and west of the Afif terrane.  For the purposes of making the digital compilations, rocks assigned in the 1:250,000-scale source maps to the Hulayfah group in the Afif terrane and the Ar Rayn terrane, farther east, were given different names.

The terms “Al Ays group” and “Bayda group” were similarly constrained by a tectonic boundary, in an attempt to resolve lithostratigraphic nomenclatural confusion.   This confusion is caused by the use of different names on the 1:250,000-scale source maps for what are obviously continuous geologic units.  The Bayda group on the Al Wajh sheet (Davies and McEwan, 1985) becomes the Al ‘Ays group on the Sahl al Matran sheet (Hadley, 1987); the Hijr and Jarash formations of the Bayda group on the Al Wajh sheet change to the Khawr and Amud formations on the Shaghab sheet (Grainger and Hanif, 1989).  However, remote sensing and fieldwork demonstrate that these rock units are continuous across the source-map boundaries, and the names were therefore revised.  The Al Ays group is restricted to rocks around or in continuity with the Al Ays type area, in the Hijaz terrane, and the Baydah group is restricted to rocks in the Midyan terrane.  The terranes are separated by the Yanbu suture; the Al Ays group extends as far west and north and the Baydah group extends as far east as the suture.

7.5    Basin analysis
“Basin analysis is the application of all appropriate geologic, geochemical, and geophysical principles to the reconstruction of the origin and evolution of a basin” (Eidel, 1991, p. 2).  Integrated study of this type has not yet been done for the late Cryogenian-Ediacaran basins in the shield.  As a consequence, this chapter is essentially a “traditional” description of the basins, presenting information about their stratigraphy and lithologies and what is known about their structural and tectonic settings.  If nothing else, the chapter will serve as a challenge to research in the basins so as to fill in details about a fundamental period in Arabian crustal development that has tectonic and potentially metallogenic implications.

The elements of proper basin analysis include: (1) systematic data collection entailing detailed geologic mapping, and the descriptions of surface and if possible subsurface rocks, including their lithologies, sedimentary and volcanic structures, geochemistry and petrography; (2) the development of detailed stratigraphic correlations across the basins so as to reveal the internal relationships among the rock units in time and space; (3) facies analysis, which is the study and interpretation of textures, sedimentary structures, and lithologic associations on the scale of an outcrop or small segments of a basin, giving insights into depositional environments and processes; (4) an extension of facies analysis across the entire basin so as to document changes across the basin in space and time and to clarify the dynamic setting of the basins; (5) the integration of all data into a basin model, comprising the systematic description of depositional systems, structural geology, petrology, and tectonic setting.

Fundamental considerations in the development of basin models are the plate tectonic processes that generate the basin, the mechanisms of crustal subsidence, the structural geology of the basin, and the size and history of the depositional system that filled the basin.  Based on these considerations, different geologists have proposed different basin classifications that account for the features of any particular basin subject to current study, and predict features to be looked for in the study of other basins.    
7.6    Basin classification

Conventionally, basin classifications focus on sedimentary rocks, but for the purpose of this chapter, a depositional basin may be considered as an area on the Earth’s surface where sediments and volcanic rocks can accumulate to considerable thickness.  The underlying character is that within these areas, rocks have accumulated at a significantly greater rate and to a greater thickness than surrounding areas.  
Depositional basins are of various shapes.  They may be approximately circular, or more frequently elongate.  They may form discrete depressions, troughs, or embayments, but often have irregular margins.  In some cases, the margins may be formed by faults; in many cases, the margins are removed by erosion so that the precise original shape and size has been lost, but proximity to the margins may be indicated by facies changes and variations in grain size.

The fundamental requirement is for subsidence, allowing deposits to accumulate.  Because of this, the main control on depositional basins is tectonic movements, and many recent classifications are based on global and regional tectonics.  But other factors are almost equally important and are varied and complex.  These include the paleogeography of the region in and around the basins (peribasin morphology and climate, rock types, tectonic and volcanic activity in the source area, the depositional environment, the evolution of sediment-producing organisms, and so forth).  Factors of these types can be recognized in the field in terms of facies and depositional environment, such as fluvial, shelf, abyssal, or glacial, providing another method by which depositional basins may be classified.   A further approach is to subdivide deposits into major lithologic groupings such as siliciclastic rocks of various grain sizes and compositions, carbonate deposits, evaporites, volcanic flow rocks, proximal and distal volcanic pyroclastic rocks.

Because of the variety of factors involved, and the range of interactions possible between these factors, no single depositional-basin classification is entirely satisfactory.  Classifications have been developed furthermore, for different purposes, particularly in connection with petroleum exploration, but all modern classifications are based on plate tectonics and geodynamics (Klein, 1991).  Prior to plate tectonics, basin classification was largely based on geosynclinal theory, epitomized in the terms miogeosyncline and eugeosyncline, flysche and molasse.  These terms relate to what is now an obsolete geologic concept involving vertical crustal movements that has been replaced by plate tectonics.  The false assumption as applied to depositional basin classification was that there is a link between tectonic setting and sediment lithofacies.  Eugeosynclines formed in deeper water, and were filled by thick sequences of graywacke, cherts, slates, tuffs, and submarine lavas.  The facies was termed “flysch”, a name introduced by the Swiss geologist Bernhard Studer in 1827, referring to alternations of sandstone and shale in the Alps. The name comes from the German word fliessen, to flow, because Studer thought flysch was deposited by rivers.  The miogeosyncline, conversely, developed along a continental margin on continental crust in shallow water and had an assemblage of limestone, sandstone, and shale.  The migeosyncline facies was termed “molasse”, which has the genetic connotation of a succession of sandstone, shale, and conglomerate formed as terrestrial or shallow marine deposits in foreland basins in front of rising mountain chains.   With this meaning, the term “molasse basins” is used by some geologists in describing depositional basins in the Arabian Shield that are interpreted as structurally linked with rising gneiss domes (Genna and others, 2002).  The term molasse carries the implication of being synchronous with an orogenic event, and sedimentation stops once the orogeny stops, or once the mountains have eroded flat. Molasse can sometimes completely fill a foreland basin, creating a nearly flat depositional surface, although the basin itself remains a structural syncline.  Molasse can be very thick near the mountain front, but usually thins out towards the interior of a craton. The type locality is the foreland basin north of the Alps, which formed during the Oligocene and Miocene as a result of flexure of the European plate under the weight of the orogenic wedge of the Alps that was forming to the south. The sedimentary sequence that fills this basin consists of conglomerates and sandstones derived by erosion and denudation from the Alpine mountain chain. The Molasse basin stretches over a length of 1000 kilometers along the long axis of the Alps, in France, Switzerland, Germany and Austria. 
A problem with the geosynclinal basis for basin classification is that the term geosyncline was used incorrectly as a synonym for sedimentary basin and implied a particular lithofacies association.  Once it came to be realized that similar types of facies stacking, facies associations, and facies stratigraphies are common to different basins, the eugeosynclinal-migeosyenclinal theory of basins began to lose its value.  It is known now (Klein, 1985a) that the facies association between tectonics and sedimentation is largely a function of depositional depth, which in turn is governed by basin framework tectonics.  As a result, similar sedimentary facies packages may exist in different basin types.

With the advent of plate tectonics, geosynclinal theory was replaced by basin classification.  As a tectonic term, however, geosynclines is still used in the sense of “a mobile downwarping of the crust of the Earth, either elongate or basin like, measured in (many tens) of kilometers in which sedimentary and volcanic rocks accumulate to thicknesses of thousands of meters” (Jackson, 1997, pg. 267).  The term “aulocogen”, which developed out of geosynclinal theory, is also widely used in the sense of a sediment-filled continental rift that trends at high angle to the adjacent continental margin, extending into the craton from a geosyncline or from the mountain belt that developed out of the geosyncline.  The term, “taphrogeosyncline”, which is a geosyncline that developed as a rift or trough between faults and has been used in geologic literature on the shield, for example by Hadley (1974) in an early description of the Jibalah group, is now obsolete. 
One of the earliest basin classifications based on plate tectonics was by Dickinson (1974) using three criteria: (1) the type of crust on which the basin occurs; (2) the distance of the basin from a plate margin, significant because distance affects the magnitude of tectonic effects on basin dynamics: and (3) the type of plate margin and boundary.  In this classification, basins may be developed on oceanic or continental crust; may be related to divergent, convergent, or transform margins; and may be related to aulocogens, passive margins or active margins.  The following year, Klemme (1975) proposed an alternative classification that particular applied to giant oil fields, in which emphasis was placed on the type of crust for the depositional basin: cratonic (sialic); intermediate (accreted zones); or oceanic (simatic), and on processes of regional stresses, namely compression, extension, and sag.  In the context of basin classification, “sag” is a weakly defined term that applies to downwarping of regional extent that results in a broad shallow structural basin with gently sloping sides.  The downwarp may be tectonic or, as widely recognized, a phase of thermal subsidence (see citations in Klein, 1991).

A classification based on the degree of stability of and style of deformation in the crust was developed by Selley (1976).  This classification recognized basins (in a strict sense) that are associated with cratonic crust and may be either intracratonic (within a craton, for example the Michigan basin) or epicratonic (at the edge of a craton, for example The Gulf of Mexico).  A secondary category comprises troughs, or miogeosynclinal, eugeosynclinal, and molasse basins, related to crustal subduction zones, retaining ideas from geosynclinal theory.  A third type of basin consists of rifts, associated with crustal spreading, and may be intramontane or post-orogenic (basically similar to molasse basins), intracratonic (such as the basins along the East African rift system), or intercratonic (syndrift deposits developing in newly forming ocean basins). 

A detailed basin classification, also developed in connection with petroleum exploration, was proposed by Bally and Snelson (1980).  Criteria included the nature and composition of the lithosphere, the position of the basins with respect to the formation of compressional megasutures (old or present collision and subduction zones), whether the basin is in the surface zone of large megasutures, and the style of subduction (oceanic-continental subduction or oceanic-oceanic subduction).  Subsequently, Kingston and others (1983) developed a geometric classification based on criteria of basin-forming tectonics, the depositional sequence, and basin modifying tectonics.   Building on many of these earlier classifications, Klein (1991) suggested as many as thirteen types of basins (Table 7-1).  The Klein scheme classifies basins according to: (1) the nature of the plate margin (active, passive, transform, collision, plate interior); (2) the position on or within a tectonic plate (interior, edge, off-edge, suture zone) and basin orientation; (3) the nature of the crust (continental, oceanic, transitional); and (4) the geodynamic process of basin formation (rifting, stretching, extension, flexure, compression, translation, thermal decay).  A classification by Einsele (2000) is similar to that of Klein (1991) dividing basins on the basis of the character of plate margin (interior, passive, active, transform, collisional, or independent); the character of the underlying crust (continental, oceanic, trasitional); and the style of tctonics (divergence, convergence, flexure, transform).
TABLE 7-1 ABOUT HERE BASIN CLASSIFICATIONS

The above is a fairly detailed discussion of basin classification that may seem to have little bearing on descriptions of late Cryogenian-Ediacaran basins on the shield.  Unfortunately, this is true–given our present state of knowledge about basins on the shield, it is difficult to even begin to classify them in terms of the standard classes described above.  In principle, these classifications lend itself to descriptions of basins on the Arabian Shield (Table 7-1).  But the tectonic settings of relatively few basins on the shield have been established.  In many cases it is possible to deduce the character of the crust on which the basins are developed–mostly newly accreted continental crust– but the degree of divergence, thermal subsidence, or loading/flexure that is involved is not certain.  We do not know for certain why any of the basins on the shield subsided; in other words we do not know why they exist.  Nor do we always know whether a given basin is marine or lacustrine, oceanic or intracontinental.  There is obviously great scope for research about the depositional basins in the shield, and it is hoped that they will be a focus of investigations in the near future.
Whether a given basin is marine or nonmarine is of fundamental interest to geologists working in the Arabian Shield.  The Arabian Shield is part of one of the largest orogens known on Earth.  As such, it is part of a vast late Precambrian mountain belt.  The primary feature of mountains is their elevation above sea level with the implication that the interior parts of a mountain belt may be not only high, but also far from an oceanic shore line.  The presence of large depositional basins in the Arabian Shield implies however, that during the late Cryogenian and Ediacaran parts of the mountain belt were sufficiently depressed to allow the accumulation of thick sequences of sedimentary and volcanic rocks.  Moreover, lithologic features suggest that some of the rocks, at least, were deposited in marine environments.  The question therefore arises as to how much the Arabian orogen resembled a traditional mountain belt or a discontinuous, broken-up mountain belt–was it high above sea level, was it far from an ocean, or was it penetrated by seaways along deep valleys and depressions?

7.7   Depositional basins in the Arabian Shield  

Turning now to the specific focus of this chapter, the depositional basins mainly considered here contain significant amounts of sedimentary rock and range in age from middle Cryogenian to Ediacaran (Table 7-2), with most being younger than about 760 Ma.  Older sedimentary rocks occur in the volcanic-arc assemblages of the shield, for example, much of the Shayban formation in the Samran group, extensive units of volcanic wacke, graphitic shale, and conglomerate in the Malahah basin, and high-grade metasedimentary units in the Asir terrane, inland from Al Lith and between Jizan and Bishah.   But discrete depositional basins are those that are unconformable on and younger than the juvenile volcanic-arc rocks that make up the terranes of the Arabian Shield.    
TABLE 7-2 ABOUT HERE BASINS IN THE SHIELD

7.8    Oldest sedimentary rocks in the Arabian Shield
Sedimetary rocks are not confined to the middle Cryogenian-Ediacaran post-amalgamation basins in the Arabian Shield, but are also important components of the Tonian-Cryogenian arc assemblages that make up the Asir composite terrane in the southern part of the shield (Fig. 7-6) and occur (as high-grade metamorphic rocks) in the Khida terrane.
FIG 7-6 ABOUT HERE CHART OF SED UNITS IN OLD ROCKS

Old sedimentary successions in the Asir terrane crop out in the vicinity of Al Lith and the northern part of the Bidah structural belt, and in the southern part of the An Nimas structural belt. The Al Lith sedimentary rocks comprise the Sadiyah formation, a succession of amphibolite-grade quartzite, quartz-rich schist, marble, and amphibolite.  They are intercalated with mafic volcanic rocks and together make up a Tonian-lower Cyogenian assemblage.  The rocks are part of the Al Lith structural belt, which extends inland as far as At Ta’if.  On the 1:250,000-scale standard geologic map (chiefly Pallister, 1986 and Cater and Johnson, 1986), the layered rocks are assigned to the Baysh group metabasalt and amphibolite; Qilak formation, Sadiyah formation, Abbasah formation, and Metarhyolite.  Among these, the Sadiyah formation is distinctive for it high silica and alumina context, which suggests a greater degree of sedimentary maturity than common for sedimentary rocks in the arc-assemblages of the shield.  The formation includes impure quartzite, rare magnetite-bearing quartzite, marble, kyanite-bearing quartzite, and a variety of quartz-rich rocks such as andalusite-kyanite-muscovite quartzite, rutile-muscovite-kyanite quartzite, muscovite-kyanite quartzite, staurolite-biotite-albite-sericite-quartz-andalusite schist, and lazulite-andalusite quartzite.  The protoliths of the sedimentary rocks were probably sandstone, shale, claystone, sandy limestone, interbedded limestone, graywacke, arkose, and pelite.  Protoliths may locally have been granitic.  Previous workers suggest that the high quartz and alumina content indicate a continental provenance (Ramsay and others, 1981; Kröِner and Basahel, 1984, Pallister, 1986), although Beyth and others (1997), on the basis of geochemical and isotopic data obtained from correlative high-grade staurolite-kyanite-garnet schist in Eritrea, caution that such a provenance, if it existed, was juvenile, not old, continental crust.  As shown in Fig. 6-12, Pallister (1986) envisaged a continental source to the west.
The Al Lith assemblage is directly dated by a 4-point whole-rock Rb-Sr isochron (MSWD 1.74) of 847±34 Ma, and robust Pb/Pb zircon-evaporation ages of 842±17 Ma, 821±19 Ma, 834±7 Ma, and 812±6 Ma (Kröِner and others 1984; 1992).  These ages bracket volcanism and sedimentation in the region to between about 850 Ma and 810 Ma.  An Rb-Sr whole-rock isochron of 590±20 Ma (MSWD=1.44) obtained from Qilakh-formation basalt about 40 km northeast of Al Lith (Kröِner and others, 1984) is too young to be a formation age, and must reflect resetting during an Ediacaran magmatic and deformational event.  Fleck and others (1980) obtained a 3-point Rb-Sr whole-rock isochron of 1165±110 Ma from Qilakh-formation metabasalt, at a location immediately east of Jabal Bashamah, about 25 km north of Al Lith, which is widely cited in the literature as evidence of Mesoproterozoic rocks in the western Arabian Shield.  However, the result has a large error and is based on a limited range of Rb/Sr ratios caused by extremely low rubidium values in the samples.  For these reasons, the result is not reliable, even though it has an acceptable analytic error (MSWD=0.08).  The result is inconsistent with the Pb/Pb zircon-evaporation ages and is rejected as an indicator of a Mesoproterozoic formation age.  A K-Ar muscovite mineral age of 595±12 Ma obtained from the assemblage (Brown and others, 1978) presumably reflects Pan-African thermal resetting.  The presence of kyanite is a fairly unusual occurrence in the shield and is strong evidence that the layered rocks in the Al Lith area correlate with kyanite, quartz-rich rocks in Eritrea, and that prior to Red Sea rifting, the Asir terrane was conjoined with the Gedum and other terranes in the southern part of the Nubian Shield in Eritrea and northern Ethiopia.

The Sabya formation is the oldest layered rocks recognized in the southern part of the An Nimas/Tayyah structural belt in the southern part of the Asir composite terrane.  It is structurally (and depositionally?) beneath the pillowed and massive basalt unit of the Baysh group (Fairer, 1985).  The Sabya formation somewhat resembles the Sadiyah formation, with which it has been tentatively correlated (Pallister, 1985), although such a correlation is problematic if the Al Lith and An Nimas Belts are distinct, separate tectonic units.  The Sabya formation consists of quartzite, quartz pebble conglomerate, argillite, limestone, dolomite, greywacke, and sparse basalt.  The rocks are regionally metamorphosed to the greenschist and locally amphibolite and granulite facies so that the most common rock type is quartz-sericite schist.  Other quartz-rich rocks are quartz-biotite-sericite schist, quartz-siderite-sericite schist, quartz-calcite-sericite schist, black carbonaceous slate, red slate, and locally, where hydrothermally altered, kyanite-topaz-lazulite gneiss and andalusite-bearing hornfels.   The formation is exposed on the Wadi Baysh quadrangle map (Fairer, 1985) in a belt some 100 km long and 25-50 km wide, and extends a further 170 km north in the Abha and Jabal al Hasir quadrangles (Greenwood, 1985; Greenwood and others, 1986) where the formation, named the Bahah group, is structurally intercalated with volcanic rock along the east side of the An Nimas batholith.  Fairer (1985) comments that the dominance of quartz-bearing sediments in the formation seems to require a chiefly continental source, with only a small amount of material derived from basaltic rocks, and suggests an African continental provenance.  A fruitful topic of future research would be an ion-microprobe dating of detrital zircons from the both the Sadiyah and Sabya formations to establish the feasibility of a provenance in the Saharan Metacraton or the type of Archean continental crustal material found in Yemen and Somali.

7.9    Ghamr group basin

This basin unconformably overlies the Mahd group, Dhukhr tonalite, and Bari granodiorite, south of the Bi’r Umq suture in the northern part of the Jiddah terrane.  It is directly dated at 748±22 Ma (Calvez and Kemp, 1982) by Rb-Sr analysis of a sample of subvolcanic microgranite.  It is the youngest stratigraphic unit south of the suture in the Bi’r Umq area, extending discontinuously over an area of about 150 km north-south and 75 km east-west (Fig. 7-7).

FIG 7-7 ABOUT HERE FURAYH AND GHAMR GROUPS  
Recent geochronologic work indicates that it is coeval with the Amudan formation (~750 Ma) in the Samran group, along the strike of the Bi’r Umq suture to the southwest (Hargrove, 2006).   The main exposures are between Mahd adh Dhahab and Wadi al Ajr.  It also crops out in the narrow region between Harrat Kishb and Harrat Rahat, 70 km south of Mahd adh Dhahab, where the rocks were assigned to the Mislah formation (Sahl and Smith, 1986), but the term “Ghamr group” takes precedence, and Johnson (2005) shows them as “Ghamr group, undivided”.  According to Kemp and others (1982), the Ghamr group is unconformable on the Hufayriyah tonalite, but Sahl and Smith (1986) infer that it is intruded by the tonalite.  The Ghamr group is generally less deformed than the Arj and Mahd groups, which underlie the group, despite the Ghamr group’s proximity to the suture, and in many places is horizontal.

In the Mahd adh Dhahab area, the group is divided into the Kharzah and Gharmati formations. The Kharzah formation, at the base of the group, overlies the Mahd group across a striking angular unconformity and elsewhere lies directly upon plutonic basement in the Dhukhr and Hufayriyah batholiths. It is up to 4 km thick and consists, from bottom to top, of: a basal member of breccia, conglomerate, sandstone, and rhyolitic ash-flow tuff; a weakly bedded middle member of volcanic boulder breccia, matrix-supported conglomerate, fine-grained tuffaceous rocks, andesitic lava, and locally significant carbonate; and an upper member of coarse-grained, laminated sandstone and dessicated mudstone, basalt to andesite lava flows, pillow lava, and hydroclastic breccia, and epiclastic breccia and conglomerate (Kemp and others, 1982).  Clasts within the epiclastic deposits are typically derived from contemporaneous volcanic deposits and/or from underlying plutonic basement. The Kharzah formation is characterized by abrupt facies changes, internal angular unconformities, and extreme variations in thickness, and Kemp and others (1982) interpreted the formation as deposited in a near-shore submarine to largely subaerial environment associated with a major volcanic edifice.

The Gharmati formation unconformably overlies the Kharzah formation and, where that is absent, the Mahd group. The Gharmati formation is up to 2 km thick and consists of a lower member containing basal breccia and conglomerate, silicic tuffs, fine-grained volcaniclastic sediments, and local limestone and an upper member of pebble to boulder conglomerate, laminated coarse-grained sandstone, and mudstone.  Clasts within the conglomerates are of sedimentary, volcanic, and plutonic origin (Kemp and others, 1982), and quartz-keratophyric clasts may be derived from the Arj group.  Kemp and others (1982) report that diamictite  tuffaceous beds in the lower member locally contain rounded, striated clasts of plutonic rock; it is unclear if the striations are glacial in origin. 

The undivided Ghamr group in its outcrops in the northern part of the Al Muwayh quadrangle, consists of interbedded intermediate to felsic volcanic rocks, subordinate mafic volcanic rocks, and sedimentary rocks.  Felsic rocks include fine- to medium-grained flow-banded rhyolite and less abundant rhyodacite and dacite, interbedded with fine-grained ash tuff, crystal lithic tuff, and agglomerate containing pebble-to-cobble sized fragments of rhyolite.  The mafic rocks comprise fine-grained andesite flows, andesitic lithic lapilli tuff, agglomerate, and rare beds of volcanic conglomerate and basalt.  Sedimentary interbeds include yellow and purple, flaggy laminated siltstone, tuffaceous wacke, and polymict conglomerate with pebble-to-cobble-, and rare boulder-sized clasts of diorite, granite and sedimentary rocks.  Sparse lenses of limestone occur in the northern outcrops of the undivided rocks.

Ghamr group mafic volcanic rocks are mainly subalkalic basaltic andesite to andesite, with SiO2 values between 54 and 58 percent (Kemp and others, 1982), although when combined with samples from the Amudan formation, which is coeval and along strike from the Ghamr group, a slight bimodality is apparent (Hargrove, 2006).   Their high Al2O3 values give them a calc-alkaline to minor alkali character (Kemp and others, 1982).  Ghamr and Amudan lavas have mean (La/Yb)N = 4.8, and exhibit significant REE fractionation and somewhat steep HREE patterns.  Their calk-alkaline affinity is confirmed in the AFM ternary diagram shown in Fig 7.8A.  Their K2O/SiO2 ratios range from low-K to shoshonitic.  In TiO2-Zr space (Fig. 7-8C), mafic lavas from the Ghamr and Amudan formations overlap the fields for island-arc and within plate basalt, with a large number of samples plotting as within-plate basalt.  On the Zr/y-Zr discrimination diagram, many samples plot outside the tadard fields but 5 also plot in the within-plate and island-arc basalt fields.  On a Zr-Ti/100-Y*3 ternary diagram, samples overlap the fields of within-plate basalts, MORB, and island-arc tholeiites.  On the basis of these diagrams, the samples appear to have a somewhat ambiguous tectonic settings.  As commented in the description of the earlier plutonic and volcanic rocks along the Bi’r Umq suture zone (se Chapter 6) the ambiguity may reflect the interaction of rift-related magmas with older crust.  Notwithstanding, however, the overall setting is a convergent margin.  None of the lavas exhibit MORB-like signatures in their incompatible-element or REE diagrams, and the the plot of sample on the MORB fields in Fig. 7-9 may be the effect of overlap between the within-plate and island-arc fields (Hargrove, 2006).
FIG 7-8 ABOUT HERE GEOCHEM DISCRIMINATION DIAGRAMS

Deposition of the Ghamr group and the correlative Amudan formation came after a 15 Ma hiatus that separated both from the earlier formed Mahd group and Samran group, in the Bi’r Umq and Samran-Shayban areas, respectively (Hargrove, 2006).   During this hiatus, the Hijaz and Jiddah terranes were deformation, uplift, and denuded along the Bi’r Umq suture, and a new unconformity developed separating the Ghamr group and Amudan formation from the older rocks.  Both the Ghamr and Amudan may represent foreland-basin type deposition in response ongoing subduction and final collision between the Hijaz and Jiddah terranes. 

7.10    Hadiyah group basins

The Hadiyah group, directly dated at 697±5 Ma by the SHRIMP method on zircons (Kennedy and others, 2004), crops out in three basins close to the northwestern margin of the Hijaz terrane.  The group overlies the Al Ays group, which is the main volcanosedimentary unit in this part of the Hijaz terrane.  The basins are elongate parallel to and some 25 km into the terrane from Yanbu suture, which is the accretionary contact between the Hijaz and Midyan terranes.  They extend in a north- and northwest-trending belt parallel to the suture over a strike distance of about 300 km from 25 km north-northeast of Yanbu to just south of Jabal Ess (Fig. 7-9).  The basins presumably originally joined up as a continuous relatively narrow depositional basin on the northwestern flank of the Hijaz terrane, close to, but inside, the terrane from the Yanbu suture.  The largest basin crops out in the As Sard or Yaqni synclinorium as an elongate structure 45 km across and 120 km long.   The Yanbu an Nakhl basin, 30 km by 10 km, is 10 km to the south, and an unnamed basin partly obscured by Cenozoic basalt and approximately 25 km by 10 km, is 50 km south of Al ‘Ula.  The ophiolite-decorated Yanbu suture is west of the Hadiyah group. 
FIG 7-9 ABOUT HERE HADIYAH BASINS

The Hadiyah group was first named by Brown and others (1963).  It consists, from bottom to top, of the Siqam, Tura’ah, and Aghrad formations (Fig. 7-10).  The Siqam formation is mainly a succession of basalt and andesite lava flows and breccias.  It crops out on the crest of an anticline within the Muryajib mineral belt and, as a unit more than >2000 m thick (Pellaton, 1979), around the southern closure of the As Sard synclinorium but in places appears to be absent.  The overlying Tura’ah and Aghrad formations are clastic rocks that represent an upward fining, then coarsening, and probably upward shallowing, sedimentary succession.  This succession grades from fine- to medium-grained diamictic pebbly sandstone, and green shale and siltstone, through a transition zone of interbedded purple and green shale and fine-grained sandstone, into purple pebble-cobble conglomerate, sandstone, and siltstone.  The change from green to purple rocks is the boundary between the Jammazin and Qaraqah members of the Tura'ah formation (Kemp, 1981).  The color change probably reflects a change from ferrous to ferric states of iron and(or) decrease in the amount of chlorite and mafic volcanic detritus, and is clearly visible on enhanced TM imagery.

FIG 7-10 HADIYAH STRAT COLUMN

According to Kemp (1981), the Hadiyah group is separated from the Al Ays group by a period of deformation and erosion, but field work done in conjunction with exploration of the Murayjib belt (Lewis and others, 1997) indicates that the Al Ays and Hadiyah groups are structurally conformable and have a sharp (Fig. 7-11) to gradational contact, the gradational contact comprising interbedding of Al Ays-type basalt with Hadiyah formation sandstone (Johnson, 1995).  The Al Ays and Hadiyah groups have virtually identical plots of poles to bedding (Fig. 7-12), are wrapped around the same regional folds, and have a common orientation of cleavage and stretching lineation, which implies that both groups were affected by a single deformation event.  This event predated emplacement of the 695 Ma Jar-Salajah batholith, which intrudes the Al Ays group and the Yanbu suture.  On this basis, the Hadiyah group does not, as considered by some workers previously thought, correlate with the Murdama group (~630 Ma) in west-central Saudi Arabia, but is more than 60 million years older than the Murdama group.  Relatively young, northwest-trending sinistral strike-slip faults and en-echelon belts of orthogneiss and paragneiss belonging to the shield-wide Najd fault event deformed the Hadiyah group basins as well as the older Al Ays group volcanosedimentary rocks.  Rocks lithologically similar to the Hadiyah group crop out northwest of the Yanbu suture, but it is not clear whether these belong to Hadiyah group, in which case the Hadiyah group basins cut across the suture, or whether they represent separate epiclastic deposits in the Midyan terrane.
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The parallelism of the axis of the Hadiyah group basins and the suture is striking and suggests tectonic linkage between the development of the basins and terrane convergence and amalgamation.  The basins resemble foreland basins–an elongate depression(s) adjacent to actively forming mountains belt (represented by the suture zone).  The Hadiyah group basin is identified by Genna and others (2002) as a type of molasse basin peripheral to the uprising Wajiyah gneiss on the northeastern margin of the Hadiyah basins.  The timing of basin deposition and its structures suggest however, it is more likely that deposition was in response to the onset of deformation and uplift along the Yanbu suture.   The Wajiyah gneiss is a continuation of gneiss doming along the Ajjaj and Qaza shear zone in the Midyan terrane, which developed during the Ediacaran and is too young to be the cause of the Hadiyah group deposition (see Chapter 8).
7.11    Thalbah group basin

The Thalbah group basin is a well exposed epiclastic sedimentary succession in the Midyan terrane, northwest Arabian Shield, unconformable on the Zaam group and arc-related mafic-intermediate rocks of the Imdan complex (Fig. 7-13).  It is unconformable on the Imdan complex (660 Ma) and intruded by the Liban complex (634 Ma) and is therefore of late Cryogenian age.  The basin is broadly elongate northwest-southeast, 100 km long and 40 km across.  Rocks in the basin are mostly moderately deformed by a series of upright synclines and anticlines, with bedding dips between <10° and 70°.  Cleavage is well developed, but the rocks are barely metamorphosed.  Toward the northeast, however, the basin is affected by deformation along the Qazaz shear zone, and in this region the Thalbah group is more intensely deformed.  Conglomerate clasts are stretched, the rocks are metamorphosed to paragneiss, and structures include well developed foliation and mineral/stretching lineations conformable with foliations and lineations in gneiss and schists in the shear zone.
FIG 7-13 THALBAH BASIN MAP

The Thalbah group was named by Davies (1985) for a succession of epiclastic conglomerate, sandstone, and siltstone in Wadi Thalibah.  The rocks are pervasively red, suggesting shallow water deposition.  Conglomerate units are commonly massive to poorly bedded, indicating mass flow deposition.  The upper formations overstep the lower, so that the size of the basin increased with time, and the most extensive unit it the uppermost of the three formations into which the group is divided.  The basal Hashim formation is confined to the northwestern part of the Thalbah basin, where it overlies the Zaam group with a distinct angular unconformity.  It is as much as 1800 m thick.  The basal 50-300 m is a massive to weakly bedded clast-supported polymict conglomerate, comprising pebbles and cobbles (5-10 cm) of sandstone, andesite, rhyolite, quartz diorite, and granodiorite in a purple siltstone matrix.  Beds of siltstone, 5-20 cm thick are interbedded with the conglomerate.  Above is 1000 m of well bedded brown and purple litharenite, subordinate siltstone, and intraformational conglomerate.

The Ridam formation extends along the western and eastern margins of the Thalbah basin.  It oversteps the Hashim formation and along most of its strike length, on the west, is in direct contact with the Zaam group.  On the east, the formation is intruded by younger granites and is deformed along the Qazaz shear zone so that its original basal contact is obscured.  The formation is chiefly poorly sorted and crudely bedded polymict conglomerate, as much as 1000 m thick.  Clasts are mostly pebble-sized, but locally boulders as much as 2 m across are present.  The clasts are chiefly subrounded.  Granite, granodiorite, and diorite clasts predominate; lesser lithologies are rhyolite porphyry, andesite, sandstone, and quartz.  The matrix consists of sand-sized feldspar and quartz crystals and gains of volcaniclastic rock.  Whether the composition of the matrix betokens contemporary volcanism is not certain; no coeval volcanic rocks are known in the region.  Upward, the conglomerate is intercalated with pebbly sandstone and shale.  The Zhufar formation is the most extensively exposed unit of the Thalbah group.  It occupies the core of the basin, overlying and overstepping the Ridam formation, so that for large parts of its strike it is in direct unconformable contact with the Zaam group.  The lower part of the formation consists of well bedded litharenite and pebble conglomerate.  Siltstone predominates in the south and toward the top.  The thickness of the formation is variable, increasing from about 600 m in the northwest to as much as 1400 m in the south, and thinning to the southeast.  The Thalbah group obviously reflects rapid deposition of rudaceous and arenaceous sediment interrupted by quieter intervals of fine grained sedimentation close to an emerging and strongly eroded mountainous hinterland.  Its age indicates deposition sometime after development of the Yanbu suture and contemporary with the Nabitah orogeny (680-640 Ma).  It predates development of the Ajjaj and Qazaz gneiss belts, but may reflect renewed uplift and erosion in the Midyan terrane engendered by the Nabitah orogeny.  The main effects of the Nabitah orogeny are in the eastern and southern parts of the shield; the Thalbah group may be evidence that the Nabitah orogeny affected a wider part of the shield than conventionally considered.

7.12    Fatima group basin

The Fatima group crops out along the northern flank of Wadi Fatima, in a northeast-trending zone extending from 15 to 55 km inland from Jiddah (Fig. 7-14).  On the north, the Fatima group is unconformable on volcanosedimentary rocks of the Samran group, the Rumaydah granite, the Samd tonalite, and quartz diorite and tonalite of the Kamil suite (825-776 Ma).  The unconformity is well exposed as a smooth erosion surface.  On the south, the Fatima group is faulted against ductily deformed rocks of the Fatima shear zone, a zone of deformation that extends 120 km northeast into the Arabian Shield from the Red Sea coastal plain.  Deformation included ductile shearing, the development of penetrative cleavage, and southeast and possible northwest-vergent thrusting.  The age of shearing is not well constrained.
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The group is divided by faulting and rugged topography into six separate areas of exposure.   Each area is broadly a syncline trending northeast.  The northern limb of each syncline dips moderately southeast; the southern limb is steeply dipping to overturned.  Overturning is probably an effect of northwest directed thrusting along the north side of the Fatima shear zone.  The shear zone itself is 19 km wide, with sheared rocks exposed in small, low-relief hills along the axis of Wadi Fatima and on the southern side of the wadi.  Contacts between the Fatima group and sheared rocks on the north side of the wadi are rarely exposed.  It is notable that the Fatima group itself is not sheared, although it is strongly folded.  It appears therefore that the group post-dates ductile shearing on the shear zone, but predates final movements including thrusting. 

The group is divided from bottom to top into the Baqar formation, Shubayrim formation, and Daf formation (Moore and Al-Rehaili, 1989).  They are recognized in the five northeasternmost exposures.  The Fatima group rocks closest to Jiddah (now virtually covered by urban development) are undivided. The group is as much as 760 m thick on the western side of Jabal Daf.  Elsewhere it is thinner due to undulations in the depositional erosion surface and variations in the number and thickness of lava flows.  The name of the group derives from some of the earliest comments on the geology of the Arabian Shield by Karpoff (1955) who referred to the “Serie du Wadi Fatima”.  This was subsequently modified to Fatima formation (Brown and Jackson, 1960), then to Fatima group (Dabbagh, 1969), although the term “formation” was still used by some workers as late as 1974 (e.g., Nebert and others, 1974).

The age of the Fatima group is debated because existing geochronologic data are ambiguous. Brown and others (1978) obtained K-Ar ages of 576±28 Ma and 592±23 Ma from Fatima group lavas, whereas Duyverman and others (1982) reported an Rb-Sr whole-rock isochron age of 675±17 Ma.  Darbyshire and others (1983) obtained a Rb-Sr isochron age of 704±32 Ma from a suite of basalt and basaltic andesite in the upper part of the Fatima group in the exposures close to Jiddah and calculated a weighted mean Rb-Sr whole-rock isochron age of 688±30 Ma for two other suites of lavas.  There is no constraint on its minimum age.  The Rb-Sr ages suggest that the group is one of the oldest Neoproterozoic post-amalgamation basins in the shield. The group is however an object of interest as a possible host for Ediacaran fossils. If the group truly contains an Ediacaran fauna, the finding would have major tectonic significance because it would imply a very late Neoproterozoic age for movement on the Fatima shear zone, comparable to movement on the Ad Damm fault zone to the south.           

The Baqar formation overlies volcanic and volcaniclastic rocks of the Samran group and is nonconformable on the Rumaydah granite and Qattanah complex (Kamil suite).  A generalized section at Jabal Abu Baqar compiled by Moore and Al-Rehaili (1989) contains 1-30 m basal conglomerate and red siltstone, wacke, and arkose.  Clasts are angular to subangular cobbles of schist, tuff, diorite, granite, metavolcanic rocks, and vein quartz.  Upward, the unit grades into 13-25 m of arkosic granule conglomerate and sandstone and greenish tuffaceous sandstone overlain by 2-12 m laminated shale.  The shale is transitional upward into 10-45 m of alternating well-graded laminated greenish sandstone and dark-gray shaly mudstone with thin interbeds of siltstone and limestone.  Flattened shards of pumice in the sandstone indicate contemporary volcanism.  The top of the formation includes 0-17 m graded green felsic tuff with thin mudstone intercalations, forming upward fining beds 3-10 cm thick.  Eastward, the amount of volcanic and volcaniclastic rocks significantly increases and at Jabal Daf, nearly a third of the formation consists of dark green basalt, mainly as a single 35-m thick aphyric flow.  The Daf section of the Baqar formation includes abundant lapilli tuff as well as green shale.  An 18-m thick volcanic unit in the lower part of the formation at Jabal Mukassar was the site for a 681±25 Ma Rb-Sr whole-rock sample (Darbyshire and others, 1983).  Sedimentary rocks in the formation contain abundant upward fining grading (beds of coarse sandstone grading to shale) as well as ripple marks and cross-bedding and the alternations of red and green suggest varying subaerial and subaqueous environments of deposition.

The Shubayrim formation (160-110 m) contains conspicuous limestone, and the base of the formation is drawn at the base of the first thick limestone in the Fatima succession (Moore and Ar-Rehaili, 1989).  The upper contact is abrupt against the lava flow that commonly forms the base of the Daf formation.  The lower part of the Shubyrim formation comprises beds of limestone 20-150 cm thick intercalated with beds of green tuffaceous arenite as much as 10 m thick. Up-section, the limestone beds become more numerous and as much as 3 m thick, and the clastic rocks become less abundant and change color to purplish-red.  The limestone is variably light yellow to dark gray, and red, pink, or black.  It is fine to medium grained and locally partly or completely dolomitized.  Bedding is well developed and laterally persistent.  Ripple marks and load-cast features are present locally.  Stromatolites occur at several stratigraphic levels, particularly in the upper 3-4 m of the formation including both Collenia finger type and Conophyton conal type (Moore and Ar-Rehaili, 1989).  The stromatolites are commonly silicified and in most places the stromatolitic layers overlie cherty limestone.  Six basaltic flows between 1 and 14 m thick crop out in the upper part of the formation at Jabal Shubayrim.
The Daf formation, named after Jabal Daf, is characterized by its red color. It comprises a lower part containing siltstone, fine-grained sandstone, and subordinate volcaniclastic rocks and lavas, and an upper part comprising tuffs, ignimbrite, volcanic breccias, and minor lava flows interbedded with subordinate mudstone, sandstone, and conglomerate.  The formation is the thickest of the three formation recognized in the Fatma group, from about 425 m to 700 m.  A 675±17 whole-rock isochron was obtained from five samples of andesite and rhyolite at Jabal Daf (Duyverman and others, 1982).  At Jabal Daf, the formation begins with a 9-m thick green basalt, followed by 27 m of massive red mudstone and 6 m of sandstone, passing up into bright-red mixed clastic rocks varying from conglomerate to mudstone.  Individual bedding units are commonly upward fining.  Volcaniclastic rocks include pumice- and crystal-rich tuffite.  The upper part of the formation includes red volcanic breccia, polymict boulder conglomerate, sandstone, mudstone, and welded tuff in beds 2-4 m thick, overlain by a thick unit of tuff, volcanic breccia, and ignimbrite that makes up as much as 500 m of the formation.

The Fatima group in the outcrop closest to Jiddah contains similar rock type to the exposures further northeast, but is undivided for lack of sufficient lithostratigraphic control (Moore and Ar-Rehaili, 1989).   The Rb-Sr isochron age of 704±32 Ma was obtained from a suite of basalt and basaltic andesite in the upper part of these undivided rocks (Darbyshire and others, 1983).

Chemically, the Fatima group lavas and volcaniclastic rocks mostly belong to the calc-alkaline series, although some are tholeiitic (Skiba and others, 1977; Duyverman (1981); Roobol and others, 1983).  In terms of their alkali-silica contents, they are mainly subalkalic, belonging to the low-K calc-alkaline and tholeiite series.  The origins of the Fatimah group and the type of basin represented are not certain.  The amount of limestone suggests contacts with an ocean which implies marine connections deep into the orogenic belt represented by the developing Arabian-Nubian Shield.  The group is conspicuously parallel to the Fatima shear zone and would appear to reflect subsidence on the north side of the shear postdating the phase of ductile deformation on the shear zone.  In terms of its possible 680 Ma age, the group was being deposited at the beginning of the Nabitah orogeny, which may have caused a reactivation of the Fatima shear zone, leading to an uplift of a clastic source region and subsidence of a sedimentary-volcanic basin.  
7.13    Furayh group basin

The Furayh group is a large body of sedimentary and volcanic rocks in the central part of the Arabian Shield covering an area of about 200 km by 200 km.  It crops out in the Hijaz terrane, north of the Bi’r Umq suture (Fig. 7-7), although the exact distribution of the group is debated in as much as its relationship with the Ghamr group, shown on the Mahd adh Dhahab 1:250,000-scale quadrangle map south of the Bi’r Umq suture is not clear.  Kemp and others (1982) extend their Ghamr group to the northern margin of the Mahd adh Dhahab map sheet, north of the suture, where it abuts the Furayh group shown on the Al Hissu quadrangle map sheet (Delfour, 1981) implying that they are the same geologic unit.  The Ghamr and Furayh groups are lithologically similar apart from an absence of limestone on the Ghamr group.  It is difficult to correlate the two groups, however, because of isotopic age differences.  The Furayh group is dated by two Rb-Sr whole-rock isochron ages obtained from the Qiridah formation in the western part of the basin.  One sample yields an age of 633±15 Ma (Aldrich and others, 1978); the other an age of 663±44 Ma (C. Hedge, cited as personal communication in Camp, 1986).  The data are somewhat ambiguous in that the older age is from a sample stratigraphically above the older age, but the results are within error and, pending more robust results, are an indication of possible formation age.  The Ghamr group yields an age of 748±22 Ma (Calvez and Kemp, 1982), obtained from a sample of microgranite, a subvolcanic intrusion (subvolcanic rhyolite in Kemp and others, 1982).  Biotite from the same intrusion yields an Rb-Sr model age of 555±15 Ma (Brown and others, 1978), but this date has clearly been affected by resetting.  If indeed mapping indicates that the Furayh and Ghamr groups are correlative, the age dating requires revisiting and clarification; alternatively they are separate groups and the mapping needs revision.  The Furayh group is reported by Pellaton (1981) to be unconformable on the Al Ays group, although the contact is not everywhere clear, and Johnson (1995) describes exposures where there appears to be an upward transition from Al Ays to Furayh rocks.
The Furayh group is exposed east and west of Harrat Rahat, which effectively divides the group into a largely sedimentary assemblage in the east and a largely volcanic assemblage in the west.  In the east, the group is divided into three formations.  The lower Naslah formation is a succession of fine-grained sedimentary rocks, conglomerate, and felsic volcanic rocks.  The middle Ghuwayt formation is essentially volcanic, composed of andesite, basalt, and pyroclastic rocks.  The upper Shaqran formation is sedimentary.

The Naslah formation is mapped by Delfour (1981) on the southern and eastern margins of the Furayh basin.  It is as much as 2000 m thick, and includes thinly bedded green and purple shale, siltstone, silty sandstone, wacke, and limestone.  Rhyolitic breccia and ignimbrite, feldspar-crystal tuff, andesite-basalt flows, and polymict cobble conglomerate are also present and in places dominant.  Conglomerate is particularly abundant in the upper part of the formation containing cobbles and boulders of purple ignimbrite, porphyritic rhyolite, and amygdaloidal andesitic-basalt.  The succession varies considerably across the basin reflecting a lenticularity of bedding, variations in the types and quantities of clastic material introduced into the basin, and the proximity of volcanic centers.  Locally, the formation includes carbonates in the form of calcdolomitic marble with lenses of magnesite.  The largest such magnesite occurrence is at Jabal Rokham; a smaller occurrence is at Jabal al Abd.  Dolostone from Jabal Rokham contains structures believed to be Chitinozoan-like microfossils (Binda and Bokhari, 1980).   Chitinozoans themselves are typical of the Ordovician, Silurian, and Devonian, but Chitinozoan-like organisms are independently reported from the Neoproterozoic of North America, which extends their range to as early as about 75±100 Ma (Bloeser and others, 1977).
The Ghuwayt formation is mainly volcanic in origin.  On a regional scale is it lenticular, thinning along strike to zero from a maximum of about 2000 m north of the Bi’r Umq ophiolite.  The formation contains abundant gray, slightly porphyritic andesite, amygdaloidal and pillowed andesite, andesitic tuff and breccia, and dacite and rhyolite flows and ignimbrite.  The basal andesite is intercalated with purple shale, siltstone, and volcanic wacke.  In places, chert and chert breccia is associated with pillow andesite.

The Shaqran formation, referred to as the Dawnak formation on the Al Madinah quadrangle (Pellaton, 1981), is the most extensively developed Furayh group unit,  and consists of 2000 m of sandstone and wacke with lenticular marble, shale, and some volcanic rocks.  In the north-central part of the Furayh basin, the formation comprises, from bottom to top, green to purple lithic sandstone, commonly with conglomerate (30-80 m); gray calcdolomitic marble and interbeds of sandstone and conglomerate (10-20 m); green to gray-brown lithic sandstone (100-800 m); wacke, with thick beds of polymict conglomerate containing clasts of purple porphyrite, pink granophyre, green siltstone, red, beige, and black chert, porphyritic andesite, and siltstone, sandstone, and wacke (1500-2000 m).

The western part of the Furayh group, west of Harat Rahat, is essentially volcanic in character.  The volcanic rocks, which vary in thickness from several thousand to several hundred meters, are assigned to the Qidirah formation.  They are essentially andesite and dark-gray to green amygdaloidal basalt, with local andesitic and basaltic breccia, porphyritic andesite, green and purple andesite, mafic tuff, brown dacite, and rare rhyolite.  A sedimentary unit within the Qidirah formation contains polymict conglomerate, coarse- and fine-grained sandstone, arkose, wacke, siltstone, mudstone, and rare marble.  Sedimentary structures abound, including ripple marks, micro slumping, cross bedding, mud flakes, mud cracks, and local unconformities denoting periodic emergence.  The sedimentary rocks are well exposed on either side of the Madinah-Jiddah highway, in the vicinity of Yatimah, and are distinctive for their well-developed, large-scale, subhorizontal pencil structure resulting from the intersection of bedding and penetrative cleavage.

No formal analysis of the Furayh basin has been done, and trace-element geochemistry of Furayh group lavas are not available, so nothing definitive can be said at this stage as to its tectonic classification.  However, the proximity of the Furayh basin with the Bi’r Umq suture zone is noteworthy, suggesting that the Furayh group, like the Ghamr group may represent the fill of a basin adjacent to a structural high along the suture.

7.14    Murdama-group basins

The Murdama group crops out in the northeastern part of the shield in a series of areas referred to as the Maraghan, Mushrifah, Urayk, Salam, and Maslum basins (Fig. 7-16).   The group unconformably overlies greenschist- to amphibolite- and, locally, granulite-facies metamorphosed volcanic and plutonic rocks belonging to the Suwaj and Siham subterranes of the Afif composite terrane.  The metamorphic grades of the underlying rocks are permissive of as much as 15-20 km uplift and erosion prior to Murdama deposition.  Folds and strike-slip faults deform the Murdama group, and later intrusions and younger basins interrupt continuity of exposure.  However, local facing directions and the presence of basal conglomerates led Cole (1988) to infer that the present-day basin margins approximate the original margins.  Removing the effect of post-Murdama strike-slip faulting outlines a composite basin more than 600 km long and 120 km wide, part of which is located beneath Phanerozoic cover east of the shield (Johnson and Stewart, 1995; Johnson, 2003), making the Murdama basin the largest depositional basin in the Arabian Shield and comparable in size to other orogenic depositional basins such as the Mesozoic Pannonian basin in the northern Carpathian foreland (Horvath, 1993) and the Himalayan collisional successor basins in northwestern China (Graham et al., 1993).
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The thickness of the group is not clearly established.  Greene (1993) estimated a thickness of 20 km, but this seems an unreasonable great thickness and did not allow for stratigraphic repetitions because of folding.  Given its surface area, the composite Murdama basin clearly contains a vast amount of detrital material, which implies that the underlying volcanic-arc terranes underwent major erosion and degradation following Nabitah orogeny.  The group is directly dated in the southern part of the Maslum basin at 630-624 Ma (W. Androj, written communication, 2010), although it may be as old as 650 Ma in the north (Cole and Hedge, 1986).  It is intruded by granitoid plutons belonging to the Kilab suite (~650 Ma), the Idah suite (~620-615 Ma), and the Abanat suite (585-570 Ma) (Cole and Hedge, 1986), and intruded by ~630 Ma felsic sills (Kennedu and others, 2004).  Overall, the groups appears to be broadly 650-620 Ma. 
The Murdama group consists of sandstone, conglomerate, subordinate siltstone, limestone, and volcanic rocks regionally metamorphosed to the lower greenschist facies (Cole, 1988; Greene, 1993; Pellaton, 1984).  Sandstone is lithologically similar throughout the basin comprising fine-to-medium-grained, gray-green lithic (volcanic) arenite and arkosic arenite exposed in planar bedding units a few centimeters to a meter or more thick.  It is assigned to the Zaydi formation in the Maslum basin and the Maraghan formation in the Maraghan basin.   Bedding is well developed and continuous on strike for hundreds of meters, but bedding is commonly difficult to observe in outcrop because it is obscured by a penetrative cleavage.  Some of the best exposures revealing details of bedding form and sedimentary structures are in road cuts.  The sandstone is not well sorted and has angular clasts of volcanic rock, feldspar, quartz, and feldspar-quartz aggregates.  The matrix, which makes up 1-30 percent of the rock, comprises epidote, chlorite, calcite, clay minerals, and unidentified, probably very fine-grained rock fragments.  On a triangular diagram of quartz-feldspar-lithic clasts (Fig. 7-17), the sandstone plots in the fields of arkose and lithic arkose (Fig. 7-17A).  However, Greene (1993) plotted samples of Murdama sandstone framework grains much more toward the lithic pole and less toward the feldspar (arkosic) pole (Fig. 7-17B.  On this plot, the sandstones are in the provenance field of slightly to strongly dissected magmatic arc, consistent with the superimposition of the Murdama group on newly amalgamated volcanic-arc terranes.  The discrepancy between these two plots in terms of the relative proportions of feldspar and lithic grains requires resolution by further study.  Sedimentary structures include planar cross bedding, ripple cross lamination, planar lamination, grading, and scour-and-fill features.  Fine-grained sandstone grades locally into siltstone and coarse-grained sandstone grades into pebbly sandstone and conglomerate, and the rocks form upward-fining cycles of sandstone, siltstone, and shale less than 1 to several meters thick (Wallace, 1986).  Polymict conglomerate is common at the base of the sandstone sequence and as interbeds higher in the sequence, forming indistinctly bedded to massive units.  The conglomerate is mainly clast supported and is composed of subangular to subrounded pebbles, cobbles, and rare boulders of metaandesite, metadiorite, metadacite, marble, varied felsic metavolcanic rocks, granodiorite, granite, and mica schist (Cole, 1988). 
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Lenses of limestone tens of meters to 300 m thick occur in the Maraghan basin, and limestone, more than 1000 m thick (locally named the Farida formation) occurs toward the base of the group along the eastern margin of the Maslum basin.  The limestone is commonly well bedded in layers several millimeters to tens of centimeters thick, and includes tan, fine-grained micrite, dark brown, siliceous impure limestone, black carbonaceous limestone, and tan stromatolitic limestone.

Because of the predominance of planar-bedded, poorly sorted sandstone, Greene (1993) proposed that the group originated in a deltaic environment interspersed with conglomerate-bearing alluvial channels.  A particularly thick wedge of conglomerate (the Timiriyat conglomerate) represents an E-W channel north of the Shara fault along the southern margin of the Maraghan basin (Cole, 1988).  The thick, locally stromatolitic Farida formation and other carbonates identify marine environments along the eastern side of the Maslum basin and to the north, and fine-grained sandstone, siltstone, and shale deposited in near-shore mud-flat and broad-channel environments with carbonate mud and algal buildups evidence lagoonal, lacustrine, or shallow-marine conditions in the Maraghan basin (Wallace, 1986).  Jackson and others (1983) interpreted the basin as grading from a volcanic-plutonic terrain in the west to a marine and shallow-marine basin in the est (Fig. 7-18).
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Volcanic rocks crop out on the southwestern side of the Maslum basin.  They are conventionally referred to as the Afif formation and interpreted as unconformably underlying the Murdama group.  In detail however, the volcanic rocks are structurally conformable with and gradational up into Murdama sandstone.  Along the southern margin of the Maslum basin, the volcanic rocks interfinger with typical Murdama sandstone (Bois and others, 1975).  Johnson (1996) interprets them as part of the Murdama group rather than a separate lithostratigraphic unit, and reassigns the volcanic rocks along the southernmost margin to the At Tuwawiyyah formation.  West of Jabal Murdama, the volcanic rocks are clearly conformable beneath the lowest conglomerate.  Along the Zalm-Riyadh highway, the volcanic rocks appear to overlie typical Murdama sandstone, but there is some indication from grading that the rocks in this particular part of the Maslum basin are overturned so that the volcanic rocks are in fact stratigraphically below the sandstone.  The At Tuwawiyyah formation includes rhyolite, andesite, local marble, chert, and conglomerate, overlain by interbedded rhyolite, rhyolite breccia, ignimbrite, dacite, andesite, basalt, and volcaniclastic sedimentary rocks.  The volcanic rocks have a fairly mature calc-alkalic and high-K calc-alkalic geochemical signature and have been compared to present-day transitional volcanic-arc sequences such as the Indonesian Sunda arc (Roobol et al., 1983). The Murdama basins post-date the Nabitah orogeny and overlie the already amalgamated Suwaj and Siham arcs.  They are classic post-amalgamation basins.  Their bimodal character of the volcanic rocks along the southwestern margin of the Maslum basin is noteworthy and may be evidence for extension and rifting during the initiation of Murdama deposition.  The high intensity narrow magnetic naomlies referred to in Chapter 3 in the eastern part of the Maslum basin may reflect the underlying suture between the Suwaj and Siham terranes.  As with the Furayh and Fatima groups, the abundance of limestone in the Murdama group is evidence that the Arabian-Nubian orogenic belt was well connected with the ocean at this time, and the group may well have been deposited in an arm of the remaining Mozambique Ocean.

Gently plunging, open, upright, north-trending folds with locally vertical limbs deform the Murdama group.  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 probably developed during a period of ductile shearing on the adjacent Ar Rika fault zone, one of the many northwest-trending sinistral transcurrent Najd faults that cut the northern Arabian Shield (Moore, 1979; Johnson and Kattan, 1999).  The trends of the folds indicate deformation by bulk east-west shortening, a stress orientation that would be compatible with sinistral shearing.

7.15    Bani Ghayy-group basins

The Bani Ghayy group (Agar, 1986a) crops out in narrow (20-50 km wide) basins west and southwest of the Murdama group (Fig. 7-16).  The separate basins are as much as 350 km long and add up to combined strike length of more than 600 km.  Like the Murdama group, the southernmost Bani Ghayy group basin extends off the shield and can be traced for a farther 100 km beneath the Phanerozoic cover by means of magnetic anomalies.  The group is reported to be in excess of 6000 m thick (Agar, 1986a).  The group is directly dated by a conventional U-Pb zircon age of 620(5 Ma from rhyolite (Stacey and Agar, 1985) and a 3-point Rb-Sr whole-rock isochron of 620(95 Ma from andesite and basalt (Fleck et al., 1980).  However, the group appears to be intruded by granite of the Haml batholith (650-600 Ma; Agar et al., 1992; Aleinikoff and Stoeser, 1988) and by a quartz porphyry dike with a SHRIMP U-Pb age of 646 ± 11 Ma (Doebrich and others, 2004), suggesting the group is older than indicated by the U-Pb and Rb-Sr ages.
The Mujayrib basin contains upward-fining polymict conglomerate, tuffaceous wacke, and  siltstone, and thin-bedded limestone, and volcanic rocks.  The conglomerates are massive, clast-supported deposits composed of subangular to rounded pebbles, cobbles, and boulders.   Clasts are mainly locally derived Siham-group volcanic rocks, Siham-associated diorite, granodiorite, and granite, and intraformational volcanic rocks.  The wacke is well bedded and together with siltstone forms upward-fining, cross- and planar-laminated depositional units 10 and 50 cm thick that represent truncated Bouma cycles (Agar, 1986a).  The volcanic rocks are a bimodal sequence as much as 1000 m thick of porphyritic rhyolite flows, sills, and tuffs and tholeiitic, high-alumina, and alkali basalt and andesite (Agar, 1986a).  Limestone units are also as much as 1000 m thick (Pellaton, 1984).

The Bani Ghayy group in the Hadhah basin includes a bimodal sequence of basaltic-andesite and rhyodacite-rhyolite flows, tuffs, breccia, and agglomerate interbedded with volcanic conglomerate, conglomerate, wacke, quartz arenite, and siltstone, and contains a carbonate sequence 150-800 m thick (Kattan and Harire, 2000).  The conglomerates are commonly chaotic deposits of subrounded to subangular cobbles and boulders composed of andesite, dacite, diorite, granodiorite, and granite.  The carbonates include white, gray, and brown calc-rudite, calc-arenite, oolitic limestone, stromatolitic limestone, dolomite, and calcareous sandstone (Kattan and Harire, 2000).  On the basis of the bimodal character of the volcanic rocks and the fanglomerate character of the coarse-grained clastic rocks, Agar (1986a) concluded that the basins were fault-bounded grabens (Agar, 1986a) although Kattan and Harire (2000) discern a subduction-related influence in the volcanic-rock geochemistry.  The clastic rocks resemble sub-aqueous deposits and the local abundance of stromatolitic carbonate rocks indicates marine conditions (Agar, 1986a).

The margins of both basins are intruded by younger plutons, modified by post-Bani Ghayy faults and, in the case of the Arfan basin, extensively covered by eolian sand so that the structure of the margins is not fully established.  However, strongly developed north-northwest trending aeromagnetic lineaments close to some of the exposed basin margins are believed to reflect bounding faults and one bounding fault at the eastern margin of the Mujayrib basin is exposed as a steeply east-dipping serpentinite-decorated reverse fault (the Tawilah fault) (Agar, 1988).  Folds in the Bani Ghayy group are indicative of east-west shortening similar to that implied by folding in the Murdama basins.  They comprise open-to-isoclinal north-trending anticlines and synclines <1->5 km apart that have steeply east-dipping axial-plane cleavages (Agar, 1988; Kattan and Harire, 2000).  Along the Ruwah fault zone Bani Ghayy rocks are thrust southwest over orthogneiss and paragneiss (Fig. 7-4C).  They are not as strongly metamorphosed as the gneisses in the footwall, and were evidently structurally emplaced after cessation of ductile deformation along the Ruwah fault and exhumation of the gneisses.   

7.16    Hibshi group basin

The Hibshi basin is a northeast-trending faulted syncline, 2-30 km wide and more than 100 km long, that separates the Maraghan basin from the Ha’il terrane (Williams et al., 1986) (Fig. 7-16).  The basin is filled by the Hibshi formation (632(5 Ma: Cole and Hedge, 1986), a succession of volcanic, volcaniclastic, and epiclastic rocks unconformable on the Ha’il terrane to the north and faulted against the Murdama group in the Maraghan basin to the south.  The formation is (5000 m thick, implying major subsidence in what Williams et al. (1986) inferred to be a fault-controlled continental basin.  The formation is intruded by plutons of the Idah suite (~620-615 Ma), and is moderately deformed resulting in bedding inclinations of 40-85(.  Whether the basin developed because of simple northwest-southeast-directed extension or whether it is a transtensional basin with a component of strike-slip is unknown.  In a number of tectonic models for the shield, the basin lies at the contact between the Afif and Ha’il terranes.  No typical suture zone is known in this part of the shield however other than a southwest-striking zone of gneiss on the north side of Wadi ar Rimah on the strike of the Hibshi basin.  The absence of a well-developed suture zone may be because the Hibshi basin overlies and obscures the suture.

The rocks make up two volcanic centers.  One, predominantly felsic, is in the central part of the basin and contains basal polymict conglomerate, 0-100 m thick, in local channels cut in the rocks of the Ha’il terrane, fine- to medium-grained, poorly to moderately sorted arkose, lithic (volcanic) arenite, lithic graywacke, maroon to green siltstone, dacitic and rhyolitic welded and ash-fall tuffs, and dacite and andesite flow rocks and breccia.  The conglomerate is crudely bedded and composed of locally derived clasts of diorite, andesite, dacite, and Murdama sandstone.  It coarsens upward from pebbles to boulders in an arkosic matrix.  A bimodal volcanic center comprising rhyolite flows and tuffs and massive basalt flows is located in the northeast.

7.17    Jurdhawiyah-group basins

The Jurdhawiyah group, in contrast to the Murdama and Bani Ghayy groups, but similar to the Hibshi formation, contains a large amount of volcanic rock and no limestone.  It crops out in three, partly fault-controlled, depositional basins (Fig. 7-16).  The Idayri basin is bisected by the north-vergent Lughfiyah reverse fault and is bounded on the north by the Shara fault, a possible growth fault that governed rapid deposition of conglomerate in the Jurdhawiyah group (Cole, 1988).  The Safih basin is bounded on the northwest by a cryptic fault evidenced by an alignment of plugs and stocks.  The An Nir basin is an inward-dipping region of subsidence.   The group rests unconformably on folded Murdama group rocks and in the Safih basin oversteps the contact between the Murdama group and rests on amphibolite-grade rocks of the the older Suwaj terrane.  Felsic tuffs from the An Nir basin are directly dated at 612±12 Ma and 594±7 Ma (Kennedy and others, 2004, 2005).  Granitoid rocks of the Idah (~620-615 Ma) and Abanat (585-570 Ma) suites intrude the group in the northern basins, suggesting that the group in these basin may be slightly older than in the An Nir basin.

The most abundant volcanic rocks, particularly in the Safih and Idayri basins, are structureless-to-amygdaloidal andesite flows that grade into coarse, fragmental breccia (Cole, 1988).  Rhyodacite tuff breccia and lapilli tuff locally crop out in lenses up to 100 m thick.  Sedimentary rocks consist of conglomerate and volcanic arenite; limestone does not occur.  The conglomerate is poorly sorted, made up of angular to subrounded, cobble to boulder clasts (up to 1 m in diameter) of andesite, dacite, rare Murdama-group sandstone and limestone, Suwaj-terrane rocks, and fragments eroded from contemporary volcanoes and plugs and stocks of gabbronorite and andesite porphyry.  The volcanic arenite, largely andesitic in composition, is medium to coarse grained and well bedded.  The beds are 5-20 cm thick and continuous on strike for hundreds of meters.  Other sedimentary structures include channeling, cut-and-fill, ripple marks, raindrop imprints, and small-scale cross bedding. 
The Jurdhawiyah group was affected by moderate deformation in the Idayri basin, in which north-south shortening created subhorizontal, chevron-style east-trending anticlines and synclines spaced about 1 km apart and caused north-vergent reverse faulting (the Lughfiyah fault shown on Fig. 8).  Folds in the Safih and An Nir basins are less prominent and bedding dips are mostly between 5(-30(.  The Jurdhawiyah group is distinguished from all other layered rocks in this part of the Arabian Shield by its abundance of fresh, intermediate calc-alkaline volcanic rocks and by voluminous volcaniclastic conglomerate and sandstone that were eroded from contemporary volcanic centers (Cole, 1988).  The rocks were rapidly deposited in fault-bounded, terrestrial to shallow-water epicontinental basins, whose margins are defined by well exposed basal unconformities, by contemporary faults, and by the distribution of facies and inferred volcanic centers.  Because the group is not metamorphosed, generally not folded, and only slightly offset by dip-slip faults, it is inferred that the preserved depositional basins approximate the primary distribution of the unit (Cole, 1988).       

7.18    Jibalah group basins

The Jibalah group (Delfour, 1970) (alternative spellings: J’balah, Jubaylah) crops out in small, isolated basins adjacent to Najd faults (Fig. 7-19).  The basins tend to be synclinoria.  Deformation is commonly quite pronounced with disharmonic, en-echelon, and S- and Z-shaped asymmetric folds, the latter probably formed under conditions of sinistral and dextral simple shear, respectively (Kusky and Matsah, 2003).  Northwest-trending are mapped along the margins of, as well as within, many basins.  Many faults have sinistral offsets and are typical sinistral Najd faults, but dextral slip is also apparent.  The group consists of sedimentary rocks and volcanic flows that were originally mapped as part of the “Shammar group” (Brown and others, 1963), but were later separated and recognized as a distinct unit above an unconformity (Delfour, 1967).  Together with the recently recognized Kurayshah Group (Nicholson and others, 2008), which overlies the Jibalah group in the Al ‘Ula area, they are the youngest depositional units in the Arabian Shield, and the youngest rocks of any type in the shield apart from minor intrusive sills.  Both the Jibalah and Kurayshah groups are older than the regional Lower Cambrian basal unconformity of ~540-520 Ma associated with the phase of terminal Neoproterozoic-early Cambrian uplift and peneplanation sandstone that marked the final development of the shield. 

FIG 7-19 ABOUT HERE JIBALAH GROUP DISTRIBUTION 

The Jibalah group is directly dated in the Rubtayn and Mataar-Dhaiqa basins in the northwestern part of the shield by SHRIMP analyses of zircons from tuff beds.  In the Rubtayn basin a tuff bed in the Murayhah formation gives ages between 600 Ma and  588 Ma, implying deposition after 588 Ma, whereas the youngest population of zircons from tuff in the Dhaiqa formation gives a Concordia age of 560±4 Ma (Vickers-Rich and others, in press) implying sedimentation as late as 560 Ma.  Zircon from a similar rock in the Dhaiqa formation yields a core age of 599±5 Ma and a rim age of 570±5 Ma, which suggests a similar maximum age of sedimentation (Kennedy and other, 2007).  SHRIMP analyses of zircons from tuff beds within the Muraykhah formation in Jibalah group rocks southeast of Al ‘Ula yield robust U-Pb ages of 588-600 Ma, suggesting a maximum sedimentation age of about 590 Ma (Nicholson and others, 2008).  Kusky and Matsah (2003) report a U-Pb concordia age of 577±6 Ma for a felsites dike that intrudes the Jifn formation in the Jifn basin, constraining deposition as older than 577 Ma.  The youngest zircons obtained from ash beds in the Antaq basin north of Halaban yield LA-ICP-MS ages of 573±12 Ma, 568±11 Ma, and 585±10 Ma and constrain the maximum depositional ages of the Antaq basin to approximately ≤570 Ma (Nettle, 2009).  On balance, the available age data suggest that the Jibalah group was being deposited between about 590 Ma and 560 Ma.   

In the reference area of Jabal Jibalah, 50 km south of Hulayfah, the Jibalah group is more than 3,300 m thick, but the main lithostratigraphic divisions of the group that apply to Jibalah group exposures over a large part of the northeastern shield were first established in the Sima’iyah and Jifn basins northeast of Nuqrah (Delfour, 1970).  These divisions are the Umm al Aisah formation, below, and the Jifn formation, above (Fig. 7-20).
FIG 7-20 ABOUT HERE JIBALAH STRAT COLUMNS

In the Jifn basin, the Jibalah group is about 3000 m thick.  The Umm al ‘Aisah formation, unconformable on Murdama group rhyolite and felsic volcanic rocks dated at 625±4 Ma (Kusky and Matsah, 2003), includes polymict conglomerate with a calcareous matrix grading up into beds of variable thickness of dolomitic limestone and chert with beds of argillite, shale and calcareous conglomerate.  Alkali basalt and andesite flows and tuffs occur at several levels, and dacite and rhyolite are locally present. The Jifn formation includes fanglomerates in the lower part that grades up into shale and fine-grained and calcareous sandstones.  Kusky and Matsah (2003) report that the thickest accumulations of polymict conglomerate and fanglomerate are along the faulted sides of the Jifn basin, suggesting deposition during active faulting.  The calcareous deposits typically consist of alternating beds of cherty and siliceous limestone and calcareous argillite.  The limestone beds are millimeter to decimeters thick and their alternation with soft shales and calcaroues reworked conglomerates may represent calcareous debris flows (Kusky and Matsah, 2003).  Undulose bedding is common in the limestones, representing algal mat deposition (Fig. 7-4A).  Mafic volcanic flows and subordinate tuffs are intercalated with the sedimentary rocks throughout the Jibalah group, particularly in the Umm al ‘Aisah formation.  They consist of purplish-brown andesite and basalt with a subophitic or porphyritic texture comprising phenocrysts of andesine-labradorite and augite set in a fine-grained matrix (Delfour, 1977).
A very similar sequence is present in the Al Hissu and Sukhaybarah basins to the south.  In the Antaq basin, 25-60 km north of Halaban, the group is about 2000 m thick, mostly composed of sandstone.  The basins is considered to be a half-graben or pull-apart (Nettle, 2009) and is a homocline, composed of gently east dipping beds in a basin 45 km long and 10 km wide.  The western contact is an unconformity, where the basal Umm al ‘Aisah formation lies above metamorphosed plutonic rocks of the Suwaj terrane.  The eastern margin is a normal fault, down to the west, that juxtaposes the Jibalah group against the Halaban ophiolite.  Across most of the basin, beds dip consistently at 25-35° to the east, but bedding becomes subvertical at the eastern margin suggesting a reactivation of the eastern bounding fault after Jibalah group deposition (Nettle, 2009).  As originally mapped by Delfour (1970), the Jibalah group in the Antaq basin was divided into two formations that were given the same names as the formations in the basin Sima’iyah and Jifn basins.  The Umm al ‘Aisah formation consists of alternating siltstone, cherty limestone, variegated shale, and fine- to medium-grained sandstone intercalated with polymict pebble-cobble conglomerate.  The Jifn formation, in the eastern part of the basin, consists of alternating purplish-brown shale and fine- to coarse-grained platy sandstone with angular to rounded lithic clasts overlain by a distinctive cyclic bedded sequence that weathers out as a stepped succession of small escarpments 2-3 m high (Fig. 7-21).  Each bedded unit comprises greenish-khaki thinly bedded fine-grained sandstone, commonly slumped argillite, and arkosic microconglomerate-conglomerate (Delfour, 1979).  The top of each rhythmic bed commonly contains reddish limestone and hard cross-bedded ripple-marked sandstones.  The basin has been recently re-examined with the objective of establishing its sequence stratigraphy, age, isotopic character, and faunal content (Nettle (2009).   As commented above, the Jibalah group in the basin has an average age of ≤570 Ma.  It is divided by Nettle (2009) higher in the sequence than Delfour (1970) at a facies change from a restricted non-marine to marine environment to an increasingly marine environment.  Paleocurrent directions are approximately southeast, parallel to the controlling eastern fault in the lower succession, and are bimodal in the upper succession consistent with increasing marine influence.  The lower succession includes approximately 2000 m of mostly arkosic sandstone and siltstone, with locally significant polymict gravel conglomerate, an approximately 100-m thick andesite-basalt unit, and very minor clacareous concretions.  Water escape structures are abundant as are convoluted bedding and slumping structures.  The upper succession, approximately 400 m thick, consists of arkosic sandstone and siltstone with subordinate polymict conglomerate and carbonates, and has the conspicuous cyclic bedding illustrated in Fig. 7-21 in its upper part.  These cycles are commonly coarsening up from silt to conglomerate, and commonly capped by carbonate.
FIG 7-21 ABOUT HERE ANTAQ BASIN OUTCROPS

The Al Kibdi basin, 23 km by 5 km, is a northeast-dipping succession of Jibalah group rocks confined between two splays of the Ar Rika fault.  The dips vary between 10° and 50°, and the exposed thickness is estimated to be 4,500 m (Delfour, 1980).  In this basin, also, the succession is divided by Delfour (1980) into the Umm al ‘Aisah and Jifn formations.  The former, contains polymict conglomerate and interbedded arkosic and lithic arenite.  The Jifn formation consists of alternating beds of beige, greenish-gray, yellowish, reddish, and purple lithic and feldspathic arenite, locally with a calcareous matrix, and some interbeds of gray impure, sandy or cherty limestone, magnesian limestone, and dolomite.  A thick polymict conglomerate is preserved at the top, and several andesite flows are in the middle of the Jifn formation.

FIG 7-22 ABOUT HERE EAST DIPPING ANTAQ BASIN BEDS

In the northwestern part of the shield, the Jibalah group is divided into three formations (Fig. 7-20).  One of the earliest descriptions is of Jibalah group rocks at Jabal Rubtayn, in the Mashhad area, 30 km southeast of Al ‘Ula (Hadley, 1974), a succession recently mapped and sampled by Nicholson and others (2008).  As described by Hadley, the Rubtayn formation (about 373 m thick), at the base of the group, comprises a lower boulder conglomerate rapidly deposited as coalescing alluvial fans adjacent to fault scarps of high relief.  This is overlain by fluvial sandstone, followed by fluvial or possible lacustrine siltstsone and mudstone, and finally by pebbly conglomerate.  The formation rests unconformably on porphyitic andesite.  The intermediate Badayi’ formation (150 m thick) consists of flows of andesite basalt.  The upper Muraykhah formation (350 m thick) includes a lower cherty limestone and an upper dolomitic limestone, interbedded with thin beds of siltstone, mudstone, rhyolite-pebble conglomerate, and andesite basalt.  Stromatolite structures, undulose algal-like laminations, mud cracks, flat-pebble conglomerate, and ripple drift structures are common in the limestones units.

Similar rocks crop out in the small Jibalah basins farther northwest.  The Farrah basin is made up of Farrah formation rhyolite flows and breccias and intercalated conglomerate, unconformable on the Baydah group.  The younger Nagh formation consists of well-bedded sandstone, conglomerate, siltstone, mudstone, and limestone (Grainger and Hanif, 1989).  The Nagh and Farrah formations are separated by an angular unconformity, the Farrah having been folded prior to deposition of the Nagh, and it is not certain that both formations should be included in the Jibalah group.  Elephant skin structure indicative of widespread microbial mats is common in the Nagh formation limestone.  Matrix-supported boulders and cobbles together with tentatively identified dropstones in some of the conglomeratic sandstone units of the Nagh may represent glaciogenic diamictite (Vickers-Rich and others, in press).  Similar diamictite is present in the Mataar formation in the Mataar-Dhaiqa basin (Fig. 7-xxx).  In this basin, the Mataar formation consists of polymict pebble to boulder conglomerate and purple siltstone as much as 100 m thick resting unconformably on the Baydah group.  Conglomerate clasts include rhyolite, dacite, andesite, monzogranite, and abundant alkali granite (Davies, 1985).  The conglomerate is poorly sorted and in places the clasts are matrix supported, suggestive of glacial diamictite although the bulk of the conglomerate is molasse or fanglomerate (Miller and others, 2008).  The lower part of the overlying Dhaiqa formation consists of well bedded limestone with minor tuffaceous sandstone and thin conglomerates exposed in a gently folded sequence in low hills above the Mataar formation (Miller and others, 2008) (Fig. 7-22).  The limestone is commonly laminated with undulose bedding indicative of microbial mats.  Small stromatolitic bioherms are also common.  Strontium isotope compositions measured in Dhaiqa limestone are between 0.704 and 0.706, well below the range of reported Ediacaran marine values and suggestive of a signficiant contribution from ensimatic Sr, that is derivation of Sr from igneous rocks recently mantled from the mantle.  Najd faulting associated with the Jibalah group may provide pathways by which crustal fluids entered the Jibalah basins.  Carbon isotopic measures, on the other hand, suggest marine environments, with (13C carb near 2‰ (Miller and others, 2008).
FIG 7-22 ABOUT HERE DAHQA FORMATION STRAT COLUMN

The Jibalah group basins in the northwestern part of the shield have been searched for Ediacaran fossils (Miller and others, 2008; Vickers-Rich, in press). The Naghr formation contains Beltanelloides-like structures that may represent algae or metazoans.  The Dhaiqa formation has a possible Pteridinium imprint and possible tails or burrows (Miller and others, 2008).   In 1979, helically coiled tubular filaments of the oscillatorialean blue-green alga Obruchevella parva, the conical stromatolite Conophyton, and other unidentified stromatolites were described from dolomitic limestone in the Jibalah group in the Mashhad area (Cloud and others, 1979).  More recently, a fragment of Charniodiscus sp. and three possible specimens of Aspidella sp. Have ben reported from the Jibalah group in the Antaq basin ((Nettle, 2009).
Two contrasting models are proposed in the geologic literature on the shield for the depositional environment of the Jibalah group.  One model envisages that the group was extensively deposited over a large part of the shield as the result of a shallow marine incursion, and is now preserved in grabens, having been eroded in other places (Al-Shanti, 1993).  Based on recent mapping and sampling, Nicholson and others (2008) recognize the same stratigraphy in several of the Jibalah basins on the shield consistent with an interpretation that the unit was originally widespread.  The facies recognized by Nicholson and others indicate deposition within a single, laterally continuous basin that evolved from proximal fluvial conditions at its base to a marine shelf setting at the top.  The other model envisages that the Jibalah group was never regionally extensive but was deposited locally in fault-controlled basins fluvial to shallow-marine or lacustrine conditions (e.g., Husseini, 1989; Al-Husseini, 2000; Kusky and Matsah, 2003; Nettle, 2009).  As commented by Delfour (1977) “This rock assemblage (the Jibalah group) appears to have been structurally controlled throughout is deposition by major epeirogenic fractures, giving the Jibalah group the character of a graben deposit” (pg. 16).  In terms of a fault-controlled basin model, the Al Jifn basin is inferred to have developed at a releasing bend on the Halaban-Zarghat fault during a period of dextral shear (Matsah and Kusky, 1999; Kusky and Matsah, 2003).   The Al Kibdi basin is located between two left-stepping strike-slip splays of the Ar Rika fault and is a pull apart that formed during sinistral shear.  The Antaq basin is a half graben that appears to have formed as a result of normal dip-slip, perhaps during east-west-directed extension.   The Rubtayn basin consists of fault blocks and grabens depressed as a result of subsidence along active boundary faults belonging to the Najd fault system (Hadley, 1974).  Initial movement was primarily vertical and later strike-slip.  The purple-brown coloration of many of the Jibalah rocks, the algal-mat and stromatolitic biohermal carbonates, and sedimentary structures including ripple marks, graded bedding, and cross lamination indicate deposition in shallow water.  Sr and C isotopic data is somewhat ambiguous about the environment, although the C data suggests marine conditions, and Nicholson and other (2008) interpret the Muraykhah formation limestones as distal marine deposits.  Cloud and others (1979) comment that the brecciated and micro-channeled appearance of much of the fossiliferous rock they samples in the Mashhad area, its locally dolomitic nature, and the prevalence of cryptalgalaminate favors a very shallow, locally turbulent, and perhaps episodically exposed marine or marginal marine setting.   Diamicite and dropstone as well as the geochronology of the group are consistent with deposition during or sometime after the Gaskiers (~580 Ma) Ediacaran glacial event.
7.19    Unconformities

Unconformities are a fundamental element in tectonic reconstructions, providing evidence of the uplift and erosion of older crust prior to the resumption of sedimentary deposition or volcanic eruptions.  An unconformity is the erosion surface that separates the older from the younger rocks.  It represents a hiatus, an interruption in sedimentation and or volcanism.  The presence of an unconformity is evidence that the older rocks were uplifted and/or sea-level fell, thus exposing the older rocks to erosion.  The geologic significance of unconformities has been known for more than 220 years, since the occasion on which James Hutton observed the angular unconformity at Siccar Point, on the east coast of Scotland, where gently dipping strata of 345 million year old Devonian Old Red Sandstone overlie near vertical beds of 425 million year old Silurian wacke (Fig. 7-23).  Hutton of course did not have our present-day information about the absolute ages of the rocks involved, but this exposure gave him a lasting sense of the immensity of geologic time and an insight into a geologic history of repeated deposition and intervening deformation and erosion.
FIG 7-23 ABOUT HERE SICCAR POINT UNCONFORMITY

Unconformities may be profound features of the regional geology, such as the unconformity that separates Lower Paleozoic sandstone from Neoproterozoic rocks at the edge of the shield (Fig. 7-24).  This unconformity extends over thousands of square kilometers around the eastern and northern margins of the Arabian-Nubian Shield, and at the end of the Neoproterozoic across the entire shield itself.  The unconformity may have developed in stages during the Ediacaran, but overall marks the final stabilization of the Arabian-Nubian Shield and a period of peneplanation that removed several kilometers of supracrustal layered rocks and the upper parts of plutons and batholiths.  Other unconformities, such as those at the base of the post-amalgamation basins considered in this chapter, are of smaller extent, but mark equally important stages in shield geology.  At such unconformities there may be an angular discordance between already folded, and therefore steeply dipping older rocks, and more gently dipping younger rocks.  The erosion surface separating igneous and high-grade metamorphic rocks is a nonconformity.  Excellent examples in the shield include the contact between the Imdan complex and the Thalbah group in the Midayan terrane, and the contact between older tonalite and Bani Ghayy group rocks south of Jabal Bani Ghayy.  At both of these localities, a weathered profile is preserved at the top of the plutonic rocks so there is a gradation up from essentially unaltered plutonic rocks, through a few meters of broken, rubbly, weathered plutonic rocks, into the basal deposits of the sedimentary succession.

FIG 7-24 ABOUT HERE SUB PALEOZOIC UNCONFOMRITY

The oldest unconformities recognized in the Arabian Shield are at the base of the Hali group in the Asir terrane and the base of the Mahd group in the Jiddah terrane.  The Hali group is a sequence of high-grade ‘quartz-biotite-garnet schist, interlayered with amphibolite’ and subordinate layers of ‘marble, pebble-conglomerate schist, and rhyolitic schist’ (Schmidt and others, 1973, pg. 6). The Hali protoliths are sandstone, pebble conglomerate, siltstone, limestone, and subordinate volcaniclastic rocks.  Much of the sequence includes greenschist-facies gray-green phyllite, slate, wacke, feldspathic arkose, marble, and pebble-to-cobble polymict conglomerate containing clasts of quartz diorite, quartzite, chert, and phyllite. In the vicinity of the Baqarah gneiss dome, between about lat 18(45’N and 19(10’N, the metamorphic grade is higher and the rocks include quartz-biotite schist, actinolite-biotite schist, actinolite-biotite-quartz-feldspar schist, quartzofeldspathic granofels, amphibolite, hornblende schist, and white, gray, and brown marble.  Flecks of malachite are common in the quartzofeldspathic rocks and phyllite, and kyanite-quartz-muscovite and kyanite-quartz-biotite schists occur on the flanks of and as roof pendants in the Baqarah gneiss.  The rocks are locally migmatized close to contacts with the gneiss and in places are difficult to distinguish from gneissose plutonic rocks.

The Hali group rocks were believed by Schmidt and others (1973) to be deposited early in the history of the shield.  They were subsequently reassigned to the much younger Ablah group during compilation of the Al Qunfudhah, Wadi Haliy, and Abha 1:250,000-scale geologic maps, but the name Hali group was retained by Johnson (2006) because the Ablah designation, implying relatively young rocks of between 640 Ma and 610 Ma, is not consistent with the geologic relationships of the high-grade metamorphic rocks.  The high-grade rocks of the Hali group are unconformable on the An Nimas batholith (816-797 Ma) and are intruded by the Baqarah gneiss dome (778-763 Ma).  This implies that they were deposited between about 795 and 780 Ma and are as much as 150 million years older than the Ablah group in the Ablah type area.  The unconformity between the An Nimas batholith and the Hali group is an early Cryogenian hiatus in shield geologic history dating from about 800 Ma.  The unconformity is well exposed at (1) lat 19(39.9’N., long 41(47.59’E, (2) lat 18(57.00’N., long 41(48.2’E., and (3) lat 18(58.73’N., long 42(03.16’E.  At the last of these localities, a process of metamorphic convergence causes quartzofeldspathic clastic rocks at the base of the Hali group and metamorphosed plutonic rocks of the An Nimas batholith to resemble each other.  The basal Hali is a granofelsic assemblage of quartz, feldspar, biotite, and hornblende; the An Nimas rocks are leucocratic biotite-hornblende metatonalite.  The unconformity is subtly revealed, however, by a change in gross character from massive to layered, and the preservation of (now metamorphosed) rounded tonalite clasts in the basal Hali.  The presence of a layered sequence is confirmed by the presence of marble layers within the granofelsic rocks.  The tectonic implications of the unconformity is that the An Nimas batholith was exhumed soon after its emplacement and exposed at the surface by the removal of several kilometers of supracrustal country rocks and the upper part of the batholith.  At about 795 Ma, the erosion surface beveling the An Nimas batholith subsided and(or) sea level rose, and clastic sedimentation of the Hali group commenced.  By 778 Ma, the Hali group had been folded and metamorphosed, and intruded by the Baqarah gneisss, which is part of a belt of probably syntectonic gneisses (Qiya complex) along the west side of the An Nimas batholith.  Emplacement of the Qiya complex is broadly contemporary with shearing within and along the east side of the An Nimas batholith associated with a possible middle Cryogenian suturing event within the composite Asir terrane.
The unconformity at the base of the Mahd group is broadly similar in age to the Hali unconformity (Fig. 7-25A) and reflects an uplift and erosional event in what is now the northern flank of the Jiddah terrane. The Madh group (Kemp and others, 1982) (777-700 Ma) consists of middle Cryogenian low-grade metavolcanic, metavolcaniclastic, and meta-epiclastic sedimentary rocks exposed in the northeastern part of the Jiddah terrane, south of the Bi’r Umq suture.  The group is unconformable on the Dhukhr tonalite, intruded by the Hufayriyah tonalite and Ram Ram complex, and overthrust by the Bi'r Umq mafic-ultramafic complex.  SHRIMP dating of dacite from the group yields a crystallization age of 777±5 Ma (Hargrove, 2006), broadly consistent with an unreliable Rb-Sr age of 772±28 Ma obtained from Mahd group rhyolite (Calvez and Kemp, 1982) and 772±36 Ma obtained from amphibolite (Huckerby, 1984).  The group is also indirectly dated by a conventional U-Pb age of 769±5 (Calvez and Kemp, 1982) obtained from granophyre in the Ramram complex that is possibly an intrusive equivalent of the group.

FIG 7-25 ABOUT HERE MAHD UNCONFORMITY

The unconformable basal contact between the Dhukhr tonalite and the group is poorly exposed west of Madh adh Dhahab, north and south of the paved road from Mahd adh Dhahab to As Suwayrikiyah.  North of the paved road, the location of the unconformity is indicated by a scatter of subangular to subrounded pebbles and cobbles eroded out of the basal Mahd group conglomerate.  South of the road, the unconformity is indicated by a scatter of eroded clasts and blocks of virtually in situ polymict diamictite (Fig 7-27B), part of a 1-5 m thick basal conglomerate.  The diamictite comprises matrix-supported angular to subangular clasts of granite, granodiorite, rhyolite, green felsites, flow-banded aphyric lava, and laminated tuff or siltstone (Hargrove, 2006).  Coarse-grained clasts up to 50 cm across are supported by a finer gained matrix of pebble and sand-sized clasts.  Clasts of the underlying Dhukhr tonalite are abundant close to the contact.  Diamictite is a poorly or non-sorted matrix-supported conglomerate or breccia; the term is descriptive for poorly sorted and laminated rocks, without any reference to a particular origin.  Possible origins of diamictite include deposition of glacial melt water outflow, sediment carried by melting icebergs or disintegrating ice sheets, and volcanic lahars, although the most common origin is probably deposition by submarine mass flows such as turbidites and olistostromes in tectonically active areas.  The age of the basal Mahd group diamicite and the freshness of the plutonic clasts are consistent, however, with it being a tillite related to the Kaigas glaciation (~770-735 Ma) (Stern, 2006).
The development of the sub-Mahd group unconformity is part of a 15 m.y. period of deformation, uplift, and denudation that affected the northern margin of the Jiddah terrane concurrent with a pause in magmatism.  The available geochronologic and structural data indicate that these events were linked to the onset of collision between the Jiddah and Hijaz terranes or earlier rift-related extension.  In the Madh adh Dhahab area, the Dhukhr tonalite was exhumed and eroded, as well as, possibly, the Arj group that predates the Mahd group and is preserved farther north in the Jabal Sayid area.  With ongoing collision and suturing, the Mahd group was in turn deformed, exhumed, and eroded, overlain by the Ghamr group and overthrust by the Bi’r Umq ophiolite.

7.20    Abt formation basin

The Abt formation basin is unusual in the Arabian Shield: no base is observed, the basin is treated as a terrane in its own right, not as a post-amalgation basin like other basins described so far in this chapter, and the Abt formation that fills the basis is almost entirely sedimentary (sandstone and siltstone and low-grade metamorphic equivalents) unlike the sedimentary and volcanic assemblages that tend to fill other basin.  The basin is exposed over an area of about 225 km north-south and 100 km east-west sandwiched between the Afif and Ar Rayn terranes close to the eastern edge of the shield.  On the basis of its conspicuous subdued magnetic signature, the basin is inferred to continue at least about 300 km to the north beneath the Phanerozoic cover, and on the aeromagnetic anomaly maps (Figs. 3-1, 3-14) is seen to be a crustal unit parallel to the crustal unit of the Ar Rayn terrane, and both discordant to other terranes farther west in the shield.  The maximum deposition age of the Abt formation is constrained by the minimum ages of clusters of detrital zircons.  As described in Chapter 4, the formation contains inherited zircons as old as 2,000 Ma; some inherited grains are derived from adjacent Neoproterozoic rocks; others may come from the Paleoproterozoic crust of the Khida terrane; but the sources of Mesoproterozoic and Neoarchean grains is less clear.  Samples of Abt formation in the central part of the basin have minimum detrital zircon ages of 606±16 Ma, 608±18 Ma, 594±14 Ma, and 644±16 Ma (Lewis, 2009).  The 594±14 Ma age is from a single zircon grain; the other ages are clusters of concordant zircons.  Farther south, broadly similar to younger minimum zircon ages have been obtained.  Cox (2009) reports concordant ages of 596±7 Ma, 602=8 Ma, and 606±7 Ma, Kennedy and others (in press) obtained ages of 615-610 Ma from the oscillatory rims of zircon grains, and Kennedy and others (2005) obtained ages from two Abt formation samples of zircons as young as 578±12 (-6 percent discordant) and 547±11 Ma (-7 percent discordant).  The 547±11 Ma age would appear to be geologically meaningless because the Abt formation was folded prior to being extensively intruded by a suite of granite dated between 579±3 Ma and 565±2 Ma (Kennedy and others, 2005).  The granite ages imply that deposition of the Abt formation was complete by about 580 Ma, which is consistent with the 578±12 Ma zircon age.  The minimum ages of the zircon grains, discounting the anomalously old 644±16 Ma grains, imply that deposition began after about 615 Ma.  40Ar/39Ar dating of metamorphic muscovite yields closure plateau ages of 613±6 Ma and 616±3 Ma that Lewis (2009) interpret as a metamorphic event associated with closure of the Abt formation basin.  Because the larger body of data considered here implies that deposition continued until about 580 Ma (Fig. 7-26), it would seem more likely that the muscovite ages reflect a metamorphic event during basin formation rather than closure.  Overall, the geochronologic data is consistent with deposition of the Abt formation between ~615 Ma and 580 Ma. 
FIG 7-26 ABOUT HERE ABT FORMATION AGE HISTOGRAM

The Abt formation (Abt schist) is a monotonous assemblage of well bedded fine to medium gained wacke, siltstone and shale.  Bedding is mostly on the scale of a few centimeters to a few meters and sedimentary structures include cross bedding and grading.  The interpretation of Delfour (1982) that the formation is a sequence of turbidites is not proven by currently available data, however.  In fact, the depositional setting of the Abt formation is one of the major unknowns in the Arabian Shield, for which reason there is considerable debate about its tectonic setting (see discussion in Chapter 10 on the Ad Dawadimi and Ar Rayn terranes).  The formation has undergone greenschist facies metamorphism, and mineral assemblages are dominated by muscovite and chlorite, with variable amount of quartz and feldspar.  Graphite schist over several meters has been intersected in shallow drill holes, but is not observed in outcrop.  In the Ar Ridaniyah area, typical Abt formation rocks are structurally underlain by a volcanosedimentary sequence named the Ar Ridaniyah formation.  Elsaas (1979, 1981) interprets the volcanosedimentary rocks as a basal part of the Abt formation, and it was interpreted by Al-Shanti and Mitchell (1979) as a transition between a shelf facies passing eastward and up into deep water facies of the typical Abt formation.  The stratigraphic/depositional relationship between the Ar Ridaniyah and Abt formations is not known for certain because they are in the footwall and hanging wall respectively of a west-vergent thrust, and Al-Saleh and Boyle (2001) interpret the volcanosedimentary rocks as part of an ophiolitic mélange.  A Th/Sc vs. Cr plot (McLennan and others, 1990) places Abt formation samples in a forearc setting (Lewis, 2009), although of course, as with all discrimination diagrams, there is overlap on the diagram with more than one field.  A second plot of samples on a Th/Sc vs. Zr/Sc diagram suggests the Abt formation sediment underwent relatively little reworking and were probable deposited in an oceanic island arc or continental island arc.  Lewis (2009) concludes that the Abt formation was deposited in a forearc basin.  He considers the forearc to be developed above a subduction zone dipping west beneath the Afif terrane with the forearc between the terrane and the trench.  As argued in Chapter 10, however, there are good reasons for treating the Abt formation as a forearc with respect to the Al Amar arc in the Ar Rayn terrane above an easterly dipping subduction zone. 
7.20   Tectonic models and Arabian Shield post-amalgamation basins
Any tectonic model proposed for the final assembly of the Arabian-Nubian Shield at the northern end of the East African-Antarctic Orogen must account for the development and deformation of the post-amalgamation basins.  These basins are evidence of late- to postorogenic erosion, subsidence, marine incursion, deposition, and deformation.  In other parts of the orogen, extending from Sinai to Madagascar and East Africa, there was concurrent syntectonic shearing and granulite-grade metamorphism; uplift and exhumation of granulite basement; and uplift of gneiss domes and metamorphic core complexes (Martelat et al., 2000; de Wit et al., 2001; Maboko et al., 1989; Blasband et al., 1997; Fowler and Osman, 2001; Fritz et al., 1996; Greiling, 1997).

Late Cryogenian-Ediacaran deformation and metamorphic events in the Nubian Shield are modeled in terms of (1) uplift and gravity-driven extensional collapse expressed by the exhumation of metamorphic core complexes and the development of low-angle detachments, and(or) (2) orogen-normal shortening, orogen-parallel extension, and tectonic escape evidenced by thrusting, gneissic duplexing, and transcurrent faulting (Blasband et al., 1977; Blasband et al., 2000; Fowler and Osman, 2001; Fritz et al., 1996, 2000; Greiling, 1997; Greiling et al., 1994).  However, none of these models currently take full account of the post-amalgamation basins.

Features that must needs be components of any tectonic model accounting for these basins include: (1) the presence of amphibolite- and locally granulite-grade metamorphic rocks beneath unconformities at the base of the Arabian Shield basins; (2) northeast- and east-trending Ediacaran dike swarms indicative of extension; (3) extensional-fault control on the Bani Ghayy, Jurdhawiyah, and Hibshi basins; (4)  exhumation and erosion of epizonal granite plutons (Agar, 1986b; Cole, 1988); (5) 39Ar/40Ar indications of rapid Ediacaran uplift (Al-Saleh et al., 1998); and (6) deposition of marine limestone and other deposits with traces of Ediacaran fauna.  These features indicate that the late Cryogenian-Ediacaran basins in large parts of the Arabian Shield were associated with periodic uplift, extension, erosion, and marine incursion.  The shallow-marine environments of the Murdama, Bani Ghayy, and other basins with extensive limestone units imply that seaways penetrated the orogen by 670-630 Ma and that large parts of the northern Arabian Shield, at least, were at or near sea level during most of the late Cryogenian-Ediacaran.  This suggests that gravity would not have been a significant source of stress in the region and that gravitational collapse would not have been a major factor in the development of the basins.
A dynamic implication of the post-amalgamation basins is that the stress field in the northeastern Arabian Shield changed orientation with time.  Creation of the Bani Ghayy grabens imply broadly east-west extension at about 650 Ma, and Murdama and Bani Ghayy group folding and basin closures indicated east-west shortening within 20-30 million years thereafter.  Subsequent northerly-directed extension resulting in development of the fault-controlled Jurdhawiyah and Hibshi basins was followed by north-south shortening causing Jurdhawiyah and Hibshi folding, thrusting, and basin closures.  After a 30-40 million year depositional hiatus, transcurrent and dip-slip movements on the Najd faults created the ~590-560 Ma Jibalah-group basins, followed again by shortening, folding, and basin closures.

As commented above, little serious basin analysis has been done on any of the late Cryogenian-Ediacaran basins in the Arabian Shield and little is known about their geometry, subsidence history, and tectonic settings in terms of formal basin classifications.   It is possible however that the Murdama basin is a foreland basin related either to the Halaban suture in the east or events along the Hulayfah-Ad Dafinah-Ruwah suture zone at the western edge of the Afif terrane (Johnson and Kattan, 2001; Genna and others, 2002); the Hadiyah group may be a foreland basin related to the Yanbu suture, and the Furayh group a foreland basin related to the Bi’r Umq sutures.   Foreland basins result from flexure caused by loading of the lithosphere during overthrusting by an advancing orogenic front.  As shown by Bradley and Kidd (1991), subsidence takes place in the inner part of the flexed lithosphere closest to the advancing orogenic front, while extension and normal faulting occurs in the convex outer part of the flexed lithosphere.  It is conceivable that this mechanism accounts for the origin of the Murdama and Bani Ghayy basins, whereby subsidence in the inner part of a flexed Afif lithosphere close to the obducted Halaban ophiolite controlled Murdama deposition, and concurrent extension and normal faulting farther west controlled Bani Ghayy deposition.  A similar mechanism would account for development of the Hadiyah group basins inboard from the Yanbu suture.  Genna and others (2002) interpret many of the late Cryogenian-Ediacaran deposits as molassic foreland basins or intramontane basins associated with strike-slip Najd faulting and(or) overthrust and rising antiforms of gneiss (Fig. 7-27).  The interplay between regional tectonics and basin development needs to be more fully explored in the Arabian Shield, but currently available geochronology suggest that the linkage between basins, faults, and uplift is not as straight forward as interpreted by Genna and colleagues.      
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