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GEOCHEMISTRY AND PRELIMINARY ASSESSMENT OF
RESOURCE POTENTIAL FOR POSTOROGENIC GRANITES
OF THE EAST-CENTRAL ARABIAN SHIELD,
KINGDOM OF SAUDI ARABIA

by
1/ 1/
J. S. Stuckless, G. VanTrump, Jr., and W. J. Moore
A. J. Bartel, R. B, Vaughn, and C. A. Bush

ABSTRACT

Chemical analyses for postorogenic granitoids from 38 plutons in the east-central
Arabian Shield show characteristics of primitive to highly evolved igneous rocks; most
samples are highly evolved as indicated by differentiation indexes greater than 90 for
93 of 127 samples. Samples range from peralkaline to strongly peraluminous, most are
weakly peraluminous. The degree of alumina saturation is longitudinally dependent in
that the strongly peraluminous rocks are all from the eastern edge of the study area,
whereas the peralkaline rocks are all from the western part of the area.

Comparison of the geochemical data for most of the samples to average data for
anomalously metalliferous granites from the Arabian Shield shows that most of the
plutons sampled are not as evolved as known metalliferous plutons;, however, the
plutons at Jabal Minya, Jabal Khinzir, Hadb ad Dayahin, and Jabal Khazaz are
chemically similar to the metalliferous plutons, and therefore merit further detailed
study. In addition, Jabal Minya and Suwaj, which is nearby, have anomalously high
yttrium contents, and therefore these localities have a possibility for deposits of
rare-earth elements.

The average uranium content for the postorogenic granites of the east-central
Shield is high relative to average granite, and thus the study area is within a uranium
province. However, there are no indications that the granites have acted as possible
source rocks to secondary uranium deposits, and no samples that even approached ore
grade were collected during this study. The most likely type of uranium ore deposit
associated with the postorogenic granites is judged to be of an igneous or hydrothermal
origin, and the most favorable areas are Jabal Minya and Jabal Khinzir.

Regional trends for the chemical data and geochemical correlations over the large
area sampled suggest that the postorogenic granites were derived from a single protolith
that formed by the mixing of oceanic sediments from the west and continental
sediments from the east. Melting of two or more accreted protoliths is less consistent
with existing data, but would be possible if terrane boundaries at depth were markedly
different from those currently proposed at the surface.

1/ U.S. Geological Survey, Denver, CO



INTRODUCTION

Recent work in the Arabian Shield (Greenwood and others, 1976; Delfour,
1977; Fleck and others, 1980; Stoeser and Elliott, 1980; Fleck and Hadley, 1982;
Schmidt and Brown, 1982; Elliott, 1983) has shown that the Shield is composed of
metavolcanic, plutonic, and metasedimentary rocks that range in age from 1,100
Ma to 540 Ma and in composition from basaltic to rhyolitic. These rocks have
been variably, and in some cases multiply, deformed. The character of magmatism
during the formation of the Shield changed from unevolved mafic rocks to
intermediate rocks to evolved silicic (or bimodal gabbroic-granitic) rocks.
Towards the end of the last magmatic period the Arabian Shield was cut by the
northwest trending Najd Fault system, which has a left-lateral displacement of
as much as 240 km (Brown, 1972). This fault system is a particularly prominent
feature in the area studied for this report (fig. 1).

The youngest granitic rocks (variously referred to as postorogenic, anorogenic, or
post-tectonic) have received considerable attention because of their common
enrichments in several elements of economic interest (Elliott, 1988; Jackson and Odell,
1984; Moore, 1984). Within the Arabian Shield, occurrences of tungsten (Cole and
others, 1981), rare earth elements and thorium (Harris and Marriner, 1980; Stuckless,
Knight, and others, 1982; Stuckless, Quick, and VanTrump, 1984), molybdenum (Dodge,
1979), and tin (Elliott, 1985; du Bray, 198‘) have been reported, and a good potential
exists for niobium and tantalum (Ramsay and others, 1982; Elliott, 1983). These
youngest granites have also been studied for clues to the origin of peralkaline granites
(Radain and others, 1981; Harris, 1981; Stuckless, Nkomo, and Wenner, 1982; Jackson,
1984). Data for the young granites have been used in the debate concerning the origin
of the Arabian Shield (Stacey and others, 1980; Delfour, 1981; Schmidt and Brown,
1982; Fleck and Hadley, 1982; Stacey and Stoeser, 1983; Stuckless, Hedge, and others,
1984).

The postorogenic plutons of the Arabian Shield were intruded from about 660 Ma
to 540 Ma (Fleck and others, 1980). Geochronologic investigations by Fleck and Hadley
(1982), Calvez and Kemp (1982), Stuckless, Hedge, and others (1984), and Stuckless
(unpublished data) within and immediately adjacent to the study area (fig. 1) indicate
that plutonism for the east-central part of the Shield occurred between 610 Ma and 570
Ma. Limited K/Ar data compiled by Moore (1984) suggest that an early Cambrian
heating event, noted in the southern Shield (Fleck and others, 1976), did not extend as
far north as the study area.

The work on which this report is based was performed in accordance with the
cooperative agreement between the Saudi Arabian Ministry of Petroleum and Mineral
Resources and the U.S. Geological Survey. The research is part of a program to study
the petrogenesis and mineral potential of granitic rocks of the Arabian Shield. In
particular, this report will present further information on the postorogenic granites of
the east-central Shield (fig. 1) and will compare some of the geochemical characteristics
of these granites with other postorogenic granites that are known to be mineralized.

No new mineral localities resulted from this work, and therefore no Mineral
Occurrence Documentation System (MODS) entries were prepared. No other data for
the samples used in this study are available in RASS; however, reports on other
analytical work done on samples described here are in preparation, and previous
analytical work done for some of the samples is reported by Moore (1984).









ANALYTICAL PROCEDURES

Samples were collected from all of the large postorogenic plutons in the study area
(fig. 1) identified by Moore (1984), as well as most of the smaller plutons. Each sample
was judged to be representative of the freshest material available at the sample locality
and was usually collected from a recent spall block. Samples weighed between two and
five kg, were ground to approximately -32 mesh, and split. Analyses were made on
aliquots from a 30-g split that had been ground to -200 mesh except as noted below.

The concentrations of major elements reported in table 1 were determined by
high-precision X-ray fluorescence (Taggart and others, 1982) on 0.8-g splits of fused
sample powder. Results are precise and accurate within + 2 percent of the amount
reported (2 sigma) for abundances greater than 1 percent absolute. The fourth digit
reported for Si0y and Al,03 is not significant for any single sample, but may be
significant in a statistical treatment of the entire data set (A. T. Miesch, oral commun.,
1980). Elements for which reported values are below the limits of detection (MgO
<0.10, P505 <0.05, and MnO <0.02) were arbitrarily assigned a value of one-half the
limit of detection for purposes of statistical and normative calculations. Iron
concentrations were determined as total ferric iron (table 1), but are also reported as
total ferrous iron (FeO(t), table 2).

The concentrations of uranium (U) and thorium (Th) reported in table 2 were
determined by the delayed neutron technique (Millard, 1976) on 8- to 10-g splits
of sample powder. The precision and accuracy for individual determinations are
dependent on counting statistics that are dependent on both concentrations and
relative proportions of uranium and thorium. Uranium contents obtained for this
study are generally accurate to within + 4 percent of the amount reported (2
sigma). Thorium contents are generally accurate to within + 6 percent of the
amount reported (2 sigma) but are somewhat less accurate for samples with Th/U
values >10 or Th contents <1 ppm.

Radium-equivalent uranium (RaeU), thorium (e¢Th), and potassium (¢K) contents
(table 2) were determined for approximately half of the samples by sealed-can
gamma-ray spectrometry (Bunker and Bush, 1966, 1967). This technique uses
approximately 600-g of coarsely-crushed material (-32 mesh), and thus provides a
measurement that is less susceptible to splitting errors that can produce anomalous
results for trace-element contents in coarse-grained rocks. The prefix "e" is used to
distinguish values determined by this method. RaeU is not a direct measure of
uranium, but rather a measure of the amount of uranium needed for secular
equilibrium between 238y and 226Ra. Although eTh is not determined directly from
thorium, disequilibrium within the thorium decay chain is unlikely. Therefore, eTh is
used as a true measure of thorium. Precision for ¢eTh and RaeU is better than + the
quantity (2 percent of the amount reported plus 0.1 ppm absolute). The eK value
obtained by gamma-ray spectrometry is a direct measure of potassium, which is precise
to within + the quantity (2 percent of the amount reported plus 0.03 percent absolute).
Accuracies for the gamma-ray technique are generally equal to precision except where
relative proportions of uranium, thorium and potassium deviate markedly from normal
(approximately by more than a factor of 10) in which case accuracy for the element
with relatively low abundance is decreased.



Concentrations for rubidium (Rb), strontium (Sr), yttrium (Y), niobium (Nb), and
zirconium (Zr) were determined by X-ray fluorescence (XRF) on loose, finely-ground
(-200 mesh) sample powders (table 2). Comparison of XRF and isotope-dilution results
for Rb and Sr shows that precision and accuracy are equal and that for concentrations
>50 ppm results are precise to within 3.2 and 3.4 percent (2 sigma) of the amount
reported, respectively. Errors for both elements increase to 100 percent at a
concentration of about 5 ppm. Precision, as determined from replicate analyses, is less
accurate for Zr (10.5%), Y (25.8%), and Nb (42.9%) at the concentration levels found
for most of the samples used in the current study.

Normative mineralogy was calculated according to the methods described by
Stuckless and VanTrump (1979). Statistical methods and formulae used are described
by VanTrump and Miesch (1977). Mean and standard deviation for trace-element
contents were calculated from the logarithms of the data and are reported as antilog
values (table 3).
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Table 3.--Statistical summary of chemical compositions for the postorogenic
granites from the east-central Arabian Shield.

[Oxide concentrations are in weight in percent; trace-element contents are
in parts per million. Values for average granite are from Krauskopf (1967)
with elements converted to oxides and normalized to 100 percent and
Stuckless and VanTrump (1982)]

Number of Standard Skew- Average
samples Minimum Maximum - Mean deviation ness Kurtosis granite
5i0= 127 45.13 77.74 73.02  =4.33  -3.11 14,47 72.64
Al=0= 127 7.32 19.36 13.27 =1.49 0.52 4.36 13.67
FeO(t) 127 0.09 10.17 1.87  =1.35 2.70 11,51 3.27
Mg0 127 0.05 4.98 0.36  =0.61 5.03  30.56 0.25
Ca0 127 0.01 11.1 1,05  =1.21 5.33 38,82 2.10
Na=0 127 2.87 4.91 3.76 *0.47 0.72  -0.20 3.54
K=0 127 0.65 7.70 4.69  =0.82 -0.98 B.55 3.74
Ti0= 127 0.01 1.77 0.24  20.25 3.32 14,77 0.36
P=0s 127 0.02 0.46 0.06  =0.08 3.32  12.59 0.03
MnO 127 0.01 0.54 0.04  =0.05 6.53 55.04 0.05
RaeU/u 74 0.50 1.28 0.95 =0.14 -0.40 1,52 ---
u 125 0.54  30.3 5.36 2.2 -0.26  0.17 3.54
Rael 74 0.45 17.4 5.16 *3-23 -0.53 0.47 ---
Th 120 2,00 49.8 15.4 T1Z-2  -0.72 1.25 16.76
eTh 74 1.45 52.3 17,1 T2, -1.52 4,73 ---
Rb 126 1.0 659 168 tlea. a4  ~2.37  15.49 150
Sr 126 1.0 1633 57.8 “l32 5 -0.4 0.24 285
Y 126 1.0 178 31.4  Z35:2  -1.04 2.76 40
Nb 126 1.0 174 13.0 322 -0.56 -0.11 20
1r 126 20 2050 174 37 0.21 0.52 180
Th/u 125 1.07 14.97 3.00  TI-%% 0,44 1,74 4,73
—-1.0&
K/u 125 0.12 3.72 0.70 ZJ:I2 0.03  =0,32 0.95
Th/K 123 1.35 12,91 4,20 3-27 -0.10 -0,59 5.00
Rb/Sr 125 0.06 339 3,10 TZ-2 0.3t 0.10 ---
K/Rb 126 4,42 540 226 7 0.44 2,93 ---
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RESULTS AND DISCUSSION
PETROGRAPHY

The postorogenic granites exhibit a marked range in texture, grain size, and modal
mineralogy. About 20 percent of the samples analyzed during the current study are
hypersolvus, and 25 percent are subsolvus, but slightly more than half of the samples
are intermediate between these extremes. Most of the samples, except those collected at
Jabal Abha, contain more than 20 percent modal quartz. Syenogranite and
monzogranite are the dominant rock types (Moore, 1984), but alkali-feldspar granites
are common as indicated by the high percentage of hypersolvus granites noted above.

The monzogranites and syenogranites are typically medium- to coarse-grained and
hypidiomorphic equigranular to porphyritic; the latter texture is more characteristic of
the monzogranites (Moore, 1984). Modal mineralogy is generally greater than 90 percent
quartz, plagioclase, and perthitic microcline. Major non-felsic minerals include
amphibole, biotite, and muscovite. Accessory minerals are dominated by apatite, zircon,
and opaque oxides, but sphene and an epidote-family mineral were noted in several
samples.

The alkali-feldspar granites are medium- to coarse-grained and typically
hypidiomorphic granular. Coarsely perthitic microcline and quartz comprise more than
90 percent of most samples. Amphibole is the dominant mafic mineral, but pyroxene or
biotite may be present; sodic pyriboles are distinctive phases in the peralkaline granites.
Zircon is ubiquitous and commonly abundant. Fluorite and allanite have both been
noted in some samples of the alkali-feldspar granites (Moore, 1984).

CHEMISTRY

Six samples, for which data are presented in tables 1 and 2, were collected from
foliated plutons and are judged to belong to the orogenic episode of plutonism (samples
184339, 184342, 184344, 184384, 184385, and 184400). Data for these samples are not
included in plots or statistical treatments that follow, but are included in tables 1 and 2
in order to make these data available. Samples from Baid al Jimalah and Jabal
Silsilah were collected to provide a comparison to known mineralized plutons. These
plutons are located north of the study area, and data for these samples are treated
separately and are not included in any of the statistical treatments of the data set. The
following discussion of granitiods from the east-central Shield is based on the
remaining 127 samples (tables 1 and 2).

Data for major-element concentrations and CIPW normative mineralogy are
presented in table 1. Most of the postorogenic granitoids are highly evolved as
indicated by their generally high differentiation indexes (590 for 93 of 127 samples,
table 1). Only the pluton at Jabal Abha is uniformly unevolved, and it accounts for
five of the seven samples that have differentiation indexes less than 80 (samples 184014
through 184375, table 1). The samples from Jabal Abha also account for the very large
range in major element concentrations (table 3) relative to that reported for
postorogenic granites to the north (Stuckless, YanTrump, and others, 1982) or to the
south (Stuckless and others, 1983). In spite of the very large range in compositions, the
average composition is more evolved than that of an average granite (Krauskopf, 1967)
in that the average postorogenic granite contains less iron and calcium and more
sodium and potassium (table 3).
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In addition to the wide range of compositions, the postorogenic granites exhibit a
wide range in degree of alumina saturation. Seven samples, which were collected from
three plutons, are peralkaline as shown by their normative acmite (table 1) or by their
Al/(Na+K) values of less than one (table 2). These samples were collected near the
margins of plutons from zones that have the appearance of ring dikes or domed sill-like
sheets. Eight samples, which were collected from five plutons, are strongly
peraluminous as shown by Al/(Na+K+Ca) greater than 1.1 (table 2). Thirty samples,
which were collected from 16 different plutons, are metaluminous (table 2). Most of
the samples (82 of the 127 samples analyzed) are weakly peraluminous.

Several postorogenic granites from the Arabian Shield have been identified as
metalliferous. Analyses for four samples from Jabal Silsilah, which is tin-bearing (du
Bray, 198%), and Baid al Jimalah, which is tungsten-bearing (Cole and others, 1981),
were analyzed as part of the current study (tables 1 and 2). Stuckless and others
(1983) have reported data, which include the same elements determined by the same
methods as the data set obtained in the current study, for Jabal al Gaharra, which is
tin-bearing (Elliott, 198§), and for Jabal Tarban, Jabal Sabhah, Jabal al Hawshaw, and
Bani Bwana which are enriched in several metals (du Bray and others, 1983). Average
data for these seven plutons are compared to the average composition of the
postorogenic granites from the east-central Arabian Shield (table 4). The averages show
that the anomalously metalliferous plutons are slightly more evolved in that silica
content is higher, and iron, calcium, magnesium, and titanium are lower.

A plot of the normative data for the anomalously metalliferous samples in the
Q-Ab-Or system shows that most of the data approximate the polybaric minimum and
that most of the deviation from the trend can be accounted for by hydrothermal
addition of silica or potassium or both (fig. 2A). Although some of the normative data
for the postorogenic granites from the east-central Shield yield a similar pattern, most
of the data plot below the polybaric minimum (fig. 2B), which suggests that most of
the samples crystallized under different physical conditions than those that prevailed
for the metalliferous samples. A similar conclusion is indicated by the normative
An-Ab-Or system, except that in this system the anomalously metalliferous samples
uniformly indicate crystallization in a low-pressure, water-saturated environment (fig.
3).

In general, trace-eclement data tend to follow a log-normal distribution
(Ahrens, 1957; Stuckless and VanTrump, 1982). Statistical assessment of the
trace-element contents of the postorogenic granites (table 3) was therefore done
on the logarithmically transformed data, and the results are reported as the
antilogs. Deviation about the geometric mean is consequently assymetrical. The
values for skewness and kurtosis for the logarithmic data are generally low
(table 3) and much lower than the arithmetic values which indicates that the
logarithmic treatment of the data is appropriate for samples from the
east-central Shield.

Trace-element contents, like the major-element data, show that the average
postorogenic granite of the east-central Shield is similar to an average granite, but
slightly more evolved (table 3). Only strontium, which is strongly depleted in the
postorogenic granites relative to an average granite, is statistically distinct. The
uranium content is somewhat elevated. This feature seems to be typical of all the
postorogenic granites from the eastern Arabian Shield (Stuckless, VanTrump, and
others, 1982; Stuckless and others, 1983).
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The radioelement data can be used to evaluate the east-central Shield as a
uranium province and to choose areas that merit further or detailed study.
Saunders (1979) noted that uranium provinces are marked by a regionally high
content of uranium. The high average uranium content for the postorogenic
granites suggests that this criterion is met in the east-central Shield, and
figure 4 shows that anomalously uraniferous samples (relative to the mean and
standard deviation of the average granite reported by Stuckless and VanTrump,
have a wide distribution, and thus the slightly elevated average uranium content
reflects a regional feature. Thirty four samples have uranium contents that
exceed the mean plus one standard deviation of an average granite, and another
21 samples have uranium contents that exceed the mean by more than one-half a
deviation. In contrast, only six samples contain less uranium than the average
granite minus one standard deviation.

Two plutons stand out above the regional uranium high. All samples from Jabal
Minya and all samples from Jabal Khinzir, except a sample of a granitic dike that cuts
the granite, have anomalous uranium contents (table 2, and fig. 4). Although none of
the samples analyzed in the current study approach ore grade, such uniformly high
values over areas of several square kilometers suggest a good possibility for economic
concentrations of uranium within fairly well defined target areas. Therefore, detailed
examinations of these plutons and the immediately surrounding country rocks is
recommended.

Thorium and uranium have a strong geochemical coherence in most magmatic
environments, and therefore high-uranium granites that result from crystal-melt
differentiation alone should also be enriched in thorium (Stuckless and VanTrump,
1982). The average thorium content for the postorogenic granites is approximately
equal to that of an average granite (table 3), and only four samples have thorium
contents that exceed the mean plus one standard deviation of an average granite and
only nine other samples contain more than the mean plus half a standard deviation
(fig. 5). In contrast, 62 thorium contents are within one-half a standard deviation of
the average granite thorium content and 16 samples contain less than the mean minus
one standard deviation. These features suggest that the regional uranium enrichment
may have resulted from a partitioning of uranium into a late fluid phase, and
consequently the most likely economic concentrations of uranium would be in a
hydrothermal or pegmatitic environment.

Granitic rocks that have acted as source to uranium deposits in sedimentary rocks
are characterized by high and variable Th/U values and a poor correlation between
thorium and uranium (Stuckless and VanTrump, 1982). These features result from
variable and generally large losses of uranium that is subsequently precipitated in
near-by sediments to form uranium deposits. The correlation of thorium with uranium
is fairly high for samples collected over such a large area (table 5), and the mean Th/U
“for average granite is actually greater than the mean plus one standard deviation for
the postorogenic granites (table 3). In addition, the standard deviation is very low
(+1.64 and -1.06) compared to that reported by Stuckless and VanTrump (+5.97 and
-2.64). Only two samples have Th/U greater than that of an average granite plus one
standard deviation, and there are no other samples that exceed that mean by half a
standard deviation (fig. 6). In contrast, 29 samples have Th/U values that are more
than one standard deviation below the mean of an average granite, and another 63
samples are more than half a standard deviation below that mean. The generally low
Th/U values are shown graphically on figure 7B where most data points plot above the
line that corresponds to a Th/U value of 4.73.
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Figure 2.--Ternary diagram showing the normative composition of anomalously
metalliferous samples (A) and postorogenic samples from the east-central Shield (B)
and the polybaric ternary minimum (delineated by dots) in the system Q-Ab-Or
(Tutile and Bowen, 1958; Luth and others, 1964). Insets show the expanded portion
of the diagram as well as data points that plot outside the expanded portion.
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Figure 3.--Ternary diagram showing the normative composition of anomalously
metalli ferous samples (A) and postorogenic samples from the east-central Shield (B)
and the Water-saturated eutectic compositions at 2 and 8 kb (Whitney. 1975). Insets
show the expanded portion of the diagram as well as data points that plot outside
the expanded portion.
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Table 4.--Comparison of chemistry for anomalous plutons and those from the
east-central Arabijan Shield.

[Oxides

trace-element

concentrations are reported in weight percent;
contents are in parts per million]
East—central Anomal ous
Si0= 73.02 * 4.33 75.45 * 1.45
Al=0s 13.27 = 1.49 13.07 * 0.97
FeO(t) 1.87 = 1.35 0.99 * 0.53
MgOo 0.36 = 0.61 0.10 = 0.09
CaOo 1.05 = 1.21 0.50 = 0.29
Na=0 3.76 * 0.47 3.86 * 0.81
K=0 4.69 * 0.82 4.46 * 0.57
TiO= 0.24 * 0.25 0.05 * 0.07
P=0s 0.06 = 0.08 0.02 * 0.02
MnO 0.04 * 0.05 0.03 * 0.03
RaeU/U 0.95 = 0.14 0.86 * 0.11
u 5.36 TS-%° 8.83 Z7-33
RaelU 5.16 312 7.50 *7-12
Th 15.4 *1=-° 29.1 1.
eTh 17.1 Z3%.2 27.5 T .3
Rb 168 17 470 *377
Sr 57.8 *13°. 8.59 *2=.%
v 31.4 *22-1 70.1 2333
Nb 13.0 *3°.* 25.9 _32:32
ir 174 *1%7 90 32
Th/u .01 3:o2 3.11 *=-28
+~0.74 -+~O.
K/U 0.70 *3-72 0.41 *2-33
Th/K 4.20 *7-37 7.91 73739
Rb/Sr 3.10 *3%.7 54.7 *33°,
K/Rb 226 *317 78.3 *32:7
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Table 5.--Selected correlatijon coefficients for samples of postorogenic
rocks from the east-central Arabian Shield, Kingdom of Saudi Arabia.

- - - - - e e - > o o T - v o - - e o - e T e o e - S Sm e S an e - - " e = - - o " . o e - S . > - -

Element Correlation Element Correlation
pair coefficient pair. coefficient
U:Th 0.75 U:Rael 0.96
U:Rb .68 K:Rb -.04
Fe:lr .53 - Y:Nb .54
Nb:Zr .50 Sr:Mg .95
Sr:Ca .91 Sr:Si -.87
Sr:Rb -.31 Sr:Ti .86

Rocks from which uranium has been leached within the last several thousand years
generally have a pronounced disequilibrium within the uranium decay chain (Stuckless
and Ferreira, 1976). This secular disequilibrium can be identified by comparing the
values of uranium and radium-equivalent uranium (RaeU). The ratio RaeU/U should
be between 1.1 and 0.9 if secular equilibrium has been established and maintained for
the last several thousand years. The average RaeU/U for the postorogenic granites of
the east-central Shield is wcll within this range, and furthermore the correlation
coefficient between these two variables is very high (table 5). Therefore, recent
leaching of uranium seems unlikely. Thus, both the Th/U and RaeU/U data suggest an
extremely low probability for uranium deposits in the east-central Shield that formed
from uranium leached out of granites.

Yttrium is geochemically similar to the heavier, middle rare-carth elements
(Felsche and Hermann, 1978), and thus yttrium contents provide a mecans of assessing
favorability for deposits of rare-earth elements. The average yttrium content of the
postorogenic granites is slightly, though not significantly, low reclative to an average
granite (table 3); however, the large range of values and standard deviation show that
at least some of the samples are markedly enriched in this element. Inspection of table
2 shows that the pluton at Jabal Minya has distinctly elevated contents of yttrium and
that Suwaj (which is located just to the northwest), Jabal Habhab al Jissu, and Jabal
Hadb ash Sharar are also somewhat anomalous. None of the anomalies seem large
enough to merit detailed study, but the ancmalous values at Jabal Minya indicate that
this area, if it is chosen for detailed uranium studies, should be checked for rare-earth
elements.

The average niobium content for the postorogenic granites is also similar to that of
average granite, and it too has a large range and moderately large standard deviation.
Two distinctly high values were noted at Hadb ad Dayahin, which may suggest.some
possibility for vein concentrations of niobium and tantalum in this area, but in
general, the potential for deposits of these metals seem low.
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Although the probability for yttrium (and associated rare-earth) deposits or
niobium (and associated tantalum) deposits seems low, the data for samples from Baid
al Jimalah and Jabal Silsilah suggest that these elements may be useful as pathfinder
elements for other metals of interest. Contents of yttrium and niobium are elevated for
most samples from these two mineralized plutons (table 2) and the average content for
at least yttrium is high for the group of anomalously metalliferous plutons (table 4).

In addition to elevated yttrium and niobium contents, the average anomalously
metalliferous samples exhibit several interesting features relative to average granite. In
contrast to most of the postorogenic plutons, uranium, and to a lesser extent, thorium
contents are anomalously high in the metalliferous plutons. This is shown graphically
on figure 7A that shows that, compared to an average granite, most samples are
enriched in uranium relative to both potassium and thorium, and enriched in thorium
relative to potassium. Furthermore, the anomalously metalliferous samples also contrast
with most samples of postorogenic granite in that they have RaeU/U values that are
significantly different from 1 (0.86 + 0.11). This feature suggests that the
metalliferous plutons may have had some recent uranium mobility. Thus, in addition to
the metals of interest identified in these plutons, they have some favorability for
associated radioelement deposits. Alternatively, radioelements may be useful as
pathfinder elements for metalliferous plutons; that is, anomalous radioelement contents
and ratios may be used to select areas of exploration for several economically important
metals.

The plutons grouped as anomalous have a distinctly low average K/Rb and a
distinctly high average Rb/Sr. Both of these features are likely to develop as a result
of a high degree of magma evolution (which is a low degree of partial melting, melting
of an evolved protolith, a high degree of differentiation, or a combination of any of
these mechanisms). This high degree of evolution is shown graphically (fig. 8A) by the
tendency of data to plot along the K-Rb sideline and towards the Rb corner. Samples
from four plutons of the east-central Shield plot in this same highly evolved region in
the K-Rb-Sr diagram: Jabal Minya, Jabal Khinzir, Hadb ad Dayahin, and Jabal Khazaz
(fig. 8B). The first three of these plutons are associated with geochemically anomalous
wadi sediments (Moore, 1984), and the first two of these have been identified as
anomalously radioactive as part of the current study. Although not identified by a
separate symbol on figure 8B, samples from Suwaj (noted earlier because of their high
yttrium contents) plot along the K-Rb sideline, just above the midpoint, and are
therefore as evolved as many of the samples from the anomalous granites.

Stuckless, Hedge, and others (1984) have noted that K/Rb and Rb/Sr averages over
seven and one-half minute areas form a regional pattern such that samples along the
eastern margin of the Shield have generally higher Rb/Sr and lower K/Rb values than
samples further west. Data for individual samples yield a somewhat equivocal pattern
(figs. 9 and 10), but most of the high Rb/Sr values plot toward the east edge of the
area studied, and most of the high K/Rb values plot towards the west of these samples.
The degree of alumina saturation provides a more striking east-west pattern (fig. 11).
All of the strongly peraluminous samples were collected east of longitude 43°15° E, and
the peralkaline samples were all collected west of longitude 41°15° W. Most of the
metaluminous samples were collected between these two longitudes, although some of
the metaluminous granites were collected from the same plutons as the peralkaline
granites, and thus there is no clear cut boundary between these two varieties.

45



LOCATION OF PLOT AREA

TH

LOCATION OF PLOT AREA

TH

Figure 7.--Ternary diagram showing relative proportions of uranium, thorium, and
potassium relative to average granite (Stuckless and VanTrump, 1982) for
anomalously metalliferous granites (A) and postorogenic samples from the
east-central Shield (B). Insets show the expanded portion of the diagram as well as
data points that plot outside the expanded portion.
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Figure 8.--Ternary diagram showing relative proportions of potassium, rubidium, and
strontium for anomalously metalliferous samples (A) and postorogenic samples from
the east-central Shield (B). Symbols in part B indicate samples from Hadb ad
Dayahin (squares), Jabal Minya (circles), Jabal Khinzir (triangles), and Jabal
Khazaz (plusses).
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Stuckless, Hedge, and others (1984) have suggested that the general east-west
patterns reflect gradational changes in the protolith of the postorogenic granites. The
gradational change is attributed to the mixing of sediments that were dominantly of
continental affinity to the east and dominantly of oceanic affinity to the west.
Alternatively, the changes in protolith chemistry may have developed by microplate
accretion as proposed by Stoeser and Camp (1988). The data obtained in the current
study do not provide a clear distinction between these two models. Both models call for
continental materials to the east, and such materials might well be pelitic or other
peraluminous material, thereby accounting for the limited distribution of strongly
peraluminous, postorogenic plutons (fig. 11). Both models place oceanic materials to the
west, and these materials might well give rise to the postorogenic rocks that have high
K/Rb values (fig. 9). However, the rest of the data seem more consistent with a
gradational change as opposed to the relatively sharp boundaries that might reasonably
develop as a consequence of an accretionary model.

The degree of alumina saturation is compared with the accretionary terranes
proposed by Stoeser and Camp (1985) on figure 11. The strongly peraluminous samples
are restricted to terranes of continental material or the suture between two continental
blocks, but there is a considerable area underlain by continental material that did not
produce any strongly peraluminous granites. The metaluminous samples would have
been derived from oceanic terrane, a mixed terrane, and part of the continental terrane;
however, they were not derived from other parts of the continental terrane. Finally, the
peralkaline rocks would have been derived from oceanic terrane, the suture between
two oceanic terranes, and the suture between oceanic terranes. Because all of the
peralkaline localities are near terrane boundaries, appropriate assumptions about dips
of terrane boundaries and depth of magma generation might allow all of the
peralkaline rocks to be derived from a single terrane. However, peralkaline rocks crop
out just north of the study area at Jabal Aban al Ahmar (42°45° E and 25°45’ N,
Stuckless, VanTrump, and others, 1982) and these would have to be derived from a
purely continental source. Thus, if the chemistry of the postorogenic granites is a
reflection of protolith chemistry, an accretionary model, as currently proposed, does not
seem to explain regional chemical variations as well as the model that calls for a
mixing of sediments derived from two contrasting terranes.

PETROGENIC CONSIDERATIONS

The position of data points in the Q-Ab-Or system scatter widely (fig. 2), but if the
compositions can be interpreted as equilibrium cotectic liquids, some of the less evolved
samples may represent melts that formed at a pressure of about 10 kb, Because most of
the points plot to the right of the polybarric minimum, these primitive melts must have
been water-undersaturated (Luth, 1969). Most of the more evolved samples appear to
have re-equilibrated at much lower pressures and at or near water-saturated conditions
(figs. 2 and 3). Pressure estimates of 0.5 to 2 kb suggest shallow depths of
emplacement, which is consistent with these plutons as a source for the late
Precambrian silicic volcanic rocks.

If the initial melts were water undersaturated, they must have been fairly hot
relative to typical crystallization temperatures of granites (Luth, 1969). Recent
experimental work by Watson and Harrison (1983) has shown that zirconium saturation
is a function of temperature and bulk chemistry. The chemical variable is expressed as
the cation ratio M, which is defined as (Na+K+2xCa)/(AlxSi). The value of M for
samples analyzed in the current study (table 1) is plotted against zirconium
concentrations (table 2) on figure 12, Isotherms, which are based on the solubility of
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of zirconium, are superimposed on the plot. One sample (which is off the scale of
fig. 12) plots near the 1020-degree isotherm, but most of the samples indicate a
maximum equilibration temperature of 9209 C.

Collins and others (1982) have postulated that A-type (anorogenic) granites are
derived from a source material that has yielded granitic materials during an earlier
event and that as such, melting temperatures should be in excess of 850° C. However,
more than half of the samples (80 of 127) suggest equilibration below a temperature
of 800° C. Samples from Jabal Silsilah and Baid al Jimalah, which from both major-
and trace-element element data appear to represent end-stage products of extensive
differentiation, plot near the solidus temperature of a water-saturated granite at
low pressure. Thus, the temperatures of less than 800° C probably do not represent
initial melt temperatures, but rather they reflect partial to complete
re-equilibration at the temperature of the granite solidus under water-saturated
conditions. This type of reequilibration is probably responsible for most of the
spectrum of temperatures indicated on figure 12, and thus, most of the initial melts
may have been as hot as 920° C.

There is a great volume of postorogenic granite in the eastern Arabian Shield.
This volume and the very high temperatures postulated here to make those granites
indicate that a very large amount of heat was transferred into the lower crust. Some
of the heat may have been provided by decay of radioactive elements in the source
region, and the generally elevated uranium contents of the postorogenic granites
suggest that the source region may have been enriched in that element; however, this
heat source alone could probably not have caused such extensive melting. Most of the
heat needed to form the postorogenic granites may have been introduced by the
intrusion of magma from the mantle.

Mantle intrusions may have occurred in response to relaxation and consequent
tension following the orogenic period. A rift environment existed several hundred
kilometers to the west (in Egypt) during the time of intrusion of the postorogenic
granites (Stern and others, 1984), and within the rift, mantle-derived igneous rock
is abundant. Although not common, young gabbroic intrusions are known throughout the
eastern Shield (Fleck and others, 1980), and gabbro is intimately associated with the
intrusion at Jabal Abha (sample 184374, table 1). Thus, the heat needed to drive the
postorogenic event may have been mantle derived.

The fact that the postorogenic granites formed and evolved under similar
physical conditions does not imply that all of the plutons have a simple genetic
relationship to one another. In fact, an accretionary model could be consistent with
abrupt changes in the character of the protolith at points that roughly correspond to
the change from strongly peraluminous to metaluminous granites and in the region
where peralkaline rocks occur. Such boundaries would obviously be different from
those shown on figure 11, and their existence would preclude any type of common
genesis that might relate all of the plutons to each other. In contrast, a
mixed-sediment source would allow an indirect genetic relationship. If pressures and
temperatures, at which magmas were formed, were fairly uniform throughout the source
region, the resulting magmas would be part of a continuum that would approximate a
two end-member system.
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Stuckless, Nkomo, and Wenner (1982) reported that results of Q-mode analysis were
consistent with a genetic relationship for 17 plutons in the north-eastern Shield. High
correlation coefficients for several element pairs (table 5) suggest that a similar
relationship for plutons from the east-central Shield is allowed. Good correlations
between major elements does not constitute evidence for a genetic relationship because
it can be documented that the plutons formed and evolved under similar physical
conditions, and the variations in major elements are strongly controlled by intensive
variables. However, variations of trace elements are controlled by partitioning
coefficients for specific mineral phases. Thus the good correlation coefficients between
certain major and trace elements, such as CaO or MgO and Sr or between seemingly
unrelated trace elements such as rubidium and uranium (table 5) suggest some sort of
genetic link amongst the various plutons. A protolith formed by the mixing of two
sedimentary components (one continental derived and the other oceanic) would be
consistent with this interpretation.
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Figure 12.--Plot of the cation ratio M [(Na+K+2xCa)/AlxSi] versus zirconium content for
postorogenic samples from the east-central Shield with superimposed isotherms from
Watson and Harrison (1983). Samples from Baid al Jimalah and Jabal Silsilah are
represented by squares.
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SUMMARY AND CONCLUSIONS

Major- and trace-element data presented in this report show that four of the
postorogenic pluwtons in the east-central Arabian Shield are similar to known
metalliferous plutons elsewhere in Saudi Arabia. We recommend that Jabal Minya,
Jabal Khinzir, Jabal Khazaz, and Hadb ad Dayahin be studied in detail. Inasmuch as
current investigations have not found areas of strong mineralization, we further
recommend that examination of these areas include geophysical techniques capable of
examining the subsurface. Cupolas associated with these highly evolved granites would
be the most favorable environment for deposits of several different metals of interest,
and such cupolas may not be exposed at the current level of erosion.

Regionally high uranium values for the postorogenic granites suggest that the
east-central Shield is within a uranium province. The plutons at Jabal Minya and
Jabal Khinzir are particularly enriched in uranium relative to an average granite;
however, no samples were collected as part of the current study that approached
economic grade. Secular equilibrium between uranium and RaeU and low Th/U values
suggest that uranium has not been mobilized since crystallization of the granites, and
therefore the probability for secondary wuranium deposits associated with the
postorogenic granites is low. The enrichment of uranium relative to thorium further
suggests that uranium distribution is magmatically controlled and that pegmatitic or
hydrothermal concentrations of uranium would be the most likely forms of
mineralization. Such types of mineralization would most likely be associated with the
four highly evolved plutons noted above.

If the compositions of the rocks are interpreted as approximating equilibrium
liquids, some of the samples preserve evidence of melting at high pressure (-10 kb),
moderate temperature (-900° C), and water-undersaturated conditions. Alternatively,
melting may have proceeded past the disappearance of a sodium phase, in which case
lower pressures may have prevailed. Other samples indicate final conditions of
crystallization at low pressure (0.5 to 1 kb), low temperature (-700° C), and
water-saturated conditions. The latter are the most evolved and include plutons with
known mineralization. The introduction of basaltic magma from the mantle seems like
the best source of heat for generating the postorogenic plutons.

In spite of modifications to the chemistry of individual samples that must have
occurred as a result of differentiation, regional trends are preserved that are
interpreted to be the result of lateral variations in the protolith. Such variations are
best explained by the mixing of sediments that formed the protolith such that
peraluminous and evolved rocks in the east were formed by partial melting of
dominantly continental-derived sediments whereas unevolved rocks and peralkaline
rocks in the west were formed by partial melting of dominantly oceanic-derived
sediments. This interpretation suggest that the paleoenvironment of the east-central
Shield was similar to a back arc rather than accreted terranes.

DATA STORAGE

Data and work materials used in preparation of this report are archived as
data-file USGS-DF-05-8, which is stored at the office of the U.S. Geological Survey
Mission in Jeddah, Saudi Arabia. No Mineral Occurrence Documentation System
(MODS) localities were established in connection with work on this report.
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