DEPARTMERT OF THE IKRTERIOR
UNITED STATES GEOLOGICAL SCTRVEY

GEOCHEMICAL EVALUATION OF FELSIC PLUTONIC ROCKS
IN THE EASTERN AND SOUTHEASTERN ARABIAN SHIELD
KINGDOM OF SAUDI ARABIA
by
Edward A. du Bra;zJ James E. Elliott,

and Douglas B. Stoeser

U.S. Geological Survey
Open-File Report £3- 369

Prepared for:

Ministry of Petroleum and Mineral Resources
Deputy Ministry of Mineral Resources
Jiddah, Kingdom of Saudi Arabia
1403 AH 1983 AD

This report is preliminary and has not
been reviewed for conformity with U.S.
Geological Survey editorial standards.

1983



CONTENTS
Page

ABSTRACT...... ---------- ....l..l.l.ll..._.....II...O...O. 1

INTRODUCTION.I.........I.I............ll...l....ll...l.'
Previous work and background.:.eceesssscessccscscscssne

Setting..l.Q.......l.....ll.o...l......l..l.‘.'.....

ACKNOWLEDGMENTS...O.....-.....tggoatto.-.....-.o...o'...
REGIONAL GEOLOGY.......o'.ll..--..o.-0.'...0............

METHODS AND DATA PRESENTATION. .. csscssoscscsssssocessss
Geochemical samplingeeceeesceeesssccoccosssssssassessas
Scintillometryeeeesssseceocssssessssesssssssssoscssos
Sample pProCceSSiNng.cseessssssecessessssescsscscnssssnsse
Chemical analySiSecseessssscessssscscssossssccscsssas
Petrography...............o.........................
Data evaluationN.isececeesceceesesasesocssssssssscsscsccs

Definition of anomalous valueSe.recsecesccocsns
Concentration versus cumulative frequency
PlOtSceesesssssssssssossasosssscssssssssnssss 24

N N -
WWoO NN 0] 9]] o (410 ol

INTERPRETATION OF GEOCHEMICAL DATA. .. e eeseeseccccascnececs 26
Pan concentrate SampleS..sscesesssssesssssccssosssses 26
ROCk Samples-.............-......................... 33

Semiquantitative spectrographic data and
quantitative data for lithium, fluorine, and
tUNESteNe et seceecssscsssosnssonssassssossssscssss 33

X-ray fluorescence datQecesecececcscsscscescass 40

GEOCHEMICAL ANOMALIES ® 6 5 0 5 5 0 6 0 0 00 0 PSS O S S s PO S E S O SO .‘ L 1 45
RADIOMETRIC ANOMALIES ¢ & 5 5 5 5 09 % 5 55 ¢ 000 S 080 S SO S PSS 0000 O s 48
CONCLUSIONS AND RECOMMENDATIONS.:cecceecoosccssccsscessecss 49

REFERENCES CITED..I..l....l..........'...‘.'I.II...O.II.. 50



Plate 1.

Figure 1.

3-5 .

ILLUSTRATIONS
[Plates are in pocket]

Map showing sample locations and semiquan-
titative spectrographic data for geochem-
ically anomalous pan concentrates, eastern
and southeastern Arabian Shield

Map showing sample locations, semiquantitative
spectrographic data, and quantitative data
for lithium, fluorine, and tungsten for
geochemically anomalous rock samples,
eastern and southeastern Arabian Shield

Map showing sample locations and X-ray
fluorescence trace-element data for
geochemically anomalous rock samples,
eastern and southeastern Arabian Shield

|
Page

Index map showing the location of the felsic
plutonic rocks study area in the eastern
and southeastern Arabian Shieldecceccececes 2

Map showing the results of total-count
radiation measurementSceccesescssccesecsces 8

Histograms of:

3. Frequency distribution of semiquantitative
spectrographic analyses for 694
pan concentrate s&mpleScececcocccsccess 11

tive spectrographic analyses for 696
rock samp1e50-o-o ® ® 6 &6 6 06 06 & 2 8 08 00 0 s oo 14
|
5. Frequency distribution histograms of X-
ray fluoresence tface-element data for
692 rOCk Samples.%.....“.Q....“...Q. 17

4. Frequency distribut{on of semiquantita-

Quartz-alkali feldspar-plagioclase feldspar
ternary diagram showing the modal compo-
sition of 696 granitoid rock sampleSecees. 19

Quartz-feldspar-mafic minerals ternary

diagram showing the modal composition
of 696 granitoid rock sampleSccccecececcces 22

ii



Page

8. Plots of the log of reporting intervals' lower
concentration limits versus cumulative
percent frequency, by element, for 694
pPan concentrateSeeeececscccsccsccscssscccsas 28

9. Plots of log concentration semigquantitative
spectrographic data versus cumulative
percent frequency for pan concentrates..... 32

10. Plots of the log of reporting intervals' lower
concentration limits versus cumulative
percent frequency, by element, for 696
TOCK SaAmMPleSececiessecsscccscscsccsssssscssscscss 36

11. Plots of log concentration semiquantitative
spectrographic data versus cumulative
percent frequency for rock sampleSccseces.. 38

12. Plots of log concentration X-ray fluorescence
data versus cumulative percent frequency,
by element, for 692 rock sampleS.cecceccess 42

13. Plots of log concentration X-ray fluorescence
data versus cumulative percent frequency
for rock samples for elements that show
departures from lognormal distribution..... 43

TABLES-

Table 1. Elemental geometric means of semiquantitative
spectrographic data for rock and pan
concentrate samples collected in the
eastern and southeastern Arabian Shield.... 9

2. Petrography of granitoid plutons of economic
interest in the eastern and southeastern
Arabian Shieldll..Q......l.lﬁ.l'l.l..l.ll.. 20

3. Statistical data and threshold concentra-

tions of semiquantitative spectrographic
data for pan concentratesS..ccocecceeccsssss 30

4. Statistical data and threshold concentrations
of semiquantitative spectrographic and
quantitative data for rock sampleS.eceesec... 34

5. Stafistical data and threshold concentra-
tions of X-ray fluorescence trace-element
data for rock sampleS.ccececsscscsscscccccsss 41

6. Trace-element geochemistry of metallogenically

specialized granites and nonspecialized
granites.lll......‘..‘............0.0....00 47

iii



GEOCHEMICAL EVALUATION OF FELSIC PLUTONIC ROCKS
IN THE EASTERN AND SOUTHEASTERN ARABIAN SHIELD,
KINGDOM OF SAUDI ARAﬁIA
by
Edward A. du Bray, James E. Elliott,l/

and Douglas B. Stoeser
ABSTRACT

In a geochemical evaluation of the eastern and southeast-
ern Arabian Shield, which included collection of 696 rock
samples and 694 pan concentrate samples, a province of tin-
anomalous granitoid plutons was defined. Pan concentrates
collected in and around these plutons were enriched in tin
and tungsten relative to the concentrate population. Rock
samples of these leucocratic, muscovite-bearing, peraluminous
granites contained anomalously high concentrations of lith-
ium, fluorine, beryllium, lead, rubidium, niobium, yttrium,
tin, bismuth, silver, and tungsten.

Ten tin-anomalous plutons were located in the study area.
The plutons are typically small, less than 10 km2 in areal
extent, and circular to elliptical in plan view. The re-
source potential of these latest Proterozoic plutons has not
been established; economically exploitable concentrations of
tin, tungsten, molybdenum, or zinc may be present, and fol-
lowup studies are warranted. Further, two of the plutons are
characterized by higher than normal total-count radioactiv-
ity and have potential for uranium, thorium, or rare-earth
element deposits.

INTRODUCTION

Previous work and background

Geochemical surveys conducted during early exploration of
the eastern and southeastern Arabian Shield demonstrated that
the region contains areas having potential for mineral depos-
its. An unpublished geochemical reconnaissance of the area
by P. K. Theobald of the U.S. Geological Survey, Jiddah, in-
cluded analysis of 2,571 pan concentrate samples and 5,260
-30 to + 80 mesh wadi-sediment samples and identified several
areas containing anomalous amounts of tin, tungsten, and (or)
molybdenum. Whitlow (1968a,b,c,d) added definition to these
anomalies in a series of geological-geochemical 1:100,000-

-
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Figure 1.-Index map showing the location of the felsic p])utonic rocks study area in the eastern

2

and southeastern Arabian Shield. Numbered localities refer to plutons described in
table 2. Underlined locality numbers indicate alkali granites, all other localities are
muscovite granites. Heavy unlabeled lines indicate major faults.



scale quadrangle maps. Theobald (1970) suggested that the
monzogranite and granodiorite that occur in the Al Kushay-
miyah region, east-central Arabian Shield (fig. 1), have
potential for a porphyry-molybdenum deposit. Following Theo-
bald's recommendations, Dodge (1973), Theobald and Allcott
(1973), and Dodge and Helaby (1975) completed detailed
assessment studies at Al Kushaymiyah.

In 1977 J. E. Elliott, U.S. Geological Survey  Saudi Arab-
ian Mission, initiated a more detailed reconnaissance geo-
chemical exploration program in the eastern and southeastern
Arabian Shield, which concentrated on felsic plutonic rocks.
The elements (and the principal economic minerals) sought
were tin (cassiterite), tungsten (wolframite and scheelite),
and molybdenum (molybdenite and powellite). Elliott (unpub-
lished data, 1982) identified several tin-bearing granitoid
plutons during preliminary work in the eastern and southeast-
ern Arabian Shield. The monzogranite (plutonic nomenclature
in this report is that of Streckeisen, 1976) exposed at Jabal
al Gaharra is one of these and was studied in detail
(Elliott, 1980). Elliott indicated that this two-mica leuco-
monzogranite, although tin-bearing, does not contain economic
tin deposits at the present level of exposure.

Chappell and White (1974), Tischendorf (1977), and Groves
and McCarthy (1978) considered the particular geochemical and
petrologic characteristics of granitoid plutons that may host
tin and (or) tungsten deposits. These S-type granites, as
defined by Chappell and White (1974), have the following
characteristics:

1. biotite and (or) muscovite are the only volumetric-
ally significant nonquartz or nonfeldspar phases

2. initial 878r/86Sr ratios greater than 0.708, sug-
gesting genesis by remelting of preexisting contin-
ental crust

3. molar A1203/(Na20+K20+Ca0) greater than 1.1, that is,
strongly”~ peraluminous, which is reflected by CIPW
normative corundum greater than 1 percent
, . N

4. composition restricted to magmas with SiOg
greater than 72 weight percent

5. trends on variation diagrams irregular

6. Nag20 normally 1less than 3.2 percent in rocks with
approximately 5 percent K50

Although Chappell and White (1974) created the I-type and
S-type distinction for a small group of Australian granitoid
rocks, the characteristics that they attribute to the latter



type define an important class of granitoids, and geoscien-
tists throughout the world have adopted their classification.
In global usage and in this study the peraluminous plutons
that have been labeled S-type may not meet all of the origi-
nal criteria of Chappell and White but they usually meet a
majority. Chappell and White proposed genesis of S-type
granites by melting sedimentary rocks| and genesis of I-type
. by melting igneous rocks. However, the genetic implication
_inherent in the use of I- and S-type nomenclature is at pres-
ent seldom considered by most geoscientists, and the use of
this nomenclature in this report does|not propose genesis of
these rocks by melting sedimentary rocks but only indicates
the existence of chemical and petrographic similarities be-
tween the plutons so identified here and S-type granites as
defined by Chappell and White (1974).

Groves and McCarthy (1978) presented the physicochemical
conditions that favor the genesis of metal-enriched magmeas.
The results of Elliott (smpres; unpublished data, 1982) suggest
that the eastern and southeastern Arabian Shield may contain
similar mineralized S-type granites.

In addition to the S-type granites described above, per-
alkaline granites of possible economic significance are wide-
spread in the Arabian Shield (Stoeser and Elliott, 1980). In
particular, Drysdall (1979) and Douch and Drysdall (19807
have identified highly radioactive microgranitic apophyses,
associated with larger peralkaline plutons, in the northwest-
ern Hijaz region of the Arabian Shield. These apophyses are
enriched in niobium, tantalum, tin, thorium, yttrium, zircon-
ium, and zinc. Drysdall (1979) suggested that these apoph-
yses may be similar to the younger granites of Nigeria and as
such are possible hosts to tin-zinc deposits. He also indi-
cated that they bear some resemblance to metasomatized gran-
ites in eastern Egypt that contain niobium, tantalum, tin,
and tungsten deposits. Because peralkaline granites also are
found within the study area, there is potential for this type
of deposit as well.

This study was performed by the U.S. Geological Survey as
part of a work agreement with the Saudi Arabian Ministry of
Petroleum and Mineral Resources, in order to complete & pro-
gram of reconnaissance wadi-sediment and rock sampling of the
felsic plutons in the eastern an southeastern Arabian
Shield. The geochemical and petrographic characteristics of
these rocks were established, and eochemically anomalous
plutons were noted. A special effort was made to identify
and characterize all peraluminous and peralkaline plutons and
to define target areas that merit further exploration.

|



Setting

Much of the area has been reduced to a peneplain, and
large mountain masses are uncommon. Isolated and coalescing
inselbergs rise above the plain to break the otherwise monot-
onous surface. A relatively well integrated drainage system,
a remnant of wetter times, covers most of the area, but wadis
remain dry except during very rainy periods. Peneplained
surfaces are covered in most places by at least several me-
ters of sand and gravel, and parts of the area are covered by
sand seas several hundreds of meters thick.
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REGIONAL GEOLOGY

The eastern and southeastern Arabian Shield is underlain
by Precambrian intrusive and metamorphic rocks. The intru-
sive rocks range in composition from diorite and gabbro to
alkali-feldspar granite, but granodiorite and monzogranite
are most extensive. The study area is underlain by several
hundred granitoid plutons that form an interlocking mosaic,
locally separated by roof pendants. A group of latest Pro-
terozoic, postorogenic granitoid plutons comprises about 25
percent of the area underlain by plutonic rocks (Greenwood
and Brown, 1973). This group of postorogenic plutons ulti-
mately proved to have the highest favorability for mineral
deposits.

The principal metamorphic rocks in the study area are
those of the Abt formation in the northern part of the area
and of the Murdama and Halaban groups throughout. These
rocks were thermally metamorphosed at greenschist- and lower
amphibolite~facies conditions during pluton emplacement.
Complex structural history is preserved in these layered
rocks, which were deformed during the compressional events
that accompanied cratonization of the Arabian Shield, and
each metamorphic group contains characteristic structural
styles and patterns attributable to multiple deformation.



The Najd fault zone is one of the most significant structural
features in the study area. Many faults, along which there
has been small to moderate offset, and two major northwest-
trending Najd faults cut the northern part of the area.

Diabase, basalt, andesite, and rhyolite dikes transect
rocks of the Arabian Shield, and many swarms, each with a
characteristic trend, are represented. Aplite and pegmatite
dikes commonly cut the intrusive rocks. '

The preceding is a superficial tneatment of the regional
geology. U.S. Geological Survey map I-270 A (U.S. Geological
Survey and Arabian American 0il Company, 1963) provides an
overview of Arabian Shield geology, and greater geologic de-
tail is available in the 1:100,000-scale quadrangle maps cov-
ering the area. U.S. Geological Survey Mission Interagency

__Report 400 (U.S. Geological Survey,nwgézfa)provides an index
to quadrangle mapping completed as of Muharram 1, 1401
(November 9, 1980). Detailed regional geologic and synthesis
studies of the Arabian Shield include those by Schmidt and
others (1979); Fleck and others (19809, and Greenwood and
others (1980, 1982).

METHODS AND DATA PRESENTATION

A very large region was examined during this study, and
using the data gathered, an attempt was made to identify plu-
tons that showed an affinity for the mineral-deposit types
considered by Chappell and Whi§9 (19745, Tischendorf (1977),
and Groves and McCarthy (1978). Each pluton identified on
the 1:100,000-scale geologic maps of the area (U.S. Geologi-
caI‘Survey,Hﬁva”z)was sampled at one location and generally
at several. Plutons previously identified as anomalous by
Elliott (unpublished data, 1982) were more thoroughly sam-
pPled. Sediment and rock samples were collected for chemical
analysis and for petrographic studies Total-count radiation
readings were recorded at each sample location.

Geochemical sampling

All sampling subsequent to Elliott's preliminary work was
completed in 6 weeks of helicopter-assisted fieldwork between
February 1980 and January 1981. At each sample location ap-
proximately 10 kg of medium- to coarse-grained wadi sediment
and about 1 kg of representative rack from nearby outcrop
were collected for chemical analysis, Another rock sample
was collected at each location for thin sectioning and prep-
aration of a stained slab.

|
Sample locations were predetermiﬁed on the basis of loc-
al geology. Using 1:100,000-scale geologic maps and photo-
mosaics, locations were identified that insured homogeneous
source terrane and easy availabilit#lof both wadi sediment



and rock. A total of 696 locations were sampled for this
study: 123 by Elliott in 1978 and 1979 and 573 subsequently
by du Bray. All sample locations are shown on plates 1-3.
Detailed sample location maps and geochemical data are avail-
able in base data file USGS-DF-01-05, on file in offices of
the U.S. Geological Survey, Jiddah, Saudi Arabia.

Scintillometry

A total-count scintillometer having a cylindrical (38.1
mm x 38.1 mm) sodium iodide detection crystal was used to
measure radioactivity at each sampling site. At each site,
the. instrument was set on a planar outcrop and allowed to
equilibrate before the reading was taken. Results of the
radiometric survey are plotted on figure 2.

Sample processing

Each 10-kg wadi-sediment sample was split approximately
into a 7.5-kg fraction and a 2.5-kg fraction. The latter was
archived for future reference. The heavy minerals were con-
centrated in the former using a gold pan and standard panning
techniques.

A -30 to +80 mesh bulk wadi-sediment sample was produced
by splitting and sieving the archived sample fraction of all
123 samples collected by Elliott and the first 188 samples
collected by du Bray. This work resulted in a sample media
efficiency study (du Bray, 1981), which demonstrated that be-
cause of dilution by quartz and feldspar, the -30 to +80 mesh
fraction of wadi sediment conveys insufficient information to
warrant further analysis of this sample medium. Analysis of
this sample medium was discontinued, but preparation and
analysis of pan concentrates continued.

Chemical analysis

All pan concentrates were submitted to the DGMR-USGS
chemical laboratory, Jiddah, for 30-element semiquantitative
spectrographic analysis (table 1). Semiquantitative spectro-
graphic data reported here do not represent absolute analyti-
cal values but rather parts per million (ppm) or weight per-
cent to the nearest number in the series 1.0, 0.7, 0.5, 0.3,
0.2, 0.15, 0.1, and so forth, which represents the approxi-
mate midpoint of group data intervals on a geometric scale.
In addition to 30-element semiquantitative spectrographic
analysis, determinations of fluorine using the selective-ion-
electrode method, lithium using atomic absorption, and tung-
sten using colorimetry were made for rock samples.

Additional trace-element analyses were completed for all
rock samples using-the U.S. Geological Survey X-ray fluores-
cence multichannel spectrometer; sample excitation was
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achieved using a Cd-109 radioisotope source. Accurate, high-
precision determinations were made &or rubidium, strontiu

zirconium, niobium, and yttrium (Elsass and du Bray,Izng?
The X-ray fluorescence data represe%i discrete values within
the limits of analytical precision. 'The analytical precision
of the analyses is *5 percent of the amount indicated. Spec-
trographic, quantitative, and X-ray fluorescence data for pan
concentrates and rocks are summarized in frequency histograms
(figs. 3—5). A complete listing of the data used for this
report is available in USGS base data file USGS-DF-01-05.
The sample-numbering scheme used in|this study is explained
in this data file. Inquiries regard{ng this data file should
be made to the U.S. Geological Survey,. Jiddah, Saudi Arabia.

Table 1 shows the geocktemical variation on a regional
basis within the study area and compares the chemistry of
granitoids of the study area with that of an average granite
(Krauskopf, 1967). The statistical treatment that follows
would be futile if the entire study area or a major part of
it was geochemically anomalous. Comparison of the "Total"
column for rock samples with the "Average granite" column
(table 1) indicates that this is not the case. With the ex-
ception of iron, magnesium, calcium, chromium, barium, and
strontium, the granitoids exposed in the study area are chem-
ically very similar to the average granite. Considering that
the analyses presented here are semiquantitative, the
agreement is good.

Iron, magnesium, calcium, titapium, bismuth, yttrium,
fluorine, and lithium contents of rock samples collected by
Elliott vary significantly from the regional means, but this
can be attributed to the large number of samples (43) col-
lected from the Jabal al Gaharra [tin-bearing monzogranite
(Elliott,m preed. Discounting these samples, there is not
much geochemical variation of rock samples from various parts
of the study area. Elliott's pan concentrates seem similarly
affected by the dense sampling at Jabal al Gaharra. Dis-
counting those, the composition of the pan concentrates also
appears to be relatively homogeneous throughout the eastern
Arabian Shield. In no case is therel a regional variation of
much more than one spectrographic reporting interval. A sig-
nificantly more rigorous statistical evaluation of regional
geochemical variation could be attempted, but considering the
nature of the data and the effort that would be required,
this would be beyond the scope of the study.
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samples collected in the eastern and southeastern Arabian Shield. Concentration
intervals have the following widths: rubidium, 25 ppm;strontium, 25 ppm; yttrium,
10 ppm; zirconium, 20 ppm; niobium, 5 ppm; Rb/Sr 0.1 and 10. Data are plotted
against interval midpoints Number of samples in each interval is indicated.

17



Petrography

Petrographic study of rock samples included modal analy-
sis of stained slabs and examination of thin sections.
Between 350 and 700 points were counted on each stained slab,
averaging about 60 cm2 of surfac area; each point was
assigned to one of the categories: quartz, alkali feldspar,
plagioclase, mafic minerals. Results of the modal analyses
are plotted on QAP (Streckeisen, 19 GY'and QFM  ternary dia-
grams (figs. 6, 7). The mafic and accessory mineral suites
and microscopic textural features of | rock samples were deter-
mined by examination of thin sections.

The felsic plutonic rocks of the eastern and southeastern
Arabian Shield can be divided on the basis of petrography
into five classes (in order of abundance): 1) equigranular
biotite monzogranite, 2) equigranular biotite and (or) horn-
blende granodiorite, 3) monzogranite and granodiorite, both
of which contain biotite and megacrystal microcline; 4) alas-
kitic muscovite granite, and 5) alkali granite. Of these
classes, only the alaskitic muscovite granites (13 plutons)
and alkali granites (4 plutons) appear favorable for mineral
deposits. The locations of these plutons are shown in figure
1, and their petrography is tabulated in table 2.

The alaskitic muscovite monzogranites are leucocratic and
medium grained and typically have hypidiomorphic-equigranular

to xenomorphic-granular textures. orphyritic varieties are
rare. The potassium feldspar is nonperthitic microcline,
amazonitic in some plutons, and the plagioclase is unzoned,
polysynthetically twinned albite. iotite and muscovite are

present in varying proportions, although muscovite is domi-
nant in the smaller plutons. Spessartine garnet (as much as
1 modal percent) is present in seven of the plutons (table
2). Ilmenite is the characteristic oxide mineral but aver-
ages less than 0.1 percent. Other characteristic accessory
minerals are zircon, apatite, and fluorite. The muscovite
granites are chemically peraluminous, that is, molar
Al203/(Ca0+Nag0+K20) is greater than 1 (du Bray,
1982). They also have the petrographic and trace-element
chemical characteristics of S-type granites.

The alkali granites usually contain aegerine-augite and
either arfvedsonite or arfvedsonite-riebeckite. In the south-
eastern Arabian Shield these granites are hypersolvus,
medium- to coarse-grained perthite lalkali-feldspar granites
and syenogranites in which the felsic minerals crystallized
early and the mafic silicate minerals tend to be late inter-
stitial. Chief accessory minerals are magnetite, fluorite,
allanite, and abundant zircon. The alkali granites are chem-
ically _.peralkaline, that is, molar (Nag0+K20) /A1203
is greater than 1. Further information regarding the peral-
kaline granites of the Arabian Shiel? is presented by Stoeser
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Table 2.--Petrography of granitoid plutons of economic interest in the eastern and

southeastern Arabian Shield
[Locality numbers keyed to fig. 1]

Locality Pluton Petrographic characteristics
number name

1 Jabal al Ehn Hypidiomorphic, inequigranular to subporphyritic, medium-
monzogranite grained monzogranite containing biotite and muscovite

2 Jabal Sabhah Hypidiomorphic, inequigranular, medium=-grained monzogran-
monzogranite ite containing biotite and muscovite

3 Granites of the Hypidiomorphic, porphyritic, medium-grained microcline
Uyaijah ring granodiorite host, surrounded by a ring dike of hypidio-
structure in morphic-xenomorphic to granular, medium-grained seriate
the Kushaymiya leucogranite and intruded by a core stock of hypidio-
complex morphic-granular, seriate, medium—grained granite and

granodiorite

4 Hassat ibyn Hypidiomorphic, inequigranular to subporphyritic, medium-
Huwail granite grained granite containing biotite and muscovite

5 Jabal al Hawshdh Hypidiomorphic, inequigranular to subporphyritic, medium-
monzogranite grained monzogranite containing biotite and muscovite

6 Jabal as Sitarah Hypidiomorphic to xenomorphic, inequigranular to subpor-
monzogranite phyritic, medium~grained monzogranite containing biotite

and muscovite

7 Jabal Sahah Hypidiomorphic, equigranular, medium— to coarse-grained
granite granite containing biotite and muscovite

8 Granite near Hypidiomorphic, equigranular, medium-grained granite
Bir Masala containing biotite and muscovite

9 Monzogranite Hypidiomorphic to xenomorphic, inequigranular, medium-
near Jabal grained monzogranite containing biotite, muscovite,
Tarban garnet, and locally amazonite N\

10 Monzogranite and Hypidiomorphic, inequigranular, medium-grained monzogran-
granodiorite ite and granodiorite both containing biotite, muscovite,
near Jabal Kebad and garnet

11 Granodiorite Hypidiomorphic, equigranular, medium-grained granodiorite
near Jabal containing muscovite and garnet
Mahail
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Table 2.--Petrography of granitoid plutoms of economic interest in the eastern and
southeastern Arabian Shield-Continued

Locality
number

Pluton
name

Petrographic characteristics

12

13

14

15

16

17

18

19

20

21

Granite and
alkali granite
of the Jabal
al Hassir ring
complex

Alkali granite
south of Kitmah

Monzogranite
near Wadi
Tafshah

Granodiorite
near Madha

Monzogranite and
granodiorite
near Jabal Zayd

Wadi al Habbah
granodiorite

Jabal Bani
Bwana granite

Jabal al Gaharra
monzogranite

Granite and
alkali granite
of the Jabal
Ashirah ring
complex

Najran alkali
granite

Core of hypidiomorphic, inequigranular to subporphyritic,
medium—grained biotite monzogranite surrounded by a ring
of hypidiomorphic, inequigranular, coarse-grained alkali
granite containing perthite, biotite, and arfvedsonite

Hypidiomorphic, subporphyritic, medium-grained alkali
granite containing riebeckite

Hypidiomorphic, inequigranular, medium-grained gneissic
monzogranite containing garnet and muscovite

Hypidiomorphic, inequigranular, medium-grained gneissic
granodiorite containing muscovite, biotite, and garnet

Hypidiomorphic, equigranular, medium=—grained monzogranite
and granodiorite containing biotite, muscovite, and
garnet

Hypidiomorphic, inequigranular, medium-grained pegmatitic
granodiorite containing biotite, muscovite, and garnet

Hypidiomorphic, inequigranular to subporphyritic, medium--
grained quartz porphyritic granite containing biotite,
muscovite, and locally amazonite

Hypidiomorphic, equigranular, medium-grained monzogranite
containing biotite and muscovite

Core of hypidiomorphic to xenomorphic, inequigranular,
medium—grained biotite monzogranite surrounded by a ring
of hypidiomorphic, inequigranular, coarse-grained alkali
granite containing perthite, arfvedsonite, biotite, and
riebeckite

Hypidiomorphic, inequigranular, coarse-grained alkali
granite containing perthite, arfvedsonite, biotite, and
riebeckite
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Figure 7.—Quartz-feldspar-mafic minerals ternary (QFM) diagram showing the modal composi-

tion of 696 granitoid rock samples collected in the eastern and southeastern Arabian

Shield. Each dot represents one sample. Each barjon a dot represents an additional

sample with the same composition.

22



and Elliott (1980). Other studies have shown that the peral-
kaline granites in the northwestern part of the Arabian

Shield have potential for economic deposits of uranium, thor-
ium, tantalum, niobium, and the rare- earth elements (Douch

and Drysdall, 1980; Drysdall, 1979). The alkali granites in
the study area probably have similar potential.

The alaskitic muscovite granites were found throughout
the study area, whereas the alkali granites were found only
in the southern half. Both types of granites tend to crop
out as round to elliptical plutons in plan view, whereas the
majority of the other plutonic rocks tend ‘to occur in very
elongated or very irregularly shaped plutons. A detailed
study of the petrology of the peraluminous granites is being
prepared by du Bray, and the present report concentrates only
on the geochemical exploration related to them.

Data evaluation

Definition of anomalous values

The goals in regional geochemical prospecting are to
establish background concentration levels and to identify
geologic features that are geochemically anomalous. First,
however, an anomaly threshold concentration must be estab-
lished for each element of the geochemical survey. Element
threshold concentrations have previously been defined as the
arithmetic mean (X) of the population plus two standard devi-
ations (20) (Overstreet, 19787 or as the upper 2.5 percent of
all observations (Hawkes and Webb,. 1962), but threshold con-
centrations are more commonly established by visual examina-
tion of frequency distribution histograms. None of these
methods is very rigorous or very effective with regard to
proper threshold concentration identification.

Ahrens (1957) noted that most trace elements found in
geologic materials are lognormally distributed. Lognormally
distributed populations plot as straight lines if log of con-
centration is plotted against cumulative frequency (in per-
cent) on an arithmetic probability scale. Elements whose
concentrations 1in samples are lognormally distributed are
considered to be present in anomalous amounts if y sample
concentrations exceed the arithmetic mean by two standard
deviations (X+20 criterion). The preceeding treatment of
lognormally distributed data is not entirely appropriate.
Transformation of lognormally distributed data to logarithms
yields a normally distributed population for which mean,
standard deviation, and X+20 can be calculated. The anti-
logarithms of these values give estimates of the population's
statistical tendencies. Calculating these parameters using
untransformed data is significantly easier and provides a
relatively accurate empirical estimate of a population's sta-
tistical tendencies. Further, if these parameters are
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calculated for a weakly skewed 1lognormally distributed
population such as that studied here, they will be similar to
those calculated for the normal distribution curve that best
fits the population. 3.

The effect of calculating X+2o0 inithis fashion is to
pick a threshold of lower concentration than would be calcu-
lated after transformation to logarithms. This mistake is
preferable to picking too high a threshold concentration. As
is subsequently demonstrated, the X+27 criterion typically
identifies too high a threshold, a situmation that would be
exacerbated by its rigorous calculation.

Certain characteristic departures from a lognormal dis-
tribution indicate that the threshold concentration for the
studied distribution is a lower value (Lepeltier, 1969). If
this is the case, one or more higher concentration popula-
tions may be superimposed on the background population, such
as would be the case if samples from a mineralized area were
included with a set of samples from an unmineralized area.

Superimposed populations may also result if the samples
have been collected in very different geologic terranes, and
therefore care must be taken to consider source terrane
homogeneity for statistical treatment of data distributions.
Although the threshold concentrations established here apply
to the granitoid rocks of the eastern and southeastern
Arabian Shield, they are probably grossly applicable in other
areas underlain by <calc-alkaline granitoid batholiths.
Similar studies would be necessary to |establish threshold
values for the metamorphic terranes of the Arabian Shield.

Finally, some elements were present |in such low concen-
trations or had such high minimum detection limits relative
to average values that statistical treatment was impossible
and any detected quantity is regarded d4s anomalous. This
group of elements includes silver, gold, arsenic, bismuth,
cadmium, antimony, 2zinc, and tungsten. No sample collected
during this study contained detectable gold, antimony,
arsenic, or cadmium.

Concentration versus cumulative frequency plots
: . AN
Data for both rock and pan concentrate samples were com-
piled as the number of samples per conc¢entration interval,
then converted to cumulative frequency tables, one for each
element, and evaluated. A cumulative f£frequency curve was
plotted and visually evaluated for linearity. The mean plus
two standard deviation rule was employed to establish thres-
hold concentrations in linear cases (tables 3-5). In nonlin-
ear cases an inflection point was picked and a computerized
version of Sinclair's (1974) dual population resolution cal-
culation was employed. In this method the positions of the
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data points on the cumulative frequency distribution plot
were recalculated in order to identify two distributions
that, when combined, replicate the distribution of the total
population. A plot of the two resolved. frequency distribu-
tion curves (background and anomalous) was then produced. If
the chosen inflection point did not yield a suitable popula-
tion resolution, that is, if the resolution failed to produce
two lognormally distributed populations, another inflection
point was chosen and the procedure was repeated until a sat-
isfactory result was obtained. Ideally, relatively straight
lines were drawn through each set of recalculated points.
The high-concentration background-population data point is
identified as the threshold concentration;. sample data that
exceed this value are considered part of the anomalous
population.

The principal assumption in this method is that the back-
ground source terrane is relatively homogeneous, that is, the
geochemistry of the study area granitoids is relatively uni-
form. If this assumption is not valid, inflection points and
threshold concentrations might be chosen that are artifacts
of source terrane variation; such threshold concentrations
would not correctly indicate the cutoff between mineralized
and unmineralized rock. Threshold misidentification of this
type typically results in a large percentage of samples being
assigned to an anomalous population. Unless an unusually
large number of samples were fortuitously collected within an
anomalous area or the anomalous area is large relative to the
entire area being sampled, the chosen inflection point will
usually correspond to less than 10 percent and in some cases
less than 5 percent of the total population.

Sinclair's (1974) method can also resolve total popula-
tions composed of three or more subpopulations, but the pro-
cess is significantly more difficult. A simplified approach
that is still relatively valid involves resolution of only
the two highest concentration populations, that is, selection
of the inflection point that gives the highest corresponding
concentration. In most cases, the resolution so achieved is
between the highest concentration background population and a
suite of anomalous samples. Identification of these highest
concentration populations (indicators of potentially miner-
alized rock) is the principal concern here. Small populations
superposed at the low concentration end of the parent popula-
tion may also be indicators of mineralized rock. The rock
types being sought are usually identified by anomalously high
concentrations of certain elements, but they may also be
characterized by anomalously low, depleted concentrations of
others.
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INTERPRETATION OF GEOCHE%ICAL DATA

Cumulative frequency distribution curves for pan concen-
trate and rock data are shown in figures 8 through 13. In
these plots a break in slope and associated relative slope
decrease indicate a greater number of samples in the inter-
vals than predicted by the lognormal distribution. Converse-
ly, a break in slope and relative slope increase represent
fewer observations in the interval | than predicted by the
lognormal distribution. :

Many of the plots have long tails at the low-concentra-
tion end of the population. These tails result from an un-
usually large number of samples in the interval immediately
above the detection 1limit and probably represent reporting
bias. Given the choice of reporting a numeric value or a
numeric value qualified by less than (L) the analyst prefer-
entially tends to choose the former. In pan concentrate
samples, data for all elements except manganese, barium,
chromium, vanadium, yttrium, and irconium display this
phenomenon. In rock samples, only manganese, barium, and
zirconium data 1lack 1low-concentration tails. These tails
were ignored during population resolution.

Pan concentrate samples

A brief discussion of the cumulative frequency plots fol-
lows. The results of population resolution for pan concen-
trates are graphically presented in figure 9, and threshold
concentrations are listed in table 3.

Cumulative frequency data for manganese, boron, - cobalt,
molybdenum, scandium, strontium, and vanadium represent sin-
gle lognormally distributed populations, and the Sinclair
method was not applied. There may be a small manganese-
depleted population superimposed on twe low end of the total
population, but the data set was too limited to model. The
high concentration part of the boron population is sample
depleted. The cobalt population includes one anomalously
enriched sample (150 ppm), which caused a slight bend in an
otherwise perfectly linear fit. Only 136 samples contained
detectable molybdenum. This lognormal population is probably
mostly anomalous and would be superimposed on the baskground
population of 558 samples if the data distribution was more
completely known.

The absence of strict linearity for vanadium data may
also reflect on the precision of semiquantitative spectro-
graphic data. Interpretation of cumulative frequency data
for zirconium was hindered because half of all samples con-
tained quantities of zirconium in xcess of its maximum
detection -1limit (1,000 ppm). No valid conclusions can be
drawn except that the threshold concentration is greater than
the maximum detection limit.
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The data for strontium are a bit difficult to interpret,
but several explanations are possible. First, cumulative
frequency data for strontium may follow a distribution other
than lognormal. Alternatively, strontium values may be log-
normally distributed, but spectrographic analyses for stron-
tium may have low precision relative to observed variance;
this would render the characteristic distribution unidenti-
fiable. Finally, the plot may be indicative of two super-
posed populations, each of which accounts for a substantial
part of the full distribution, as is the case for -the copper
data. In this case, the concentration versus cumulative per-
cent frequency distribution slopes would be nearly identical
and there would be little data overlap between the two popu-
lations relative to concentration values. The latter would
be evident on the frequency histograms but is not; therefore
the strontium data probably do not represent two superposed
populations.

Cumulative frequency data for barium, beryllium, chrom-
ium, copper, lanthanum, nickel, niobium, lead, tin, and
yttrium are bimodal, and data for each bimodal distribution
were resolved into two 1lognormally distributed subpopula-
tions. Barium data show some fluctuations in the higher con-
centrations that render the resolution approximate. The
interval reported as 1.5 ppm beryllium contained only 5 sam-
ples, whereas the adjacent intervals contained 137 and 176
samples. This appears to be another case of analytical bias,
and the interval reported as 1.5 ppm was not employed. It
appears that samples containing 1.5 ppm beryllium were not
reported as such but rather as containing either 1 or 2 ppm
beryllium. At the low-concentration end of the chromium dis-
tribution the departure from lognormality is not significant
because the data points are the result of only two observa-
tions spread between the four lowest concentration intervals.
The cumulative frequency distribution of copper is an inter-
esting case. The population is resolved into two lognormal
populations, and each accounts for half of the total popula-
tion. It is not 1likely that half of the population is copper
anomalous but rather that the pan concentrate data are from
two very different copper populations. A reasonable petro-
logic explanation for this has not been determined. The data
for niobium show a profound break above 500 ppm. There are
only two classes containing data above this value so the
Sinclair method cannot be applied. The break in the data is
probably significant however, and a threshold concentration
was identified on this basis.

In summary, the Sinclair method identified threshold
concentration for beryllium, niobium, tin, and yttrium that
are less than and statistically more rigorous than the
threshold concentrations predicted by the X+20 criterion.
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Table 3.--Statistical data and threshold concentrations of semiquantitative
spectrographic data for pan concentrates
[Only data not qualified by either L (less than) or G (greater than) were
used in the calculations. Leaders indicate an element undetected in all

samples. Values for Fe, Mg, Ca, and Ti in|weight percent; all others in

parts per million. N.C. indicates threshold concentration not calculated;

see text]

Number Standard _ Sinclair
Detection of Mean deviation x+20 threshold / Threshold 9/
Element limit values (x) (o) concentration=’ concentrationZ
Fe 0.05 672 8.8 4.8 18.4 3/ N.C.
Mg .02 694 1.5 1.2 4.7 3/ N.C.
Ca .05 694 3.0 1.6 6.6 3/ N.C.
Ti .002 261 0.8 0.2 1.2 3/ N.C.
Mn 10 691 1,556 927 3,410 6/ 3,000
Ag .5 0 —_ — -— 4/ 0.5
As 200 0 - - - 4/ 200
Au 10 . 0 —_ — — 4/ 10
B 10 343 21 15 51 5/ 50
Ba 20 689 233 232 696 830 700
Be 1 484 3 2 7 4 5
Bi 10 26 27 20 1/ 5/ 15
cd 20 0 —_ — -_— 4/ 20
Co 5 645 15 12 39 6/ 30
Cr 10 692 484 329 1,142 830 1, 000
Cu 5 693 57 48 153 7/ . 150
La 20 650 95 118 331 260 300
Mo 5 136 10 6 22 5/ 20
Nb 20 237 96 266 628 5008/ 500
Ni 5 692 36 31 98 83 100
Pb 10 366 33 48 129 83 100
Sb 100 0 - — -— 4/ 100
Sc .5 666 20 11 42 6/ 50
Sn 10 213 94 202 498 180 200
Sr 100 577 190 88 366 6/ 300
. - \
' 10 694 233 181 595 6/ 500
W 50 14 96 51 198 4/ 50
Y 10 694 99 184 467 260 300
Zn 200 1 200 —_ -_— 4/ 200
Zt 10 368 830 236 1,302 5/ 1,50010/
30




10/

Insufficient unqualified data for valid application of x+20 criterion;
threshold concentration chosen by visual examination of frequency
histogram. ’

Sinclair (1974) threshold concentration is defined as the maximum
concentration observed in the resolved background population.

Deposits of these elements not expected nor are these elements indicators
of the geochemical affinities being sought; Sinclair method not attempted.

Any detected occurrence considered anomalous.
Insufficient unqualified data for valid application of Sinclair method.

Sinclair method indicates that the sample population is a single
lognormally distributed population; the threshold concentration is defined as
x+2 O,

Sinclair method resolves the copper population into two populations,
each accounting for half of the parent population; see discussion in text.

Sinclair plot portrays a distinct break between low and high
concentration populations at 500 ppm; see text.

The threshold concentration is defined as the lesser of either the
spectrographic-reporting-interval midpoint corresponding to the interval's
lower limit, identified by the Sinclair method, or the interval midpoint
nearest the X+20 criterion. Values greater than the threshold concentration
are considered anomalous.

The maximum detection limit for zirconium is 1,000 ppm. Because half of the

samples exceed this value, no valid evaluation of zirconium concentrations in
the pan concentrates can be made.
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Figure 9.-Plots of log concentration semiquantitative spectrogra%hic data versus cumulative percent
frequency for pan concentrates. Only elements that show departures from lognormal dis-
tribution are displayed. The heavy curve represents all data in the sample population. The
two light lines and the points represent the two lognormal populations resolved from the
total population by the method of Sinclair (1974). The \vertical line cutting the curves
represents the inflection point (IP) picked for the resolution; I.P. indicates the percentage
of the parent population formed by the higher concentration (anomalous) population.

The lower concentration population is considered the background population.
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Rock samples

Semiquantitative spectrographic data and
quantitative data for lithium, fluorine, and tungsten

A brief discussion of the concentration versus cumulative
frequency plots of semiquantitative and quantitative data for
rock samples follows (fig. 10). The results of population
resolution of these data are graphically presented in figure
11, and threshold concentrations are listed in table 4.

Cumulative frequency distributions for manganese, boron,
lead, strontium, and zirconium in rock samples represent sin-
gle lognormally distributed populations, and the Sinclair
method was not applied. One sample contained 150 ppm boron
and is significantly enriched relative to the remainder of
the population. The lead data distribution is linear except
for two samples, each of which contained 500 ppm lead.
Strontium data also plot as a straight line. The zirconium
frequency distribution has a lower correlation coefficient
than the other lognormally distributed elements but is still
interpreted to be linear.

Cumulative frequency data for barium, beryllium, cobalt,
chromium, copper, 1lanthanum, molybdenum, nickel, niobium,
scandium, tin, vanadium, yttrium, lithium, and fluorine are
bimodal, and data for each bimodal distribution were resolved
into two lognormally distributed subpopulations. The barium
data may actually be trimodal, but resolution was attempted
for the two higher concentration populations only. Beryllium
data are not continuous at high concentration, and the reso-
lution achieved is approximate. The copper data for rock
samples are interesting, as they were for copper in pan con-
centrates. Again, the resolution achieved identified two
copper populations, both of which are very large. The rock
samples corroborate the observation that relative to copper
content, two different granitoid clans are present in the
eastern and southeastern Arabian Shield. No small anomalous-
ly enriched population (less than 10 percent of the full pop-
ulation) is resolvable from the higher concentration popula-
tion. Only 100 of all rock samples analyzed contained de-
tectable molybdenum, but this population was effectively re-
solved into background and anomalous populations. The\ thres-
hold thus achieved seems to represent a valid cutoff between
the background and anomalous populations (fig. 5). The nick-
el population was successfully resolved, but the distribution
includes one highly anomalous sample that diverges from the
anomalous population. Similarly, the niobium distribution
was successfully resolved and includes a single, highly anom-
alous sample. Only 80 samples contained detectable tin.
This population was resolved into two lognormal distribu-
tions, but the selected threshold concentration is probably
too high as a result of the high detection limit (10 ppm) for
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Table 4.--Statistical data and threshold conecentratio

spectrographic and quantitative data for roek samples

[Only data not qualified by either L (less

were used in the calculations.

in all samples.

others in parts per million.

of semiquantitative

han) or G (greater than)

Leaders ind‘qate an element undetected
Values for Fe, Mg, Ca, and| T1 in weight percent; all
N.C. indicates threshold concentration not

calculated; see text]
Number Standard Sinclair
Detection of Mean deviation %+20 threshold 2/ Threshold 8/
Element limit values (%) (g) concentrations concentration—
Fe 0.05 695 2.0 1.8 5.6 3/ . N.C.
Mg .02 641 0.65 1.2 3.1 3/ N.C.
Ca .05 696 1.6 1.7 5.0 3/ N.C.
Ti .002 668 .18 0.19 0.6 3/ N.C.
Mn 10 693 431 333 1,097 %/ N.C.
Ag .5 52 2 4 101/ 5/ 0.5
As 200 0 - - - 5/ 200
Au 10 0 - - - 5/ 10
B 10 175 15 12 39 4/ 30
Ba 20 606 555 492 1,539 829 1,000
Be 1 536 3 3.2 9 8 10
BL 10 10 28 16 601/ 8/ 10
cd 20 0 - - - 5/ 20
Co 5 137 12 7 28 18 20
Cr 10 695 190 83 356 260 300
Cu 5 635 31 36 103 1/ 100
La 20 426 38 28 94 56 70
Mo 5 100 7 8 23 11 15
Nb 20 102 41 51 143 83 100
Ni 5 319 14 25 64 56 70
Pb 10 501 28 30 86 4/ 70
Sb 100 0 — - - 5/ 100
Sc 5 196 11 9 28 12 15
Sn 10 80 68 88 2441/ 6/ 15¢
Sr 100 390 312 233 776 4/ 700
v 10 605 40 49 138 56 70
W 50 2 175 — 1/ 5/ %0
Y 10 498 44 44 132 120 150
Zn 200 11 309 158 6251/ 5/ 200
Zr 10 685 151 162 473 ¥ 500
Li 696 47 97 241 110 110
W 30 24 538 1,100t/ 5/ 10
F 696 837 962 2,760 ' 1,900 1,900
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Table 4 (Cont.)

Insufficient unqualified data for valid application of x+20 criterion;
threshold concentration chosen by visual examination of frequency histogram.

Sinclair (1974) threshold concentration is defined as the maximum ‘concentra-
tion observed in the resolved background population.

Deposits of these elements not expected nor are these elements indicators
of the geochemical affinities being sought; Sinclair method not attempted.

Sinclair method indicates that the sample population is a single
lognormally distributed population, the threshold cxoncentration is therefore
defined as ¥+20, '

Any detected occurrence considered anomalous,
Insufficient unqualified data for valid application of Sinclair method.

Sinclair method resolves the copper population into two populations, each
accounting for more than 30 percent of the parent population; see discussion
in text, -

The threshold concentration is defined as the lesser of either the
spectrographic-reporting=—interval midpoint corresponding to the interval's
lower limit, identified by the Sinclair method, or tH® interval midpoint
nearest the x+20 criterion. Values greater than the threshold concentration
are considered anomalous.
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Figure 10.—Plots of the log of reporting intervals’ lower concentration limits (semiquantitative ~
spectrographic data, in parts per million) versus cumulative percent frequency (arithmetic
probability scale), by element, for 696 rock samples collected in the eastern and south-
eastern Arabian Shield. Lithium and fluorine data were obtained by quantitative chemical
analyses; the log of the lower limit of 10- and 100-ppm intervals, respectively, is plotted
against cumulative percent frequency. n = the number of samples plotted, that is, those not
qualified by either L (less than) or G (greater than).
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Figute 11.-Plots of log concentration semiquantitative spectrographic data versus cumulative percent
frequency for rock samples. Only elements that show departures from log-normal dis-
tribution are displayed. The heavy curve represents all data in the sample population. The
two light lines and the points represent the two lognormal populations resolved from the

parent population by the method of Sinclair (1974).

e vertical line cutting the curves

represents the inflection point (I.P.) picked for the res ‘lution; I.P. indicates the percentage
of the parent population formed by the higher concentration (anomalous) population. The
lower concentration population is considered the background population.
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tin (the worldwide average for tin i
ppm; Chappell and White, 1974). The

granitoids is about 3
esolution achieved here

is most 1likely between superposed anomalous and very anoma-

lous populations.

The threshold concentration was chosen at

10 ppm, on the basis of the frequency histogram (fig. 10) and

global averages. Resolution of

he yttrium population

yielded a very small anomalous population of six samples.

Quantitative data for 1lithium

effectively resolved into two lognormal populations.

nd fluorine were each
In the

case of each element, 10 percent of the population belongs to

a resolved anomalous population. Dat
ted on figures 10 and 11 because the

8 points were not plot-
data were reported con-

tinuously and sample points were sufficiently numerous at

concentrations greater than 10 and
that they coalesced to a line.

100 ppm, respectively,

Only 30 samples contained detectable tungsten as deter-

mined colorimetrically.
large for statistical treatment,
tions of tungsten are considered ano

the Sinclair methc
concentrations for barium, cobalt,

niobium, scandium, vanadium, lithium
less than the threshold concentratio:
criterion.

In summary,

X-ray fluorescence

Trace-element data for granitoid
tors of their geochemical affinities,
vide 1information concerning the na
associated mineralized rocks. An X-
channel spectrometer was used to [
precision analyses for rubidium, strg
ium, and niobium. Using these elemen
tons were separated into I- and S-typ
fication scheme helped predict the ty
that are most likely to be found.

Frequency distribution data (fig

This population
but |all detected concentra-

yroduce accurate,

is insufficiently

lous.
pd identified threshold
lanthanum, molybdenum,

, and fluorine that are
ns predicted by the X+20

data

rocks are good indica-
which in turn may pro-

ture and 1likelihood of

ray fluorescence multi-
high-
zircon-

mtium, yttrium,

tal abundances, the plu-

=)

=~

ypes of mineral deposits

granites; this classi-

5) were converted to

cumulative frequency data and plottec
tration (fig. 12).

A brief discussion

1 against log of concen-

of the cumulative fre-

quency plots of X-ray fluorescence data for rock samples fol-

lows.
presented
listed in table 5.
plots because the data were reportedj
points were sufficiently numerous t

line. ‘

in figure 13,
Data points we
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Table 5.——Statistical data and threshold concentrations of X-ray fluorescence
trace-element data for rock samples
[Only data not qualified by either L (less than) or G (greater than
are used in the calculations. All values in parts per million]

Element Number Standard Sinclair
(detection of Mean deviation x+20 threshold "9/ Threshold 4
limit) values (x) (0) concentration— concentration—/
Rb (11) 627 158 172 502 . 350 350
Sr (10) 523 212 247 7061/ 125 125
-282
Y ¢)) 518 43 39 121 90 90
Zr (8) 681 144 141 426 3/ 426
Nb (6) 3N 20 15 50 15 15
Rb/Sr 692 7.4 15 37.4 40 37

1/The first figure represents X+2¢ and the second figure represents %-20; ¥-20
predicts an anomalously depleted population.

_Z/The Sinclair (1974) threshold concentration is defined as the maximum
concentration observed in the background population or in the case of
strontium, for which the anomalous population is strontium depleted, the
minimum of the background population.

3/sinclair method indicates that the sample population is a single lognormally
distributed population; the threshold concentration is therefore defined as
x+20

ﬁ/The threshold concentration is defined as the lesser of the thresholds by

¥+20 and the Sinclair methods, except for strontium, for which the threshold is
the minimum value of the two threshold concentrations.
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Figure 12.-Plots of log concentration X-ray fluorescence data (in parts per million) versus
cumulative percent frequency (arithmetic probability scale), by element, for 692
rock samples collected in the eastern and southeastern Arabian Shield. Cumulative
frequency is plotted against the log of the lower limit of 25-ppm intervals for
rubidium and strontium, 10-ppm intervals for yttrium and Rb/Sr, 20-ppm intervals
for zirconium, and 5-ppm intervals for niobium. n ¥ the number of samples
plotted, that is, those not qualified by either L (less than) or G (greater than).
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Figure 13.—Plots of log concentration X-ray fluorescence data versus cumulative percent

frequency for rock samples. Only elements that show departures from lognormal
distribution are displayed. The heavy curve represents all data in the sample popu-
lation. The two light lines represent the two lognormal populations resolved from the
total population by the method of Sinclair (1974). The vertical line cutting the

curves represents the inflection point (I.P.) chosen for resolution; I.P. indicates the
percentage of the total population formed by the higher concentration population.

The lower concentration (anomalous) population is considered the background popu- *
lation, except for strontium, for which the lower concentration population is the
anomalous-one.
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The cumulative frequency distribution of zirconium rep-
resents & single lognormally distriputed population, and the
correlation coefficient for the distribution is relatively
high. The deviation portrayed t. low concentrations is
attributable to the approach of the detection limit.- If a
more accurate assessment of the distribution in the range

from 0 to 20 ppm were possible,
would probably result.

Cumulative frequency data for
tium,
for each bimodal distribution were
mally distributed populations.
tion of the niobium data was achievV
lation includes five extreme values.

The resolution achieved for the
liar. The anomalous population is
and is characterized by a relatively
cient. The background population, a
lognormal curve, may follow some oth
case, the threshold value is more
the minimum value attributable to th

The strontium distribution is
anomalous population, that is, the
populations, is & strontium-deplete
ical for S-type granites.

number of samples in this concentrat

The cumulative frequency distr
data was effectively resolved. The

of the low-concentration population

approach of the detection 1limit a
accuracy and precision. Fully 25

and yttrium and the Rb/Sr ratio are bimodal,

P
~

The low-d
total strontium distribution indicat

al more nearly linear plot

rubidium, stron-
and data
esolved into two lognor-

iobium,

A quite satisfactory resolu-

ed. The anomalous popu-

rubidium data is pecu-
lognormally distributed
high correlation coeffi-
lthough approximated by a
er distribution. In this
accurately identified as
e anomalous population.

noteworthy because the
smaller of the resolved
d population, as is typ-
toncentration tail on the
es an unexpectedly large
ion range.

ibution for the yttrium
deviation from linearity
is attributable to the
nd &a consequent loss of
percent of the samples

analyzed contained less than 5 ppm yttrium, and if a more
accurate assessment of their distrfibution was achieved, a
more linear plot in the low-concentration range would

probably result.

The resolution achieved for the
is probably that between anomalous a

Rb/Sr ratio distribution

nd highly anomalous popu-

lations.
to those found in global geochenic
granitoid rocks.
Rb/Sr ratio of 0.53 for average gran
itoid rocks have a Rb/Sr ratio less

The threshold concentration of 40 is high relative

1 data compilations for

(For example, Krauskopf (1967) indicates an

ite). In fact, most gran-
than 1, as do more than

75 percent of the rock samples collected in the study area.

Consequently,
questionable value.

tion for -the Rb/Sr ratio probably is between 1 and 5.
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The Sinclair (1974) method identified threshold concen-
trations for rubidium, strontium, yttrium, and niobium that
are less than and statistically more rigorous than those
identified by the X+20 criterion. Because the zirconium
distribution was unresolvable, the X+20 criterion was used.
For the Rb/Sr ratio, the X+20 method actually predicted a
lower threshold concentration (37) than the Sinclair method
(40); therefore the former is used to evaluate the data.

GEOCHEMICAL ANOMALIES

All data values that exceed their respective threshold
concentrations are plotted at their sampling 1locations
(plates 1-3); these locations are considered to be anomalous
in the indicated elements. At many locations samples were
anomalous in only one or two elements (plates 1-3). Because
samples from these locations do not include extreme values
and are not part of regional anomalies, the anomalous char-
acter of these samples may be an artifact of panning, in the
case of pan concentrates, or the result of localized geochem-
ical variation. -

Most areas that contain a group of samples anomalous in a
single element are underlain by a granitoid that is geochem-
ically atypical of the eastern and southeastern Arabian
Shield but is probably not mineralized. For example, the
granite and alkali granite of the Jabal al Hassir ring com-
plex are enriched in lanthanum (plate 2) but not in any ele-
ments of economic significance. Many locations on plate 1
are characterized by samples anomalous in scandium, cobalt,
vanadium, chromium, or manganese; these anomalies are prob-
ably attributable to greater than normal accumulations of
oxide and ferromagnesian minerals in pan concentrates from
those localities.

Anomalous areas are defined as those that contain samples
that share an anomalous-element suite. The anomalous areas
considered in this report are delineated on the basis of
anomalous-element suites detected in one or more sample
medium.

Geochemically anomalous areas are plotted and named on
plates 1, 2, and 3. Some areas are anomalous on one plate
but not on the others; some areas contain anomalous rock sam-
ples and nonanomalous pan concentrates, for example, the
region underlain by the Jabal al Ehn monzogranite (plate 2).
The most significant anomalous areas are those that appear on
all three geochemical anomaly maps.

The plutonic source for each of these anomalous areas is
geochemically distinct relative to the average eastern and
southeastern Arabian Shield pluton, and together the sources~”
form a geochemically discrete subset. Samples of the Jabal
Sabhah monzogranite, Hassat ibyn Huwail granite, Jabal al
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Hawshah monzogranite, Jabal as Sita
Sahah granite, monzogranite near Jakl
and granodiorite near Jabal Kebad, ¢
Jabal Bani Bwana granite, and Jabal
contain anomalous amounts of combin

rah monzograuite, Jabal
)al Tarban, monzogranite
ranite near Bir Masala,
al Gaharra monzogranite
ations of the elements

lithium, fluorine, tin, beryllium, lead, yttrium, rubidium,
and niobium, a suite typical of tin-mineralized granites
(Tischendorf, 1977). Individual samples from certain of

these plutons dare enriched in tungsten, molybdenum, bismuth,
zinc, or silver. Table 6 summarizes | the geochemical differ-
ences between these plutons and the average granitoid rock in
the study area and the similarities between these plutons and
metallogenically specialized granitoids of the world.

nducted to further char-
us areas (table 2). The
to xenomorphic, inequi-
ontaining primary musco-
net. These petrographic
se described for S-type

Petrographic examinations were co
acterize the plutons in these anomalo
rocks are typically hypidiomorphic
granular, leucocratic monzogranites c
vite with or without biotite and gar
characteristics are the same as thos

granites (Chappell and White, 1974)
and trace-element chemistry of thes
they are S-type granites, and the

indicates that the small plutons
localities have moderate favorabilit
tungsten, or zinc.

Several other 1less significant
identified, including the isolated m¢
of Jabal Sabhah, the Wadi Ghezm monz
al Gaharra, the granite and alkali g
at Jabal al Hassir and Jabal Ashira,

Both the petrography
e plutons suggest that
trace-element chemistry
hat crop out at these
y for deposits of tin,

anomalous regions were
pnzogranite jabals north
ogranite south of Jabal
ranite in ring complexes
the Najran alkali gran-
=

ite, the Jabal Bitran monzogranite
strontium-anomalous area. The first

>, and the Wadi Tarib
two regions display some

of the geochemical characteristics common to metallogenically

specialized granites but do not include anomalous concentra-

tions of tin, tungsten, or molybdenum. As previously noted,

the Jabal al Ehn monzogranite, the |granodiorite near Jabal

Mahail, the monzogranite near Wadi Tafshah, the granodiorite

near Madhah, the monzogranite and ranodiorite near Jabal

Zayd, and the Wadi al Habbah granodiorite have petrographic

features that suggest an affinity to the S-type granite clan,

and yet- they do not contain anomalous concentrations of tin,

tungsten, or molybdenum. All of these plutons may represent
precursors to tin mineralization, to use Tischendorf's (1977)
nomenclature, and probably do not warrant further study.

Three rock samples from Jabal Bitran contained 20 ppm
tungsten but do not display any other features that suggest
that the pluton is metallogenically specialized. In fact,
there are no pronounced tungsten anomalies in the study area.
The only significant concentrations of tungsten (greater than
50 parts per million) are associated with the muscovite-
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bearing leucomonzogranites mentioned above. These plutons
all require further study with regard to the possibility of
their containing tungsten deposits. | Few other samples con-
tained tungsten; their distribution! is scattered, and they
contained such small quantities of tungsten that additional
investigations should be deferred. |

Three of the alkali granite exposed in the study
region, those at Jabal al Hassir, Jabal Ashirah, and west of
Najran, contained anomalous amount of the trace elements
lanthanum, zirconium, fluorine, and piobium and were notice-
ably depleted in strontium. These observations correlate
well with other studies of Arabian Shield alkali granites
(Drysdall, 1979; Douch and Drysdall, 1980) and with experi-
mental studies on enrichment of zirconium and rare earth ele-
ments in peralkaline melts (Watson, 1979). However, neither
the radiometric nor geochemical results for these plutons
suggest that they contain mineral deposits. Some additional
fieldwork may be warranted to insure that no rare earth
element-enriched microgranitic apophyses, such as those found
in the northwest Hijaz (Drysdall, 1979; Douch and Drysdall,
1980), are associated with these larger peralkaline bodies.

RADIOMETRIC ANOMALIES

Radioactivity data (fig. 2) indicated only three areas in
which the radiation detected was ignificantly above the
background level. The total-count rdates for the Jabal Sabhah
monzogranite and the granite near Bir Masala were twice the
average value observed for granitoid rocks of the study area.
The count rate at Jabal al Hawshah is intermediate between
the average value and those found at the two locations just
mentioned. Otherwise, no significant radiometric anomalies
were identified in the felsic plutonic rocks of the eastern
and southeastern Arabian Shield.
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CONCLUSIONS AND RECOMMENDATIONS

Most of the several hundred plutons that crop out in the
eastern and southeastern Arabian Shield are not metallogen-
ically specialized, and it is improbable that undiscovered
ore deposits are associated with them. Of the 21 plutons
considered to have mineral-deposit potential based on their
petrographic characteristics (fig. 1, table 2), only 10 of
them have associated geochemical anomalies: the Jabal Sabhah
monzogranite, the Hassat ibyn Huwail granite, the Jabal al
Hawshah monzogranite, the Jabal as Sitarah monzogranite, the
Jabal Sahah granite, the monzogranite near Jabal Tarban, the
monzogranite and granodiorite near Jabal Kebad, the granite
near Bir Masala, the Jabal Bani Bwana granite, and the Jabal
al Gaharra monzogranite. This group of postorogenic S-type
granites has considerable potential for deposits of tin,
tungsten, molybdenum, or =zinc. Isolated or single-element
geochemical anomalies are probably not significant.

The S-type granites of the study area should be inten-
sively sampled and geologically mapped at large scale.
Fieldwork should concentrate on identification of greisenized
stockwork and quartz-vein systems such as that identified at
Baid al Jimalah (Cole and others, 1981). The stockwork at
Baid al Jimalah is associated with a small peraluminous S-
type granite similar in many respects to several of those
identified in the eastern and southeastern Arabian Shield,
except that at Baid al Jimalah significant quantities of
wolframite and cassiterite are exposed.

In their studies of deposits associated with S-type -gran-
ites, Groves and McCarthy (1978) suggested that although lode
deposits of tin and tungsten typically are located in the
apical regions of mineralized stocks, deposits may also be
localized well within a crystallizing magma in fractures that
form during cooling. The trace-element geochemistry of the
S~-type granites discussed here suggests that they have poten-
tial for deposits of tin although no deposits have been iden-
tified. Perhaps, as Groves and McCarthy (1978) suggested,
mineralized rocks in the form of lode deposits are 1located
beneath the currently exposed level. Test drilling of the
most promising of these plutons is advisable.

The radiometric anomalies identified may require follow-
up work as well. Ground radiometric traverses should be
completed coincident with geologic mapping. A thorough
search for pegmatites and microgranitic apophyses should be
conducted as these are possible loci for deposits of uranium,
thorium, and rare earth elements.
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