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Geochronology is the science of attributing ages to rocks and geologic events.  For many years, geologists have arranged rock layers in sequences, thereby establishing a relative age; lower layers are older than higher layers.  In fossiliferous succession, different groups of fossils may be recognized in different layers, which allow rocks separated by great distances to be arranged in the same relative sequence.  This principle of rock superimposition or stratigraphy was first promulgated by Nicholas Sterno (born 1638 AD; died1786 AD) based on observations he made in Tuscany, Italy.  It was further developed by William Smith (born 1769 AD; died1839 AD), who applied his knowledge about the consistency of rock sequences and their fossil contents to make the first geologic map of England- a remarkable achievement at this time and the inspiration for modern geologic map-making worldwide.

Working geologists came to realized that geologic processes require a long period of time.  As famously remarked by James Hutton, when presenting a paper on geology at the Royal Society of Edinburgh in 1788,"we find no vestige of a beginning, no prospect of an end."  But how long is geologic time?  The answer to that question had to wait for the discovery of radioactivity and the determination of the rate at which radioactive elements decay.  This discovery made modern geochronology possible and opened the way for scientists to determine the absolute age of rocks, fossils, and sediments. Geochronology is the basis on which the geologic history of the Arabian Shield has been established, and the rationale for comparing geologic events in the shield with adjacent and far distant regions.
......................................................................................................................................................
The geologic history of the Arabian Shield is built around a timeframe based on an extensive geochronologic database (Fig. 4-1).  Ages in this database – referred to variously as “isotopic” ages, “numeric” ages, or “absolute” ages – have been calculated since the 1950s, and have significantly increased in number and geographic spread since.  The database has grown to more than 660 entries and the geologic history is known consequently with increasing confidence.  Nonetheless, the reliability of the established geologic history of the shield depends on the scope and reliability of the database.  There are limitations in as much as significant parts of the shield and many rock units have not been dated, problems with regard to the precision of some techniques, and biases in favor of granitic samples for dating, but overall, the database is currently populated with enough robust ages, more than 250, to effectively constrain the timing of the major geologic events in the shield (Johnson and Kattan, 2007).
FIG 4-1 ABOUT HERE PLOT OF GEOCHRON SAMPLES
4.1    Geochronology in the Arabian Shield

The earliest isotope age determinations in the Arabian Shield, mostly using the K-Ar method, were done in the mid-1950s, in conjunction with the ARAMCO-USGS program of 1:500,000-scale geologic mapping of the Precambrian basement.  The ages were reported on USGS maps I-200-A, I-204-A, I-206-A, and I-211-A (Bramkamp, Brown and others 1963; Bramkamp, Ramirez and others, 1963; Brown and others 1963a, 1963b; and Jackson and others, 1963), and supporting analytic data were later published by Fleck and others (1976), Aldrich (1978), and Brown and others (1978).  It was noticed in this dating campaign that the K-Ar results preponderantly cluster between 600 Ma and 510 Ma, recording the effect on Saudi Arabian rocks of the Ediacaran Pan-African thermal event first described from the Mozambique belt (Kennedy, 1964).  The event is a continental-scale thermal disturbance of large parts of Africa, Arabia, and South America that reset the K-Ar isotope systematics of the rocks by loss of radiogenic argon.  As a consequence, the K-Ar method cannot be used to reliably date earlier Precambrian events.
Starting in the late 1970s, geochronologic studies in the shield placed greater reliance on the Rb-Sr method (Fleck and others, 1980a, b), although this isotope system is also subject to disturbance because of isotopic exchange during diagenesis and loss of radiogenic strontium during thermal and deformational events.  The Rb-Sr results may date crystallization or rock-formation processes, but are more likely, in the Arabian Shield orogenic environment, to date metamorphic processes.  Nonetheless, the Rb-Sr method gives important information about the initial strontium ratio (Sri) of the rocks dated, and, by comparison to the strontium-evolution line, of oceanic basalt, for example, provides insight into the tectonic setting of the rocks and the character of the underlying basement (e.g., Fleck and others, 1980a; b).

Useful geochronology depends on results that are analytically correct and are geologically sensible and the advent of the U-Pb dating method, using concentrates of zircon crystals, was a significant development in this regard (Davis and others, 2006).  A pioneering study by Cooper and others (1979a; b) established the utility of the method in the southern part of the Arabian Shield.  The work demonstrated that U-Pb systems in zircon crystals from rock smaples I the Arabian Shield were not affected by the Pan-African thermal event, although the isotopic systematics appeared to be affected by a Tertiary disturbance that introduced variable degrees of discordance in concordia plots of the data.  For consistency, Cooper and others proposed to "treat (their) data by regressing the data for each group of samples fractions through a lower intercept point which would be as consistent as possible with the value obtained from the weighted mean of the lower intercept points as well as with the geologic events” – Red Sea rifting and uplift – “to which the craton was subjected in Tertiary time" and "A lower intercept of 15±15 Ma was chosen to cover the meaningful confidence limits of the weighted mean." (Cooper and others, 1979b, p. 434).  In other words, the plots of discordant data for each set of samples were forced through a lower intercept of 15±15 Ma.  It has subsequently become common practice in geochronologic studies in Arabia and northeast Africa to anchor regression lines of U-Pb data to this lower intercept, and results determined by this means are termed "model ages".  In practice, a number of U-Pb models are applied to the Arabian basement.  In Stoeser and Stacey (1988), for example, Model I ages correspond to concordia upper intercepts for regression lines through the data; Model II ages are determined by the upper intercept of regression lines that pass through the data points but with a lower intercept forced through the 15±15 Ma value Cooper and others (19979); Model III ages are the upper intercepts of regression lines drawn specifically through the data points having the lowest 207Pb/206Pb ages and a 15±15 Ma lower intercept. 

In the mid-1980s, the first whole-rock and mineral Sm-Nd numeric ages for the region were published (Claesson and others, 1984a, b), followed in the early 1990s, by ages derived from the single-grain zircon evaporation technique (e.g., Kröner and others, 1992).  A small number of incremental 40Ar/39Ar dates were reported by Fleck and others (1976), but there was little follow-up on this method in Saudi Arabia until recent important work by Al-Saleh and others (1998), Al-Saleh and Boyle (2001), Blasband (2006), Lewis (2009).  Precambrian crystalline rocks in Oman were dated in the early 2000s by using stepwise leaching of Pb from zircons (Mercolli and others, 2006). 

A critical review of isotope geochronology done on rocks from the Arabian Shield up to the mid 1980s concluded that  “Results from these earlier programs are now virtually obsolete…Many problems related to excessive lead loss, assumed lower intercepts, inherited zircons, and excessive lead background in the analyses have reduced the accuracy of many results….As a result, regional correlations are both limited and suspect until additional precise direct dating by the U-Pb method is carried out” (WGM, 1992, pg 1).  A root cause of problems with the U-Pb method of dating in Saudi Arabia in the early 1980s was that the conventional concordia method based on the wet-chemical analysis of populations of zircon concentrates paid little attention to the petrographic and isotopic characteristics of individual zircon grains that made up the concentrates. The reliability of such conventional U-Pb dating is negatively affected by the high uranium content of many of the Arabian Shield granites that were favored rock types for dating in the 1980s, causing metamict damage to the zircon grains (Aleinikoff and Stoeser, 1988).  The reliability was also, unwittingly, negatively impacted by the presence of old zircons incorporated into young rocks by inheritance - the assimilation of detrital or xenocrystic zircons resulting from the erosion of preexisting rocks, melting of older rock sources during anatexis, or because old zircons were in the mantle sources of young magmas.

Analyses of single zircons by ion microprobe, which has become the current dating method of choice for Precambrian rocks in Saudi Arabia, particularly when coupled with cathodoluminescent examination of the grains prior to analysis, attempts to improve the accuracy and reliability of the dating.  The earliest microprobe geochronologic work done in the Arabian Peninsula was by Agar and others (1992) in the eastern part of the Arabian Shield.  Whitehouse and others (1998) published ion-microprobe U-Pb zircon ages from Yemen, and subsequently from the Khida terrane in Saudi Arabia (Whitehouse and others, 2001).  Microprobe dating in the southern and eastern parts of the shield in Saudi Arabia was reported by Johnson and others (2001) and Doebrich and others (2004; 2005), and in the western and northern parts of the shield by Hargrove (2006), Kennedy and others (2004, 2005), and Ali (2006).  The sample medium for these microprobe dating campaigns is individual zircon grains extracted by crushing and separation from selected plutonic and volcanic rocks, and the common method is isotope analysis utilizing sensitive mass-spectrometers.  A particular type of mass-spectrometer, referred to as a “sensitive high-resolution ion-micro-probe” (SHRIMP) instrument, is the basis for many of these recent dating campaigns, using instruments operated by the Stanford University-United States Geological Survey Microprobe Laboratory, California; the Australian National University, Canberra; and the West Australian Consortium, Curtin University, West Australia.   More recently, dating has been done on individual grains of zircon or monazite using laser ablation inductively coupled mass spectrometry (LA-ICP-MS) (Cox, 2009; Nettle 2009).  

	Numerical geologic ages are commonly referred to as B.P. (before present), Ma (mega-annum) and Ga (giga-annum).  Mega-annum is the same as million years, but is the preferred scientific term in geochronology.  A rock is said to be “652 million years old”, or “652 Ma”; there is no need to say “652 Ma old”.  Ga numbers are an order of magnitude large than Ma numbers, and are used, mostly for convenience, in referring to Paleoproterozoic and Archean ages; an Archean age of 2750 Ma is the same as an age of 2.75 Ga.
Geologic ages are measured back from the present time: 520 Ma is “younger” (closer to the present) than 870 Ma and in descriptions of geologic history, for example, a rock or tectonic event dated a 870 Ma will be referred to as “older” or “earlier” than a 520 Ma rock or event.  In writing, an old rock (in terms of numeric age) is “early” or “lower” in comparison to a young rock, which is “late” or “upper”.  For example, a limestone about 196 Ma is Early or Lower Jurassic, whereas a limestone about 150 Ma is Late or Upper Jurassic.   It should be noted that the terms “upper” and “lower” are used when referring to relative position in a stratigraphic column; the terms “late” and “early” are used in reference to age or time.  Thus, Upper Cretaceous rocks statigraphically overlie Lower Cretaceous rocks, but were deposited during the Late Cretaceous following deposition of the older rocks during the Early Cretaceous.  It is also important to be clear about the meaning of the terms “minimum” and “maximum” applied to the ages of geologic events.  Thus a sedimentary unit that began to be deposited about 645 Ma and ceased deposition by 585 Ma is said to have a maximum and minimum age of 645 Ma and 585 Ma.  In another case, a sedimentary rock may contain detrital zircons ranging from 1870 Ma to perhaps 632 Ma; the age of the youngest detrital grain constrains the earliest that sedimentation could occur.  In this case, the “minimum” age of the detrital zircon population is the likely “maximum” age of the sedimentary unit.

4-2   Precambrian time scale

Precambrian time is currently divided on the basis of geochronology (Fig. 4-2), in contrast to the division of Phanerozoic time, which is divided on the basis of key features in the rock record calibrated against geochronology.   Proposals have been made to identify key events in the rock record that would provide a more “natural” division of Precambrian time (Gradstein and others, 2004) – for example the onset of giant banded iron formations (BIF) coincident with the transition from Archean to Proterozoic at about 2.6 Ga; the assembly of the first supercontinent marking the Paleoproterozoic to Mesoproterozoic boundary at about 1.8 Ga; the appearance of the Mackenzie giant radiating dike swarm reflecting a major extensional event at the Mesoproterozoic-Neoproterozoic boundary at about 1.267 Ga; and the emergence of Ediacaran metazoans marking the top of the Neoproterozoic at about 0.6 Ga.  But for the present a chronometric scale is in use–that is the Precambrian is divided in terms of chronostratigraphy.  Geologic mapping in the Arabian shield, of course, is done on the basis of lithostratigraphy, but the lithostratigraphic untis (formations, groups, intrusive complexes, and suites) are assigned ages, wherever possible, and therefore tied to chronostratigraphic divisions.
Precambrian chronometric divisions applicable to the Arabian Shield are shown in Fig. 4-2.   The Ediacaran, the youngest period of Precambrian time is named after a range of hills north of Adelaide, South Australia, famous for containing some of the first recognized Precambrian multicellular organisms.  The fossils are referred to as the Ediacaran fauna, and are a critical marker of increasing biodiversity toward the end of the Precambrian (Fedonkin and others, 2007).  Other periods relevant to the Arabian Shield are Cryogenian (named for its important glacial events), Tonian (named from Greek tonas, "stretch", referring to the break-up of Rodinia), and Paleoproterozoic.

FIG 4-2 ABOUT HERE CHRONOSTRATIGRAPHY OF THE PRECAMBRIAN 

4.3   Chemostratigraphy and isotopic excursions

Another type of time division that is only beginning to be applied in the Arabian shield is chemostratigraphy.  Chemostratigraphy is based on variations in the chemical composition of layered rocks from layer to layer, particularly variations in the isotopic compositions of oxygen, carbon, and strontium.  Most relevant to chemostratigraphy in general was the discovery by Harold Urey and Cesare Emiliani in the early 1950s that the oxygen isotope variability in the calcite shells of foraminifera could be used as a proxy for past ocean temperatures.  This was followed by the observations of changes in the  13C/12C and initial strontium (87Sr/86Sr) ratios over geologic time (Fig. 4-3) that serve as proxies for changes in the carbon cycle at different stages of biological evolution and seawater composition and signal rapid changes in global environmental conditions.   Abrupt variations, referred to as “excursions” have been identified and provide a form of correlation and dating across vast distances.   Chemostratigraphy is widely used by geoscientists at the present to investigate environmental change on the local, regional, and global levels by relating variations in rock chemistry to changes in the environment in which the sediment was deposited.  Sedimentary rocks in the Huqf Supergroup in Oman provide one of the most complete records of (13C variations in the world for the Ediacaran and contain one of Earth’s greatest marine negative (13C anomalies (the Shuram-Wonoka anomaly).  The anomaly has been recognized in widely distributed localities and appears to record a truly global Ediacaran event (Fike and others, 2006; Le Guerroue and others, 2006.  The excursion is recorded in the Shuram Formation in Oman (Le Guerroué et al. 2006b), the Wonoka Formation of South Australia (Calver 2000), the Johnnie Formation of western USA (Corsetti & Kaufman 2003) and the Doushantuo Formation of south China (Condon et al. 2005).  The time span of the anomaly and its cause are debated.  It is suggested that the Doushantuo Formation of China possible constrains the end of the excursion at about 551 Ma (Condon et al. 2005) but the nadir of the anomaly (the most negative (13C values of about -12‰) could be many millions of years older (Halverson, 2006), and proposals for the duration of the anomaly range from ~50 Ma (Le Guerroué et al. 2006a) to <10 Ma (Condon et al. 2005).
One current viewpoint links (13C excursions during the Neoproterozoic to glacial events (Fig. 4-3) although this interpretation is challenged by several authors (Leather and others, 2002), and the Shuram (13C anomaly in Oman, in fact, is identified in non-glacial deposits (Le Guerroué and others, 2006).  Carbon-isotope stratigraphy has been intensively researched in carbonate rocks  because the changes in C-isotope variations in seawater are registered as carbon-isotope composition changes in the carbonate sediments.  According to some scientists, abrupt changes in the Neoproterozoic carbon-isotope cycles are thought to be related to periods when Earth’s climate changed from “icehouse” to “greenhouse” conditions during one or other of the Neoproterozoic glaciation event (see review in Stern, 2006).  Such events are referred to as “Snowball Earth” events because according to some scientists that all or much of the earth was covered by ice at these times (Hoffman and Schrag, 2002).  Four glacial episodes are documented during the Neoproterozoic:  Kaigas (~770-~735 Ma); Sturtian (~715-630 Ma); Marinoan (~660-635 Ma), and Gaskiers or Varanger (~585-582 Ma).  As described in Chapter 6 and 7, diamictites in several parts of the Arabian Shield are tentatively identified as glacial deposits associated with the Kaigas and Gaskiers events.  The premise for linking (13C excursions and Snowball Earth events depends on the equilibrium that exists between reservoirs of organic and inorganic carbon in the atmosphere, hydrosphere, and biomass.  It is thought that global glaciation would suppress biological activity.  This would cause (13C values in the hydrosphere to approach the isotopic carbon values of carbon escaping from Earth’s mantle due to volcanic activity, which would of course continue regardless through a glacial event causing a build-up of mantle carbon as well as iron and a build-up of carbon in the atmosphere.  The change in carbon isotope composition would be recorded in carbonate rocks.  It is also thought that global glaciation events would terminate when atmospheric CO2 increased sufficiently that warming due to this “greenhouse gas” overcame the effect of cooling due to a high albedo of an ice-covered globe.  Additionally, it is thought that reoxygenateion of the oceans following the anoxia caused by the ice sheets would lead to the precipitation of iron oxide and thus the deposition of Neoproterozoic banded iron formation.  The Wadi Sawawin banded iron formation may have been cause by this mechanism, and correlative BIF deposits in Egypt are, significantly, stratigraphically above possible Kaigas glacial diamicite (Ali, 2006). 
Measurements of carbon-isotope compositions in Neoproterozoic carbonate rocks in the Arabian Shield have not identified a specific Shuram-Wonoka signal in anyway comparable with the Shuram anomaly in Oman (Le Geurroué, 2006; Le Guerroué and others, 2006).  Chemostratigraphy applied to the of the Dhaiqa formation (Jibalah group) in the northwestern part of the Arabian Shield (Miller and others, 2008) permits a conclusion that its (13C signal constrains Dhaiqa formation deposition to the interval either before ~600 Ma to sometime after the Gaskiers glaciation, possibly 570–560 Ma)or after ~551 to 542 Ma.   Carbon isotopes become progressively heavier upsection in the Jibalah group in the antaq bsin north of Halaban (Nettle, 2009) changing from 6‰ to 0‰; the oxygen isotope record is more scattered.  Chemostratigrphy on Ethiopia’s youngest sedimentary rocks , diamictite, slate, and carbonates that cap the Tambien Group finds the technique effective for regional correlation purposes (Miller and others, 2009).
FIG 4-3 ABOUT HERE ISOTOPE EXCURSIONS

4.4    Dating methods

The K-Ar method depends on the decay of the radiogenic isotope 40K to radiogenic 40Ar and is applied to both whole rock samples and minerals such as sanadine, hornblende, and biotite extracted from the rock sample. The method works by counting the number of radiogenic 40Ar atoms trapped inside a mineral grain or grains, in the case of whole-rock samples.  Because argon is a gas, thermal and mechanical perturbation such as occurs during deformation and metamorphism may allow radiogenic argon to escape so that the resulting determined age is an estimate of the age of metamorphism rather than original crystallization of the sample.  The technique was developed in the 1950s, and together with the U-Pb technique, is one of the oldest methods used by geologists, being important in the early history of plate tectonics as well as calibrating the geologic time scale.   To some extent, the method, particularly concerning investigations of metamorphism and cooling, has been replaced by the Ar-Ar method.

The 40Ar/39Ar method is a variant of the K-Ar method and gives better data by making the overall measurement process simpler. The technique relies on the conversion of 39K to 39Ar by irradiation in a neutron beam (essentially, the samples have to be placed in a nuclear reactor – for example a university facility -- then allowed to “cool” for 6 to 9 months before analysis can begin).  Because 39Ar has a very short half-life, it is guaranteed to be absent in the sample beforehand, thus it makes a clean indicator of the potassium content. The advantage is that all the information needed for dating the sample comes from the same argon measurement.  Accuracy is greater and errors are lower than in the K-Ar method.  The technique is particularly applied to samples in which the isotopic systematics are known or suspected to have been disturbed by mechanical or thermal stress on the sample.  The method is highly efficient, therefore, at dating the cooling of rocks, specifically dating the times at which isotopes become locked in the lattice of individual minerals as they cool; the closure temperature for muscovite, for example is ~350°C, for hornblende  490-550°C (Haines and others, 2004).  Conversely, if the rock was never above the closure temperate, the technique can be used to date mineral growth, in the case of metamorphic mineral to directly date the age of metamorphism.  The technique gives valuable information about post-peak-metamorphic events and the timing of uplift (exhumation) of orogenic systems.  The technique furthermore can give an indication of the rate of orogenic events in cases where minerals with different closure temperature, for example hornblende and muscovite, are both date.  Dates that are close together imply that the rock cooled (was uplifted) rapidly; dates spread apart imply a slower rate of cooling and uplift.  Application of this principle to 40Ar/39Ar dating of hornblende and biotite is the basis for the conclusion by Al-Saleh and others (1998) that the Artawi Structural Window in the eastern part of the Arabian Shield was rapidly uplifted and cooled at about 600 Ma and indicative of a major orogenic event in this part of the shield at this time.

The Rb-Sr method depends on the decay of 87Rb to 87Sr.  The number of 87Sr daughter atoms in a rock or mineral produced since its formation is a result of the decay rate of 87Rb.  However, because it is difficult to measure precisely the absolute abundance of a given nuclide it is convenient to convert this number to a ratio by dividing by 86Sr (which is not produced by radioactive decay and therefore remains constant with time).  Thus developed the typical Rb-Sr isochron diagram that uses 87Rb/86Sr as the x-axis and 87Sr/86Sr as the y-axis (Fig. 4-4A).  If minerals in a sample crystallized from the same silicate melt, they will have same initial 87Sr/86Sr as the parent melt.  However, because Rb substitutes for K in minerals and these minerals have different K/Ca ratios, the minerals will have different Rb-Sr ratios.  After each mineral has become a closed system (effectively at the same geologic instant for minerals in a high-level, fast-cooling intrusions, for example) isotopic evolution will begin.  A plot of the resulting ratios for each mineral, assuming they are comagmatic, is a straight line, or isochron, giving a mineral isochron age.  Commonly, suites of comagmatic rocks are analyzed, on the basis that even though comagmatic, each rock sample will have slightly different modal mineral content and therefore yield a range of Rb/Sr ratios.  The resulting plot, in this case, gives a whole-rock isochron.  A true straight line depends, of course, on no isotopic disturbance of the samples and the accuracy of the laboratory measurements of the 87Sr/86Sr ratio for rock or mineral.  The straightness of the line gives an indication of the internal consistency of measurements and the slope of the line dictates the age of the sample.

Fig 4-4 ABOUT HERE REPRESENTATIVE GEOCHRON DIAGRAMS

The U-Pb method, one of the oldest and most refined radiometric dating techniques, depends on the different rates of decay of 238U to 206Pb and the concurrent decay of 235U to 207Pb.  Uranium-lead dating is mostly done on the mineral zircon, but works also for other minerals such as titanite, monazite, and baddeleyite.  The particular advantage of zircon is that it incorporates U and Th into its crystal lattice but strongly rejects Pb, so that the reliable assumption can be made that the entire Pb content of the zircon is radiogenic.  Where this is not the case, a correction for “common lead” must be made.   Zircon is resistant to mechanical or thermal disturbance, and therefore tends to evolve its radiogenic content in a “closed system”.  The useful conconsequence of this refractory property is that the calculated age is a reliable indicator of the time of zircon crystallization and other things being equal, is an estimate of the emplacement age, in the case of a granite, for example, or the time of high-grade metamorphism in the case of a granulite containing metamorphic zircons.  A complication to the zircon method, however, is that because zircon resists abrasion and, in fact, can withstand remelting, inherited detrital grains will be present in sedimentary rocks and old, inherited grains may be present in magmas produced by anatexis.  In many studies it has been found, furthermore, that zircons reflect a complex geologic history; a given grain may have an old inherited core, a rim of newly crystallized igneous zircon, and an outer rim of metamorphic zircon.  The development of ion-microprobe techniques allows each zone of the zircon to be analyzed and dated thereby giving the geologist information about geologic history that would otherwise be unknown.
Under conditions where the system has remained closed, and therefore no lead loss has occurred, the age of zircon being analyzed can be calculated independently from two equations that use the different ratios of 206Pb/238U and 207Pb/235U.  When the results from each equation are the same, they are said to be “concordant”, and plotting concordant ages over a series of time intervals yields the concordia line typical of graphic representations of the data (Fig. 4-4B).  Lead loss (leakage) from the sample will result in a discrepancy in the ages.  The lead-loss results typically plotting “below” the concordia, and are referred to as “discordant”.  If a series of zircon samples have lost different amounts of lead, the samples will generate a discordant line.  The best estimate of the original crystallization age is given by the upper point of intersection between the concordia and discordia lines (the upper intercept); the lower intercept will generally reflect the age of the event that lead to the open system behavior and the lead loss.  Variations in the U-Pb method basically involve the analytic technique.  The conventional, multigrain method involved wholesale dissolution of zircon grains in which any subtle effect of inheritance or rim growth is obscured by the predominant zircon population.  This approach has been largely superseded in the past 20 years by spot analyses of single grains based on ion microprobe techniques and the evaporation method.  Ion microprobe is the technique of choice, for example, at the Saudi Geological Survey. 
The Sm-Nd method is used to provide information on the source of igneous melts as well as age data.  It depends on the decay of 147Sm to 143Nd, and the relative stable content of 144Nd.  Samarium and neodymium are rare earth elements and are, theoretically, not particularly susceptible to partitioning during melting of silicate rocks.  Nonetheless, the fractionation effects of crystallization of felsic minerals changes the Sm/Nd ratio of the resultant material, which in turn influences the 143Nd/144Nd ratios by growth of radiogenic 143Nd.   The age is calculated from equations that factor in the abundances of 143Nd, 144Nd, 147Sm.  Furthermore, by making the assumption that the mantle has undergone chrondritic evolution, the initial 143Nd/144Nd ratio (a straight forward calculation) gives information about when a particular rock or reservoir (magma) was separated from the mantle prior to being emplaced in the crust.  This aspect of the neodymium isotopic systematics is further discussed in section 4.8 below, on Isotopes and geologic history. 
4.5    The Arabian Shield geochronologic database

Isotope geochronology has been done on the basement rocks of Arabia for nearly 60 years, and important work and compilations of data include Baubron and others (1976); Cooper and others (1979); Fleck and other (1980); Gettings and Stoeser (1981); Fleck and Hadley (1982); Calvez and others (1983; 1984); Stacey and others (1984a; 1984b); Stacey and Agar (1985); Cole and Hedge (1986); Calvez and Delfour (1986); Pallister and others (1987; 1988); Stoeser and Stacey (1988); Brown and others (1989); Carten and others (1992); Kröner and others (1992); WGM (1992); and Agar and others (1992).  A recent compilation of data was prepared by Johnson and Kattan (2007), and recent programs in the Arabian Shield using high-resolution ion microprobe techniques include the dating of:
1. rocks in the northern shield, by the Saudi Geological Survey (Kennedy and others, 2004, 2005)

2. the oldest rocks in the shield in Saudi Arabia, in Yemen and the Khida terrane, by Whitehouse and others (1998; 2001)

3. rocks and deformation along the Bi’r Umq suture, by Hargrove (2006) as part of a SGS-University of Texas at Dallas collaborative project

4. rocks at the Ad Duwayhi gold prospect by Doebrich and others (2004)

5. rocks in the Ar Rayn terrane, by SGS and USGS (Doebrich and others, 2005)

6. rocks in the southern shield in collaboration between USGS and Stanford University (Johnson and others, 2001)

7. diamictite clasts and banded-iron formation in the northwestern part of the shield as part of another SGS-University of Texas at Dallas collaborative project (Ali, 2008)

8. volcanic and intrusive rocks in the Midyan terrane in connection with geologic mapping (ongoing).

9. sedimentary rocks of the Abt formation and intrusive rocks of the Jabal Khida ophiolite in the Ad Dawadimi terrane, and Jibalah group sediments in the Antaq basin (Lewis, 2009; Cox, 2009, Nettle, 2009). 

4.6    Reliability of results

Geochronologic analysis yields numbers that purport to be geologic ages.  However, not all numbers are equally reliable or are equally geologically meaningful.  A basic requirement for all dating methods is that the system (rock or mineral) must have remained closed to element diffusion into or out of the crystal lattice from the time at which the rock formed (crystallized) or fell below the blocking temperature (effectively the temperature below which the crystal lattice “freezes”, thereby stopping further diffusion).  In the case of K-Ar and Rb-Sr whole rock dating, or any age determination using a composite of more than one rock sample, the samples must be co-magmatic, that is to have formed from the same magma.  When trying to date the age of formation or initial crystallization of an igneous rock, the isotope systematics of the sample must be free of disturbance, either thermally, as in contact metamorphism, chemically, as in metasomatism, or mechanically, as in deformation.  However, when the objective of the dating program is to estimate the timing of metamorphism, the very fact that radiogenic elements may be diffused or be perturbed, is a strength inasmuch as the age of isotopic disturbance can be interpreted as the age metamorphism.

The ideal situation is to have geochronologic results that are robust– in other words, are accurate, precise, and reliable.  The combination of medium (individual zircon grains) and analytic method (ion-microprobe) used in modern single-grain dating methods goes a long way to achieving this, although the data are still liable to the effects of Pb loss, which causes discordance, and inheritance.  Accurate results are those that are analytically sound, have a small error in the range of (1-5 million years or <5% of the agreed age, and consist of data that are ≤10% discordant in the case of U-Pb samples or with MSWD ≤2.5 in the case of Rb-Sr samples.  Precise results are those that, in the case of the microprobe technique, gives the operator great control over which part(s) of a given zircon grain is to be analyzed, whether core or rim or both.  Reliable results are those that can be trusted as true ages and support meaningful geologic interpretation.  Some results are patently ambiguous or nonsensical.  These includes granites, for example, that have ages considerably older than the ages of the enclosing rocks, ages that are conspicuously different to ages of similar adjacent granites, or ages, in the case of the Arabian Shield, that are younger than unconformably overlying Lower Cambrian sandstone.  Of course, some “ambiguous” data may indicate situations in which the established geologic interpretation is wrong.  A so-called young granite, may in fact turn out to be “old” and therefore necessitate a reinterpretation of the lithostratigraphy; an apparently homogeneous pluton may contain a stock of hitherto unrecognized younger granite.  

Unfortunately, most results in the Arabian Shield database based on K-Ar, Rb-Sr, and conventional U-Pb methods are unreliable indicators of the time of formation of rock units because of limitations in the methods.  K-Ar and Rb-Sr results are commonly reset, that is, they reflect metamorphic and deformational events rather than original crystallization events.  Multigrain U-Pb results may be compromised because of because of Pb loss or diffusion in metamict zircon or because of inheritance issues, meaning that zircons in a given sample may be acquired from older rocks as detrital grains in sediments or refractory grains in igneous melts, and therefore give skewed or false geochronologic results.  Another issue is that dating campaigns in the Arabian Shield focused on plutonic rocks, particularly granite, at the expense of volcanic rocks, because of the relative ease of finding and extracting zircons.  This means that granitic magmatic events in the shield are well dated, but other events, such as volcanism, sedimentary deposition, and metamorphism, which are equally important from the point of view of geologic history, are not.
A plot of the Arabian Shield database for U-Pb, Rb-Sr, Sm-Nd, and Ar-Ar dating is shown in Fig. 4-1.  A more selective plot of robust U-Pb and Rb-Sr ages is in Fig 4-5, and a plot of U-Pb samples showing pre-Neoproterozoic inheritance is given in Fig. 4-6.

FIG 4-5 ABOUT HERE ROBUST AGES N THE ARABIAN SHIELD

FIG 4-6 ABOUT HERE INHERITED SAMPLES IN THE SHIELD

4.7    Inheritance

With the advent of high precision, single grain, spot analyses for the age dating of zircons, it has been realized that a number of igneous rock samples from the Arabian Shield that have Neoproterozoic crystallization ages contain inherited or xenocrystic zircons.  Inherited zircons are those in a rock sample that are significantly older than the bulk of the magmatic grains, those that crystallized at the time of formation of the rock.  The basic approach in detecting inherited grains is to recognize data points that are significantly older than the main statistically meaningful cluster of data points, the mean of which is treated as an “assigned”, “acceptable” or “preferred” age and interpreted as the age of the rock.  Outlying zircons are interpreted as inherited (Fig. 4-7)

FIG 4-7 ABOUT HERE DIAGRAM ILLUSTRATING OUTLYING INHERTIED GRAINS. 

It is worth noting here that the interpretation of modern SIMS/SHRIMP age data is not always simple or straightforward.  Fig. 4-7 illustrates some of the issues introduced by inheritance.  Other factors that have to be considered are lead loss and the degree of discordance.  A relatively simple interpretation is illustrated in Fig. 4-8, in which the data points form a tight cluster that readily lends itself to statistical analysis to find a weighted mean representing the best estimate of the crystallization age.

FIG 4-8 ABOUT HERE CLUSTERED DATA POINTS

Single grain, spot methods of dating (SIMS and SHRIMP) are very efficient at identifying xenocrysts, and have become increasingly important since the first high precision ages with this technique were reported (Compston et al. 1982).  Other techniques that also give information about possible xenocrysts are thermal ionization mass spectrometry (TIMS) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) techniques.  The Pb-Pb single-zircon evaporation method, which provides 207Pb/206Pb ages, may reveal the presence of individual xenocrystic zircons but cannot identify an inherited core surrounded by younger metamorphic rim, for example.

The reason why old zircon grains may be inherited in young igneous rocks is because zircon is highly refractory.  It is ddifficult to dissolve or to destroy zircon and, except in alkaline-peralkaline environments, the mineral keeps the memory of the different stages of crystallization that it experienced (e.g. Bendaoud et al., 2008).  In other words, zircons that crystallized from an old magmatic event are able to withstand subsequent deformation and high-grade metamorphism, remain intact even during anatexis (the melting of old rock to form new magma), and survive intense and prolonged weathering and erosion.  As a consequence, it is possible for an old zircon to be preserved in a young granite; for old zircons to be deposited in young sandstone; and for a old zircon to survive metamorphism and become enlarged by the addition of metamorphic zircon rims or overgrowths.
The first indications that inheritance may be a factor in the Arabian Shield was the report by Calvez and others (1985) of a Paleoproterozoic U-Pb inherited zircon (2.07Ga) in the Neoproterzoic Umm as Sharah trondhjemite immediately west of the Ar Amar fault in the eastern part of the shield, and the presence of 1.7-2.0 Ga cores in zircons obtained from the Jabal Bitran microtonalite east of the Al Amar fault, which has an agreed magmatic/crystallization age of 641±9 Ma.  Other indications of inheritance, reported in the same publication by Calvez and others (1985), are three zircon fractions from an aplite dike that intrudes the Ar Ridaniyah serpentinite and have 207Pb/206Pb ages of 1409, 1572, and 1898 Ma.  This was followed by a report of possible inheritance in the Tharwah ophiolite (Pallister and others, 1988) with zircon fractions yielding 207Pb/206Pb ages of 1228 and 1229 Ma.

There is now a large body of U-Pb data indicating that inheritance is widespread in the Arabian Shield (Fig. 4-6) (Table 4-1).  Inheritance also occurs in the Nubian Shield, and a recent compilation of U-Pb data for the Arabian-Nubian Shield (Stern and others, in press) concludes that out of 559 igneous rock samples dated by U-Pb zircon techniques, 29 (CHECK NUMBER IN STERN MSS) contain inherited zircons.  In the review by Stern and others, a zircon is considered to be inherited if it is 200-million years or more older than the host rock, and has 10% or less discordant.   The inherited zircons appear in Neoproterozoic rocks in many parts of the shield, without any particular concentration, such as being near regions of older crust that are known to exist to the west or south of the Arabian-Nubian Shield, although there does appear to be a lithologic control: inherited grains are almost four times as abundant in volcanic rocks as in plutonic rocks.

Table 4-1 ABOUT HERE

The inherited grains in the Arabian Shield range in age from 850±13 Ma to 3150±37 Ma (Fig. 4-9).  The greatest number span the late Neoproterozoic-early Mesoproterozoic (~0.9-1.2 Ga), a smaller number are ~1.8 Ga, other grains are early Paleoproterozoic to Neoarchean (~2.4-2.7 Ga), and two grains are 2.8 Ga and 3.2 Ga.  The younger end of this span of inherited ages covers the ages of igneous rocks in the Bayuda Desert, Sudan (Küster et al., 2008) and is comparable to ~1.0 Ga detrital zircons recently discovered in Neoproterozoic sedimentary rocks in Sinai (Be’eri-Shlevin et al., 2009).  The 1.8 Ga grains are from a time period similar to the Late Paleoproterozoic rocks at Jabal Khida, and Neoarchean ages are known in rocks exposed in Yemen.  But pre-3.2 Ga crust is not known from anywhere in the region.  Of course, the mere presence of rocks in and around the Arabian-Nubian Shield of the same age as inherited grains does not prove the source of the inherited grains, but does indicate possible provenances.  Even with demonstration of potential sources however, the fundamental problem remains of explaining how the xenocrystic grains came to be inherited in the younger rocks.   

FIG 4-9 ABOUT HERE HISTOGRAM OF INHERITED GRAINS

The inherited grains themselves may be present as old cores surrounded by younger rims or as discrete old zircons in a younger rock.  The morphology of zircon grains is clearly displayed by cathodoluminescent imaging (Corfu and others, 2003), a standard procedure in modern zircon dating, and will show, for example, whether the grains are euhedral newly crystallized igneous grains, are rounded detrital grains, are metamorphically re-crystallized grains, or are grains with one or more overgrowths (rims) (Fig. 4-10, 4-11).
FIG 4-10 ABOUT HERE CL IMAGES OF EUHEDREAL ZIRCONS

FIG 4-11 ABOUT HERE CATHODOLUMINESCNET IMAGES OF DETRITAL GRAINS

Examples of inherited zircons in the Arabian Shield include detrital grains, such as those in the Abt formation in the eastern part of the shield, which have rounded shapes and differing internal morphology indicating derivation from a variety of sources.  The formation has a possible deposition age of about 600 Ma; inherited grains are as much as 2,000 million years older (Table 4-1).  The zircon shown in Fig. 4-11A, dated at 955±18 Ma, is a rounded grain of oscillatory zoned zircon suggesting derivation from a 950 Ma igneous source.  Fig. 4-11B shows a rounded grain of Tonian age (941 Ma or older) inherited in felsic tuff in the Afif formation that underlies the Murdama group in the central part of the shield.  The felsic tuff has a depositional age of 623±6 Ma (Kennedy and others, 2005); the inherited grain was derived by erosion from an early Neoproterozoic source.   Other examples of inherited grains are in granites.  One such granite is a post-tectonic alkali granite southeast of At Ta’if, which contains zircons from a variety of sources (Fig. 4-11C).  Many of the zircons in this granite are oscillatory zoned, euhedral, moderate-U zircons of probable igneous origin.  Others are well-rounded, sector-zoned, sometimes high-U, sometimes low-U zircons that appear to be detrital grains from high-grade metamorphic or plutonic provenances.  The granite itself does not have preferred age, although its geological relationships suggest that it is Late Cryogenian to Ediacaran, but it has xenocrystic zircons as old as 896+17 Ma.  The grain illustrated in Fig. 4-11C has a core of 810±22 Ma and rim of 798±15 Ma (from the edge of the grain).   These ages are 24% and 15% discordant, respectively, and are not precise, but give a general idea about the type of inheritance present in this granite.  What is notable is that the grains are rounded and appear to be detrital.  The question, then is how detrital grains came to be inherited by Late Cryogenian-Ediacaran granite?

Currently available data indicates inheritance common in 4 parts of the shield (Fig. 4-6).  Inherited grains in the Midyan terrane are found in Cryogenian glacial (?) diamictite (samples NCC, NM) of the Nuwaybah formation and in massive granite (sample AJ2: crystallization age 575±10 Ma).  A large number of inherited grains are in the Samran-Mahd adh Dhahab area in volcanic and plutonic rocks on either side of the Bi’r Umq suture.  Paleoporteroozic and Archean grains are in Shammar group ignimbrite in the north-central part of the shield (samples 10/2, 10/3).  Early Tonian and late Mesoproterozoic zircons are in granite and quartz porphyry in the southern part of the Afif terrane, and a number of Paleoproterozoic detrital grains are in the Abt formation in the Ad Dawadimi terrene.

With regard to origins of inherited grains, two different situations must be considered.  One situation concerns zircons with radiometric ages that are significantly older than the crystallization age of their host rock, but in which the initial isotopic composition [elevated Sri, negative εNd(T]) of the host rock indicates crustal reworking.  In such a case, it is possible to argue that the old grains are inherited from the reworked old crust.  Inherited grains of this type are found in rock samples from the Bayuda Desert, in Sudan (Kuster and Liégeois, 2001; Küster and others, 2008).  The other situation concerns igneous rock samples that have isotopic compositions indicating that they are juvenile contributions from the mantle to the crust even though they zircons with ages that are older than the crust itself?  This is the situation, for example, for numbers of the samples along the Bi’r Umq suture zone (Hargrove and others, 2006).  The suture zone contains oceanic-arc plutonic, volcanosedimentary, and ophiolitic rocks that record some of the earliest magmatic and tectonic events in the Arabian Shield.  The rocks have high positive εNd (+3.9 to +8.5) and Nd model ages (560-830 Ma) that approximate their crystallization ages (573-813 Ma), indicating that they are juvenile and that their magmas were extracted from depleted mantle shortly before their emplacement. But, some of the rocks contain zircons that are older than the crust along the suture zone and are inherited from pre-Neoproterozoic sources. On the face of it, this situation would appear to be contradictory: how can Neoproterozoic rocks that appear to be formed of material newly separated from the mantle, contain pre-Neoproterozoic inherited zircons?   The isotopic data suggest there is no ancient crust in the vicinity that could be a source of ancient zircons.  It is possible for inherited zircons to be assimilated from terrigenous sediment shed from passive margins and transported fluvially or by glaciers, but again there is no obvious nearby source of such material.  The closest pre-Neoproterozoic crust to the Bi’r Umq suture is the Saharan Metacaton, west of the Nile in Egypt.  The spatial relationship between the metacraton and the Bi’r Umq magmatic arc at the time of its formation in unknown.  Another possible source is by assimilation of cryptic early Neoproterozoic to Archean basement that underlies the “juvenile” crust of the Arabian Shield, and for whatever reason did not leave an isotopic signature.  Alternatively, as argued recently by Stern and others (in press), ancient zircons may be preserved in the mantle and thereby be assimilated by younger intrusions.  The source of inherited zircons in the Arabian Shield remains a subject of debate.  It raises questions about just how juvenile is the Arabian Shield and whether cryptic older crust was involved in its development to an extent not currently known.
The Abt formation contains detrital grains of Neoproterozoic ages for which sources in the adjacent Neoproterozoic terranes are readily envisaged, and Paleoproteroiz detrital grains dating about 1.8 Ga could be sourced from crust similar to that preserved in the Khida terrane.  The sources of Mesoproterozoic and Neoarchean grains, however are not obvious.  Neoarchean zircons could be derived from crust similar to that exposed in Yemen, but the spatial relationship between the Yemen terranes and the Abt-formation basin at the time of deposition of the Abt formation is unknown.  No nearby source of Mesoproterozoic grains is known.

 4.8    Geologic history


Because robust absolute ages are now readily available, the geologic history of the Arabian Shield can be constrained to a reasonably acceptable degree.  The most direct illustration of this constraint is by means of a histogram showing the frequency of ages in given time intervals (Fig. 4-12).  The entire history of the shield spans 2000 million years from ~2.55 Ga to 0.55 Ga, but the most formative period is during the Neoproterozoic, between ~860 Ma and 550 Ma.  
The oldest rocks in the shield are in gneissic terranes in Yemen that are intercalated with Neoproterozoic island-arc terranes and were amalgamated together during the Pan-African orogeny (Windley and others 1996; Whitehouse and others1998; Whitehouse and others, 2001).  The Al Mahfid terrane yields late Archean Nd model ages and has been dated at 2.55 Ga by the U-Pb method.  The Abas terrane has Nd model ages between 2.3 and 1.3 Ga and yields a 2.6 Ga core in a 760-Ma zircon.  Neoproterozoic intrusives and gneisses in these terranes show a range of model ages indicating reworking of older crust in their formation.  Late Paleoproterozoic crust is well documented from outcrops at Jabal Khida at the eastern edge of the shield in Saudi Arabia (Agar and others, 1992; Whitehouse and others, 2001; Stoeser and others, 2001).  Dating in the Jabal Khida area is an interesting an example of how more recent dating changes earlier interpretations.  The first report of Paleoproterozoic rocks was by Stacy and Hedge (1984) in a report on the results of U-Pb dating of a sample of fine-grained granodiorite from Jabal Khida.  The sample (number Z-103) yielded an upper intercept U-Pb age of 1628±200 Ma and a lower intercept age of 658±107 Ma.  Two interpretations of the data are possible: that the pluton was intruded at 660 Ma having inherited 1,630 Ma zircons or that the pluton is actually 1,630 Ma, but underwent extensive recrystallization during an orogenic event at 660 Ma.  Rb-Sr and Sm-Nd data from the sample support an old age for the granodiorite, and Stacey and Hedge (1984) favored the interpretation that the rock is evidence of early Proterozoic crust in the region.  Subsequent ion-microprobe dating (Whitehouse and others, 2001) demonstrates, however, that the early Proterozoic emplacement age is an artifact caused by a dominance of 1700-1800 Ma zircon cores in sample Z-103.  The ages of single grains and overgrowths demonstrate that the granodiorite actually has an intrusion age of 755±5 Ma.  Old crust is present at Jabal Khida, nonetheless, because the same ion-microprobe dating program that revised the age of sample Z-103, confirmed the 1660 Ma age of the Muhayil granite, first dated by Agar and others (1992) using conventional multigrain U-Pb analyses, and revealed an abundance of Archean to late Paleoproterozoic detrital zircons in adjacent Neoproterozoic metasedimentary rocks, implying a nearby continental crustal source (Whitehouse and others, 2001).

The largest peaks in Fig. 4-9 reflect well documented Neoproterozoic events in the shield involving Cryogenian arc-magmatism and emplacement of ophiolites; Cryogenian syntectonic intrusion during terrane amalgamation and suturing; and late Cryogenian-Ediacaran volcanism and late- to post-tectonic plutonism.  The profound regional unconformity at the base of the lower Cambrian sandstone that overlies the Arabian Shield is evidence of relative stabilization of the Arabian Shield crust by 530 Ma, the maximum age of deposition of the Lower Cambrian sandstone indicated by dating of detrital zircons (Kolodner and others, 2006).  This implies that ages for plutonic rock in the shield younger than 530 Ma are impossible, and consequently such ages reported in the geologic literature about the shield should be rejected.

4.9    Isotopes and geochemistry
Geologic processes are documented by the rock record– reflected by the ages and types of rocks produced, the tectonic setting and evolution of the rocks; and their metamorphic state.  Evidence for these processes derives from geochemistry, mineralogy, petrology and structural geology, but importantly from the analysis of isotopic abundances and species in rocks and minerals.  Isotopes allow direct dating of rocks, the topic of the preceding section; but equally significantly, isotopes give insight into the history of the rocks–the manner of the origins of their magmas; the conditions under which they were erupted, intruded, or deposited; and the affect of their subsequent metamorphism, alteration, and weathering.  Among the Earth system processes that particularly impact the Arabian Shield are those that govern the origin and tectonic setting of the volcanic and intrusive rocks that make up the bulk of the shield.  And, concerning these processes are questions about the degree to which the rocks were newly generated from mantle-derived magma, or the extent to which the rocks were generated by means of reworking and assimilating older crustal material.  In the case of the shield, direct observation of magma generation is obviously not possible.  Indirect information can be acquired by laboratory measurements of pressure-temperature conditions during the melting of rocks; by studies about the crystallization of minerals and mineral assemblages; and by the analysis of mafic xenoliths brought to the surface from the mantle during volcanic eruptions.  Additionally, critical information is provided by the isotopic composition of the rocks. 
The importance of isotopes in geology is that they allow changes in large-scale geologic processes to be traced over time. This is achieved in a relatively straightforward manner and is done basically by making a comparison between the isotopic composition of a given rock of a particular age and the relatively steady isotopic evolution of a standard.  The isotopic composition of the rock will have evolved because of magmatic, depositional, or metamorphic events and will depart to greater or lesser extent from the evolving composition of the standard.  A number of standards are available, and different authors may opt to use one or other standard depending on the particular issue under study.  The standards include: (1) the isotopic condition of the depleted mantle at a given point in time or the evolution of the isotopic composition of the mantle over time; (2) the isotopic composition of chondritic meteorites, referred to by the acronym CHUR (chondritic uniform reservoir); or (3) the more complex compositions of a range of reservoirs as in the standard Pb evolution curve. 

Chondrites are stony meteorites that have not been modified due to melting or differentiation of the parent body. They formed when various types of dust and small grains that were present in the early solar system accreted to form primitive asteroids and, as such, give a clue as to the composition of primitive material from which all material on Earth derived.  Chondrites therefore provide a useful standard against which to measure the chemical evolution of the Earth’s mantle and crust.  The chemical and isotopic characteristics of chondrites are well known.  Most meteorites recovered on Earth are chondrites and there are currently over 27,000 chondrites in the world's collections. 

Over the years, models that describe the chemical evolution of the crust and mantle have become standardized.  Two widely used models, developed by De Paolo (1981) and Goldstein and others (1984), track changes in the Nd isotopic composition (εNd) of the depleted mantle against age (Fig. 4-13A).  The De Paolo model is preferentially used by researchers on the Arabian Shield (e.g., Hargrove and others, 2006).  These models plot as inclined lines because their εNd values change with time.  The chondritic (CHUR) model reservoir, conversely, is a horizontal line because its εNd value does not change with time.  As explained below, the symbol εNd is a measure of the departure of initial 143Nd/144Nd ratios in parts per 104 in the sample from the Chondritic Uniform Reservoir (CHUR) evolution line.  The routine Pb models are by Zartman and Doe (1981) and by Stacey and Kramers (1975) (Fig. 4-13B).  Strontium curves commonly used in Rb-Sr studies on the Arabian Shield represent single-stage mantle evolution with end points pinned to a meteorite initial Sr ratio of 0.699 and the average modern island-arc value of 0.7037, in the model developed by Faure and Powell (1972) and Dickinson (1970), or to slightly different values in the model proposed by Peterman (1979) (Fig. 4-13C).
FIG 4-13 ABOUT HERE STANDARD GROWTH CURVES    
4.10    Isotopic evolution
The principles that underlie the application of isotopes to geology have been long established.  Isotopes are forms of an element that differ in their atomic mass: the nuclei of all isotopes of any given element have the same number of protons but different numbers of neutrons.  Some isotopes are stable–that is they do not change with time; others are unstable and change with time by radioactive decay.  Stable isotopes maintain constant concentrations on Earth over time.  Unstable isotopes change their composition with time as atoms disintegrate at a predictable and measurable rate, continuing to decay until they reach stability.  Because the rates of decay are measurable, isotopes are a fundamental tool in determining the age of a rock.  Because unstable isotopes decay at a predicatable rate, furthermore, departures from the expected concentrations at a given time tell us about unusual conditions or, in the study of a particular rock, tell us about processes that affected the rock during its origin and subsequent history, disturbing the otherwise steady rate of isotopic change.

At about 4.6 Ga, the current best estimate for when the Earth formed, the isotopic composition of all materials would have been approximately homogeneous.  With the onset of differentiation of the core, mantle, and crust, however, some elements preferentially entered the mantle, others the crust, and unstable isotopes began to decay through radiation.  In the case of Rb and Sr, Rb is enriched in the crust and Sr in the mantle.  These zones within the Earth, or reservoirs as they are termed by petrologists, will therefore have different Rb/Sr ratios and different ratios of stable and unstable (radiogenic) isotopes.  As radiation proceeded with time, and as material was extracted from the mantle during the process of making magma, these ratios would change further and would change at different rates.  In the case of Rb and Sr, again, because the crust has a higher Rb/Sr than the mantle, its 87Sr/86Sr ratio would increase at a faster rate that of the mantle.  Conversely, as material was extracted from the mantle during the process of generating new magma, Rb/Sr ratio would become lowered and the 87Sr/86Sr ratio of the remaining “depleted mantle” would increase more slowly than before. 
Depleted mantle, technically, is the term applied to the residue remaining after a given element has been removed from primary mantle material to form basaltic melt, usually by partial melting. The incompatible elements (e.g. Rb, U, and rare-earth elements) are preferentially partitioned into the melt and during crustal formation are removed from the mantle, leaving the mantle depleted in incompatibles.  The opposite is undepleted mantle, meaning primary mantle material from which basalt has not been extracted. (Allaby and Allaby, 1999). 
The application of Nd isotopes in geology depends on the fact that most volcanic and plutonic rocks contain trace amounts of samarium and neodymium. Samarium is a rare-earth element that has seven naturally occurring isotopes and decays to neodymium by the emission of alpha particles.  Only one samarium isotope (147Sm) has a half-life sufficiently short, however, to produce variations in the abundance of its daughter product (143Nd).  Other samarium isotopes have such long half-lives that the abundance of 144Nd, the stable decay product of 148Sm, for example, is effectively constant and 144Nd, in fact, is used as the standard against which to measure variations in the abundance of 143Nd.   Rocks or minerals that have high Sm/Nd will tend to have higher, more radiogenic 143Nd/144Nd.  The Sm/Nd ratio is inversely proportional to enrichment in the light rare-earth elements (PREE), so that LREE-enriched samples will have relatively low Sm/Nd.  Because the rare-earth elements are strongly fractionated during formation of juvenile crust either directly upon melting of the mantle to form mafic crust or melting and fractionation to form felsic crust (Ben Othman and others, 1984), the crust is strongly enriched in LREE.  It is a relatively straightforward matter to calculate the Nd isotopic composition of an igneous rock whose age is known and thereby estimate the ratio of radiogenic to stable Nd isotopes at the time of formation of the rock, a number referred to as the “intial ratio”.  By comparing the initial ratio of a sample to the isotopic composition of mantle of the same age as the sample, insight can be gained into geologic processes that have affected the sample.  In practice, the comparison is made between the initial 143Nd/144Nd ratio of the sample and the isotopic composition of a chrondritic bulk earth at that time, and measurements of this type are expressed using the notation εNd(T), which represents the departure of the initial 143Nd/144Nd  in parts per 104 from the Chondritic Uniform Reservoir (CHUR) evolution line: samples above the line have positive (+) values, those below the line negative (-) values.  It has been observed that Archean rocks have εNd(T) values close to zero suggesting that they were derived from a reservoir with a chondritic REE pattern.  Modern volcanic rocks, in contrast, have strongly positive values, for example mid-ocean ridge basalts typically have εNd(T) = +8 to +12, the explanation being that such modern rocks are derived from an asthenospheric source that has been depleted in LREE relative to the bulk earth for a long time and thus has evolved strongly positive εNd(T).   A second important Nd application is the calculation of a Nd model age (TDM), which is an estimate of when the material that makes up the rock or its precursor was extracted from the chondritic reservoir–an estimate sometimes referred to as “crust-formation” or “crustal-extraction” age.  The model age is actually an estimate of the time when the initial 143Nd/144Nd of the sample equaled that of its depleted mantle source.  As applied to crustal processes, the model age gives a direct indication of whether the sample (or its material) was recently extracted from the mantle or not.  Model ages that are relatively close to the formation or crystallization age, indicate extraction from the mantle in the close geologic past, in other words, they are “juvenile”.  Model ages significantly older than the crystallization age indicate that the material in the sample is derived from older previously existing continental crust, such as by means of a process of the melting (reworking) of continental crust or continentally derived sediment during anatexis.  In this context is must be remembered that Nd model ages are not the same as crystallization ages obtained by standard radionuclide dating techniques.  Furthermore, because of uncertainties and assumptions in the Nd evolution models applied, they are not precise determinations of the time that the crust separated from the mantle, but are estimates.  The mantle is known to be heterogeneous, and estimates of the mantle composition at the time of interest are therefore inherently uncertain.  The assumption of single stage extraction of the crust from the mantle, used in models because of the relative simplicity of its chemical implications, is inconsistent with the multistage processes known to be important in generating granitic rocks.  Nevertheless, if the composition of the mantle is reasonably well known and if the time between extraction of the primitive (mafic) crust and development of evolved granitic melts is relatively short, the Nd model age data set can provide useful insights into how the crust of a region formed.

The lead growth curve is an attempt to model variations in the U, Th, and Pb isotopic contents among the major terrestrial reservoirs–upper crust, lower crust, and mantle–through time.  Since the 1950s it was realized that Pb, in nature, was not evolving in a closed system.  The challenge is to account for variation created by radioactive decay as well as by the dynamic transfer of matter between these main reservoirs because of plate tectonic-driven recycling of material from crust to mantle and back again.  Doe and Zartman (1979) and Zartman and Doe (1981) coined the expression “plumbotectonics” as a fitting term for their model of the geochemical behavior of U, Th, and Pb among these reservoirs as constrained with observational data of the isotopic abundances.  The term recognizes that Earth is a long-term, chemically evolving system.  Observed isotopic characteristics reflect a dynamic balance between the opposing tendencies of radioactive decay to create isotopic differences and dynamic plate movements to mix reservoirs and reduce these differences.  The initial Pb model of Doe and Zartman (1979) was based on estimates of variations in isotopic contents brought about by orogenic mixing of mantle and crustal contributions.  Orogenies instantaneously extract U, Th, and Pb from the three reservoirs, mix them, and redistribute them back to the sources.  Hence the term “orogene growth curve) (Fig. 4-13B).  The orogene composition generated by the model was constrained empirically to fit galena ores.  However, it came to be realized that the Doe and Zartman (1979) model oversimplified the evolution of galena Pb, and attention moved to Pb in feldspar in oceanic volcanic rocks to provide an additional constraint for the model.  Pb isotopic conditions are tracked by plotting Pb isotope ratios against each other.  In practice two diagrams are used, conventionally drawn one above the other (Fig. 4-13B).  The upper diagram uses the ratios of 206Pb/204Pb (x-axis) against 208Pb/204Pb (y-axis); the lower diagram uses 206Pb/204Pb against 207Pb/204Pb.   Zartman and Doe (1981) compiled data for mantle, upper crust, and lower crust, and orogene, making which is a useful diagram against which to compare or contrast data from the Arabian Shield (Fig. 4-14).  The most recent plot of lead data for the Arabian Shield is by Stoeser and Frost (2006) (Fig. 4-15).  Data points that plot on or close to the mantle growth curve reflect Pb that has evolved little beyond the isotopic composition of the mantle and the sample (of galena or feldspar from which the Pb is taken) is therefore “juvenile”; data points that plot well above the mantle are more evolved.  Taking in conjunction with Nd and Sr data, Pb isotopes provide an important means by which to document the evolution of the Arabian crust and, perhaps more importantly, to measure the degree of heterogeneity of the crust.

FIG 4-14 ABOUT HERE GLOBAL LEAD ISOTOPE RATIOS
FIG 4-15 ABOUT HEREPLOT OF LEAD RATIOS FOR THE SHIELD
The strontium evolution curves against which initial 87Sr/86Sr ratios obtained from Saudi Arabian Shield samples are compared (e.g. Fleck and others, 1980; Darbyshire and others, 1983; Brown and others, 1989), is shown in Fig 4-13C.  The curves represent a “single-stage” or constant Rb-Sr ratio-model for strontium evolution.  As mentioned above, they are based on an average 87Sr/86Sr ratio for modern oceanic-island arcs andesites and basalts and an estimated initial ratio value for the primitive Earth.  Faure and Powell (1972) used values of 0.7037 of the oceanic island-arc andesites and basalts and an initial 87Sr/86Sr ratio (Sri) 0.699 for the Earth at age 4.5 Ga; Peterman (1979) plotted an essentially parallel but with slightly different values.

Strontium has four naturally occurring isotopes: 88Sr; 87Sr; 86Sr; and 84Sr of which the important isotope for tracking geologic processes is 87Sr, which is produced by the natural radioactive decay of the rubidium isotope 87Rb.  Isotope 86Sr is not produced by radioactive decay; it is stable and remains constant with time, thereby providing a standard against which to compare the evolving 87Sr content.  The comparison is done using in terms of the initial ratio (Sri), which is the ratio of the amount of radioactively produced isotope 87Sr and the ‘ordinary’, non-radiogenic isotope 86Sr in the sample at the time when the sample crystallized.  In a hypothetical rock containing no rubidium, the ratio 87Sr/86Sr would not vary through time but because most rocks contain some rubidium, radioactive decay increases the amount of 87Sr, and the 87Sr/86Sr ratio consequently changes at a rate proportional to the amount of rubidium in the rock. The initial strontium ratio of a rock is determined by measuring the present-day 87Sr/86Sr ratio in several of its constituent minerals. At the time when it first crystallized, each mineral in the rock would have the same 87Sr/86Sr ratio.  However, the minerals would contain different amounts of rubidium so that, after any given time, their 87Sr/86Sr ratios will have increased away from the initial value by an amount exactly determined by their relative proportions of rubidium and strontium.  The initial strontium ratio, and the age of the sample, can easily be found by plotting the measured present-day ratios of the constituent minerals on an isochron diagram (Fig. 4-16) (“isochron” meaning having the same age).  The isochron line is a straight line produced by the theoretical evolution of 87Sr/86Sr (y-axis) plotted against 87Rb/86Sr (x-axis).   The same principle applies to the analysis of whole-rock samples, rather than individual minerals.  The basic requirement is the rocks samples are cogenetic/comagmatic because, theoretically, a suite of comagmatic samples having the same age and the same initial 87Sr/86Sr ratio evolving in a closed system will plot on an isochron line such a line.  The intercept is the initial 87Sr/86Sr ratio of the system (Nicolaysen, 1961); the slope of the line (m=eλt-1) yields the age.  The basic theoretic requirement is that the Rb-Sr system remains closed through time.  In practice, this is not assured, and the Rb-Sr system is sensitive to thermal and mechanical disturbance allowing isotopes to diffuse from the sample.  This means that Rb-Sr age dating does not always give the age of the sample, but it may give the age of disturbance.  As a consequence, Rb-Sr dating in orogenic environments such as the Arabian Shield may be more important for providing information about the age of metamorphic/deformational events rather than initial crystallization events.  U-Pb dating, conversely, is important for dating crystallization events because zircon, the chief mineral used in U-Pb dating, is much more stable under conditions of metamorphism and deformation.  Zircon retains the Pb isotopic contents formed from radioactive decay of U, and therefore gives a reliable age of crystallization.

FIG 4-16 ABOUT HERE STRONTIUM ISOCHRON PRINCIPLE
In petrology, initial strontium ratios are important because they provide information about the tectonic setting of the samples and about the chemical composition and ages of the source regions.  For example, igneous rocks that have young radiometric crystallization ages but have high initial strontium ratios (that is having a large 87Sr content compared with 86Sr content) must have been derived from sources rich in 87Sr, implying that the sources were rich in rubidium and old enough for 87Sr to have accumulated by the radioactive decay of 87Rb.  Thus, igneous rocks formed by melting of source rocks at different times can be distinguished by their initial strontium ratios since the source rocks would have accumulated different amounts of 87Sr when melting occurred.  In the case of a young granite with a high initial strontium ratio, the geologic interpretation would be that the granite magma likely formed by the melting of old crustal material that had time enough to accumulate high 87Sr.  Conversely, granites formed in island arc setting in which the granitic magma is derived more immediately from young mantle material will have strikingly lower initial strontium ratios.  In the Arabian Shield context, arguments of this type are used to distinguish between rocks formed in juvenile environments and rocks formed in more evolved, continental environments.  Neoproterozoic igneous rocks plotting close to the growth curve are interpreted as juvenile–that is crystallizing soon after separation of their magma material from the mantle, whereas late Neoproterozoic granites common plot well above the growth curve indicating that their magmas were derived from already evolved material, such as the recycling of earlier Neoproterozoic or even older continental crust.  
4.11    Isotopic variations in the Arabian Shield
Isotopes in the Precambrian rocks of the Arabian Shield have been analyzed and reported on since the 1970s.  The earliest works focused on strontium isotopes (e.g., Fleck and others, 1980; Darbyshire and others, 1983), revealing a pattern of crustal evolution in which the older, more mafic plutonic and volcanic rocks have lower initial-strontium ratios closer to contemporary mantle values than younger, more evolved granitic rocks (Fig. 6-22).  The earliest neodymium work by Duyverman and others (1982) demonstrated that the samples they analyzed had initial 143Nd/144Nd ratios all higher that the contemporaneous values for the CHUR model reservoir suggesting that many were derived directly from the upper mantle and that any inferred crustal sources for others could not have separated from a mantle reservoir before 1200 Ma.  Lead isotopes in the Arabian Shield were described in three important papers in the 1980s (Stacey and others, 1980; Stacey and Stoeser, 1984; Stoeser and Stacey, 1988), and for the wider region of the Nubian Shield by Sultan and others (1992).  More recently, Stoeser and Frost (2005) compiled earlier isotopic data, augmenting the dataset with over 27 new analyses with a particular focus on granitoid rocks, and presented a comprehensive interpretation that importantly adds to our knowledge of the range of crustal compositions and locations of tectonic divisions of the shield.  Stoeser and Frost compiled 70 published O isotope analyses, and reviewed information about Pb isotopes and initial 87Sr/86Sr ratios.  Hargrove and others (2006) augmented the Nd database for part of the western shield, and Windley and others (1996) and Whitehouse and others (2001) have given useful Nd and Pb data for the shield in Yemen.
Nd dataset: As expected, the neodymium isotope dataset (Table 4-2) is the most valuable for tectonic studies.  The dataset includes data from granitic gneiss in the Al Lith area in the western part of the shield (Hegner and Pallister, 1989), granitoids and granitic gneisses in western and eastern parts of the shield (Duyverman and others, 1982), an important collection of analyses from intrusive rocks and paragneiss in the extreme eastern part of the shield in the vicinity of Kabal Khida (Stacey and Hedge, 1984; Agar and others, 1992; Stoeser and Frost, 2006), recent work in the Samran-Mahd adh Dhahab area by Hargrove (2006), and work on Precambrian rocks in Yemen by Windley and others (1996) and Whitehouse and others (2001).

TABLE 4-2 ABOUT HERE ND DATA IN THE SHIELD

The initial Nd ratios range from strongly negative to moderately positive, from a low of more than -29 in Yemen and -16 in the eastern part of the shield in Saudi Arabia to a high of +9.0 in the southern shield.  The results are not randomly distributed, however, but form a significant geographic pattern (Fig. 4-17).  The most conspicuous feature of the distribution is the concentration of negative initial Nd ratios in the eastern shield in the vicinity of Jabal Khida and in Yemen.  All other parts of the shield have positive values, but among this distribution, weakly positive values are common in the southern and northeastern parts of the shield, and moderately positive values occur in the northwest.  The distribution of Nd model ages is equally interesting (Fig. 4-18).  The Khida area has a concentration of Paleoproterozoic and Mesoproterozoic ages ranging between 1.1 Ga and 2.4 Ga with a particular cluster at Jabal Khida itself of 1.6 Ga to 2.4 Ga. This is consistent with zircon geochronology indicating that Paleoproterozoic crust underlies the Khida terrane.  The combination of negative initial Nd ratios and old model ages is confirmation of earlier indications (Stacey and Hedge, 1984; Stacey and Agar, 1985; Stoeser and Stacey, 1988) that the Khida area contains relatively old and evolved continental crust and is a discrete terrane within the shield.  Stoeser and Frost conclude that “the Khida terrane is composed of continental crust that pre-dates the late Precambrian episode of ensimatic arc formation and accretion”.  The question is, of course, how large is the Khida terrane.  As far as is known, Paleoproterozoic rocks only crop out in the vicinity of Jabal Khida at the extreme eastern edge of the shield.  They are followed on the west and northwest by Neoproterozoic rocks of the Siham group and its equivalents, the Haml batholith, and other rocks of the Afif composite terrane.  Revisions to earlier age dating does not change this basic picture.  What is significant is that many of the samples with negative initial Nd ratios and Paleoproterozoic Nd model ages have Neoproterozoic formation ages.  In other words, the surface rocks are Neoproterozoic, but have isotopic evidence of the contribution of older material.  Strongly negative initial Nd ratios and Paleoproterozoic and, even older, Archean Nd model ages have been obtained from the shield terranes in Yemen.  These values are again consistent with U-Pb geochronology indications of Archean material in two of the terranes (Al-Mahfid and Abas).  The Al Bayda terrane yields Neoproterozoic U-Pb ages, which implies extensive reworking of older crustal material.
FIG 4-17 ABOUT HERE NdINITIAL RATIOS

FIG 4-18ABOUT HERE Nd MODEL AGES      
In the western part of the Arabian Shield, the initial Nd ratios are positive, ranging between +4.0 and +9.0, and samples mostly have Neoproterozoic Nd model ages, close to their crystallization ages, indicating that they are juvenile.  From the same region, mafic and intermediate lower crustal xenoliths brought to the surface in Cenozoic basalt in the Midyan, Hijaz, Jiddah, and Asir terranes, have positive initial Nd ratios and Neoproterozoic model ages (McGuire and Stern, 1993), indicating that the lower crust also consists of juvenile Neoproterozoic material isotopically similar to the upper crust.  These data suggest that the entire 40-km-thick crust beneath the western part of the shield is juvenile and mostly extracted from depleted mantle during the interval ~870-740 Ma. A complication, however, is the need to account for inherited zircon grains in supracrustal rocks in the western shield terranes.  As discussed above, the presence of early Neoproterozoic, and Mesoproterozoic, with minor Paleoproterozoic and Archean inherited components raises the question of whether parts of the western shield, as well as the Khida terrane, are underlain by cryptic older basement, or whether the inherited material is derived from terrigenous sediment of whatever origin or from mantle that has incorporated zircon of different ages (Hargrove and others, 2006; Stern and others, in press).       

 The easternmost part of the shield also has positive initial Nd ratios, but includes an array of lower values than in the west.   Nd model ages are intermediate between those in the Khida terrane and western parts of the shield.  An important feature noted by Stoeser and Frost (2006) is that samples from chemically zoned intrusions have similar initial ratios despite variable geochemical compositions, yet intrusions from different parts of the shield have different initial ratios.  This suggests that Nd variation is a function of location, not of different magma types as in composite intrusions, and implies that the protoliths of the various terranes in the shield have different Nd isotopic compositions.
Pb dataset:  It is normal practice to divide Pb isotopic data in the Arabian shied into three classes.  Type I lead has relatively low 208Pb/204Pb and 207Pb/204Pb values and is interpreted as oceanic, meaning that the ratios are characteristic of those expected in Neoproterozoic rocks formed in an oceanic environment.  Consistent with this interpretation, Type I leads mainly plot between the radiogenic growth curve known for the mantle (Zartman and Doe, 1981) and a two-stage average crustal model or orogene curve (Stacey and Kramers, 1975) (Fig. 4-15), and are widespread in the southern and western parts of the shield (Fig. 4-19), coincident with the regions of the shield known to contain Neoproterozoic rocks that formed in juvenile arc environments.  The lead in these samples would have been derived from magma generated from the mantle shortly before emplacement of the sample host rock.  Type II leads are interpreted to have a component of older continental lead, which yields higher 208Pb/204Pb and 207Pb/204Pb values by virtue of mixing oceanic lead with lead that has evolved for a longer period of time during residence in pre-existing continental crust.   Such leads are found mainly in the eastern shield.  They were was originally interpreted as Type I lead contaminated by s small component of continental lead (Stacey and Stoeser, 1983), but more recently (Stoeser and Stacey, 1988) suggested they are either a mixing of Type I and Type III leads, or the result of a fundamental variation in the composition of the source between the southern and western terranes and the eastern terranes of the shield.  The sharp boundary between the Type I and Type II lead fields is taken to be the boundary between western and eastern arc terranes in the Saudi Arabian part of the shield, and is interpreted as marking a fundamental difference in the crust between the western and eastern parts of the shield.  Stoeser and Frost (2006) see the boundary as possible marking the zone of collision in the Arabian Shield between East and West Gondwana.  Whether this is so remains to be demonstrated on structural grounds, and given the scenario favored by Collins and Pisarevsky (2005) that Gondwanan collision was multiple, the tectonic evolution of the eastern part of the Arabian Shield may be more complicated than conventionally considered.

Type III leads have 208Pb/204Pb and 207Pb/204Pb values characteristic of evolved continental crust (Delevaux and others, 1967; Stacey and others, 1980; Stacey and Stoeser, 1983; Stoseser and Stacey, 1988).  Type III Pb is concentrated in the Khida area forming a pattern of continental leads that is the primary basis for identifying the Khida area as a separate terrane underlain by continental crust.  Type III leads are modeled as being derived from crust that separated from the mantle around 2600-2800 Ma and with a 238U/204Pb ratio (referred to by the notation μ) of approximately 22 (Stacey and Stoeser, 19893; Stacey and Hedge, 1984; Whitehouse and others, 2001a) consistent with Nd model ages between 2.4 and 2.0 Ga (Fig. 4-18).  There followed an orogenic event about 1700 Ma during which the now somewhat evolved continental leads were mixed with new lead from the mantle.  The rocks in the Khida area from which the Type III lead samples have been obtained are actually Paleoproterozoic and Neoproterozoic in ages and clearly the Neoproterozoic rocks have reworked older, even possibly Archean, material in order to yield the lead that has been recovered.   
Sr isotopic dataset: It is well known that initial Sr ratios are lithologic and age dependent in the Arabian Shield.  Late Neoproterozoic granites tend to have ratio values of (0.7050 to 0.7140), elevated above the contemporary values for mantle growth, whereas terrane protoliths tend to have values at or close to the contemporary mantle growth values (see Fig. 4-20, 6-22).  The recent compilation by Stoeser and Frost (2006) shows an interesting spatial pattern of Sri values in intermediate plutonic rocks, which are proxies for the protoliths of the various terranes in the shield.  Such rocks, in addition, have lower Rb/Sr ratios, which makes calculation of Sri less susceptible to error and therefore gives useful results.  Plotting the Sr data shows that intermediate plutonic rocks with initial ratios less than 0.703 are almost entirely restricted to the western arc terranes (Stoeser and Frost, 2006), whereas samples in the eastern terranes commonly have initial Sr ratios >0.703.  Overall, there is a broadly systematic increase in the maximum ratio values with decreasing age, reflecting the greater number of results obtained from granitic samples among the younger rocks.  Granitic samples are more evolved than contemporary mafic rocks and therefore have a larger amount of 87Sr relative to 86Sr.  
.....................................................................................................................................................     
Tectonically, the isotopic data are of fundamental importance to our understanding of shield geology.  They constrain the timing of magma generation and the ages of protoliths and sources, differentiating between rocks that are juvenile, composed of material recently separated from the mantle and with crystallization ages close to their Nd model ages; rocks that reflect a more complicated history of inheritance and reworking of older crustal material; and rocks that geochronologically and isotopically are old.  These distinctions support the concept of lithostratigraphic terranes in the shield, although the data may be sometimes confusing, calling into question earlier identified terrane boundaries and suggesting a multiplicity of new terranes (Stoeser and Frost, 2006).  But it is increasingly certain that the distinctions reflect real differences in the crust of the shield.  As Stoeser and Frost (2006) conclude, the body of isotopic data “supports the interpretation . . . that the arc terrane provinces have slightly different isotopic compositions and therefore could have had independent histories prior to Gondwana amalgamation” (pg. 179).  The challenge is to establish more definitively the temporal, composition, and stratigraphic differences among the terranes, their spatial relationships, and their trajectories of convergence and timings of amalgamation.
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