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Geophysics has fundamental applications to the study of the Precambrian basement of Saudi Arabia.  It helps to locate concentrations of metallic ores and their associated alteration zones; it provides information about the thickness and structure of the crust; it highlights the potential movement of magma; it reveals the amount and direction of drift of the Arabian Peninsula as it moves away from Africa; and it locates and explains the sources and intensities of earthquakes that affect the region.  Bedrock in much of Saudi Arabia is well exposed and knowledge about its origin and history is obtained by direct observation.  However, parts of the country are covered by alluvium,  wind-blown sand, and other types of recent sediment and in such areas, and in circumstances where an understanding is sought of the geologic structure beneath the surface, geophysical techniques are relied on to obtain the necessary information.  These techniques allow inferences to be made about the structure and composition of the Earth deep beneath the Arabian Shield.  The surface exposures give information about the supracrustal rocks: geophysics gives information about the lithosphere and upper asthenosphere; the crust and upper mantle.
......................................................................................................................................................

Geophysics is the study of the Earth by measuring its electrical, magnetic, gravity, acoustic (seismic), and radioactive properties.  These phenomena, governed by the laws of physics, have a controlling influence on human endeavor and development.  One of the earliest applications of geophysics was the use by early navigators of a ‘lodestone’ or a piece of magnetite suspended by a thread in a frame by means of which mariners could determine a constant direction.  The mariners understood that the lodestone pointed in a constant direction, although of course, development of the concept of a magnetic field and magnetic pole lay in the future.  Some of the earliest written accounts of magnet use are by Arabian, Egyptian, and Persian scholars.  Sadid al-Din Muhammed ibn Muhammed Bukari described a voyage in 630 AH (1232-33) in the Red Sea or Gulf using a “fish” made of magnetized iron in a bowl filled with water; it rotates until it stops pointing to the south.  Baylik al-Qibjaqi described a similar instruments used on a sea voyage from Tipoli to Alexandria in 681 AH (1282).  Al-Ashraf Umar ibn Yusuf, an astronomer from Yemen, wrote a treatise on the magnetic compass in about 692 AH (1293), and Ibn Sim’un wrote a description in about 699 AH (1300) of the use of a magnetic compass to find the direction toward Makkah for prayer.  These and other Arabic studies are described by Schmidl (1997-98). 
A general truism of all geophysical surveys is that it is not possible to obtain an accurate and unambiguous interpretation of structure using only a single type of geophysical data–each survey may yield non-unique interpretations.  Nonetheless, analysis of results from several methods, combined with information from geology, will commonly yield a reasonably reliable interpretation of the data.  The applications of geophysics in Saudi Arabia range from country-wide studies of the structure of the Arabian Plate, to regional exploration for oil and minerals, to localized exploration for minerals or work on sediments and bedrock for site engineering.  In exploration geophysics, the main objective is to map structures that are of potential economic importance, such as those that control the location of ore deposits and petroleum reservoirs or to define the character of an aquifer.  In geologic mapping, geophysics is commonly used to differentiate rock types and characterize their contacts.  In the fields of geohazards and the environment, geophysics is used to measure features such as the magnitude and location of earthquakes and earthquake epicenters, and the levels of naturally occurring radiation.  During the past seven decades, geophysical methods contributed significantly to geologic mapping and exploration for hydrocarbons, minerals, and aquifers in Saudi Arabia, and aided the discovery of several ore deposits of economic significance in the Arabian Shield.  The discovery of magnetic stripes on the floor of the ocean off the coast of Washington and British Columbia, were instrumental in the development of plate tectonics, and seismic measurements discovered the inclined zones of earthquake hypocenters (Wadati-Beniof zones) that penetrate deep into the mantle and are the site of downgoing, subducting slabs of ocean crust (see Fig. 6-5).
3.1    Main geophysical surveys over the Arabian Shield 
Western Saudi Arabia is covered by a large body of magnetic (Fig. 3-1) and lesser gravity data (Fig. 3-2).  Available magnetic data almost completely cover the shield in Saudi Arabia, the adjacent zone of Phanerozoic rock where the underlying Precambrian rocks are within 5 km of the surface, and part of the Red Sea.  Most of the data was acquired by DMMR and its predecessor over a 20 year period between 1962 and 1983 (Fig. 3-3).  Red Sea data were acquired in 1976, and some data east and north of the shield were acquired by Saudi Aramco and its predecessor between 1988 and 1989.  The gravity data cover the southern part of the shield, a thin strip along the Red Sea coast, and small areas in the northeastern shield.  Satellite gravity is readily available for the Red Sea.  Local, but detailed, airborne magnetic, electromagnetic, gravity, and radioactive surveys have been done for metallic mineral exploration and hydrogeologic purposes.
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A rudimentary radiometric (total-count) survey was done at the same time as the aeromagnetic magnetic surveys over the shield, and in more detail, as a spectral survey (U, Th, and K) in 1982-83 over some of the Phanerozoic rocks flanking the shield.  A seismic-refraction survey was done along a 1000-km profile extending from the eastern margin of the Arabian Shield to the Red Sea coast and Farasan Islands in conjunction with a gravity survey as part of a large-scale study of the crust and upper mantle.  Other seismic-refection surveys have been done along shorter profiles in the Yanbu area, for example, with a particular interest in examining the transition at the Red Sea coast between the continental crust of the Arabian Shield and the recently formed crust of the Red Sea basin.  Country-wide crustal modeling using seismic data from earthquakes reveals the thickness and structure of the crust beneath the Arabian plate and complements information from the seismic-refraction profiles. 

3.2    Techniques and coverage
Geophysical techniques are based on principles of physics and have a wide range of methods and broad application because they measure a variety of physical phenomena or properties.  These phenomena include gravity (density), magnetism (susceptibility and remanence), electric-current flow and electromagnetic wave propagation (resistivity and dielectric permitivity), seismic waves (elastic wave velocity), heat flow, and radioactivity.  Passive methods such as gravity and magnetic surveys measure naturally occurring potential fields, whereas active techniques such as seismic or electromagnetic methods measure the response of the Earth to controlled man-made sources of energy or induced electric and magnetic fields.  The term “potential field” derives from a simple differential equation developed by Pierre Simon, Marquis de Laplace in 1782 to describe Newtonian potential.  The Laplace equation applies to a wide range of phenomena in the physical sciences, and is a primary mathematic tool applied to the interpretation of gravity and magnetic data.   Instrumentation, the ways in which geophysical surveys are done, and the ways in which the data are processed have changed markedly over the past decades due to miniaturization of electronic components, a widespread use of helicopters and especially equipped fixed-wing aircraft, and the development of high speed computers and software, but the broad underlying physical principles remain constant.  Magnetic surveying as a geosciences and exploration technique became commonplace worldwide after the Second World War (1940-45) when suitable magnetometers were developed out of military magnetometers used to detect submarines.  The early magnetometers were fluxgate instruments, followed in the 1950s by proton-precession magnetometers, a compact, easy to operate instrument that led to the routine types of aeromagnetic surveys used today.
Ground-based geophysical observations tend to be time consuming, and therefore expensive, especially if measurement sites have to be close together in order to provide a detailed map of the quantity being measured and access problems may preclude truly systematic coverage.  Fortunately, airborne surveys controlled by GPS navigational systems allow many geophysical methods to be applied over wide areas with consistent, high-quality resolution, and are a cost-effective way of obtaining effective coverage for both regional mapping and detailed studies.  While there may be some loss of resolution compared to ground-based methods, because airborne sensors are, by necessity, at a distance from the source, any negative impact of airborne work is usually more than compensated by the speed of operation, uniformity of coverage, and data quality.  Airborne methods include magnetic, radiometric, electromagnetic, and gravity measurement, and lay a foundation for detailed ground-based measurements if required.
Geophysical surveying has been done in western Saudi Arabia since the early 1950s.  Much of the data was acquired by DMMR and its predecessor.  Eastern Saudi Arabia is extensively covered by magnetic, gravity, and seismic surveys, but the results are largely proprietary, the property of Saudi Aramco and other oil companies, and not publically available for modeling crustal structure.
3.3    Magnetism and magnetic surveys

Magnetic surveys measure spatial variations in the Earth’s magnetic field caused by variations in the magnetic properties of the underlying rocks.  The Earth’s magnetic field is mostly caused by currents flowing deep in the highly conductive core (Rikitake, 1966).  An additional small part of the total field is generated by electric currents flowing high above the planet–currents resulting from the stream of electrically charged gases that emanate from the Sun as “solar wind” and interact with the primary magnetic field of the Earth.  The rotation of the Earth causes a daily variation in the effects of the solar-wind induced magnetic field, and this diurnal variation is an important time-dependant phenomenon that must be taken into account when conducting detailed magnetic surveys.   The total magnetic intensity (TMI) is the combination of the field generated from within the Earth and the field generated by the currents near the top of the atmosphere. Magnetic-survey results are typically shown as maps of anomalies, namely areas in which the recorded intensity of the magnetic field is higher or lower than the regional norm.  Because most present-day surveys acquire data in digital form, the results may be transformed by a range of different mathematical processes into highly informative derivative maps, such as the reduced-to-the-pole (RTP) maps shown in several of the figures in this Chapter, or the first vertical derivative map in Fig. 3-4.  Reduction to the pole (RTP) transforms the total field anomalies into the equivalent anomaly that would be caused by identical magnetic sources but with a vertical field and magnetization of the type effectively found at the magnetic pole.  The result is to center the magnetic anomaly directly over the causative body, and the benefit for the interpreter is that the shape and position of the anomaly spatially coincide with the underlying magnetic rock, whether it be a pluton, dike, volcanic formation or some other rock.  Another common transformation is to make a vertical derivative map, which emphasizes anomalies caused by shallow (surface and near-surface) sources and highlights their edges.  This very effectively shows geologic contacts, faults, and dikes, particularly because vertical derivative maps are commonly plotted in shades of gray rather than the color spectrum used on total-field and reduced-to-the-pole anomaly maps.  Additional computer methods determine the depths to magnetic sources and may model the types of anomalies expected from different shapes and compositions of rock bodies so as to compare the observed with the calculated fields, thereby giving greater confidence in the interpretation of the magnetic anomaly map in terms of rock type and structure.
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The standard unit of magnetic induction and the unit used to indicate the intensity of the magnetic field on modern maps is the Tesla (T).  It is named after Nikola Tesla (born 1856; died 1843), a Serbian electrical engineer who emigrated to France, then the United Sates, where he made revolutionary contributions to the science of electricity and magnetism in the late 19th and early 20th centuries.  His work formed the basis of modern alternating current electric power (AC) and a statue commemorating his work is located close to the hydroelectric power station at Niagara Falls on the US-Canadian border.  The SI unit measuring magnetic flux density or magnetic induction (commonly known as the magnetic field) was named in his honor in 1960.  In practical terms, magnetic surveys measure the magnetic field in nanoTesla (nT) becasuse magnetic anomalies caused by crustal sources have small amplitudes in comparison to the types of fields developed in physics laboratories for which the Tesla unit is approriate.  One nanoTsla is equal to 10-9T.  In older surveys, the unit of measurement was the gauss.

Magnetic surveys for geologic purposes are feasible because most rocks contain at least a small amount of magnetic minerals, such as magnetite, ilmenite, pyrrhotite, marcasite, or hematite.  The Earth’s magnetic field induces secondary fields in the direction of the main field in rocks that contain these minerals, and the anomalous secondary field can be measured at the surface and used to infer the nature of the underlying lithology and structure.  Some rocks, in addition, have a permanent remanent magnetization, which may have an orientation that differs from the present field direction, creating local perturbations that may augment and strengthen or counteract and weaken the regional field.  At temperatures greater than the Curie isotherm, which is about 550-580oC, materials change from ferromagnetic to paramagnetic behavior.  This temperature corresponds to depths in the lower crust or upper mantle below which the rocks should not contribute to the observed magnetic field.  Although the strongest magnetic effects are generally associated with igneous lithologies, especially basic rocks such as basalt and gabbro, even sedimentary rocks may give a low-level magnetic response that can be measured with modern techniques.   The magnetic field strength in central Saudi Arabia is about 41,000 nT, but countrywide varyies from over 44,500 nT in the north to about 39,000 nT in the south.  The field strength is typically measured to 0.1 nT or better during surveys, and minor anomalies of geologic interest may be less than 1 nT in amplitude.  The magnetic-field inclination in Saudi Arabia, the angle at which the magnetic field lines intersect the surface of the earth, varies from about 40( in the north to less than 20( in the south, and reduced-to-the-pole (RTP) processing allows for this and avoids any low-latitude problems.  The magnetic declination, or the angle between the local magnetic field—the direction pointed to by the north end of a compass needle—and True North varies from 3°38’East in the north of Saudi Arabia to 2°6’East in the south, East meaning that the compass needle points in a direction clockwise from True North.  The declination changes over time tracking to the geographic drift of the magnetic north pole.  The Earth’s idealized International Geomagnetic Reference Field (IGRF) is generally subtracted from the measured field intensity to remove regional trends and give an anomaly or residual field that is largely an expression of the local rock type and structure.   Forward modeling of magnetic grid or profile data and image enhancements that reveal details in magnetic anomaly patterns are valuable tools to determine geologic structure.  Automated inversion techniques may be used to model magnetic data over large areas, including mapping source depths and outlining structural boundaries.

Magnetic data acquisition in western Saudi Arabia began in the 1960s as 5 surveys over most of the Precambrian rocks of the Arabian Shield, using a line spacing of 800 m.  Small remaining areas, including the harrats, were filled in from the 1960s to the early 1980s at line spacing of 500 m to 2500 m.  The central Red Sea was covered by the Saudi-Sudanese Commission in 1976.  Phanerozoic rocks in a zone about 200-km wide flanking the shield and covering an area of about 450,000 km2, were flown between 1982 and 1983 (the ‘Cover Rock’ survey) at a line spacing of 2 km.  All these surveys were regional in nature and had nominal survey altitudes up to 300 m above the ground that, together with the relatively large line-spacing, limits the amount of detail recorded.   Local surveys, mostly for mineral exploration purposes, are ground based, and may be conducted by small teams of one or two personnel (Fig. 3-5A)
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For the shield, previous workers compiled the regional magnetic data into contour maps at various scales using optimum methods available at the time of processing.  A series of maps at 1:500,000 scale were produced in the 1970s, for example the total intensity aeromagnetic map of the northern Hijaz quadrangle (Andreasen and Petty, 1974).   Georgel and others (1990) compiled TMI and RTP maps in which the data were continued upward to 800 m above ground level.  These maps give a useful indication of the regional variations in the magnetic anomaly field, but tend to lack fine detail.  Numerous interpretations of the data have been made for regional and local studies.  Hase (1970) and Blank and Andreasen (1991), for example, analyzed selected features of the shield magnetics and Johnson and Vranas (1992) made a qualitative interpretation of the overall magnetic patterns in the shield.  The Phanerozoic ‘Cover Rock’ survey data were analyzed, at a regional scale, by Phoenix Corporation (1985), and locally in greater detail (e.g. Griscom, 1982), and Red Sea data were interpreted by Hall (1979).  Some of the early shield magnetic maps contained a pronounced north-south gradient due to poor definition of the International Geomagnetic Reference Field (IGRF), which detracted from the usefulness of the maps.  The Saudi Geological Survey recently reprocessed and merged the data magnetic data into the composite grid covering the shield and surrounding areas shown in Fig 3-1.  In comparison with earlier maps of magnetic anomalies in the shield, the reprocessing considerably improved the data quality, reduced noise, and enhanced detail.  The results are available as a Saudi Geological Survey Technical Report (Zahran and others, 2003) presenting maps of total field, reduced-to-the-pole field, first vertical derivative, and residual of the first vertical derivative reduced t the pole.
The interpretation of magnetic anomaly maps is commonly done in two stages.  The first is largely a descriptive – qualitative – process based on an examination of the magnetic anomaly map.  At this stage, the interpreter identifies regions of contrasting magnetic signature, a combination of the overall magnetic field value and the size, namely amplitude and wavelength, and shape of anomalies; draws boundaries between such regions; and notes the trend and length of magnetic lineaments.  The different regions effectively correlate with geologic regions of contrasted rock types, such are areas of sedimentary rock in depositional basins, likely to be magnetically subdued with low magnetic intensities and moderate to long anomaly wavelengths, and areas of volcanic and(or) intrusive rock, likely to have higher magnetic intensities and shorter anomaly wavelengths.  The magnetic boundaries define major geologic contacts; and the lineaments probably correlate with faults.  A second stage of interpretation uses computerized methods of enhancing and manipulating the data.
The magnetic dataset for the Arabian Shield lends itself to regional intepretations; neither the line spacing nor survey (airplane) height are appropriate for attempting detailed interpretations, such as the location of a VMS body of mineralization.  However, the magnetic anomaly maps now available from the Saudi Geological Survey contain a great amount of fine detail–more than on earlier maps–and are important for crustal studies in the shield.  

3. 4    Gravity and gravity surveys
Gravity affects everything in the Universe.   It is the force produced by every object that has mass, irrespective of size or density, a force that attracts other objects with mass.  The attraction is called gravitation; the force is called gravity.   Gravity theory and analysis is based on the Universal Law of Gravitation, which states that the force of attraction between two bodies is directly proportional to the product of their two masses and inversely proportional to the square of the distance between them.  The strength of the gravity field is expressed in terms of the value of gravitational acceleration ‘g’ (or simply ‘gravity’).  The average value of g at the Earth’s surface is about 9.80 m s-2 and would be constant if the Earth were a uniform sphere.  However, gravity varies because the Earth rotates, is not a perfect sphere, and contains lateral changes in density.  As a result, gravity varies strongly with altitude and by small amounts with latitude and changes in the Earth’s crustal structure.  Because the density of underlying rocks is a major control on the gravitational attraction, surveys that measure variations in g provide valuable information about variations in density and, by implication, variations in rock composition and crustal structure. 
The c.g.s. unit of gravity is the gal (named after Galileo), where 1 Gal is equivalent to an acceleration of 1 cm s-2.  Since modern gravity meters (or ‘gravimeters’) are extremely sensitive and can measure changes in g to within 1 part in 109, the unit commonly used in gravity surveys is the milligal (mGal), or 10-3 cm s-2.  In SI units, gravity is commonly measured in 10-6 m s-2.  Utilizing modern equipment (Fig. 3-5B), the accuracy of land-based measurements is generally about 0.01 mGal.  As a prelude to all gravity surveys and as a service to the geophysical community, absolute gravity has been measured under carefully controlled conditions at many locations to establish reference values to which surveys or local gravity networks are tied.  This ensures that worldwide gravity observations have similar values and can be integrated into a regional framework.  Gravity surveys measure differences relative to a fixed base station, which is generally tied to an absolute value allowing absolute gravity values to be obtained at any given location in the survey area.

During surveying, several corrections have to be applied to gravity observations to remove effects that are unrelated to those caused by density changes reflecting structural variation, which is normally the focus of interest in gravity surveys.  For some instruments the gravity meter readings must first be corrected using calibration factors to give values in milligals.  Other corrections are required to compensate for temperature changes and elastic creep in springs that cause readings to change gradually with time in modern types of sensitive instruments.  In practice, instrument drift is monitored and corrected by taking repeat readings every few hours at the same location.  Earth tides due to the attraction of the sun and moon are large enough to affect gravity readings, and these are routinely calculated and removed from gravity values.  Gravity varies with latitude due to the earth’s shape and rotation, and allowance is made for this by subtracting a theoretical value of gravity based on the International Gravity Formula.  The latitude must be known to within 10 m for surveys to have an accuracy of 0.01 milligal and because gravity increases towards the poles, the latitude correction is more negative towards high latitudes.   The gravity data must also be adjusted to a common measurement datum, such as mean sea level, by applying the free-air correction, which allows for the reduction in gravity with height above sea level, regardless of the nature of the underlying lithology.  This correction, a positive value above sea level, is about 0.3086 milligal m-1, which implies that elevations should be known to within 5 cm to achieve an accuracy of 0.01 milligal. 

The free-air anomaly is obtained after application of the latitude and free-air corrections, and free-air anomaly maps are often used for oceanic areas.  However, the free-air correction does not compensate for the rock mass between the measurement station and the datum (sea level).  The variation in gravity due only to elevation changes after applying the free-air correction may be much larger than, and mask, the variations of interest due to local structure.  To overcome this the Bouguer correction is applied, which accounts for the effect of the rock mass between the station and the datum by calculating the gravitational pull exerted by a horizontal slab of thickness equal to the gravity station height and a mean density which is assumed to be typical of the region.   The Bouguer density is generally taken to be 2.67 g cm-3 in areas of crystalline lithology, but in some sedimentary regions a density of 2.0 to 2.3 g cm-3 may be more appropriate.  Subtracting the Bouguer correction from the free-air anomaly yields a gravity value that is termed the Bouguer anomaly.  The free-air and Bouguer corrections assume that the topography has a subdued relief.  If a station is next to a mountain, the mass of the mountain exerts an upward force on the gravity meter that reduces the reading.  Conversely, if the station is next to a valley the absence of rock in the valley exerts a downward, reducing, force on the gravity meter.  In both cases, a terrain correction is added to the Bouguer anomaly.   Depending on the topography and available elevation data, it is not always necessary or simple to calculate terrain corrections; nonetheless, the Bouguer anomaly, possibly terrain corrected, is the ideal gravity measure for geologic mapping and interpretation.  An additional height-dependent correction to allow for the curvature of the Earth can also be applied, although this is often ignored, especially in areas of relatively low topographic relief.

Since gravity work is time consuming, the station spacing depends on the resolution required and the area to be covered.  Typically the station density varies from a few observations per square kilometer for regional mapping to stations every few meters for small, localized studies.  Accurate surveying is essential and, ideally, horizontal and vertical errors within 10 m and 5 cm respectively are sought, which should provide measurement accuracies of 0.01 milligal.  Differential GPS has greatly improved this aspect of gravity acquisition in recent years.  Airborne gravity surveying is now available commercially, and enables large areas to be covered with high quality data very efficiently, especially in areas that may be difficult to access on the ground.  However ground-based measurements still provide the most accurate data for small high-resolution surveys.

Some of the earliest geophysical work in the Kingdom involved gravity observations, although survey control was somewhat primitive by modern standards.  Much of the Phanerozoic area now has excellent coverage by data obtained in conjunction with petroleum exploration since the 1940s.  Most of the data belong to Saudi Aramco, and have not been released for general use.  The Arabian Shield has less comprehensive gravity data, with a reasonably dense coverage in only a few localized areas.  A network of gravity base stations, tied to the international net, was established in the Kingdom by Flanigan and Akhras (1972).  A strip of gravity along the southern and southeastern parts of the Arabian Shield was used in conjunction with the seismic-refraction experiment designed to model the deep crust (Gettings and others, 1986).  Some 2196 gravity-measurement stations were occupied to prepare this strip, covering about 202,000 km2, enabling the main variations in crustal structure to be modeled along a profile about 1000 km in length.  A regional gravity survey was carried out in the 1980s along the Red Sea coast (Shepherd and Hall, 1984) and smaller surveys done in the northeastern shield (Miller and others, 1989; Kane and others, 1990) with nominal station spacings between 7 km and 4 km.  Two helicopter-borne gravity surveys over part of the Cover Rock area were undertaken in 1985 for basin studies, and some localized gravity work has been done in conjunction with mineral exploration.  The gravity shown in Fig. 3-2 is a generalized rendition of the available data based on a 1000-m grid, suitable for regional crustal studies.
The satellite-derived gravity data for the Red Sea (Fig. 3-6) depends on the observation that the surface of the oceans varies in elevation in direct proportion to the underlying topography and density variations of the seafloor, which in turn cause small variations in the acceleration due to gravity at the surface.  The first step in deriving the marine gravity is to measure lateral changes in elevation of the sea surface, a process that has been done since 1985 over virtually all of the marine area of the world using accurate radar altimeters carried on several satellites.  The positions, and hence altitudes, of the satellites are accurately measured from a network of lasers coupled with Doppler techniques, and with this control the radar altimeters on the satellites are able to measure the average height of the sea surface to a precision of about 3 cm.  The effective footprint of the radar beam is of the order of 1 to 5 km, which averages out local irregularities such as wave action, but does limit the lateral resolution of the measurements.  The results from hundreds of repeat tracks using the Geosat/ERM, ERS and Topex satellites are stacked and averaged, that is, filtered, thereby giving the final smoothed height of the sea surface or geoid.  The second step is to convert variations in the geoid height and the geoid gradients to the equivalent gravity anomalies, as described by Sandwell and Smith (1997), a process that yields results that generally agree with surface observations to within about 5 milligals.
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The free-air gravity over the Red Sea shown in Fig 3-5 was derived from a 0.02 degree grid of the satellite data and a simple Bouguer grid was derived from the free-air gravity and the bathymetry, assuming a rock density of 2.67 gm cm-3.  The Bouguer values are higher than the free-air values because the water mass is effectively replaced by the equivalent volume of rock in the Bouguer-reduction process.  The main feature is the prominent linear trend down the axis of the Red Sea, which is related to the bathymetric trough associated with the seafloor spreading axis.  Both the trough and the gravity effects of spreading become less obvious in the northern half of the Red Sea.  The transition between these two zones in the centre is marked by a pronounced offset in the axis of the Red Sea coincident with a number of transform faults.  Gravity minima toward the margins of the Red Sea may be associated with basins.  A strong gravity low in the Gulf of Aqaba is due to the deep pull-apart basins along the Dead Sea transform fault (Stewart and Johnson, 1994).

3.5    Earthquake and active-source seismicity

Earthquake seismology involves the passive measuring of arrival times of elastic or seismic waves naturally generated by earthquakes due to the sudden release of strain and slippage of rocks along fault planes.  Body waves (P; primary or longitudinal and S; secondary or transverse) propagate through the earth whereas surface waves travel along a free interface and so take a path around the surface of the earth.  Of the two body waves, the P waves have the higher velocity and arrive first at any location.  The seismic waves are recorded on seismographs, which are similar in principle to the equipment used for seismic exploration.  The detector or seismometer records the vertical or horizontal movement of the ground due to the passing wave, and the signal is either recorded locally or transmitted back to a central recording location.  Accurate clocks are used to record the arrival time of the waves at each seismograph station.  Since the velocity of waves is reasonably well known it is possible to triangulate from at least three stations to locate the earthquake epicenter (the point on the Earth’s surface above the earthquake source or hypocenter).  The amplitudes of the waves as well as the distance from the epicenter are used to determine the magnitude of the earthquake, which is related to the energy released.  Some networks of seismographs now employ automated techniques to detect earthquakes from the recorded signals and even to calculate the earthquake location and magnitude.  The primary objective of earthquake seismology is to monitor earthquakes and to provide information for earthquake-hazard mitigation programs.  A significant secondary objective is to use natural seismic waves to study the Earth as a whole, and also to determine lithospheric structure over large areas by analyzing the arrival times and waveforms of seismic waves recorded at permanent and temporary seismograph networks.  Such studies have produced a major literature on the crustal structure of Arabia (e.g., Knopff and Fouda, 1975; Mokhtar, 1995; Al-Amri, 1998, 1999; Abdullah and Al-Amri, 1999; Rodgers and others, 1999; Tkalčić and others, 2006; Hansen and others, 2006; Park and others, 2008).
The first instrumental study of earthquakes used a temporary network of portable seismographs in 1978 in the Tihamat-Asir region (Merghelani, 1979).  Later studies with portable instruments around Jeddah and elsewhere demonstrated the presence of active faulting, and indicated that there are five areas along the eastern margin of the Red Sea that have significant earthquake activity at the microearthquake level (less than Richter magnitude 3) (Merghelani and Kinkar, 1983).  The Saudi Geological Survey is currently responsible for seismic monitoring in Saudi Arabia and operates a network of seismographs that is able to detect and locate earthquakes as small as magnitude 3 can be over much of the country.  As shown on the accompanying plot of epicenters (Fig. 3-7), earthquake activity in the vicinity of Saudi Arabia tends to be concentrated along the margins of the Arabian Plate.  There is a major concentration along the Zagros and Bitlis zones, where the Arabian Plate is subducting to the north beneath the Eurasian Plate.  A lesser concentration is along the Dead Sea transform (the left-lateral fault system that extends along the axis of the Gulf of Aqaba and north toward southern Turkey), the source of earthquakes as recently as 1997 that affect northwestern Saudi Arabia.  Other notable seismic activity is clustered at several places along the spreading axis of the Red Sea, which is offset by numerous tr00ansform faults.  One cluster of events is located in the northern Red Sea; another is offshore from Jeddah in the Suakin Deep.   To the south and southeast, epicenters mark the Gulf of Aden spreading center and the Owen Fracture zone, which separates the Arabian and Indian Plates.  Onshore, in Saudi Arabia, seismic activity is of low level.  A large number of low-magnitude events near Al Madinah are associated with faulting and crustal extension in the vicinity of Harrat Rahat, and with fluid movement at depth.  A relatively recent series of events (2009) originated from faulting beneath Harrat Lunnayir between Al Madinah and Yanbu al ‘Bahr.   Other activity is clustered east of Hail.  The large cluster of microearthquakes in Jordan shown on the plot mainly reflects anthropogenic events related to mining of phosphate and gives a false impression of widespread seismic activity.
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The main controlled seismic survey done in western Saudi Arabia, involving the generation of seismic waves in the crust by manmade means, was the large-scale refraction survey done in 1978 as part of a deep crustal study of the shield and Red Sea margin (Gettings and others, 1986).  Seismic-refraction surveys are based on the measurement of the travel time of seismic (elastic) waves refracted at the interfaces between subsurface layers of different velocity.  Seismic energy is provided by a source located on the surface. For shallow applications this normally comprises a hammer and plate, weight drop, accelerated mass, or small explosive charge. Energy radiates out from the shot point, either traveling directly through the upper layer (direct arrivals), or traveling down to and refracted laterally along higher velocity layers (refracted arrivals) before returning to the surface.  This energy is detected on the surface using a linear array, or spread, of geophones spaced at regular intervals.  Data are recorded on a seismograph and analyzed to determine the first-arrival times to the geophones from each shot position.  The final survey outputs comprise a depth profile of the refractor layers and a velocity model of the subsurface. 

A primary application of seismic refraction is for determining depth to bedrock and the bedrock structure in engineering studies.  It is also used on a much larger scale for regional tectonic studies, where structure down to the upper mantle may be investigated over distances of hundreds or even thousands of kilometers.  This is the case with the 1978 survey.  The refraction profile extends for about 1000 km from the vicinity of Ar Riyad, across the southern shield, to the Farasan Islands (Healy and others, 1982; Mooney and others, 1985; Gettings and others, 1986).  This survey, referred to as the Ar Riyadh-Farasan profile, is nearly perpendicular to first-order structural boundaries in the part of the shield traversed, and was designed to model the crust to at least the depth of the MOHO.  Another survey was done across the northwestern part of the Arabian Shield, inland from Al Wajh (Mkris and others, 1983).  A comprehensive review of refraction data, focusing on the crustal structure of the western (Red Sea) margin of the Arabian Plate and the Afro-Arabian rift system, was done by Prodehl and Machie (1991).
Another extremely important type of controlled seismic survey is seismic-reflection profiling, based on measurements of the two-way travel times of seismic waves transmitted from the surface and reflected back from interfaces between contrasting geologic layers.  This type of surveying is a major tool in oil exploration and is an important source of regional information about the structure of orogenic belts in many parts of the world (Fig. 3-8) although the technique has not been used for this purpose in Saudi Arabia.  Reflection of the transmitted energy will only occur when there is a contrast in the acoustic impedance (product of the seismic velocity and density) between these layers.  As with seismic refraction, the seismic energy is provided by a source on the surface and the return signal detected on the surface using an array of high frequency geophones.
FIG 3-8 ABOUT HERE SEISMIC REFLECTION ABITIBI BELT
3.6    Radiometric surveys
Radiometric surveying entails the passive measurement of natural gamma radiation that emanates from rocks and soil at the ground surface.  The data are acquired using a scintillometer, which gives a total count of all gamma radiation encountered, or a spectrometer, which measures radiation from different radioactive elements.  The measuring devices may be laid on the ground or held at waist height for localized surveys, or installed on an aircraft for more regional surveys, usually in conjunction with magnetic-data acquisition.  Spectrometers detect radiation from three principal sources -- potassium 40, uranium-group elements, and thorium-group elements.  In airborne surveys, measurements are also made of the total count and of the cosmic radiation that arrives from outer space.  The spectrometer measures the number of photons emitted during a given time interval as a result of collisions between gamma rays from radioactive sources and the spectrometer’s sodium iodide crystals, and records the number as ‘counts’.  The energy of each photon determines the channel in which it is recorded, and usually a spectrum of counts is accumulated across 256 energy levels.  In order to obtain sufficient counts, large crystal sizes (more than 50 liters for some airborne surveys) are optimally employed.  Sample intervals of 1 second or even less are generally used to provide the required detail in an airborne survey.  Due to the short detectable range of gamma rays in air, the spectrometer should be as close as possible to the source.  In airborne work, the flight altitude is typically 60 to 80 m for regional surveys, but may be as low as 20 m for detailed surveys.  Due to signal-to-noise problems, especially for uranium, sophisticated statistical processing is necessary to generate values for the equivalent ground concentrations of K, Th and U from the 256 channel data.  The processing includes corrections for background and cosmic radiation, for radon (the concentration of which in the atmosphere varies with time at any given location), as well as for between-channel interference and height variations.  Geometrical corrections can also be used to sharpen the data by allowing for the finite sample interval and the lateral footprint of each observation.

The three radiometric components (K, Th, and U) are commonly displayed as separate grids as well as three-color ternary plots (K red, Th green and U blue).  Different lithologies tend to have characteristic radiometric signatures, and it is possible therefore to map detailed variations in the surface rocks and sediments from radiometric data.  Since the observed gamma radiation originates only from the upper 20 cm or so of the ground, radiometric mapping shows only the surface lithology, not the underlying bedrock if it is covered by alluvium.  Radiometric maps are very useful for defining subtle variations in the geology that may not otherwise be apparent, and can often show geologic boundaries more precisely than is possible with conventional mapping.  In addition, radiometrics are valuable as a tool to define local structure in metallic exploration and in the search for radiogenic minerals.  Radiometric methods are also be useful in petroleum exploration, where ratios of the various spectral components may highlight hydrocarbon seeps or assist in defining fault locations due to the presence of uranium (or radium, also in the uranium channel) in migrating groundwater.

Some of the earliest airborne work over the Arabian Shield in the 1960s included scintillometer measurements of gamma radiation, but the scintillometers were of low sensitivity and the measurements were analog total count rather than digital, so that the data are of limited use.  Nevertheless, some correlations between radiometric anomalies and the surface geology were made using these data.   Later, helicopter-borne spectrometer data were acquired in conjunction with local magnetic and EM surveys in parts of the shield.  In the early 1980s, comprehensive airborne spectrometer coverage of Phanerozoic rocks flanking the shield was obtained in conjunction with the magnetic survey of the “Cover Rocks” (Cowan and others, 1985).  While not directly applicable to the study of the shield, the Cover Rock data reveal the importance of the shield as the source of alluvium filling drainage channels developed on the Phanerozoic rocks. Total count as well as potassium, thorium, and uranium spectral data were acquired, although the detail was constrained by the flight line interval of 2 km.  The survey was processed and interpreted by Phoenix Corporation (1985), and the analysis was followed up by ground studies to correlate radiometric anomalies with the surface lithology.  Further analysis of part of the southern “Cover Rock” radiometric data was done by Pitkin and Huffman (1989) and reprocessing and plotting of some of the data has been done by the Saudi Geological Survey (Ian Stewart, written communication, 2007) (Fig. 3-9). 

FIG 3-9 RADIOMETRIC SURVEY ABOUT HERE
3. 7   Magnetic and gravity anomalies on the Arabian Shield 

Potential field data (magnetic and gravity) are a powerful source of information about the crustal structure of the Arabian Shield.  Maps of magnetic and gravity data reveal differences in rock types, map lithologic and structural contacts or faults; indicate the presence of rock bodies where not expected or extensions of rock bodies where not revealed by geologic mapping.  With the advent of digital geologic data for the Arabian Shield, and the routine use of georeferenced multiple layers of geoscience data in GIS applications, correlations between known geology and structure indicated by potential field data are quickly established; conversely, a lack of correlation, or the need to revise or add to existing geologic maps, are also quickly evident.  Numerous examples of the importance of magnetic data for local-scale studies are in the central and eastern parts of the shield.  Fig. 3-10 shows close correlation between rock units and structures in the Zalm area.  This area is economically important because of its abundance of gold prospects.  Many of these are controlled by shear zones, as at Mansourah and Massarah.  The magnetic data is important because it reveals continuations of shear zones and shear zones not formerly mapped beneath the Quaternary alluvium that conceals much of the bed rock in the area.
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Fig. 3-11 is an example of how magnetic data reveal new information about well-mapped granite plutons.  Existing information (Delfour, 1980) indicates that the cores of the Kursh and Dahul plutons are homogeneous coarse- to medium-grained biotite and, in places, hornblende granite.  The rims comprise a large ring dike of alkali granite, at Jabal Kursh, and a crescent-shaped intrusion at Jabal Dahul.  U-Pb geochronology indicates a crystallization age of 601±4 Ma at the Dahul pluton; Rb-Sr ages for both plutons are within error (586±43 Ma and 579±19 Ma) and may reflect later disturbance, possibly in conjunction with Najd faulting.  Geologically, both plutons appear to be lithologically similar and correlative.  But the magnetic data unexpectedly reveals a major difference.  The Kursh pluton shows as a high-intensity core and moderate intensity rim; the Dahul pluton is a strong magnetic low.  Multiple explanations for this difference are possible, ranging from variations in magnetite content, to remanant magnetization in the Dahul pluton, to emplacement at different times on either side of a switch in magnetic polarity.  Which explanation applies in this case requires research.

FIG 3-11 ABOUT HERE

Fig. 3-12 shows geologic features in the southern part of the Murdama group basin in the eastern shield.  The Murdama group itself largely consists of sandstone that has a low magnetic susceptibility and generates a subdued magnetic signature.  Metagabbro and metadiorite of the Suwaj terrane, in the northeast corner of the figure, and orthogneiss and schist along the Ar Rika fault zone in the southwest corner, have strong magnetic signals.  The most prominent anomalies correlate with intrusions into the Murdama group.  The Al Hasraj batholith is a body of porphyritic biotite granite with minor zones of alkali granite and granodiorite (Delfour, 1979).  At its southern margin, arcuate dikes of granite in the contact metamorphosed Murdama group rocks emphasize the circular structure.  The north part of the intrusion contains large inclusions of Murdama rocks in granodiorite, diorite, and grabbro.  The complex character of the batholith is well indicated by its magnetic signature. The anomaly has been extensively discussed by Millon (1969) who considered that the annular form of the anomaly was enhanced by magnetization in a metamorphic halo in the enclosing Murdama group sedimentary rocks.  Hase (1970) suggested that the anomaly is the result of a more mafic border phase or ring-dike superimposed on the central granite mass.  Blank and Andreasen (1980) modeled the anomaly as a thick cylinder.
The Ad Darah and Khanzir plutons form a composite intrusion of granite and granodiorite in the southern part of Fig. 3-12.  The Khanzir, the older phase of the intrusion, is the lobe in the south; the Ad Darah is the main body.  Both plutons are rimmed by circular magnetic highs that reflect contact metamorphism and the generation of magnetite in the enclosing Murdama group rocks.  The Mikhyat puton consists of gabbro.  It partly crops out, but is extensively covered by eolian sand; the magnetic anomalies give a more comprehensive view of its size.  A notable feature of the magnetic data the presence of strongly negative linear anomalies at and close to the contact between the Murdama group and Suwaj terrane.  Such anomalies elsewhere on the Arabian Shield correlate with narrow serpentinite-decorated fault zones.  On the ground, the linear magnetic anomalies coincide with a strongly linear zone of steeply dipping Murdama group rocks; this coincidence suggests that the area should be searched for possible through-going, serpentinite-decorated shear zones, perhaps even thrusts.

On a more regional scale, enigmatic magnetic anomalies suggest that the southern part of the Asir composite terrane in the southern part of the Arabian Shield may have a more complex crustal structure than presently known (Fig. 3-13 A, B).  Magnetically, the region divides into a western region in which there appears to be a large bend about a north-trending axis, and an eastern region characterized, south of 21°N by east-trending anomalies (Moore, 1983).  The boundary between the two regions is a north-trending contact at about 42°E.  The bend in the western region extends from 20°N to the northern edge of Fig. 3-13 B and, as seen on the magnetic anomaly map for the entire shield (Fig. 3-1), continues as far as 25°N.  The high-intensities and short wavelengths of the anomalies that make up the apparent bend suggest near-surface magnetic sources and imply a regional-scale (oroclinal) bend in the supracrustal rocks of the western part of the shield.  However, no comparable structures are described in this part of the shield, and the cause and structural significance of the magnetic bend are unknown.  The cause of the east-trending anomalies in the eastern region of fig. 3-13B is likewise unknown and has been debated for many years.  The anomalies have the appearance of anomalies generated by near surface sources, but there is no obvious explanation for them in the supracrustal rocks exposed at the surface.  Indeed, this part of the shield is structurally dominated by north-trending fold belts, shear zones, and elongate belts of volcanic and plutonic rocks.  Moore (1983) suggested the anomalies may be sub-surface remnants of a pre-Pan African crustal structure.  Alternatively, Blank and Andreasen (1991) suggested that the anomalies may reflect structural highs in the upper mantle.  This interpretation is doubtful however in as much as the upper mantle in the southern part of the Arabian Shield is likely to be below the Curie isotherm, and structure in the upper mantle would not therefore generate any magnetic signature.  Another possibility could be that the anomalies reflect lower-crustal structures, perhaps beneath a low-angle detachment fault of the type known to be present in orogenic belts elsewhere in the world separating supracrustal rocks from infracrustal basement.  However, isotopic data indicate that all the supracrustal rocks in this part of the Arabian Shield are juvenile, and there is no indication either by way of radiogenic isotopes, of inherited zircon grains, or negative initial Nd ratios, of any contribution from older crustal material.  The presence of a different, possibly older crustal zone beneath the supracrustal rocks, which could be a cause of the east-trending magnetic anomalies, is therefore highly unlikely. The contact between these two regions of enigmatic anomalies coincides approximately with the sheared western margin of the An Nimas batholith.  The magnetic data suggest that this is one of the major structural boundaries in the southern shield and the marked difference in the structure of the magnetic field on either side of the contact suggests that the structure represented by the magnetic contact may be of greater significance than hitherto considered in discussions on the structure of the shield.  The magnetic boundary approximates the Umm Farwah shear zone described in Chapter 8: Structure, emphasizing the importance of the shear zone in the geology of the Asir composite terrane. 
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A further illustration of the regional-scale importance of magnetic data for crustal studies is illustrated by the magnetic signature generated by crystalline rocks beneath the Phanerozoic cover at the northeastern margin of the shield (Fig. 3-14 A,B) (Johnson and Stewart, 1993).  In simple terms, the Arabian Shield at this location comprises broadly north-trending belts of supracrustal rocks of the Ad Dawadimi terrane (low-grade siliciclastic rocks of the Abt formation and large tracts of monzogranite and syenogranite), and the Ar Rayn terrane (a magmatic complex composed of volcanosedimentary rocks of the Al Amar group, and a range of calc-alkaline to granitic intrusions).  Farther west are outcrops of sandstone, siltstone, and intrusive rocks in the Murdama basin, and the intervening Suwaj terrane, composed of gabbro, diorite, and granodiorite.  The Murdama basin and Ad Dawadimi terrane are regions of subdued magnetic intensity; the Ar Rayn and Suwaj terranes are regions of high-intensity.  The magnetic gradient between the Ar Rayn and Ad Dawadimi terranes correlates with the Al Amar fault.  The magnetic lineament along the western edge of the Ad Dawadimi terrane correlates with the Halaban-Zarghat fault part of which, in the Halaban area, contains fragments of ophiolite and represents the suture between the Ad Dawadimi terrane and the Suwaj terrane.  These correlations are well known.  What is important, as described by Johnson and Stewart (1993), is the manner in which the Ar Rayn and Ad Dawadimi terranes and the Al Amar fault can be mapped north of the shield beneath Phanerozoic cover.  The high-intensity anomaly of the Ar Rayn terrane is the Central Arabian Magnetic Anomaly named by Johnson and Vranas (1995).  Because the Ad Dawadimi and Ar Rayn terranes trend parallel to each other for a considerable distance both on the shield and where they extend beneath the Phanerozoic and appear to truncate other terranes in the shield to the west, they are considered to be a composite structural/tectonic unit.  This structure, in fact has been projected across the Arabian Plate to the Bitlis convergence zone, and identified as a suture (Sharland and others, 2001).  Because of this parallelism, Stern and Johnson (in press) propose enlarging the definition of the Central Arabian Magnetic Anomaly to include both the high (of the Ar Rayn terrane) and low (of the Ad Dawadimi terrane.  The course of the Al Amar fault beneath the Phanerozoic is well constrained; the western border of the Ad Dawadimi terrane less so.  However, a gently curving train of magnetic lows suggests that the terrane border trends north from a position on the Halaban-Zarghat fault at about 24°30’N, 43°50°E.  A zone of subtle magnetic lows on the shield coincides with a shear zone, not shown on existing maps but observed by the authors as a zone of elongate marble lenses in moderately sheared Abt formation.  Farther north, the magnetic lows are more prominent.  They resemble the types of anomalies generated by serpentinite-decorated shear zones elsewhere on the shield.  They are inferred to reflect a serpentinite-decorated shear zone in the basement rocks beneath the Phanerozoic in this part of Saudi Arabia, and to be the northward continuation of the suture at the western border of the Ad Dawadimi terrane.
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Descriptions of the gravity of the Arabian Shield adjacent areas have been done by a few authors, particularly as a combined magnetic-gravity study.  The value of using both types of potential field data is that they mutually constrain the range of possible model solutions.  On the Arabian Shield, the most comprehensive interpretation of gravity was done by Gettings and others (1986) as part of an internally consistent model of crust and upper mantle.  The study utilized seismic-refraction, regional gravity, aeromagnetic, heat-flow, and surface geologic information over the area of the seismic-refraction experiment conducted by the DMMR and USGS in 1978.  Gettings and others (1986) noted a linear gravity high along the Red Sea coast.  The high is well seen in Fig 3-2, and extends along the entire cost line.  Inland, a steep gravity gradient, the midpoint of which approximately coincides with the contact between the basement rocks of the Arabian Shield and Mesozoic-Cenozoic rocks of the Red Sea basin where the gravity falls from positive to negative values.   Northeast of the Red Sea basin/shield contact, the gravity field, mapped  over a swath of ground approximately 200 km wide, is a broad low about 400 km across, which apart from some minor interruptions extends to about 21°N.  This pronounced gravity minimum in the most southerly part of the shield is consistent with crustal thickening by 2 to 3 km inferred by Al-Damegh and others (2005) from the delays of teleseismic waves at seismograph stations in the area.  At 21°N and farther northeast, is a series of northwest- to north-northwest-trending highs.  These correlate with the Ruwah, Ar Rika, Halaban, and Al Amar faults.  The gravity low between the Ruwah and Ar Rika faults coincides with the Haml batholith, a large region of late Neoproterozoic granite.  Details of this part of the gravity map are shown in Fig. 3-15, together with the coincident part of the RTP aeromagnetic anomaly map of the shield.  The magnetic map (Fig. 3-15A) shows, in fine detail, the trends of the northwest-trending Ruwah and Ar Rika fault zone as narrow zones of high magnetic field.  The north-trending Nabitah fault zone is marked by a narrow linear magnetic low.  On the gravity map (Fig. 3-15B), the Ruwah and Ar Rika fault zones lie on gradients; the Ruwah fault zone on a gradient falling to the southwest, the Ar Rika fault zone on a gradient falling to the northeast.  Gettings and others (1986) infer that the linear magnetic anomalies and the gravity highs are cause by mafic intrusives in the lower and upper crust whose uppermost levels reach the surface as the abundant dikes mapped in the Najd fault zones and flanking wall rocks. 
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Additional insight into the crustal structure of the Arabian Shield and region is given by Ibrahim and others (1994), who made a combined gravity and magnetic study of the Khulais area, 100 km northeast of Jiddah, to determine the thickness of the sedimentary cover and depth to basement in Cenozoic basins developed on the western margin of the Arabian Shield.  Segev and others (1999) used magnetic and gravity data to study the northernmost part of the Arabian-Nubian Shield, recognizing a several hundred-kilometer long east-west trending Dana-Themad magnetic anomaly inferred to reflect a major crustal boundary in the Precambrian basement.

FIG 3-14 ABOUT HERE  
3.8    Earth structure
It is well known from the study of earthquakes that the Earth has a layered structure (Fig. 3-16A) comprising an inner core, outer core, mantle, asthenosphere, and lithosphere.  The latter is the layer of principal interest to geoscientists because it is the layer in which plate tectonics operates.  These layers in the Earth, based on interpretations of seismic waves, are mechanical, rheological divisions.  The lithosphere is the rigid outer part of the Earth that moves on the asthenosphere and makes up the plates in plate tectonics able to withstand very low levels of differential stress without flowing. The asthenosphere, in contrast, is that part of the Earth that is capable of flowing continuously even under the lowest levels of differential stress (Karato and Wu, 1993).  The base of the lithosphere is a mechanical boundary comprising a ductility contrast and a slight downward decrease in seismic wave velocity (Low Velocity Zone, LVZ; also known as LAB, lithosphere/asthenosphere boundary), or at least, a less rapid increase in velocity than found above or below.  This lower velocity may reflect the presence of a partially molten or more plastic material.  It marks the boundary between the rigid lithosphere and a mobile asthenosphere and is the fundamental boundary in the Earth’s structure from the point of view of plate tectonics.  The LVZ occurs at depths of about 225 km beneath the continents and about 70 km beneath the oceans, although these depths are not exactly known and vary considerably (Jordan, 1988).  The lithosphere (crust plus upper mantle) may be as thin as a few kilometers at ocean spreading centers, thickens to about 100-150 km under the older parts of ocean basins, and is as much as 250-300 km thick under continental shield areas.  From a thermal point of view, the base of the lithosphere is conventionally defined as the 1300° C isotherm since mantle rocks above this temperature are partially molten (Artemieva and Mooney, 2001).
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An alternative type of layering in the Earth, based on chemical and petrologic distinctions, comprises crust, upper mantle, lower mantle, outer core and inner core (Fig 3-16B).  It is important to note that the lithosphere encompasses both crust and upper mantle; the asthenosphere corresponds to the middle mantle.  It is also important to note that the terms “crust” and “lithosphere” are not interchangeable; they are not synonyms.  The crust is a particular, restricted uppermost part of the lithosphere; the upper mantle is equivalent to the rest of the lithosphere.  The crust is the thinnest layer recognized in any model of the Earth’s structure, ranging from 5 to 70 km thick (Fig. 3-16B).  Oceanic crust, typically 6-7 km thick, forms the floor of oceanic basins; thicker crust (typically 35-40 km thick) underlies the continents.  Oceanic crust is composed of dense (mafic) iron magnesium silicate rocks of the type sampled by underwater expeditions or observed, on land, as ophiolites.  The thicker continental crust is less dense and typically composed of felsic, sodium-potassium-aluminum silicate rocks such as granite.  The mantle extends from the base of the crust down to 2900km, or about halfway to the centre of the Earth. This zone makes up the bulk of the Earth’s volume and is the primary source of all basaltic igneous rocks found at the surface.  Temperature increases with depth at an average gradient of about 25°C km-1, the result of energy released by the radioactive disintegration of isotopes of Th, U and K, with some minor contribution from other isotopes and possibly frictional distortion caused by lunar passages.  The crust-mantle boundary is defined by changes in two different physical parameters.  One parameter is a change (discontinuity) in seismic velocity, known as the Mohorovičič discontinuity, or MOHO, for short.  The cause may be a change in rock composition from rocks containing plagioclase feldspar, above, to rocks that contain no feldspar, below.  The second parameter is a chemical/petrologic discontinuity or transition between ultramafic cumulates and tectonized harzburgites, which has been observed from deep parts of the oceanic crust brought to the surface as obducted ophiolite.    The upper part of the mantle, at depths of less than about 400 km depth consists mostly of olivine, pyroxene, spinel-structure minerals, and garnet, and typical rock types are thought to be peridotite, dunite (olivine-rich peridotite), and eclogite.  At greater depths, the minerals become unstable. Olivine is replaced by high pressure polymorphs with approximately the same composition, and below about 650 km, the most abundant minerals present have structures (but not compositions) like that of the mineral perovskite followed by the magnesium/iron oxide ferropericlase.  
3.9    Crustal model of the Arabian Shield

Crustal modeling over the Arabian Shield commonly aims to define the structure of the continental crust and upper part of the mantle, with particular emphasis on estimating the depth to the MOHO.  One of the most discussed models is based on seismic refraction data acquired along the Ar Riyad-Farasan profile across the southern part of the Arabian Shield in 1978, with a series of interpretations published in the 1980s (Healy and others, 1982; Mooney and others, 1985; Prodehl, 1985).  A common version of the model, after Mooney and others (1985 and Gettings and others (1986) is shown in Fig. 3-17A.  It is an important example of the application of gravity and seismic methods to structural problems over distances that are orders of magnitude greater than those involved in exploration surveys and formed the core of a discussion on crustal structure in the southern part of the shield by Getting and others (1986). 
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The model indicates that the Arabian-shield crust is composed of two first-order layers, each about 20 km thick, with average velocities of about 6.3 and 7.0 km/s, respectively.  A persistent change in velocity at a depth of about 30 km subdivides the lower layer into two layers about 10 km thick.  A velocity change at the base of the lower layer from 7.4-7.8 to 8.0-8.2 km/s marks the position of the MOHO.  The MOHO varies in depth from 42 km in the northwest to 38 km depth in the southwest, so that on average it is about 40 km deep.  Importantly, however, the MOHO rises rapidly at the western margin of the shield (in the vicinity of Shot Point 5) until it is merely 8 km deep beneath the Farasan Islands in the Red Sea (Shot Point 6), reflecting an abrupt thinning of the crust and change in crustal structure caused by Red Sea rifting and spreading.  The same abrupt thinning is observed in the seismic-refraction profile surveys near Al Wajh in the northwestern part of the Shield (Fig. 3-17A), and is noted by all commentators on the transition from continental to oceanic crust at the western margin of the shield.   The Mooney-Gettings model is characterized by it regular layered structure, with systematic increase in seismic velocity with depth.  An alternative model is given by Prodehl (1985), based on the same seismic-refraction data as Mooney and others (1985), but showing lateral discontinuities at a depth beneath 40 km with a lamellar structure where high velocity zones are intermixed with low velocity zones.  A major lateral velocity change is modeled by Mooney and others (1985) near the northwestern end of the Ar Riyad-Farasan profile as a vertical crustal boundary.  The boundary is some 25 km west of the outcrop trace of the Al Amar fault and may well reflect structural complexity at the contact between the Ar Rayn and Ad Dawadimi terranes.  Badri (1991) models a discontinuity in the same part of the refraction profile, but infers a system of thrusts rather than a vertical boundary, in which east-directed nappes are placed on the Ar Rayn terrane.  The Ar Riyad-Farasan seismic-refraction survey is crucially important for modeling crustal structure.  But it tends to emphasize a gross horizontal layered structure of the shield and does not capture fine detail and indications of inclined structures such as thrusts, which would be expected to show up on a seismic-reflection survey of a tectonically complicated region such as the shield.  Seismic-reflection surveys in other orogenic belts, for example, reveal a multiplicity of stacked thrusts and detachments (Fig. 3-8).
Seismic-refection surveys in the northwestern part of the Arabian Shield reveal a similar variation in crustal thickness at the transition between the Arabian Shield and the Red Sea.  The Al Wajh profile, for example, shows the base of velocity layer 6.5 km/s, the MOHO boundary, increasing inland from less than 20 km to about 30 km thick a short distance inland and about 45 km at the northeastern end of the measured profile, where the shield is covered by Phanerozoic rocks (Fig. 3-17A) (Makris and others, 1983).
Other estimates of crustal thickness in the Arabian Shield are based on teleseismic data.  Such studies do not yield the detail that can be obtained from seismic-refraction studies, but they are a powerful means of estimating crustal depth and complement the refraction models.  A study by Kumar and others (2002) of receiver functions from eight stations on the shield identified a MOHO discontinuity at a depth of 35-38 km, and a study by Al-Damegh and others (2005) of receiver functions from 23 stations on the shield showed an average crustal thickness of 39 km.  More recently Hansen and others (2007) used S-wave receiver  functions and modeling of gravity obtained from the Gravity Recovery and Climate Experiement (GRACE) to estimate the depth to the MOHO (Fig. 3-17B).  It was found that the MOHO beneath the central part of the Arabian Shield deepened from about 12 km to 35 km inland from the Red sea (Profile H2; Fig. 3-17B) and reached a maximum depth of 47 km between the eastern edge of the exposed shield and Ar Riyad.  MOHO depths along Profile H1, inland from Yanbu, are similar, ranging from about 22-25 km near the coast to 35-40 km beneath the eastern edge of the shield.  Al Amri and others (2008) report a similar eastward increase in crustal thickness, inferred from P-wave receiver functions, and Sandvol and others (1998), also on the basis of P-wave receiver functions, report a comparable change from about 35-40 km crustal thickness in the west, adjacent to the Red Sea, to 45 km in central Arabia.
Farther north in the Arabian Plate, Best and others (1990) examined the crustal structure of the Palmyrides and northern Arabian Platform in the northern part of the Arabian Plate in Syria by making 2D and 3D modeling of Bouguer gravity.  The results suggest a crustal thickness of 40±4 km, and outline a complex basement structure comprising at least two crustal blocks possibly joined by a Neoproterozoic suture.  This gravity estimated crustal thickness is similar to that of the Arabian Shield in Saudi Arabia.  It is also similar to a figure of 38 km obtained by Batayneh and Al-Zoubi (2001) in Jordan, based on 2D gravity modeling, and a figure of 32 to 38 km obtained by Al-Zoubi and Avraham  (2002) using gravity and magnetic data.  On a more regional scale, Seeber and others (1997) show very similar MOHO depths but infer a shallowing of the MOHO beneath the Arabian Platform and Mesopotamian Foredeep followed, farther northeast, by a thickening to form a keel beneath the Zagros convergent zone (Fig 3-18).   Seber and others (2001) subsequently presented a 3D crustal model for the Middle East and North Africa for which a gravity response was calculated and compared with available Bouguer gravity.  It was found that the modeled gravity compared well with the observed gravity apart from the Red Sea and Caspian Sea regions, but differences between the isostatic crustal model and the 3D crustal model imply that hitherto unrecognized crustal and(or) upper mantle lateral density variations are present.
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In a global context, the 40-45 km thickness of crust in the Arabian shield is very typical of continental crust worldwide (Fig. 3-19).  It is the normal thickness for continental crust, exceeded only by the crust beneath the Himalayas (>70 km) and the Andes (>60 km).  It should be noted furthermore that the 40-45 km crust of the Arabian Shield is most likely the crust that came into existence during the Neoproterozoic (Stern and Johnson, in press).  At the start of arc accretion, the crust would have been about 10 km, the normal thickness of oceanic crust; by the end of the Neoproterozoic it was probably similar to the thickness estimated at the present.  Orogeny may have caused some amount of overthickneing, but the process of uplift and orogenic collapse coupled with possible mantle delamination as subduction ceased, would have brought about the “normal” thickness observed today.
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3.10    Crustal composition

The composition of the Arabian crust is directly observed at surface, and locally known to depths of a few hundred meters in drill core and underground excavations, and to depths of 1000-2000 meters because of vertical exposure at the Red Sea Escarpment.  Middle-crust material is locally exposed where amphibolite-grade metamorphic rocks have been exhumation from depths of as much as 25 km, and lower crustal and upper mantle compositions are directly glimpsed by means of mafic and ultramafic xenoliths brought to the surface in Cenozoic basaltic eruptions.  Otherwise, the composition of the middle to lower crust in the shield must be determined by geophysical means.  The starting point for this determination is the layered structure revealed by seismic methods, and inferences that can be made from seismic velocity and density about rock compositions. 

Layering, of course, is normal in many tracts of continental crust, and include a sub-horizontal mid-crustal velocity step, 0referred to as the “Conrad discontinuity” (Wever, 1989), as well as the more conspicuous velocity step that marks the MOHO.  Where it is found, the Conrad occurs 15 to 20 km deep.  It is conventionally drawn to separate slower felsic upper crust from faster mafic lower crust although this distinction is not certain, and alternative interpretations are that the Conrad discontinuity may reflect partial melting zones in the continental crust or changes in metamorphic grade.   A Conrad-like mid-crustal discontinuity is present in models for the Arabian Shield crust, such as the velocity step in the Ar Riyad-Farasan profile at a depth of about 20 km separating an upper 20-km thick layer with average P-wave velocity of 6.3 km/s from a lower 20-km layer with average P-wave velocity of 7.0 km/s (Gettings and others, 1986; Mooney and others, 1985).  Surface-wave data (Mokhtar et al., 2001) shows a similar mid-crustal velocity step 20-25 km beneath the shield, and Rayleigh wave velocity inversion indicates a two-layer crust as well, each layer about 20 km thick.  A mid-crustal velocity step 18-20 km deep is also identified in a refraction study in Jordan (El-Isa et al., 1987), and similar steps are identified in the DESERT NVR and WRR experiments (DESERT Group, 2004) (Fig. 11B) and modeled in the gravity study of Al-Zoubi and Ben-Avraham (2002). 

The measured velocities in the lower 20-km thick crustal layer along the Ar Riyad-Farasan seismic-refraction profile suggest a mafic composition.  These range from Vp=6.6-6.8 km/s at the top to 7.3-7.8 km/s at the base.  Tholeiitic gabbro at 1 GPa and 800°C is expected to have Vp ~7.1-7.2 km/sec, with relatively small effects (±0.1 km/sec) reflecting variations in P or T (Hacker et al., 2003).  It is reasonable therefore to infer that the lower crust beneath the Arabian Shield has a broadly gabbroic composition, although second-order compositional variations such as increased plagioclase content upwards and increased pyroxene content downwards may be present.  The layering observed in the seismic-refraction profile is interpreted by Gettings and others (1986) as metamorphic zonation, with the upper layer from surface to about 21 km associated with greenschist facies, the layer from 21 to 30 km depth identified as amphibolite facies, and the lowermost crust, from 30 to 40 km, composed of granulite-eclogite facies.  In the northeastern part of the shield, the gravity data are consistent with a two layer structure, comprising an upper section, 5 to 10 km thick, dominated by felsic plutonic rocks, and a lower section below 10 km of more mafic composition (Kane and others, 1980).
 3.11    Mantle thickness and lithospheric structure beneath the shield
The structure and thickness of the upper mantle and the corresponding lower part of the lithosphere beneath the Arabian Shield are barely known. A difficulty in determining the thickness of the lithosphere in general is that velocity contrasts across the lithosphere-asthenosphere boundary (LAB, or LVZ) are small and recourse is mostly made to shear wave velocity variations because these are sensitive to the presence of small amounts of melt, which is one of the means of differentiating between asthenosphere and lithosphere.  On the basis of a study of surface wave dispersion across the Arabian Peninsula, Seber and Mitchell (1992) inferred that the LAB was ~120 km deep beneath the Arabian Shield.  Hansen and others (2007), using S-wave receiver functions and GRACE gravity, estimated that the depth to LAB increases from ~55 km near the coast to 100-110 km beneath the shield along their profile H1 and from ~50 km near the coast to ~120 km beneath the Shield, 300 km inland from the Red Sea along their profile H2 (Fig. 3-17B).  These depths are comparable to the global depths compiled by Artemieva and Mooney (2001) and the result of Seber and Mitchell (1992).  The shallow depth of the LAB close to the Red Sea is confirmed in a receiver-function and fundamental-mode group velocity analysis by Juliå et al. (2003), which indicates a possible lithospheric thickness of as little as 50-60 km some 120 km inland from the coast. 
At the eastern edge of the exposed shield, across the Shield/Platform boundary, Hansen et al. (2007) found that the LAB on profile H2 deepens to about 160 km.  Profile H1 of Hansen et al. (2007) suggests a comparable lithospheric-thickness increase eastward but the profile, unfortunately, does not extend far enough to the west to confirm this.  Significantly, however, a similar step of 20-40 km in lithospheric thickness across the Shield/Platform boundary is reported by Al-Amri et al. (2008).  Stern and Johnson (2009), in reviewing these data note the variety of geophysical and geologic evidence that a fundamental boundary is present in the Arabian Plate at or close to the edge of the shield.  The types of data include the Central Arabian Magnetic Anomaly, geophysical indications of thinner lithosphere to the west and thicker lithosphere to the east, the manner in which the combined Ar Rayn and Ad Dawadimi terranes appear to act as a structural block truncating other terranes in the shield and forms the western boundary of a central Arabian structural block distinct from western and eastern blocks (Al-Husseini, 2000) (Fig. 1-9).   However, caution is needed in interpreting the estimates of lithospheric thickness, because they depend on the method adopted.  Park and others (2008), for example, approaching the issue from a different geophysical perspective, estimated shallower depths to the LAB than did Hansen et al. (2007) (profiles P1 and P2 in Fig 3-17B).  Their approach was to use Rayleigh wave phase and group velocities to constrain the shear wave velocity structure of the shallow mantle in the region.  They found ~90–100 km thick lithosphere beneath the southern and northern Shield, similar to lithospheric thicknesses determined by Hansen et al. (2007), but obtained a depth of as little as ~80 km for LAB beneath the eastern Shield (profile P2 in Fig. 3-17B), in contrast to the eastward increase in depth to ~ 130 km and ~160 km farther east shown by Hansen et al. (2007).  By inverting Rayleigh wave phase velocity measurements, Park et al. (2008) found a broad LVZ at depths of ~150 km beneath the Shield.    Tkalcic et al. (2006), conversely, describes shear-wave velocity models suggesting that mantle lithospheric thickness varies regionally, with the LVZ varying from 47-140 km deep close to the Red Sea, to 67-80 km deep beneath the northern Shield, to 120 km deep beneath the eastern part of the Arabian Plate.
Internal structure in the upper mantle is not widely reported for Arabia.  One of the earliest studies was by Knopoff and Fouda (1975), who measured phase velocity of Rayleigh waves for three profiles across the Peninsula.  A pronounces low-velocity channel for S-waves was found throughout the region with its top at a depth of between 100 and 140 km, that is, well within the lithosphere.  In an later work, Prodehl (1985) used the results of the 1978 Saudi Arabian seismic refraction study over the SW Arabian Shield to model travel times and amplitudes.  The work yielded velocity-depth profiles down to ~80 km and indicated alternating layered high- and low-velocity zones in the upper mantle.  Mooney et al. (1985) inferred a P-wave velocity jump in the upper mantle at a depth of about 65 km, from Vp = 8.1 to 8.4 km/sec, about 25 km below the Moho but well above the LAB.  Rodgers et al. (1999) found that sub-Moho Vp was slower beneath the Shield than beneath the Platform (7.9 vs. 8.1 km/s) and Seber and Mitchell (1992), on the basis of a surface wave study, identified a low-velocity zone ~70 km deep beneath western Arabia and a smaller low-velocity zone ~100 km beneath eastern Arabia.  An upper mantle interface was also observed using receiver functions for teleseismic arrivals at RAYN on the eastern edge of the Arabian Shield (Levin and Park, 2000).  This revealed a well-defined “Hales discontinuity” ~70 km deep, which Levin and Park (2000) interpreted as marking the upper boundary of a zone of depth-dependent anisotropy within the upper mantle.  The Hales discontinuity is an impedance increase that is normally found at depths of 60 km - 90 km.  The impedance is defined as the product of density and seismic velocity.  This impedance increase was first detected in long-range seismic refraction profiles, such as the Early-Rise experiments in continental North America (Green and Hales, 1968; Hales, 1969) and was subsequently detected in continental (Australia) and island-arc (Revenaugh and Jordan, 1991b), and oceanic regions (Woods et al., 1991).   Levin and Park (2000) argued that shear was guided by depth-dependant rheologies in the lithosphere, with particular concentrations of shear near the Moho and Hales discontinuity.  Because the anisotropy at these two discontinuities was similar, they inferred that both were caused by the same process, which they further suggested to be large-scale lithospheric shearing during the Neoproterozoic episode of tectonic escape.  If confirmed, such shearing would be the first glimpse of Neoproterozoic orogenic deformation deep in the East African-Antarctic Orogen.  The Hales discontinuity is explained by a phase transition from spinel to garnet (Hales, 1969), of the type observed in laboratory experiments in rocks of pyrolite composition at upper mantle temperatures and pressures (Green and Ringwood, 1967).  Both minerals are common in xenoliths originating from different depths (Nixon, 1987), as they are in mantle xenoliths in Saudi Arabia.  More recent studies place the phase transition at depths of 45 km - 55 km (Jenkins and Newton, 1979; Webb and Wood, 1986), but temperature and mantle composition have a strong influence on the depth of this transition.   Petrologic data from mantle xenoliths in Arabia suggest that the discontinuity may also reflect a change from pyroxene-rich lithologies above to more peridotitic mantle below (see review by Stern and Johnson, 2009).  Deeper structure in the continental lithosphere of the Arabian Plate is little known. 
………………………………………………………………………………………………….

The continental crust of the Arabian shield is the product of arc magmatism and granitic intrusion possibly coupled with mafic magma underplating.  The crust grew from a likely oceanic thickness of 5-10 km at the beginning of the Cryogenian to a 40-45 km thickness at the end of the Ediacaran and retained by the present-day crust.  The timing and details of this history are the subjects of the following chapters.        
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