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GEOLOGY OF THE SILSILAH RING COMPLEX
AND ASSOCIATED TIN MINERALIZATION,

KINGDOM OF SAUDI ARABIA

By EDWARD A. DU BRAY

ABSTRACT

A significant tin deposit has been identified in the northeast part 
of the Late Proterozoic Arabian Shield. Cassiterite-topaz-quartz 
greisens are distributed over 16 km2 in flat-topped cupolas of a highly 
evolved, zinnwaldite-bearing alkali-feldspar granite which composes 
part of the Silsilah ring complex (lat. 26°06'N., long. 42°40'E.). The 
alkali-feldspar granite (587 Ma old) is overlain by a carapace of aplite 
and pegmatite. The carapace acted as an impermeable boundary, 
beneath which aqueous fluids accumulated and caused greisenization 
of the alkali-feldspar granite and deposition of disseminated cassiterite. 
Subsequently emplaced quartz-wolframite veins cut the alkali-feldspar 
granite and the aplite-pegmatite carapace.

The remainder of the Silsilah ring complex is composed of peralkaline 
granite, its hypabyssal equivalent, and alkaline dacite. The occurrence 
of alkaline dacite, peralkaline granite, and alkali-feldspar granite (oldest 
to youngest) in a single ring fracture suggests that these rocks form 
a single differentiation series. Major-, trace-, and rare-earth-element 
data support this hypothesis. The alkaline dacite evolved to the 
peralkaline granite by fractionation of sodic plagioclase, apatite, and 
Fe-Ti oxides. The peralkaline granite continued differentiation by frac 
tionation of alkali feldspar, Na-pyriboles, and zircon. This process 
yielded the peraluminous composition; incompatible trace element 
enrichment; and flat, rare-earth-element patterns with large, negative 
europium anomalies that are characteristic of the alkali-feldspar 
granite. This unusual differentiation trend may be typical of other, 
highly evolved intrusive suites in the Arabian Shield which may have 
associated, yet undiscovered, tin-tungsten deposits.

INTRODUCTION

Geologic investigations conducted throughout the 
world have identified a group of petrologically similar 
granitoid rocks, known variously as S-type (Chappell 
and White, 1974), ^4-type (Collins and others, 1982), il- 
menite series (Ishihara, 1977), and metallogenically 
specialized (Tischendorf, 1977). These rocks are charac 
terized by highly evolved major-element compositions 
and incompatible trace-element enrichment, are 
peraluminous, may contain an aluminum-rich silicate

such as muscovite, and are commonly associated with 
deposits of tin, tungsten, and other rare metals.

Mineral-exploration programs conducted in Saudi 
Arabia have demonstrated that rocks of this type oc 
cur within the Precambrian Arabian Shield (Elliott, 
1980; Stoeser and Elliott, 1980; du Bray and others, 
1982; du Bray, 1983a). However, mineral deposits have 
not been found associated with these rocks until recent 
ly. The discovery of a small, wolframite-bearing quartz 
vein stockwork at Baid al Jimalah in the northeast part 
of the Arabian Shield (Cole and others, 1981) and the 
recognition that the level of erosion throughout this 
area is probably less than in most other parts of the Ara 
bian Shield (Whitney, 1983) indicated that this region 
has high favorability for deposits of tin, tungsten, and 
other rare-metal deposits associated with highly evolved 
granitoid rocks.

A reconnaissance geochemicar survey was conducted 
throughout the northeastern Arabian Shield during the 
late 1970's. Unpublished data for rock and pan concen 
trates of wadi sediment collected during this study in 
dicate that distinctive geochemical anomalies are 
associated with some of the plutonic rocks in this area 
(D. B. Stoeser, oral commun., 1980). A subsequently 
conducted, systematic wadi sediment sampling pro 
gram better defined these geochemical anomalies (Alien 
and others, 1983) and helped identify additional 
anomalies.

Results of the systematic geochemical survey in 
dicated that the Silsilah ring complex (fig. 1) is the locus 
of a distinctive geochemical anomaly. Sediment samples 
collected from wadis draining the complex contained 
highly anomalous concentrations of beryllium, niobium, 
lead, and tin in various combinations. While mapping 
the geology of the Jabal as Silsilah quadrangle, du Bray 
(1983b) identified the Fawwarah alkali-feldspar granite, 
a component of the ring complex, as a metallogenically

l
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FIGURE 1. Index map of western Saudi Arabia showing the location 
of the Silsilah ring complex.

specialized granite, and he began a detailed study of the 
mineral potential associated with the rocks of the 
Silsilah ring complex. Two intensely mineralized 
cassiterite-bearing greisens, numerous weakly mineral 
ized greisens, quartz veins with well developed greisen 
envelopes, and quartz-wolframite veins were identified 
in the southwest part of the ring complex and indicate 
that a major hydrothermal system has affected the 
rocks in this area. This report summarizes the geology 
and genesis of the Silsilah ring complex and the associ 
ated tin deposit (Saudi Arabian Mineral Occurrence Doc 
umentation System (MODS) locality number 03262). 

The classification of igneous rocks used in this report 
follows the recommendations of the International Union 
of Geological Sciences subcommission on the nomen 
clature of plutonic rocks (Streckeisen, 1976). The 
alumina saturation indices as defined by Shand (1951) 
are employed to classify the chemistry of the plutonic 
rocks. Rocks with molar ratios of Al/(Na+K)<l are 
peralkaline, with molar ratios of Al/(Na+K)>l and 
Al/(Na+K+Ca)<l are metaluminous, and with molar 
ratios of Al/(Na+K+Ca)>l are peraluminous.
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GENERAL GEOLOGY OF THE 
SILSILAH RING COMPLEX

The Silsilah ring complex is an igneous suite, mostly 
composed of highly evolved rocks, that crops out in a 
ring-shaped feature and to a much lesser extent inside 
this feature. The circular ring complex is centered at 
lat. 26°07'N. and long. 42°42'E., about 150 km west- 
southwest of Buraydah (figs. 1 and 2), near the north 
eastern limit of the exposed Arabian Shield. The com 
position and plutonic style of the rocks that compose 
the Silsilah ring complex are similar to those of other 
plutons exposed in the northeastern Arabian Shield 
emplaced between 580 and 570 Ma ago (C. E. Hedge, 
oral commun., 1983). An U-Pb zircon age for the 
Fawwarah alkali-feldspar granite, the youngest compo 
nent of the ring complex, is 587±8 Ma (J. S. Stacey, 
written commun., 1984). Rocks of the ring complex in 
trude graywacke sandstone of the Murdama group; the 
sandstone crops out inside the ring complex and occurs 
in a large area outside the ring.

The rocks exposed in the ring complex form a promi 
nent ring-shaped topographic feature, hereinafter re 
ferred to simply as the ring. The ring is 12 km in 
diameter and rises between 10 and 300 m above the sur 
rounding pediment surface; the average relief along the 
ring is about 100 m. Rock exposed in the ring has a 
cross-sectional area that ranges between 50 m in the 
northeast and about 2.5 km in the southeast and may 
represent magma whose emplacement was controlled 
by a set of closely spaced ring fractures.

The ring complex comprises three principal and 
several minor igneous rock types (plates 1 and 2). The 
Silsilah alkali granite (du Bray, 1983b) crops out promi 
nently at Jabal as Silsilah and Jabal al Hadhir, located 
in the northwest and southeast quadrants, respectively,
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FIGURE 2. Photomosaic showing the Silsilah ring complex. The outer boundary indicates the area covered by plate 1 and the inner
boundary shows the area covered by plate 2.

of the ring, and forms a major proportion of the 
complex. The southwest quadrant is predominantly 
Fawwarah alkali-feldspar granite, and the Hadhir aplite 
(du Bray, 1983b) forms a carapace that overlies the 
alkali-feldspar granite. The alkali granite, alkali-feldspar 
granite, and aplite account for about 40, 20, and 10 per 
cent of the ring complex, respectively. Two other rock 
types that crop out in the east and northeast quadrants 
together account for about 30 percent of the complex. 
One is composed of very fine grained alkaline rock 
types, including mugearite, benmoreite, trachyte, and

tristanite, as defined by Irvine and Baragar (1971). 
These are alkaline analogs of dacite in the subalkaline 
volcanic rock classification system and hereinafter are 
collectively referred to as alkaline dacite for simplici 
ty. The second type is fine-grained, porphyritic comen- 
dite (Noble, 1968). Both lithologies are characterized by 
textures that suggest that they were quenched. A dis 
tinctive comendite dike strikes northeast across much 
of the ring, and numerous siliceous dikes, whose 
relationship to the ring complex is uncertain, crop out 
just inside the southwest part of the ring.
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Rocks whose geneses are related to late-stage hydro- 
thermal processes form a small but very important part 
of the complex. Very coarse grained quartz-potassium 
feldspar pegmatite occurs throughout the aplite but is 
most abundant in a zone between the Fawwarah alkali- 
feldspar granite and the Hadhir aplite. Quartz veins cut 
each of the plutons. Two intensely mineralized greisens, 
that locally contain high-grade accumulations of 
cassiterite, are located less than 1 km inside the 
southern part of the ring. Weakly mineralized greisens 
occur at several places inside the southwest part of the 
ring, and several more occur within the Fawwarah 
alkali-feldspar granite itself.

HOST ROCK

Murdama group rocks and their correlatives crop out 
over a very large area in the northern Arabian Shield 
and represent a major depositional basin. These rocks, 
known as the Maraghan lithic graywacke (mlg) in this 
area (du Bray, 1983b), are intruded by, and therefore 
are older than, rocks of the Silsilah ring complex. These 
layered rocks surround the ring and are also exposed 
in a circular area of about 40 km2 within the ring.

The graywacke is massively bedded, immature sand 
stone and minor, interbedded siltstone which dips 
subvertically in most places and is compressed into 
open, though locally isoclinal, large-amplitude folds. 
Closely spaced, pervasive fracture cleavages also record 
deformation of the graywacke. Deformation occurred 
prior to emplacement of the ring complex rocks. The 
graywacke was regionally metamorphosed in lower 
greenschist facies conditions.

INTRUSIVE ROCKS

Petrographic features of the alkaline dacite, including 
vesiculation, tuffaceous textures, and very fine grain 
size suggest that some of the magma represented by 
these rocks vented and that the remainder solidified at 
a shallow depth. The alkaline dacite was intruded by 
all intrusive rocks with which it is in contact and, 
therefore, is the oldest part of the complex. The alkaline 
dacite weathers recessively and forms irregularly 
shaped outcrops with large length-to-width ratios; thus, 
it has features like those that characterize dikes.

A prominent porphyritic felsic dike trends northeast, 
intrudes metasedimentary rock along its 10-km length 
within the ring, and forms a ridge 3-15 m high. The 
texture of the dike, including its tabular alkali feldspar 
phenocrysts, is similar to that of the Silsilah alkali 
granite and the comendite. The felsic dike may

represent a fraction of alkali granite magma whose 
emplacement was controlled by a major country-rock 
fracture.

Fine-grained, porphyritic comendite occurs in the east 
and northeast parts of the complex. The comendite con 
tains tabular alkali-feldspar phenocrysts similar to 
those of the Silsilah alkali granite. The texture of the 
comendite indicates that it represents magma that was 
quenched at a shallow level. Tuffaceous textures occur 
locally within the comendite and indicate that magma 
it represents vented in these places. Comendite out 
crops, like those of the alkaline dacite, are dikelike in 
that they are irregularly shaped and have large length- 
to-width ratios. Comendite intrudes the alkaline dacite 
and, therefore, is younger.

The Silsilah alkali granite, the predominant rock type 
of the ring complex, crops out prominently at Jabal as 
Silsilah and Jabal al Hadhir (plate 1). The greatest 
amount of dilation of the ring fracture system was 
achieved at Jabal al Hadhir where magma represented 
by the Silsilah alkali granite was emplaced. Contacts 
between the comendite and alkali granite are grada- 
tional. Intrusive relations at the southeastern edge of 
the ring complex locally indicate that the Silsilah alkali 
granite intrudes and, therefore, is younger than the 
alkaline dacite and comendite. The Silsilah alkali 
granite, unlike other units of the ring complex, is frac 
tured and has undergone weak but pervasive deuteric 
alteration.

The compositional similarity between the alkali 
granite and the comendite, their close spatial associa 
tion, and the similarity of their alkali-feldspar 
phenocrysts suggest that the comendite is a quenched 
equivalent of the alkali granite. The Silsilah alkali 
granite is finer grained and gradational to the fine 
grained, porphyritic comendite where the cross- 
sectional area of alkali granite is least. Thus, comendite 
represents the initial emplacement of magma 
represented by these two lithologic units and owes its 
quenched appearance to rapid cooling against relative 
ly cold country rock. The coarser grained alkali granite 
represents subsequent emplacement, and slower cool 
ing, of this same magma into an environment warmed 
by previous intrusions. Lithologic types gradational 
between these two represent thermal conditions tran 
sitional between those that prevailed during solidifica 
tion of the two end-member lithologies. The gradational 
nature of their mutual contacts and the occurrence of 
finer grained peralkaline rock in the parts of the ring 
complex with the smallest cross-sectional areas derive 
from these cooling rate relations.

The proto-Fawwarah alkali-feldspar granite, which is 
volumetrically minor and underlies the hills immediate 
ly north of the northernmost mass of the Hadhir aplite
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in the ring, is lithologically identical to the Fawwarah 
alkali-feldspar granite and was initially mapped with 
that unit. Subsequent examination of chemical data in 
dicated that the trace-element chemistry of the proto- 
Fawwarah alkali-feldspar granite was statistically 
differentiable from that of the Fawwarah alkali-feldspar 
granite. Age relations between the proto-Fawwarah 
alkali-feldspar granite, the Hadhir aplite, and the 
Fawwarah alkali-feldspar granite were firmly estab 
lished during a subsequent examination of contact rela 
tions. The proto-Fawwarah alkali-feldspar granite is 
intruded by the aplite which, in turn, is intruded by the 
Fawwarah alkali-feldspar granite.

The Hadhir aplite, which is generally covered by a 
dusky-brown weathering rind, is a volumetrically minor 
component of the ring complex that weathers recessive- 
ly. It crops out as a nearly flat-lying sheet less than 
50 m thick on top of the Fawwarah alkali-feldspar 
granite in the southwestern part of the ring complex 
(plate 2, fig. 3). The aplite also forms slabs located in 
side the southwestern limit of the ring complex where 
the Fawwarah alkali-feldspar granite forms small ero- 
sional windows in the overlying aplite. Other exposures, 
located about 4 km west of Jabal al Hadhir, where a 
sheet of aplite approximately 15 m thick underlies the 
Silsilah alkali granite (plates 1 and 2, fig. 4), indicate 
that the Hadhir aplite intrudes and, therefore, is 
younger than the Silsilah alkali granite.

Coarse-grained quartz and potassium feldspar and 
rare, oxidized fayalite form a nearly flat-lying 
pegmatitic zone that is present at most places between 
the Hadhir aplite and the underlying Fawwarah alkali- 
feldspar granite (fig. 5). The pegmatite has gradational 
contacts with both of these units. The zone pinches and 
swells along strike and is between 0.1 and 10 m thick.

FIGURE 3. Photograph showing the sill-like Hadhir aplite (hap) overly 
ing the Fawwarah alkali-feldspar granite (fag).

FIGURE 4. Photograph showing contact relations between the Silsilah 
alkali granite (sag), Hadhir aplite (hap), and Fawwarah alkali-feldspar 
granite (fag).
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FIGURE 5. Photograph showing coarse-grained, quartz-potassium 
feldspar pegmatite that occurs in a sheet between the Hadhir aplite 
and the Fawwarah alkali-feldspar granite. Fayalite (f) forms bladed, 
interstitial crystals.

Pegmatitic rock is essentially absent in the upper part 
of the aplite. Within a few meters of the top of the 
pegmatitic zone, however, the aplite contains numerous 
pods of pegmatite 0.05-0.5 m in diameter. Much of the 
pegmatitic zone consists of a series of coalescing pods 
of pegmatite in a matrix of layered aplite. At the base 
of the pegmatitic zone, where alkali-feldspar granite is 
in contact with pegmatitic material, the alkali-feldspar 
granite has a slightly saccharoidal appearance. Trench 
ing has demonstrated that pegmatite, again sandwiched 
between aplite and alkali-feldspar granite, underlies a 
prominent white quartz hill located 4.5 km southwest
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from the centerpoint of the complex. Pegmatitic potas 
sium feldspar is clay altered and nonresistant, and most 
has been removed by erosion at the surface.

The Fawwarah alkali-feldspar granite crops out prom 
inently in the southwestern quadrant of the ring 
beneath the Hadhir aplite (plates 1 and 2). It also 
underlies two small, isolated hills located 3 and 4 km, 
respectively, inside the southwest margin of the ring 
where it clearly intrudes the metasedimentary rock in 
side the ring; it is demonstrably the youngest intrusive 
component of the ring complex. Quartz-potassium 
feldspar pegmatite pods, 5-50 cm in diameter, are found 
throughout the Fawwarah alkali-feldspar granite.

Fine-grained, siliceous dikes form low, arcuate ridges 
inside the southwest part of the ring. Very little is 
known about these dikes because they weather 
recessively and are very fine grained. Crosscutting rela 
tions between these reddish-brown dikes and other com 
ponents of the complex were not observed making the 
relative age of these dikes uncertain. The arcuate char 
acter of these dikes suggests that they were emplaced 
in ring fractures that were forming as magma was being 
emplaced in a central chamber.

QUARTZ VEINS AND JOINTS

Rocks of the Silsilah ring complex, particularly the 
Fawwarah alkali-feldspar granite and the Silsilah alkali 
granite, are cut by well-developed joint sets which seem 
to have localized most of the quartz veins that cut these 
units. The joints have highly variable trends from one 
part of the ring to another. Joints and quartz veins 
trend N. 70° W. in the western part of the Fawwarah 
alkali-feldspar granite and southwest of the ring's 
center, N. 40° E. in the eastern part of the alkali- 
feldspar granite and in the Silsilah alkali granite east 
of Jabal al Hadhir, and N. 45° W. at Jabal as Silsilah 
(plate 2). The rocks at Jabal al Hadhir are cut by joints 
that trend N. 70° W. and N. 40° E. (fig. 2, plates 1 and 
2). The relation of these trends to regional strain pat 
terns is unknown, although the joints that trend N. 70 ° 
W. are nearly parallel to the major, transcurrent Najd 
faults that strike west-northwest across much of the 
Arabian Shield.

The Maraghan lithic graywacke, Hadhir aplite, and 
Silsilah alkali granite generally lack quartz veins. One 
quartz vein per 200 m of outcrop in these rocks is com 
mon. The Fawwarah alkali-feldspar granite is cut by 
about one quartz vein per 100 m of outcrop but, local 
ly, vein densities may be as much as five veins per 10m. 
Quartz veins that penetrate the greisens are rare.

Most of the veins in the alkali granite are less than 
1 cm wide, are randomly oriented, and do not appear

to be mineralized. An exception is a set of quartz veins 
that trends N. 30° W. in the alkali granite along a 1-km- 
long segment of the ring at the south end of Jabal as 
Silsilah. The veins, 5-10 per 100 m of traverse, range 
in width from 2 to 50 cm. These veins are continuous 
in width along strike and show no indication of being 
mineralized. A second exception is a set of N. 40° E.- 
trending quartz veins that cut the Silsilah alkali granite 
at the extreme southern end of the ring complex. These 
veins originate at the top of the Fawwarah alkali- 
feldspar granite where it underlies both the Hadhir 
aplite and the Silsilah alkali granite (plate 2). The veins 
of this set are distinctly mineralized and are wider and 
more numerous than those of the N. 30 ° W.-trending 
set. Many of the N. 40° E.-trending veins, which have 
greisen envelopes that contain distinctive quantities of 
Fe-Li mica and fluorite, contain euhedral blades of 
wolframite. The easternmost veins of this set appear 
to contain the greatest quantity of wolframite.

Quartz veins in the Fawwarah alkali-feldspar granite 
trend N. 70° W. and N. 40° E., respectively, and are 
2-4 cm wide, and many are as much as 0.5 to 1.0 km 
long. They are enclosed in weakly oxidized envelopes 
and many contain metallic or iron oxide minerals. Small, 
bladed crystals of wolframite were identified in some 
veins.

One large quartz vein having a well-developed greisen 
envelope cuts across the ring near the north end of the 
alkali-feldspar granite (plate 2). The vein is 1 m wide 
along the middle part of its length, where it contains 
concentrations of coarse-grained, bladed wolframite (fig. 
6). It splays to a set of 1-cm-wide veins to the east and 
west. A swarm of many small quartz veins, some of 
which are wolframite bearing, was identified in the area 
immediately north and west of this large vein.

FIGURE 6. Photograph showing wolframite (w) in the large quartz 
vein that transects the north end of the Fawwarah alkali-feldspar 
granite.
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The northern two of three small patches of Fawwarah 
alkali-feldspar granite that crop out within the ring 
(plate 2) are cut by a large number of N. 70 ° W.-trending 
quartz veins that have well-developed greisen envelopes. 
These veins are typically 2-4 cm wide, are persistent 
along strike, and have a density of two or three veins 
per 10 meters of outcrop. Wolframite was identified in 
some of these veins. In several places, where veins in 
tersect prominent joints, small, dense accumulations of 
cassiterite were encountered.

GREISENS

Two types of greisenized, hydrothermally altered rock 
occur within the Silsilah ring complex. The two types 
represent complete and incomplete greisenization of the 
Fawwarah alkali-feldspar granite. Relationships seen in 
outcrops, shallow trenches, and diamond-drill core 
demonstrate that intensely tin-mineralized, complete 
greisen occurs immediately below the pegmatitic zone, 
at the top of the Fawwarah alkali-feldspar granite. Com 
plete greisen forms a zone 0.1-2 m thick that grades 
downward into the underlying incomplete greisen. In 
complete greisen grades downward into progressively 
less altered Fawwarah alkali-feldspar granite; fresh, 
unaltered rock occurs within about 40 m of the surface. 
Recognition that the occurrence of mineralized greisen 
is restricted to the top of the alkali-feldspar granite is 
important in identifying other areas within the Silsilah 
ring complex that might be favorable for tin exploration.

Greisenized rock is found throughout the southwest 
part of the Silsilah ring complex. Complete greisen 
underlies two small, irregularly shaped areas located 
less than 1 km inside the southwestern part of the ring 
(plate 2, fig. 7) and numerous small areas west of the 
largest of the three areas underlain by Fawwarah alkali- 
feldspar granite within the ring (plate 1). Incomplete 
greisen is more abundant than complete greisen and oc 
curs in numerous areas throughout the southwest part 
of the complex.

Complete greisen is very light gray to pinkish gray 
and is characterized by a mineral assemblage that in 
cludes quartz, topaz, cassiterite, and trace amounts of 
opaque oxides and Fe-Li mica. Disseminated grains of 
cassiterite constitute from less than 1 to about 10 per 
cent of complete greisen. Cassiterite also occurs in spec 
tacular elliptical, pod-shaped accumulations that are 
0.05-5 m in diameter and are composed of as much as 
90 percent, but more commonly 50 percent, cassiterite; 
quartz and topaz form the matrix for these accumula 
tions. Contacts between almost barren quartz-topaz 
rock and the pod-shaped accumulations of cassiterite 
are extremely sharp (fig. 8).

FIGURE 7. Photograph showing an aerial view of the intensely 
mineralized southern greisen.

FIGURE 8. Photograph showing the contact between quartz- 
cassiterite-topaz greisen and a podlike accumulation of cassiterite 
on weathered and fresh surfaces. The fresh fragment shows that 
the contact between very high-grade accumulations of cassiterite 
and host quartz-topaz-cassiterite greisen is very sharp.

Incomplete greisen is greenish gray and is character 
ized by a mineral assemblage that includes quartz, Fe- 
Li mica, topaz, and trace amounts of fluorite, albite, and 
cassiterite. The presence of incomplete greisen may, 
because of the spatial relationship that exists between 
the two greisen types, indicate the nearby, though unex- 
posed, presence of intensely tin-mineralized complete 
greisen.

Some occurrences of incomplete greisen lack evidence 
of associated complete greisen. Incomplete greisen that 
occurs in this mode forms areas that are approximate 
ly elliptical in shape and are between 10 and 200 m in
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diameter. Several isolated lenses of incomplete greisen 
are enclosed by Fawwarah alkali-feldspar granite in the 
southeasternmost part of that pluton. Isolated areas 
also occur near the three small masses of alkali-feldspar 
granite located within the ring (plate 2). Greisen near 
but not in contact with the central of these three masses 
is surrounded by lithic graywacke. Additional incom 
plete greisen was identified on the northwestern slope 
of the prominent white hill underlain by pegmatite. The 
rock that forms these isolated masses of incomplete 
greisen is not intensely mineralized, although cassiterite 
was identified in some hand samples. In several cases, 
these greisens appear to be structurally controlled. 
Joints may have acted as conduits for hydrothermal 
fluids that caused the greisenization. In other cases, the 
greisens are spatially unrelated to fractures and joints 
and the localizing factors are unknown. The texture and 
composition of the incomplete greisen that forms these 
isolated occurrences are the same as those characteristic 
of greisen envelopes associated with some quartz veins.

RING FRACTURE

The large size and circular shape of the Silsilah ring 
complex suggest that the rocks preserved therein repre 
sent a fraction of magma tapped from a large, subja 
cent magma chamber. Structural considerations, 
quench textures in some of the ring complex com 
ponents, and pegmatitic pockets in others indicate that 
these intrusive rocks crystallized at a shallow depth. 
Extrusive products that may have been part of the ring 
complex have been removed by erosion; an exception 
is the parts of the alkaline dacite and comendite that 
appear to have vented in the east and northeast parts 
of the complex. The Silsilah ring complex, the cauldron 
complexes described by Smith and Bailey (1968), and 
the ring complexes of Nigeria (Bowden and Turner, 
1974) are similar in that they are composed of moderate 
ly to highly evolved granite or rhyolite, form circular 
or ring-shaped structures with central, core plutons, and 
many have associated mineral deposits.

Contacts between the graywacke and intrusive rocks 
are obscured by alluvial deposits. As a consequence, 
direct evidence regarding the emplacement mechanics 
of the ring complex is lacking. Rocks of the Murdama 
group exposed inside and just outside the ring are 
deformed to the same extent as metasedimentary rocks 
exposed some distance away. Stoping was not the 
primary mechanism of magma emplacement because 
blocks of the host metasedimentary rocks within the 
intrusive units are rare and small in size. Small-scale 
stoping features were observed, however, in the lithic 
graywacke that hosts the two intensely mineralized 
greisens. These observations suggest that, following 
upward propagation of the ring fracture system,

emplacement of magma was achieved without further 
wall-rock deformation.

Evidence favoring piston like subsidence of a central 
core, as demonstrated for many large calderas (Smith 
and Bailey, 1968), was not observed. The concentric fault 
patterns and moat fills that are associated with caldera 
core subsidence are not apparent, although they may be 
covered by the alluvial deposits that drape the inner and 
outer borders of the ring structure. However, the pres 
ence and structural condition of the Maraghan lithic 
graywacke inside the ring argues against a major 
episode of cauldron subsidence. If they had experienced 
significant piston like subsidence, these rocks would be 
significantly more disrupted and dismembered. There 
is little evidence of dike injection that would have oc 
curred in a structurally dismembered, foundered block 
located above an active magma chamber.

Several lines of evidence indicate that igneous rock, 
presumably the central pluton from which the current 
ly exposed rocks of the ring complex evolved, is present 
at a shallow depth below the graywacke sandstone ex 
posed inside the ring structure. Reconnaissance audio- 
magnetotelluric profiles across the Silsilah ring complex 
indicate that the thickness of the Murdama group rocks 
at the center of the ring complex does not exceed several 
hundred meters (Flanigan and Zablocki, 1983). The 
presence of the two cupolalike bodies of Fawwarah alkali- 
feldspar granite inside the ring, of aplite dikes that 
penetrate the graywacke sandstone near these granitic 
massifs, and of hydrothermally altered rock throughout 
the southwestern quadrant of the ring complex also sug 
gest that igneous rock is present at a shallow depth.

RADIOACTIVITY

A total-count scintillometer having a cylindrical 
(38.1X38.1-mm) sodium iodide detection crystal was 
used to measure radioactivity at most sample sites in 
the Silsilah ring complex. The instrument was set on 
a planar outcrop at each site and allowed to equilibrate 
before a measurement was made. Results of the scin 
tillometer survey are given below in counts per second 
(cps); data for granites of the eastern Arabian Shield 
(du Bray and others, 1982) are given for comparison:

Site

East Shield
Silsilah alkali

granite 
Hadhir aplite 
Fawwarah alkali-

feldspar granite

Number of 
measurements

600
32

10 
54

Mean 
(cps)

50
47

73 
103

Standard 
deviation (cps)

31
11

18 
25

The radioactive decay of potassium is not responsi 
ble for the maximum radioactivity values associated
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with the alkali-feldspar granite because potassium is 
more abundant in the less-radioactive alkali granite 
(table 1). The measured increase of radioactivity 
associated with the oldest component of the ring com 
plex to that associated with the youngest is consistent 
with the radioactive decay of uranium and thorium, 
which are systematically more abundant in the younger 
components (table 2).

The radioactivity of the Silsilah alkali granite is not 
anomalous nor is the radioactivity of the Hadhir aplite 
more than one standard deviation greater than the 
average value for the granitoid rocks of the eastern

Arabian Shield. The average value for the Fawwarah 
alkali-feldspar granite is twice that value and individual 
measurements are as much as three times that value. 
Measurements made at individual sample sites are plot 
ted according to intensity (fig. 9). The plot indicates that 
the radioactivity of the younger phase of the alkali- 
feldspar granite is distinctly higher than the radioac 
tivity of the proto-alkali-feldspar granite. Uranium and 
thorium contents are deduced to be higher in the 
younger phase than in the older phase. Otherwise, the 
radioactivity of the alkali-feldspar granite is not dis- 
cernibly zoned.

TABLE 1. Major-element analyses and CIPW normative compositions for intrusive rocks of the Silsilah ring complex
[Major oxides and normative minerals in weight percent. Leader indicates nil amount. Ferrous-ferric ratio adjusted for samples of alkaline dacite and comendite along guidelines suggested

by Irvine and Baragar (1971), prior to norm calculation]

Unit Alkaline dacite Silsilah alkali granite

Benmoreite Mugearite Trachyte Tristanite Comendite
Sample 
number 
Latitude 
(26°N.) 10'26"
Longitude
(42 E.) 41'39"

181028 181956 181928 181924 181957 181960 181918 181929 181947 aMean

10'13" 06'09" 05'27" 09'32" 08'16" 04'28" 07'58" 07'07"

42'42" 45'01" 44'52" 43'42" 44'54" 44'55" 38'18" 38'22"

Chemical analyses
Si°2
A1 203
Fe2°3
FeO
MgO
CaO
Na20
K? 0
H20d

Ti02
P2°5
MnO
F
Total(-O)

45.4
14.0
13.9
0.90
1.71
6.63
6.46
.40

e5.47
3.14
.77
.20
.15

99.07

46.6
13.9
13.36
1.30
2.82
5.23
3.71
2.01

f4.39
2.92
1.43
0.17
.15

97.93

59.3
14.1
7.45
1.40
1.02
2.86
4.25
3.74

g3.20
0.77
.22
.14
.03

98.47

61.4
14.1
7.65
1.50
0.46
2.05
4.15
4.45
2.55
.71
.16
.10
.07

99.32

72.6
12.5
1.82
0.60
.06
.89

4.49
5.30
1.11
.22
.02
.05
.05

99.69

75.3
12.1
1.49
0.40
.08
.44

4.02
5.10
.79
.18
.02
.03
.06

99.98

73.0
12.4
1.64
0.60
.08
.52

4.41
5.08
.66
.20
.02
.04
.11

98.71

73.2
13.0
2.15
0.50
.07
.56

4.61
5.25
.87
.25
.03
.09
.06

100.61

70.8
13.7
1.44
2.00
0.30
1.29
4.48
5.20
.45
.39
.08
.07
.09

100.25

73.0
12.7
1.71
0.82
.12
.74

4.40
5.19
.78
.25
.03
.06
.07

99.84

Q 
c
or 
ab 
an 
ac 
wo 
en 
fs 
ol 
mt 
hm 
il 
ap 
fr 
cc 
D.I. 1

2.7
2.4

55.3
0.7

2.2
6.0
6.1 
6.8

6.0
1.8
.2

9.7
57.7

4
12
33
3.3

7.4 
9.5

5.9 
3.6

5.0 
53.8

14.4
2". 2

22.9
37.3
2.7

2.6 
8.6

3.4

1.5 
0.5

3.8 
74.7

CIPW norms 
11.5 26.2

27.0
36.1
6.9

0.9
1.2

11.3

3.3

31.8
35.3

32.2

30.4
34.1

74.6

.1 

96.7

28.4

30.6
36.2

1.6
0.7
.2

1.5 
.1 
.4

.2 

95.2

26.1

31.1
37.7

1.2 
0.9

1.2 
.9 
.5 
.1 
.1

94.9

22.0

30.8
38.0
1.9

1.4 
0.7
2.0

2.1

.7 

.2 

.2

90.8

27.2

31.0
36.8

0.7
1.3
.3

2.1

.5 

.1 

.1

94.9
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TABLE 1. Major-element analyses and CIPW normative compositions for intrusive rocks of the Silsilah ring complex Continued

Unit

Sample
number
Latitude
(26°N.)
Longitude
(42WE.)

Protob

181810

06'29"

38'12"

Hadhir aplite

181856

05'40"

38'59"

181882

05'14"

39'29"

Mean

Fawwarah alkali-feldspar granite

181851

05'57"

38'52"

181878

05'11"

39'20"

181900

04'49"

40'01"

181904

04'27"

40'06"

low
      1

Mean

-calcium 
5ranite c

Chemical analyses
Si02
Al20o
Fe2 03
FeO
MgO
CaO
Na20
K2°H
H20d

Ti02
P2°5
MnO
F
Total(-O)

Q
C
or
ab
an
ac
wo
en
fs
ol
mt
hm
il
ap
fr
cc v,
D.I. h

76.9
12.5
0.52
.30
.09
.46

4.05
4.74
.54
.11
.02
.01
.08

100.29

34.5
0.1
28.1
34.4
1.6
-
-

.2
-
-

. 7
.1
.2

-

.2
 
96.9

74.1
12.3
0.23
.30
.08

1.00
3.99
5.02
.57
.07
.02
.01
.36

97.90

31.6
-
30.5
34.7
0.9
-
.6
.2
.3

-

.3
-
.1

-

.8
_
96.8

75.2
12.6
0.04
.10
.10

1.46
3.80
5.26
.93
.06
.02

-
.38

99.79

31.8
-

31.4
32.5
1.8
-
1.1
0.3
.1

-

.1
-
.1

-

.8
_
95.8

74.7
12.5
0.14
.20
.09

1.23
3.90
5.14
.75
.07
.02
.01
.37

98.96

31.7
-

30.9
33.6
1.4
-
0.8
.2
.2

-

.2
-

.1
-

.8
_
96.2

74.4
12.9
0.55
.30
.04
.59

4.09
4.74
.47
.03
.03
.01
.38

98.37

CIPW norms
33.1
1.1

28.6
35.4
-
-
-
0.1
.1

-

.8
-
.1
.1
.8

_
97.0

75.1
13.1
0.09
.50
.04
.54

4.83
4.22
.43
.03
.01
.02
.34

99.11

30.8
0.5
25.3
41.4

.1
-
-

.1

.8
-

.1
-
.1

-

.7
 
97.5

74.3
13.3
0.19
.50
.04
.22

4.67
4.35
.62
.02
.02
.02
.23

98.38

30.7
0.9

26.3
40.4
-
-
-

.1

.8
-

.3
-
-
-

.3
 

97.5

76.2
13.6
0.07
.50
.06
.15

4.41
4.73
.40
.02
.02
.04
.30

100.37

32.0
1.2

28.0
37.3
-
-
-
0.1
.9

-
.1

-
-
-
.2

 
97.2

75.0
13.2
0.23
.45
.05
.38

4.50
4.51
.48
.03
.02
.02
.31

99.04

32.4
0.9
27.3
37.8
-
-
-

.1

.5
-
.4

-
.1

-
.5

 
97.4

74.2
13.6
0.81
1.10
.27
.71

3.48
5.06

.20

.14

.05

.09
99.67

32.9
1.7

30.0
29.5
2.1
-
-

0.8
1.0
-

1.2
-
.4
.3
.2

 
92.4

^ Includes data for two samples of comendite.
Proto-Fawwarah alkali-feldspar granite. 

^ Turekian and Wedepohl (1961).
H20 equals loss on ignition minus F. 

® Includes 4.2 percent C0 2 «
Includes 2.1 percent C0 2 . 

£ Includes 1.6 percent C0 2 «
D.I. is sum of Q, or, and ab.

PETROGRAPHY 

MARAGHAN LITHIC GRAYWACKE

The graywacke is principally composed of brownish- 
green to olive-gray, fine-grained sandstone, but it also 
includes medium-grained sandstone and siltstone. The

matrix is a silt-size intergrowth of turbid, fine-grained 
clay minerals and, where metamorphism was more in 
tense, biotite is common and the sandstone has a spot 
ted appearance. The spots are less than 1 mm in 
diameter and are composed of small porphyroblastic 
clots of biotite. The matrix has locally been replaced by 
carbonate and (or) ferruginous material.
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The clast population is simple. Volcanic lithic clasts 
(50 percent) outnumber monocrystalline quartz clasts 
(30 percent) which, in turn, are more abundant than 
subangular clasts of plagioclase (20 percent). Potassium 
feldspar clasts are extremely rare. The lithic fragment 
suite includes felsite, turbid grains of argillite, and 
distinctive, fine-grained volcanic clasts that contain 
small phenocrysts of plagioclase. Trace amounts of 
zircon, opaque oxides, and epidote are present. The 
graywacke was regionally metamorphosed under very 
low grade conditions; the metamorphic grade was not 
significantly enhanced by emplacement of the ring com 
plex rocks.

The characteristics of the Maraghan lithic graywacke 
are typical of immature, rapidly deposited molasse 
deposits, as defined by Williams and others (1954). The 
graywacke is poorly sorted and massively bedded, 
although finely laminated strata were identified local 
ly. Clasts are angular to subangular and elongate. 
Porosity is low and the rock is grain supported.

ALKALINE DACITE

The very fine grained, grayish-black to blackish-red

alkaline dacite is hypidiomorphic granular and is com 
posed of an inequigranular, intergranular to weakly 
trachytic intergrowth of plagioclase and magnetite (fig. 
10). The rock is composed of 50-80 percent unzoned, 
subhedral plagioclase laths 0.2 mm long. Locally, 
plagioclase was stained pale orange by release of iron 
oxides resulting from conversion of magnetite to 
hematite during weathering. Euhedral plagioclase 
phenocrysts, 1.0 mm long, compose 10 to 20 percent of 
the rock in some areas and give the rock a porphyritic 
texture. Anhedral to subhedral grains of magnetite 
0.05 mm in diameter compose 20 to 30 percent of the 
rock. Some samples contain aggregates of chlorite 
grains, transected by opaque-oxide-coated fractures, 
that appear to have pseudomorphously replaced 
subhedral olivine grains that were 1 mm in diameter. 
A trace amount of interstitial chlorite, in ragged flakes 
0.1 mm long, were identified in some samples. Apatite, 
in subhedral grains 0.01 mm long, is the only accessory 
mineral and forms 1 percent of some samples. In 
terstitial, secondary calcite composes 5 percent of many 
samples. Vesicles 1 to 3 mm in diameter were observed 
in some samples. The vesicles are filled by botryoidal 
growths principally composed of calcite and ferruginous 
material but also include quartz and chlorite.

TABLE 2. Trace- and rare-earth-element analyses for intrusive rocks of the Silsilah ring complex
[All values in parts per million. S.d. is standard deviation. Leader indicates no variance. N indicates not detected at the indicated value. L indicates less than the indicated value]

Unit Alkaline dacite Silsilah alkali granite

Benmorelte Mugearlte Trachyte Tristanite 
Sample 
number 181028 181956 181928 181924 ! 

Comendite

Be 
Cu

S.d. 181957 181960 181918 181929 181947 Mean"

1.1

1L 
15

1.5

2
30

S.d.

Wet chemical analyses
Li
F

Zn
Rb
Sr
Y
Zr
Nb
Sn
Ba

31
1480

111
42
363
23
211
35
14L

263

33
1500

159
49

649
44
381
42
14L

724

31
320

102
81
191
35
370
36
15

1850

23
705

102
134
193
38
424
37
14L

1104

28
1014

Energy
128
63

415
37
330
35

10 39
447 546

dispersive X-ray
25 104
31 117
170 24
11 44
98 578
7 46

14L - 15
942 657 74

Neutron activation
La
Ce
Nd
Sm
Eu
Tb
Dy
Yb
Lu
Sum REE
Th

36
78
42
9.5
3.05
1.3
7.2
2.7
0.37

180
3.0

63
140
75
17.0
5.20
2.38

11.7
4.9
0.71

320
4.3

47
102
48
11.0
2.68
1.42
8.6
4.6
0.70

226
7.7

52
108
54
12
3.5
1.8

10
5.1
0.78

247
7.6

50
107
55
12
3.
1.
9.
4.

.
244

5.

11 132
26 249
14 115
3.3 20

61 1.11 0.
72 0.50 1.
4 1.9 11
3 1.1 6.
64 .18

537
7 2.4 13

7.5
558

fluorescence
88

114
25
42
505
50
14L
89

analyses
101
196
93
17

8 0.8
8 2.0

13
2 6.2
92 0.92

430
12

33
1090

141
134
25
52

572
57
14
58

115
225
102
18
0.7
2.3

12
6.7
1.02

483
13

9
575

85
118
25
45
550
46
14L

100

118
234
104
18
0.8
1.8

13
5.8
.88

496
11

38
886

132
128
73
41

481
37
14L

279

103
194
90
16
1.1
2.3

14
5.2
0.80

426
11

22
641

106
108
35
46
515
47
14L

127

114
219
101
18
0.84
2.04

12.6
6.02
.91

474
12

22
592

50
51
20
16

141
16
-
105

13
24
9
1
0.2
.3

1.1
.6
.08

1
Delayed neutron counting analyses 

2.9 2.8 2.1 0.8 3.7 4.3 4.6 3.7 5.2 4.3 0.6
Semiquantitative spectrographlc analyses

55325353542 
5L 7 18 11 5L 5L 5L 5L 5L 5L
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TABLE 2. Trace and rare-earth element analyses for intrusive rocks of the Silsilah ring complex Continued

Unit

Sample 
number

Li
F

Protoc

181810

79
777

Meand

83
2489

S.d.

37
1031

181856

145
3620

Hadhir

181882

108
3770

aplite Fawwarah alkali-feldspar granite

Mean6 S.d. 181851 181878

Wet chemical analyses 
123 76 318 562

2667 864 3810 3360

181900

734
2310

181904

1094
2980

Mean

513
3617

low-calcium 
granite^

S.d.

238
1626

40
850

Energy dispersive X-ray fluorescence
Zn
Rb
Sr
Y
Zr
Nb
Sn
Ba

La
Ce
Nd
Sm
Eu
Tb
Dy
Yb
Lu
Sum REE
Th

80L
263
24
41
147
22
17
49

36
87
44
10
0.2
1.8

11
6.6
.95

198
19

45
254
28
47
145
22
11
70

36
87
44
10
0.2
1.8

11
6.6
.95

198
19

14
31
7
5

17
3
5

31

-
-
-
-
-
-
-
-
-
-
-

4 ON
278
14
74
120
28
14L
34

26
67
40
12
0.2
2.5

15
8.8
1.24

173
22

4 ON
286
23
71

135
27
37
22

17
39
25
7.5
0.2
2.0

15
8.9
1.35

116
21

40N - 83 84
297 58 550 627
17 4 19 18
71 19 108 105
124 10 120 118
30 7 59 59
22 25 42 48
35 16 17L 32

Neutron activation analyses
22 6 15 22
53 20 48 59
33 11 29 33
9.8 3.2 11 10
0.2 - 0.1 0.1
2.3 0.4 2.9 2.0

15 - 21 15
8.9 .1 14 15
1.30 .08 2.15 2.22

146 143 158
22 1 33 33

110
806
15
91
105
38
75
20

17
61
31
11
0.1
2.4

17
16
2.4

158
33

142
1100

15
94
91
47
89
17L

18
63
28
10
0.2
2.4

18
17
2.55

159
31

115
669
20

105
116
50
80
17L

18
58
30
11
0.13
2.4

18
16
2.33

155
33

40
172
10
25
15
8

45
-

3
7
2
1
0.05
.4

3
1
.18

8
1

39
170
100
40
175
21
3

840

55
92
37
10
1.6
1.6
7.2
4
1.2

210
17

Delayed neutron counting analyses 
7.9 5.8 6.9 1.5 12 12. 

Semiquantitative spectrographic analyses
12.1 11 11.9 0.6

Be 
Cu

10 
5L

9
5L

4 10 
5L

50 
5L

11 
5L

11 3 
5L

7 
5L

3
5L

5 
5L

6 
5L

5 3
10

a Elemental means based on data for 9 samples, except rare-earth element, sum REE, U, and Th means, which are based on
data shown 

Elemental means based on data for 43 samples, including comendites, except for rare-earth element, sum REE, U, and Th
means which are based on data shown 

c Proto-Fawwarah alkali-feldspar granite
Elemental means based on 9 samples, except rare-earth element, sum REE, U, and Th means, which are based on data shown 

6 Elemental means based on 15 samples, except rare-earth element, sum REE, U, and Th means, which are based on data shown 
Elemental means based on 43 samples, except rare-earth element, sum REE, U, and Th means, which are based on data shown 

g Turekian and Wedepohl (1961)

COMENDITE

This fine-grained, pale reddish-brown rock is 
allotriomorphic to hypidiomorphic granular and is 
distinctly porphyritic (fig. 11). Quartz forms rounded 
to bipyramidal phenocrysts 2-4 mm in diameter that 
are anhedral to subhedral and compose about 5 percent 
of the rock. Antiperthitic anorthoclase forms subhedral 
to euhedral Carlsbad-twinned laths 3-4 mm long, weak 
ly altered to sericite, and composes about 60 percent 
of the rock. These phenocrysts occur, in some samples, 
in irregularly shaped clusters 0.5-1 cm in diameter. 
Anhedral, interstitial albite forms only 10 percent of the 
rock, although in some samples all feldspar has been 
albitized by late-stage fluids. Ragged, interstitial, 
opaque oxide grains are 0.2-4 mm in diameter and form 
about 1 percent of the rock. Spindle-shaped laths of arf- 
vedsonite 0.2-0.5 mm long compose another 2-3 per 
cent of the rock. The matrix is composed of irregularly 
shaped, interstitial patches of quartz and feldspar in

micrographic intergrowth, of spherulitic overgrowths 
of anorthoclase on quartz and anorthoclase pheno 
crysts, and of fine-grained aggregates of quartz and 
alkali feldspar. Miarolitic cavities 1-3 mm in diameter 
that are filled with albite occur in some samples.

The petrography of the prominent northeast-trending 
dike is very similar to that of the comendite. In par 
ticular, anorthoclase phenocrysts and the micrographic 
and spherulitic groundmass of the dike are similar to 
those observed in the comendite. However, the ground- 
mass of the dike is more distinctly micrographic than 
that of the comendite.

SILSILAH ALKALI GRANITE

The medium-grained alkali granite is grayish-red, 
hypidiomorphic granular, (fig. 12) and locally 
characterized by a micrographic groundmass. The 
groundmass is typically a fine-grained, allotriomorphic
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42°38' 
26° 
07'

42°42'

fag

EXPLANATION
fag Fawwarah alkali-feldspar granite

hap Hadhir aplite

pfag Proto-Fawwarah alkali-feldspar granite

  50-75 counts per second

+ 76-100 counts per second

  101-125 counts per second

  126-150 counts per second

2 KILOMETERS 
J

FIGURE 9. Map showing total-count radioactivity at sample sites in the Fawwarah alkali-feldspar granite.

FIGURE 10. Photomicrographs of the alkaline dacite showing the intergranular texture of plagioclase and opaque oxides that characterizes
this rock. A, Uncrossed nicols; B, Crossed nicols.
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FIGURE 11. Photomicrographs of the comendite showing the micrographic, porphyritic, and spherulitic textures that characterize this rock. 
Quartz (q), arfvedsonite (a), and spherulitic anorthoclase (s) are indicated. A, Uncrossed nicols; B, Crossed nicols.

granular intergrowth of quartz, antiperthitic anor 
thoclase, and a small amount of albite. The felsic con 
stituents are albite, quartz, and alkali feldspar; average 
contents of these minerals are 10, 21, and 63 percent, 
respectively, as determined by modal analyses of 14 
stained slabs (fig. 13); the color index is 6. High albite 
contents and a distinctly pinkish coloration in some 
samples of this pluton (fig. 13) are a result of localized, 
late-stage albitization. The Silsilah alkali granite is 
weakly recrystallized and deuterically altered for several 
hundred meters from its contact with the Hadhir aplite. 
The rock exposed at Jabal as Silsilah and Jabal al 
Hadhir is unaltered.

Phenocrysts of quartz and anorthoclase give the 
alkali granite a distinctly porphyritic character. 
Anhedral, rounded quartz phenocrysts are 1-2.5 mm 
in diameter. Rather common fluid inclusions in quartz 
are 30-50 microns in diameter. The inclusions are liquid 
dominated and contain small vapor bubbles. Blocky 
laths of antiperthitic anorthoclase form subhedral to 
euhedral, Carlsbad- and (or) gridiron-twinned, pheno 
crysts 3-4 mm long. The amount of perthitic exsolution 
is variable among samples. Albite forms subhedral 
phenocrysts 1 cm long in a few samples but is princi 
pally found in the groundmass.

Calcic-sodic amphiboles such as ferroedenite and

FIGURE 12. Photomicrographs of the Silsilah alkali granite showing the hypidiomorphic granular and porphyritic textures that typify the 
unit. Grains of arfvedsonite (a), fayalite (f), perthite (p), quartz (q), and a phenocryst of anorthoclase (k) are indicated. A, Uncrossed nicols; 
B, Crossed nicols.
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FIGURE 13. Ternary quartz-potassium feldspar-plagioclase (QKP) 
diagram showing the modal composition of the Silsilah alkali granite; 
the sum of Q, K, and P is normalized to 100 percent. Each plotted 
point represents a modal analysis (between 300 and 700 points 
counted on a stained slab measuring at least 50 cm2) for a single 
sample. Albite is counted as plagioclase so that the ratio of albite 
to potassium feldspar is discernible. Figure can be converted to a 
Streckeisen (1976) diagram by replotting points on the Q-K sideline 
of the ternary diagram, at the Q content indicated for each plotted 
point.

katophorite, minor arfvedsonite, and the sodic pyrox 
ene aegirine-augite are the principal mafic silicates in 
the alkali granite. Ferroedenite forms anhedral grains 
2-3 mm long. Aegirine-augite forms rounded, sub- 
equant emerald-green grains 1 mm in diameter. Kato 
phorite forms blackish-green, anhedral grains 0.4 mm 
in diameter. A trace amount of arfvedsonite forms 
indigo-blue grains 0.2 mm in diameter. Secondary red- 
brown biotite, identified in several samples, forms 
anhedral to subhedral grains 2 mm long. Fayalite was 
identified in one sample as rounded grains, showing the 
characteristic parting observed in olivine. The grains

are 0.5-1 mm in diameter and have been replaced by a 
fine-grained intergrowth of serpentine and opaque ox 
ides. Fayalite is described in only one other granitoid 
rock of the Arabian Shield (D. B. Stoeser, oral commun., 
1983) but is a common constituent in the peralkaline 
rocks that compose the young ring complex granites of 
Nigeria (Bowden and Turner, 1974). Most mafic silicate 
grains have been affected by late-stage magmatic fluids; 
they have been converted, wholly or in part, to aggre 
gates of hematite and other opaque oxides. Accessory 
minerals are opaque oxides, zircon, and a trace amount 
of allanite. Secondary calcite fills fractures.

HADHIR APLITE

The Hadhir aplite is a very light gray rock that is in- 
equigranular, fine grained, and allotriomorphic granular 
(fig. 14). The felsic constituents are albite, quartz, and 
potassium feldspar; average contents of these minerals 
are 33, 9, and 56 percent, respectively, as determined 
by modal analyses of 10 stained slabs (fig. 15); the col 
or index is 2. The modal quartz content of this rock 
seems low considering its chemical composition (table 
1), but this may be a function of the difficulties en 
countered in performing modal analyses of fine-grained 
rocks such as this.

Quartz, albite, and potassium feldspar form scarce 
anhedral phenocrysts 1-2 mm in diameter. The fluid 
inclusion content of quartz is low. Most of the inclusions 
are about 10 microns in diameter although some are 50 
microns in diameter. The inclusions are vapor domi 
nated. Potassium feldspar phenocrysts are perthitic and 
partly altered to sericite. Albite is polysynthetically

FIGURE 14. Photomicrographs of the Hadhir aplite showing the fine-grained allotriomorphic granular intergrowth of quartz and the feldspars. 
Grains of quartz (q), zinnwaldite (z), fluorite (fl), and a phenocryst of perthite are indicated. A, Uncrossed nicols; B, Crossed nicols.



16 SILSILAH RING COMPLEX AND ASSOCIATED TIN MINERALIZATION, SAUDI ARABIA

/Q\

FIGURE 15. Ternary quartz-potassium feldspar-plagioclase (QKP) 
diagram showing the modal composition of the Hadhir aplite; the 
sum of Q, K, and P is normalized to 100 percent. Each plotted point 
represents a modal analysis (between 300 and 700 points counted 
on a stained slab measuring at least 50 cm2) for a single sample. 
Albite is counted as plagioclase so that the ratio of albite to 
potassium feldspar is discernible. Figure can be converted to a 
Streckeisen (1976) diagram by replotting points on the Q-K sideline 
of the ternary diagram, at the Q content indicated for each plotted 
point.

twinned. Biotite and Fe-Li mica form scarce anhedral 
to subhedral crystals as much as 1 mm long. Biotite is 
partly altered to clay minerals and opaque oxides in 
many samples and is pleochroic from light tan to dark 
reddish brown. The Fe-Li mica is weakly pleochroic from 
colorless to very light brown and is probably zinnwaldite. 
Fluorite, the principal accessory phase, forms anhedral 
grains 0.5-0.8 mm in diameter. Very small euhedral 
grains of zircon were identified as inclusions in biotite. 
The groundmass is an allotriomorphic granular, locally 
micrographic, intergrowth composed of quartz and alkali 
feldspar. Irregularly shaped, quartz-filled miarolitic 
cavities 0.5-2 mm in diameter are present.

PEGMATITE

The pegmatite is composed of potassium feldspar and 
milky-white quartz in graphic intergrowth. It is charac 
terized by very coarse, variable grain size. Individual 
crystals of quartz and potassium feldspar are 10-20 cm 
in diameter. Coarse-grained fayalite, such as that 
reported in pegmatitic segregations of other highly 
evolved, alkalic plutonic rocks (Deer and others, 1966) 
forms euhedral, bladed, black crystals 2-10 cm long 
that occur interstitially. No other mafic silicates or 
accessory minerals were identified in the pegmatite. 
The pegmatite zone is composed of a series of adjacent 
or nearly adjacent pods set in a matrix of layered aplite.

FAWWARAH ALKALI-FELDSPAR GRANITE

The equigranular Fawwarah alkali-feldspar granite is 
very light gray, medium grained, and allotriomorphic

granular (fig. 16). The felsic constituents are albite, 
quartz, and microcline. Average contents of these 
minerals are 25, 33, and 38 percent, respectively, as 
determined by modal analyses of 42 stained slabs (fig. 
17); color index is 4. Miarolitic cavities, 0.5-2 mm in 
diameter, partially filled by quartz, were identified in 
some samples.

Quartz forms subround anhedral grains 2-3 mm in 
diameter that contain a small number of fluid inclusions. 
The inclusions are 5-10 microns in diameter and their 
contents are liquid dominated. Microcline is weakly per- 
thitic and forms anhedral to subhedral grains that are 
2-3 mm long. Some grains poikilitically enclose grains 
of albite and quartz. Both lamellar and patch perthite 
patterns were identified. Some potassium feldspar 
grains are gridiron twinned while others are Carlsbad 
twinned. The plagioclase is polysynthetically twinned, 
unzoned albite that forms anhedral to subhedral laths 
1.5-3 mm long; these are interstitial to quartz and 
microcline.

An Fe-Li mica and rare biotite are constituents of the 
Fawwarah alkali-feldspar granite. The Fe-Li mica, prob 
ably zinnwaldite, forms subhedral interstitial grains 
0.5-1.5 mm long that are pleochroic from nearly col 
orless to either very light brown or very pale bluish 
green. Zinnwaldite is scarce in samples that contain 
biotite. Biotite also forms subhedral interstitial grains 
0.5-1.5 mm long and is pleochroic from light yellow to 
very dark reddish brown. Biotite, and to a lesser extent 
zinnwaldite, contain very fine grained inclusions of 
zircon. A trace amount of zircon is present as very 
small subhedral crystals in the groundmass. Other ac 
cessory minerals include fluorite and topaz; some 
samples contain both of these fluorine-bearing phases. 
Fluorite, 0.3-1 modal percent, forms subhedral, purple- 
tinged grains 0.5-1 mm in diameter and wormy in 
terstitial grains that are commonly associated with the 
micas. Topaz, 0.1-0.5 modal percent, forms colorless, 
wormy crystals in the groundmass although it also 
forms scarce subhedral grains 0.5-2 mm in diameter. 
Secondary calcite fills intergranular fractures in some 
samples.

DIKES

The dikes within the southwest part of the ring com 
plex are equigranular, very fine grained, and allotrio 
morphic granular. They are principally composed of 
intergrown quartz and alkali feldspar and contain trace 
amounts of opaque oxides. Correlation of the dikes with 
any of the ring complex componentd has not been possi 
ble because they were not studied in detail and only 
limited petrographic data are available.
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FIGURE 16. Photomicrographs of the Fawwarah alkali-feldspar granite showing the medium-grained allotriomorphic granular intergrowth 
of quartz and the feldspars. Grains of topaz (t), quartz (q), zinnwaldite (z), and potassium feldspar (k) are indicated. A, Uncrossed nicols; 
B, Crossed nicols.

/Q\

FIGURE 17. Ternary quartz-potassium feldspar-plagioclase (QKP) 
diagram showing the modal composition of the Fawwarah alkali- 
feldspar granite (dots) and the proto-Fawwarah alkali-feldspar 
granite (dots with plusses); the sum of Q, K, and P is normalized 
to 100 percent. Each plotted point represents a modal analysis (be 
tween 300 and 700 points counted on a stained slab measuring at 
least 50 cm2) for a single sample. Albite is counted as plagioclase 
so that the ratio of albite to potassium feldspar is discernible. Figure 
can be converted to a Streckeisen (1976) diagram by replotting 
points on the Q-K sideline of the ternary diagram, at the Q content 
indicatsd for each point.

GREISEN

Incomplete greisen is inequigranular, medium grained, 
and hypidiomorphic granular and is composed of quartz, 
zinnwaldite, and topaz (fig. 18). Anhedral quartz grains 
2-4 mm in diameter display slightly undulatory extinc 
tion. Fluid inclusions 3-5 microns in diameter with 
somewhat variable liquid-vapor ratios are fairly abun 
dant in quartz. Abundant, anhedral to subhedral flakes

of zinnwaldite 3-5 mm long are colorless to pale rosy 
tan and are slightly altered to clay minerals. Abundant, 
anhedral topaz grains 0.5-1.5 mm in diameter contain 
few fluid inclusions. A trace amount of untwinned, 
anhedral albite and a trace amount of cassiterite, in 
color-zoned grains 0.1-0.2 mm in diameter, are present. 
The translucent, brown grains of cassiterite are included 
in grains of zinnwaldite or form discrete grains. Euhedral 
cubes of pyrite and subhedral to euhedral grains of 
sphalerite form fine grains that compose up to 1 per 
cent of the incomplete greisen. Trace amounts of fine 
grained galena and wolframite also occur in incomplete 
greisen. An unidentified opaque mineral, apparently ex- 
solved from zinnwaldite, occurs in one sample.

A variant of incomplete greisen occurs as small pods 
peripheral to the main, intensely mineralized greisen. 
This medium-grained, allotriomorphic inequigranular 
rock consists primarily of yellow-green zinnwaldite and 
quartz. Anhedral quartz grains are 1.5-3 mm in diam 
eter. Faintly pleochroic, light rosy-tan to colorless zinn 
waldite forms anhedral to subhedral grains 3-4 mm 
long. Trace amounts of anhedral, untwinned albite, 
relict from the igneous protolith, were also identified. 
Hematite is also a trace constituent,

Another variant of the incomplete greisen occurs in 
small areas beneath complete greisen; the variant is 
composed of alkali-feldspar granite characterized by an 
argillically altered appearance and has a distinctive 
dusky-reddish color. Very fine grained hematite within 
albite, which is considerably, more abundant in this 
variant, is the source of the characteristic color. Albite 
is also partly altered to very fine grained sericite and 
clay minerals. A trade amount of topaz was identified 
in this variant.
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FIGURE 18. Photomicrographs of incompletely greisenized Fawwarah alkali-feldspar granite showing inequigranular, medium-grained, 
allotriomorphic granular intergrowth of quartz (q), zinnwaldite (z), and minor topaz (t). A, Uncrossed nicols; B, Crossed nicols.

Intensely tin-mineralized complete greisen is hydro- 
thermally altered Fawwarah alkali-feldspar granite that 
is medium grained, inequigranular, and allotriomorphic 
granular and is composed of quartz, topaz, cassiterite, 
and trace amounts of opaque oxides and Fe-Li mica (fig. 
19). Anhedral grains of quartz 1.5-3 mm in diameter 
contain fluid inclusions 10-20 microns in diameter that 
have variable liquid-vapor ratios. Anhedral grains of 
topaz are 0.5-1.0 mm in diameter and contain scarce 
fluid inclusions 5 microns in diameter characterized by 
high liquid-vapor ratios. Abundant cassiterite forms 
anhedral grains 1-3 mm in diameter. These grains 
display one good cleavage, are simply twinned, and are 
characterized by oscillatory color zoning from nearly 
colorless to light grayish brown to medium yellowish 
brown. Fluid inclusions in cassiterite are extremely 
scarce. Trace amounts of fine-grained pyrite, sphalerite, 
galena, wolframite, and wolframoixiolite occur in com 
plete greisen. Complete greisen contains scarce pods of 
dark reddish-brown gossany material, which are 2 to 
about 10 cm in diameter.

GEOCHEMISTRY

ANALYTICAL METHODS

X-ray Assay Laboratories, Ltd. (XRAL), Don Mills, 
Ontario, Canada, determined most major element com 
positions of the ring complex components by X-ray 
fluorescence; FeO and CO2 were determined by wet 
chemical methods. Rubidium (Rb), strontium (Sr), yt 
trium (Y), zirconium (Zr), niobium (Nb), tin (Sn), and

barium (Ba) were determined by the author using a 
Kevex 7000 multichannel, energy-dispersive, X-ray 
fluorescence spectrometer and 109Cd and 241Am 
radioisotope excitation sources. Fluorine (F) (selected 
ion electrode) and lithium (Li) (atomic absorption) were 
determined by the Directorate General of Mineral 
Resources (D.G.M.R.)/U.S.G.S. Laboratory, Jiddah, 
Saudi Arabia. The rare-earth elements (REE) and 
thorium (Th) determinations are neutron activation 
analyses performed by XRAL. XRAL determined 
uranium (U) abundances by delayed neutron counting.

Oxygen isotope analyses were performed by M. D. 
Barton at the Geophysical Laboratory, Washington, 
D.C., using bromine pentafluoride extraction and mass 
spectrometry; results are relative to NBS-28. Lead, 
uranium, and thorium isotopic analyses were performed 
by L. B. Fischer, under the supervision of J. S. Stacey, 
in the isotope geology laboratory of the U.S. Geological 
Survey in Denver, Colorado. Analytical procedures and 
uncertainties for common lead determinations in potas 
sium feldspar are described by Ludwig (1980) and 
Stacey and Stoeser (1983). The analytical procedure 
followed to obtain the U-Pb zircon age for the Fawwarah 
alkali-feldspar granite are described by Stacey and 
others (1984).

Mineral chemistry was determined by the author 
using a JEOL T300 scanning electron microscope with 
a Tracor Northern SiLi detector and utilizing the cor 
rection factors of Bence and Albee (1968). Analyses 
represent 200 second counts on single grains. Analyses 
of albite and the amphiboles were made using a focused 
2-micron beam. Analyses of potassium feldspar and an- 
tiperthite were made using a defocused 50-micron beam.
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FIGURE 19. Photomicrographs of completely greisenized Fawwarah alkali-feldspar granite showing inequigranular, medium-grained, 
allotriomorphic granular intergrowth of quartz (q), topaz (t), and strongly colored cassiterite (c). A, Uncrossed nicols; B, Crossed nicols.

Iron (Fe), magnesium (Mg), calcium (Ca), titanium (Ti), 
manganese (Mn), silver (Ag), arsenic (As), boron (B), 
barium (Ba), beryllium (Be), bismuth (Bi), chromium 
(Cr), copper (Cu), molybdenum (Mo), niobium (Nb), 
nickel (Ni), lead (Pb), scandium (Sc), tin (Sn), strontium 
(Sr), vanadium (V), tungsten (W), yttrium (Y), zinc (Zn), 
and zirconium (Zr) were determined (by semiquan- 
titative emission spectrography) in mineralized samples 
by the D.G.M.R./U.S.G.S. laboratory. These data are 
reported as the midpoints, numbers in the series 1,1.5, 
2, 3, 5, 7, 10,..., of logarithmically spaced intervals. 
Quantitative determinations of rubidium (Rb), tungsten 
(W), tin (Sn), and arsenic (As) (by X-ray fluorescence) 
and fluorine (F) (by specific ion electrode) in mineralized 
samples were made by Computerised Analytical Labo 
ratories (COMLABS) in Australia. The results of quan 
titative determinations were used in preference to those 
produced by semiquantitative spectrographic methods, 
in cases throughout this study for which data by both 
analytical methods are available.

MARAGHAN LITHIC GRAYWACKE

The composition of the Maraghan lithic graywacke 
is somewhat inhomogeneous (table 3), but this is 
characteristic of rapidly deposited detritus shed from 
a volcanic highland. The lithic fragment population in 
the graywacke is strongly dominated by clasts with 
volcanic textures. Thus, the chemistry of the lithic 
graywacke is treated as if it represents that of a volcanic 
rock, and it is classified accordingly. This approach pro 
vides an approximation of source-rock composition 
because it ignores the effects of chemical weathering 
and sorting phenomenon that may yield a sedimentary

deposit that is chemically dissimilar to rock exposed in 
the provenance. The three samples of the lithic gray 
wacke are subalkaline (Irvine and Baragar, 1971), in 
that they contain about 7 percent Na2O plus K2O at 65 
percent SiO2. The composition of the graywacke is 
that of a soda-enriched volcanic rock, as indicated by 
the ternary proportions of normative or, an, and ab, and 
is transitional between that of dacite and tholeiitic 
andesite (fig. 20) (Irvine and Baragar, 1971). The gray 
wacke is weakly corundum normative.

The contents of Rb, Sr, Cr, Zr, U, and Th were deter 
mined in three samples of the Maraghan lithic gray 
wacke (table 3). The graywacke contains amounts of 
these elements that are similar to the average value for 
shale determined by Turekian and Wedepohl (1961). The 
trace-element composition of the graywacke is that 
which one would expect for detrital rocks derived from 
volcanic rocks of intermediate composition (Hanson, 
1978) and is surprisingly homogeneous.

REE data for three samples of the Maraghan lithic 
graywacke (table 3) indicate that the REE content of 
the sandstone is very homogeneous. The REE 
chondrite-normalized patterns are gently, negatively 
sloping and are characterized by a small, negative euro 
pium anomaly (fig. 21). The patterns are typical of those 
defined by volcanic rocks of intermediate composition.

SILSILAH RING COMPLEX

MAJOR ELEMENTS

The major-element chemistry of rocks from the Sil- 
silah ring complex displays systematic smooth variation 
as a function of age. The oldest member of the complex,



20 SILSILAH RING COMPLEX AND ASSOCIATED TIN MINERALIZATION, SAUDI ARABIA

TABLE 3. Major- and trace-element analyses and CIPW nor 
mative compositions for samples of the Maraghan lithic 
graywacke

[Major oxides and normative minerals in weight percent, trace elements in ppm. Leader 
indicates nil amount. Ferrous-ferric ratio adjusted prior to norm calculation along 
guidelines specified by Irvine and Baragar (1971)]

Maraghan lithic graywacke
Sample
number
Latitude 
(26°N.)
Longitude
(42°E.)

Si02
A12°3
Fe2°3 
FeO
MgO
CaO
Na20 
K20 
H20a 

Ti02
P2°5 
MnO
Total

181029

05'43"

41'10"

65.4 
14.5 
3.49 
1.80
2.18
2.42
5.29 
1.99 
1.16 
0.60 
.16 
.10

99.09

181034

06'58"

42'34"

Chemical
62.8 
15.5 
3.80 
1.80
2.71
2.39
5.03 
2.55 
1.08 
0.64 
.19 
.10

98.59

181042

08'56

41'02"

analyses
61.7 
15.5 
3.97 
1.80
2.95
4.79
4.90 
1.41 
0.85 
.70 
.20 
.11

98.88

Mean

63.3 
15.2 
3.75 
1.80
2.61
3.20
5.07 
1.98 
1.03 
0.65 
.18 
.10

98.87
CIPW norms

Q
C
or
ab
an
wo
en
fs
mt
il
ap

18.3
-

45.8
12.0
10.2
0.4
5.6
3.1
3.1
1.2
.4

14.0
0.6

43.7
15.5
10.9
-

6.9
3.5
3.2
1.2
.5

13.8
-

42.4
8.5

16.5
2.7
7.5
3.5
3.3
1.4
0.5

15.4
0.2

44.0
12.0
12.5
1.0
6.7
3.4
3.2
1.3
.4

Trace elements
Rb
Sr
Cr
U
Th
Zr
La
Ce
Nd
Sm
Eu
Tb
Dy
Yb
Lu

50
360
80
1.5
4.2

210
20
45
23
5.4
1.33
0.87
5.6
3.2
.48

50
390
70
1.7
4.3

160
20
44
21
5.0
1.20
0.73
4.9
2.9
.44

40
530
80
1.4
3.8

140
20
43
20
5.1
1.40
0.75
4.8
2.7
.40

47
427
77
1.5
4.1

170
20
44
21
5.2
1.31
0.78
5.1
2.9
.44

a H2 D is loss on ignition.

the alkaline dacite, has low silica contents and low 
differentiation indices whereas the youngest members 
of the complex, especially the Fawwarah alkali-feldspar 
granite, have high silica contents and high differentia 
tion indices (table 1). A12O3 , total iron, MgO, CaO,

TiO2, P2O5 , and MnO contents decrease systematical 
ly from the oldest to the youngest rocks; that is, from 
the low-silica to the high-silica rocks. Na2O contents 
are nearly constant. K2O contents increase with in 
creasing silica content, reach a maximum in the alkali 
granite, and then decrease slightly with increasing silica 
(fig. 22). Fluorine contents increase with increasing silica 
contents. Calculated Na2O/K2O ratios vary discontin- 
uously between components of the complex.

Modal classification of the alkaline dacite and com- 
endite was not possible because of their fine grain-size. 
Consequently, these rocks are treated as volcanic rocks

80 r
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40 -

20

Basalt

10 20 30 40 50 60 70 80 

NORMATIVE PLAGIOCLASE COMPOSITION

100

FIGURE 20. Plot of normative color index (=ol+di+hy+mt+il+hm) 
versus normative plagioclase composition (=100x(ab+5/3xne)/ 
(an+ab+5/3xne)) for three samples of the Maraghan lithic 
graywacke. Compositional field boundaries identified by Irvine and 
Baragar (1971) are shown.
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FIGURE 21. Chondrite-normalized rare-earth-element patterns for 
| three samples of the Maraghan lithic graywacke.
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FIGURE 22. Harker variation diagrams showing the chemical variation exhibited by rocks of the Silsilah ring complex. Analyses normalized
to 100 percent (anhydrous) before plotting.

and classified on the basis of their chemistry, using the 
scheme of Irvine and Baragar (1971). They represent 
a wide compositional range (table 1). Samples 181028, 
181956, 181924, and 181928 are metaluminous and

follow an iron-enrichment trend (fig. 23) similar to that 
displayed by the rocks of the Skaergaard Intrusion 
(Wager and Deer, 1939). The first two samples contain 
about 6.5 percent Na2O plus K2O at 47 percent SiO2
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EXPLANATION
Fawwarah alkali-feldspar granite 

Hadhir aplite

 f- Proto Fawwarah alkali-feldspar 
granite

° Silsilah alkali granite

 »  Comendite

  Alkaline dacite

FIGURE 23. Ternary alkali-iron-magnesium (AFM) diagram (in weight 
percent) for samples of the Silsilah ring complex. A=(Na2O+K2O), 
F=(FeO+0.8998xFe2O3 ), M=MgO. Numbers next to data points 
are prefixed by 181 to obtain complete sample number; they cor 
respond to entries in table 1. Trend lines from Irvine and Baragar 
(1971).

and so are alkaline. The ternary proportions of nor 
mative or, an, and ab in these samples indicate that 
these rocks are sodic-alkaline rocks. The second two 
samples contain about 8.5 percent Na2O plus K2O at 
62 percent SiO2 and so have compositions transitional 
between those of alkaline and subalkaline rocks. The ter 
nary proportions of normative or, an, and ab in these 
samples indicate that they are potassic-alkaline rocks. 
These four samples are characterized by high alkali ele 
ment contents, high total iron content, and low silica 
content. Sample 181028 is a benmoreite, sample 181956 
is a mugearite, sample 181928 is a trachyte, and sam 
ple 181924 is a tristanite (fig. 24). The tristanite and 
trachyte have compositions that are transitional be 
tween compositions of samples 181028 and 181956 and 
of samples 181957 and 181960, which are examples of 
the comendite.

The chemistry of samples 181957 and 181960 support 
the hypothesis, based on petrographic inference, that 
these rocks are quenched equivalents of the Silsilah 
alkali granite. The samples are peralkaline and acmite 
normative. As suggested by Irvine and Baragar (1971), 
these rocks are classified using the scheme developed 
by Noble (1968) for acmite normative rocks; these rocks 
are comendite. The classification scheme more recent 
ly proposed by MacDonald (1975) for peralkaline, 
quartz-normative extrusive rocks also indicates that the 
composition of these rocks is comenditic. Of the ring 
complex components, the comendite has the highest

20 30 40 50 60 70 80 90 100 

NORMATIVE PLAGIOCLASE COMPOSITION

FIGURE 24. Plot of normative color index (=ol+di+hy+mt+il+hm) 
versus normative plagioclase composition (=100x(ab+5/3xne)/ 
(an+ab+5/3xne)) for four samples of the alkaline dacite. Composi 
tional field boundaries identified by Irvine and Baragar (1971) are 
shown. Fields and composition names denoted by dashed lines per 
tain to sodic alkaline rocks whereas fields and composition names 
denoted by solid lines pertain to potassic alkaline rocks. The dash- 
dot line shows the boundary of the trachyte field, which is the same 
for both types of alkaline rocks.

agpaitic index and is, therefore, the most peralkaline 
component.

Major-element analyses for the three principal con 
stituents of the ring complex the alkali granite, aplite, 
and alkali-feldspar granite indicate that these are 
highly evolved rocks (table 1). The Silsilah alkali granite 
is weakly peralkaline and acmite normative. The Silsilah 
alkali granite is slightly more evolved than low-calcium 
granite, as indicated by differentiation indices (table 1). 
In particular, the alkali granite is characterized by 
greater contents of Na2O, K2O, CaO, TiO2, and total 
iron and lower contents of A12O3 , MgO, and P2O5 . The 
Hadhir aplite is metaluminous whereas the Fawwarah 
alkali-feldspar granite is weakly peraluminous and 
corundum normative. Both the aplite and the alkali- 
feldspar granite have differentiation indices significant 
ly greater than that of low-calcium granite, but the com 
position of the aplite is a little less evolved than that 
of the alkali-feldspar granite. These two rock types are 
characterized by very high contents of SiO2; high con 
tents of Na2O, K2O, and F; and very low contents of 
total iron, MgO, CaO, TiO2, P2O5, and MnO. The Q-ab- 
or normative compositions of these plutons are com 
parable to low total-pressure, minimum-melt composi 
tions in the systems 
(fig. 25) and normative an-ab-or (fig. 26).

The alkali granite, including its quenched comenditic 
equivalent, shows considerable SiO2 variation, whereas 
the Hadhir aplite and the Fawwarah alkali-feldspar are

SiO-KAlSLO8-NaAlSLO8-H2O
do o o &
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EXPLANATION
Fawwarah alkali-feldspar granite

Hadhir aplite

Proto Fawwarah alkali-feldspar granite 

o Silsilah alkali granite 

+ Comendite

FIGURE 25. Normative quartz, albite, and orthoclase ternary diagram 
showing the composition of samples from the Silsilah ring complex. 
Numbers next to data points are prefixed by 181 to obtain com 
plete sample number; they correspond to entries in table 1. Small 
dots, from top right to bottom left, represent the minimum melt 
ing compositions in the experimental system SiO 2-KAlSi3Og- 
NaAlSi3O8-H2O for P(H2O)=P(Total)=50, 100, 200, 400, 500, 1000 
megapascal (MPa); 100 MPa=l kbar (Winkler and others, 1975). 
Circled pluses indicate minimum melting compositions at 100 MPa 
with excess H2O and 1, 2, and 4 percent fluorine, as indicated (Man 
ning, 1981).

EXPLANATION \ 

  Fawwarah alkali-feldspar granite 

A Hadhir aplite 72 /f -\28 
+ Proto Fawwarah alkali-feldspar granite 

O Silsilah alkali granite 

«  Comendite 79/f

8Z8yf ̂ \g 5̂  ̂ 960 v/ 

37 900 44/957 51
918

58

FIGURE 26. Ternary diagram showing the normative anorthite, albite, 
and orthoclase (an, ab, or) contents of samples from the Silsilah ring 
complex. Numbers next to data points are prefixed by 181 to ob 
tain complete sample number; they correspond to entries in table 
1. Curves show the position of water-saturated eutectic composi 
tions at 200 and 800 MPa (Whitney, 1975). Data for samples 181028 
and 181956 are not plotted because they plot outside the inset ter 
nary, toward the ab corner.

characterized by more restricted SiO 2 variation. 
Samples of the alkali granite contain from 70.8 to 75.3 
weight percent SiO2, whereas samples of the aplite and 
alkali-feldspar granite contain from 74.1 to 76.9 weight 
percent SiO2 .

The composition of the proto-Fawwarah alkali- 
feldspar granite (sample 181810, table 1) is more like 
that of the Hadhir aplite than the average composition 
for the Fawwarah alkali-feldspar granite itself. This 
observation suggests that the aplite is a quenched 
equivalent of the proto-Fawwarah alkali-feldspar 
granite and that the Fawwarah alkali-feldspar granite 
is a slightly more evolved phase of the magma 
represented by the aplite and the proto-Fawwarah 
alkali-feldspar granite.

Certain similarities exist between the major-element 
composition of the aplite and the alkali-feldspar granite 
and that of other highly evolved igneous rocks. The 
evolved major-element compositions, especially their 
degree of alumina saturation and their incompatible 
trace-element enrichment, are similar to features seen 
in metallogenically specialized granites (Tischendorf, 
1977), S-type granites (White and Chappell, 1977), A- 
type granites (Collins and others, 1982), ilmenite-series 
granites (Ishihara, 1977), and topaz rhyolites (Burt and 
others, 1982). At many places in the world, these highly 
evolved rock types are associated with deposits of tin, 
tungsten, and other rare metals. In contrast, the 
peralkaline composition and less well-developed, incom 
patible trace-element enrichment characteristic of the 
Silsilah, alkali granite contrast with these other highly 
evolved rock types.

TRACE ELEMENTS

The trace-element composition of the alkaline dacite 
is distinctive (table 2). In particular, the alkaline dacite 
is depleted in the incompatible trace elements Rb, Y, 
Nb, F, Li, U, Th, and Sn relative to their abundances 
in the other ring complex components. The alkaline 
dacite is notably enriched in barium and strontium 
relative to their abundances in other ring complex com 
ponents and contains greater abundances of zirconium 
than either the aplite or alkali-feldspar granite. The 
trace-element composition of these rocks is similar to 
that of primitive, alkaline melts that include an anatec- 
tic upper-mantle component. In particular, the trace- 
element composition of these rocks is similar to that of 
less evolved members of the transitional basalt- 
pan tellerite sequence described by Barberi and others 
(1975).

The alkali granite, aplite, and alkali-feldspar granite 
can be distinguished on the basis of trace-element com 
position. Relative to the average low-calcium granite
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(table 2), the Silsilah alkali granite is depleted in Li, F, 
Rb, Sr, Ba, and Th; is enriched in Zr and Nb; and may 
contain slightly greater abundances of Y, Sn, U, and 
Be. The Rb/Sr ratio (fig. 27) for the alkali granite is 
about 3 and is, therefore, about twice that of low- 
calcium granite. The trace-element chemistry of the 
comendite is nearly identical to that of the alkali granite 
(table 3), which confirms that it is a quenched equivalent 
of the alkali granite. Relative to the low-calcium granite, 
the Hadhir aplite is enriched in Li, F, Rb, Y, Nb, Sn, 
Th, U, and Be and depleted in Sr, Zr, Ba, and Cu; its 
Rb/Sr ratio (fig. 27) is about 18, about 10 times that of 
the low-calcium granite. The Fawwarah alkali-feldspar 
granite is enriched, relative to the low-calcium granite, 
in Li, F, Rb, Y, Nb, Sn, Th, U, and Be and depleted in 
Sr, Zr, Ba, and Cu; its Rb/Sr ratio (fig. 27) is about 28, 
about 17 times that of low-calcium granite. Trace- 
element enrichments and depletions identified in the 
Hadhir aplite are better developed in the Fawwarah 
alkali-feldspar granite. The degree to which the latter 
granite is enriched in some elements and depleted in 
others is extreme.

Tischendorf (1977) indicated that incompatible ele 
ment enrichment, including combinations of F, Rb, Li, 
Sn, Be, W, and Mo, and high Rb/Sr ratios, are 
diagnostic of metallogenically specialized granites. The 
topaz rhyolites described by Burt and others (1982) and 
<S-type granites described by Chappell and White (1974) 
are characteristically enriched in these same elements. 
The ternary proportions of fluorine, lithium, and tin in 
the Silsilah alkali granite plot in the field defined for 
normal granites (Bailey, 1977), whereas the proportions 
of these elements in the Fawwarah alkali-feldspar 
granite plot in the field defined for stanniferous 
granites. The proportions of these elements in samples 
of the Hadhir aplite are transitional between those 
characteristic of normal and stanniferous granites.

Trace-element data for the Fawwarah alkali-feldspar 
granite and the Hadhir aplite are in part overlapping. 
The highest abundances of the incompatible elements 
in samples of the aplite are the same as values for the 
least incompatible-element enriched samples of the 
alkali-feldspar granite. Data for the alkali granite are 
distinctly different from those for the alkali-feldspar 
granite and the aplite but overlap with data for the com 
endite. Trace-element data for the alkaline dacite com 
prise discrete data fields that represent distinctly less 
evolved compositions.

RARE-EARTH ELEMENTS

The REE chondrite-normalized patterns (fig. 2&A) for 
the alkaline dacite are gently, negatively sloping and

K/100 
EXPLANATION

  Fawwarah alkali-feldspar granite <

* Hadhir aplite /
-f Proto Fawwarah alkali-feldspar granite 
o Silsilah alkali granite 
+ Comendite
  Alkaline dacite

FIGURE 27. Ternary rubidium-strontium-potassium diagram for 
samples of the Silsilah ring complex.

most lack a europium anomaly. The patterns and total 
REE contents of these rocks (table 2) are similar to the 
patterns and REE contents of compositionally similar 
mugearites and benmoreites from the island of Reunion 
(Zielinski, 1975). The trachyte from the Silsilah ring 
complex is characterized by a small, negative europium 
anomaly.

The comendite has REE patterns identical to patterns 
for the Silsilah alkali granite. The sum of the nine REE 
increases from almost 200 ppm in the alkaline dacite 
to about 450 ppm in the comendite.

The sum of the nine REE (table 2) and chondrite- 
normalized REE patterns for the Silsilah alkali granite 
are similar to those determined for peralkaline rocks in 
the northeastern Arabian Shield (Stuckless and others, 
1982). Of the rocks that compose the ring complex, the 
Silsilah alkali granite has the highest average REE con 
tent, namely 474 ppm. The REE patterns (fig. 28B) have 
negative slopes, are parallel to patterns for the alkaline 
dacite, and are characterized by a moderate, negative 
europium anomaly.

The average value for the sum of REE in the proto- 
Fawwarah alkali-feldspar granite is 198, which is in 
termediate between that of the alkali granite and the 
aplite. A single chondrite-normalized pattern for this 
unit has a slight, negative slope and a negative 
europium anomaly whose magnitude is greater than 
that observed for the alkali granite.

The average value for the sum of REE in the Hadhir 
aplite is 146 ppm, less than a third that of the Silsilah
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alkali granite. Chondrite-normalized REE patterns for 
the Hadhir aplite (fig. 28Q are nearly flat but have a 
slight, negative slope and are characterized by a 
negative europium anomaly slightly greater than that 
observed in proto-Fawwarah alkali-feldspar granite.

The average sum of REE in the Fawwarah alkali- 
feldspar granite is about 155 ppm, whereas the sum of 
these REE in the low-calcium granite is 210 ppm 
(Turekian and Wedepohl, 1961). Chondrite-normalized 
REE patterns for the Fawwarah alkali-feldspar granite 
(fig. 28D) are nearly flat and characterized by a large, 
negative europium anomaly. The patterns show some 
fluctuation of the light rare-earth elements (LREE) and 
the pattern for the heavy rare-earth elements (HREE) 
has a slight positive slope. Flat REE patterns and large, 
negative europium anomalies are characteristic of 
highly evolved granitoid rocks (Miller and Mittlefehldt, 
1982). Average REE patterns for the ring complex com 
ponents are plotted in figure

OXYGEN ISOTOPES

Oxygen isotope analyses of representative samples 
from the Silsilah ring complex were obtained for five 
quartz-whole rock pairs (table 4). The delta 18O frac- 
tionation observed between quartz separates and whole- 
rock pairs are small, and in all but one case the delta 
18O quartz is heavier. The small range of 18O values for 
quartz samples from the alkali-feldspar granite suggests 
that these represent magmatic or near-magmatic values 
(Stuckless and others, 1984). The values for the Hadhir 
aplite and for the Fawwarah alkali-feldspar granite are 
in the upper third of the delta 18O range defined for 
granites (Taylor, 1968). The average value for delta 18O 
in three samples of the alkali-feldspar granite, 10.3, and 
the single value for the aplite, 10.5, are both above the 
value of 10 defined by O'Neil and others (1977) as the 
demarcation between delta 18O-enriched S-type 
granites and delta 18O-depleted /-type granites. The 
single value for the Silsilah alkali granite is less than 
this value, however.

The oxygen-isotope data for samples of the ring com 
plex are similar to values obtained for other peralkaline 
and peraluminous plutons of the northeastern Arabian 
Shield. The delta 18O-enriched character of the aplite 
and the alkali-feldspar granite is similar to that ob 
served in the nearby Qutn alkali-feldspar granite, 
another peraluminous postorogenic pluton in the region 
(Stuckless and others, 1984). The lower delta 18O value 
obtained for the Silsilah alkali granite is similar, 
although somewhat elevated relative to values deter 
mined for other peralkaline granitoid rocks in the region 
(Stuckless and others, 1984).

TABLE 4. Delta 18O values relative to NBS-28 for quartz-whole rock 
pairs from samples of the Silsilah ring complex

[Reproducibility is 0.3 °/ (2 sigma)]

Sample 
number

Sample 
type

Unit Delta 180

181800 whole rock Fawwarah alkali- 
	feldspar granite

do. quartz do.
181878 whole rock do.

do. quartz do.
181904 whole rock do.

do. quartz do.
181856 whole rock Hadhir aplite

do. quartz do.

10.5

10.7
10.1
11.1
10.2
10.0
10.5
10.6

181929 whole rock Silsilah alkali granite 9.9 
do. quartz do. 10.0

MINERAL CHEMISTRY

The feldspars in the Fawwarah alkali-feldspar granite 
are nearly end-member albite and orthoclase (table 5). 
The average structural formulas for albite and potas 
sium feldspar in the alkali-feldspar granite are (Na0 92 , 
K0 .02,Fe005,Ca001)AlSi3O8 and (K088,Na005,Fe006,Ca001 ) 
AlSi3O8 , respectively. Stoichiometry suggests that 
iron is principally in the ferrous state and, therefore, 
is substituting, with minor amounts of calcium, for 
potassium and sodium in the feldspar lattices.

The antiperthite in the alkali granite is composed of 
nearly equal amounts of albite and orthoclase (table 6). 
The average composition of the antiperthite is 
(Na052,K041,Fe006,Ca001)AlSi3O8. Iron is principally in 
the ferrous state, as was determined for the feldspars 
in the alkali-feldspar granite, and substitutes, with 
minor quantities of calcium, for potassium and sodium.

Chemical analyses of amphibole grains in the Silsilah 
alkali granite and comendite (table 7) indicate that they 
are composed of katophorite and arfvedsonite, respec 
tively. D. B. Stoeser (written commun., 1984) has deter 
mined the composition of sodium-bearing amphiboles 
in peralkaline rocks of the Arabian Shield. His studies 
show that these amphiboles can be properly classified 
on the basis of the ratio of atomic calcium to atomic 
silicon in structural formulas. He identifies a smooth 
variation trend on an atomic calcium-silicon plot bet 
ween amphiboles classified as ferroedenite, katophorite, 
and arfvedsonite (fig. 29). Analyses for amphibole in the 
Silsilah alkali granite plot along the part of this trend 
for which compositions are classified as katophorite 
whereas analyses for amphibole in the comendite plot 
in the arfvedsonite field.

Three mineral separates of Fe-Li mica from the alkali- 
feldspar granite and one from a sample of incomplete
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TABLE 5. Structural formulas for feldspars in samples of the Fawwarah alkali-feldspar granite
[Number following hyphen in sample number indicates grain-pair designation within that sample; k in mineral column indicates potassium

feldspar and a indicates albite; s.d. is standard deviation]
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Structural
Sample Mineral

181878-1
   do. 

181878-2
   do. 

181878-3
   do. 
181878-4
   do. 
181878-5
   do. 

181878-mean
   do.-s.d.

181878-mean
   do.-s.d.

181900-1
   do. 
181900-2
   do. 

181900-3
   do. 

181900-4
   do. 
181900-mean
   do.-s.d.

181900-mean
   do.-s.d.

181904-1
   do. 
181904-2
   do. 
181904-3
   do.  

181904-4
   do. 
181904-5
   do. 
181904-mean
   do.-s.d.

181904-mean
   do.-s.d.

181911-1
   do. 

181911-2
   do. 

181911-3
   do. 
181911-mean
   do.-s .d.

181911-mean
   do.-s .d.

GRAND MEAN
GRAND MEAN

k
a
k
a
k
a
k
a
k
a
k
k
a
a

k
a
k
a
k
a
k
a
k
k
a
a

k
a
k
a
k
a
k
a
k
a
k
k
a
a

k
a
k
a
k
a
k
k
a
a

k
a

Na

0.053
.915
.049
.916
.040
.950
.063
.918
.026
.960
.045
.016
.932
.021

.083

.958

.096

.955

.099

.889

.030

.895

.077

.032

.924

.037

.056

.936

.000

.964

.036

.924

.092

.918

.078

.956

.052

.036

.940

.020

.039

.944

.036

.933

.056

.861

.044

.011

.913

.045

.054

.929

Al

1.005
1.052
1.031
1.054
1.020
1.044
1.024
1.039
1.028
1.019
1.022
.010

1.042
.014

1.016
1.041
1.018
1.046
1.011
1.038
1.045
1.084
1.023
.015

1.052
.021

1.023
1.069
1.027
1.046
1.046
1.053
1.041
1.056
1.030
1.063
1.033
.010

1.057
.009

.995
1.026
1.020
1.031
1.012
1.027
1.009
.013

1.028
.003

1.023
1.046

formula
Si

2.979
2.951
2.956
2.950
2.964
2.947
2.971
2.954
2.963
2.958
2.967
.009

2.952
.004

2.978
2.946
2.991
2.945
2.982
2.954
2.955
2.918
2.977
.015

2.941
.016

2.961
2.932
2.970
2.940
2.948
2.940
2.958
2.944
2.961
2.930
2.960
.008

2.937
.006

2.997
2.954
2.969
2.961
2.977
2.975
2.981
.014

2.963
.011

2.970
2.947

based
K

0.884
.023
.883
.020
.889
.018
.852
.027
.890
.022
.880
.016
.022
.003

.829

.022

.783

.018

.811

.026

.864

.034

.823

.034

.025

.007

.874

.022

.897

.022

.893

.029

.821

.025

.852

.021

.867

.031

.024

.003

.863

.022

.889

.020

.874

.018

.875

.013

.020

.002

.860

.023

on 8 oxygens
Ca

0.008
.009
.011
.000
.015
.008
.009
.015
.013
.012
.011
.003
.009
.006

.000

.005

.000

.004

.005

.024

.005

.022

.003

.003

.014

.011

.011

.012

.008

.009

.010

.007

.004

.007

.005

.007

.008

.003

.008

.002

.014

.020

.000

.008

.000

.012

.005

.008

.013

.006

.007

.011

Fe

0.058
.041
.064
.051
.062
.049
.055
.047
.061
.052
.060
.004
.048
.004

.063

.051

.051

.050

.060

.054

.069

.052

.061

.008

.052

.002

.068

.040

.063

.049

.060

.057

.064

.048

.065

.051

.064

.003

.049

.006

.056

.051

.069

.046

.063

.059

.063

.007

.052

.007

.062

.049

Mol percent ab

5.3
92.5
4.9

92.8
4.0

92.7
6.5

91.1
2.6

96.9
4.7
1.5

93.2
2.2

8.5
92.5
10.3
93.0
10.1
89.5
3.1

89.3
8.0
3.4

91.1
1.9

5.5
92.6
0.0

92.4
3.7

90.9
9.4

92.0
7.8

92.4
5.3
3.7

92.1
.7

4.0
91.1
3.6

93.0
5.6

90.7
4.4
1.1

91.6
1.2

5.5
91.8
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TABLE 6. Structural formulas for perthite in samples of the Silsilah alkali granite
[Number following hyphen in sample number indicates grain designation within that sample; s.d. is standard deviation]

Sample

181918-1
181918-2
181918-3
181918-4
181918-mean
181918-s.d.

181929-1
181929-2
181929-3
181929-4
181929-mean
181929-s.d.

GRAND MEAN

TABLE

Structural formula based on 8 oxygens Mol percent
Na

0.465
.523
.554
.456
.500
.047

.673

.477

.413

.556

.530

.112

.515

Al Si K Ca Fe ab or

0.996 2.974 0.450 0.009 0.009 49.8 48.2
.941 3.045 .331 .000 .072 56.5 35.8

1.029 2.968 .349 .005 .065 56.9 35.9
1.008 2.967 .467 .010 .083 44.9 46.0

.994 2.989 .399 .006 .057 52.0 41.5

.038 0.038 .069 .005 .033 5.8 6.6

.990 2.982 .291 .006 .063 65.2 28.2
1.003 2.978 .441 .011 .069 47.8 44.2
1.024 2.954 .523 .022 .066 40.3 51.1
.990 2.973 .395 .008 .087 53.2 37.8

1.001 2.972 .413 .012 .071 51.6 40.3
.016 .012 .097 .007 .011 10.5 9.7

.998 2.981 .406 .009 .064 51.8 40.9

7.   Structural formulas for amphiboles from the Silsilah ring complex
[Number following hyphen in sample number indicates grain designation within that sample; s.d. is standard deviation]

Sample

181918-1
181918-2
181918-3
181918-mean
181918-s.d.

181929-1
181929-2
181929-3
181929-4
181929-mean
181929-s.d.

181957-3
181957-4
181957-5
181957-6
181957-7
181957-mean
181957-s.d.

Na

1.233
1.337
1.434
1.335
0.101

.940

.767
1.155
1.155
1.004

.188

1.795
2.279
2.149
2.090
2.265
2.116

.175

Structural formula based on 23 oxygens
Mg Al Si K Ca Ti Mn Fe

Amphibole from the Silsilah Alkali Granite
0.000 0.725 7.632 0.236 0.929 0.151 0.051 4.632

.075 .784 7.677 .187 .685 .118 .093 4.619

.124 .683 7.568 .221 .944 .098 .069 4.678

.066 .731 7.626 .215 .853 .122 .071 4.643

.063 .051 0.055 .025 .145 .027 .021 0.031

.000 .773 7.542 .205 1.066 .168 .075 4.707

.104 .746 7.524 .217 1.046 .159 .090 4.783

.000 .794 7.462 .283 1.133 .165 .069 4.634

.067 .823 7.494 .221 1.046 .157 .092 4.571

.026 .784 7.506 .232 1.073 .162 .082 4.674

.052 .033 .035 .035 .041 .005 .011 .092

Amphibole from the Comendite
.000 .311 8.224 .138 .260 .061 .043 4.694
.000 .045 8.454 .041 .000 .012 .000 4.837
.000 .152 8.007 .200 .456 .113 .058 4.842
.000 .133 8.275 .071 .185 .050 .013 4.872
.000 .395 8.016 .154 .228 .116 .060 4.647
.000 .207 8.195 .121 .226 .070 .035 4.778

.127 .168 .057 .146 .040 .024 .090

greisen have total iron contents, expressed as Fe2O3 , 
that range between 13 and 19 percent. Li2O contents 
in these samples range between 3 and 6.5 percent. These 
compositions are diagnostic of zinnwaldite (Deer and 
others, 1966). Semiquantitative trace-element analyses 
obtained using a Kevex 7000 multichannel spectrometer 
indicate that this mica contains between 200 and 
500 ppm tin and several hundred ppm cesium.

LEAD ISOTOPES

The U-Pb isotopic compositions of two fractions of 
zircon separated from a sample of the Fawwarah alkali- 
feldspar granite indicate that the granite, which is 
the youngest component of the Silsilah ring complex as 
indicated by field relations, is 587±8 Ma old (table 8, 
fig. 30). This age is in good agreement with those
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2.0 r

1.5

1.0

O

0.5

Composition field defined 
by amphiboles in 20 
plutons composed of alkali 
granite in the Arabian Shield 
(D. B. Stoeser, written 
Communication, 1 984)

6.5 7.0 7.5 
Si (ATOMS)

8.0 8.5

FIGURE 29. Plot showing the composition of sodium-bearing am 
phiboles from the Silsilah ring complex in terms of atoms of calcium 
versus atoms of silicon in structural formulas; data for amphibole 
grains from the Silsilah alkali granite shown as solid dots and for 
amphiboles from the comendite as plusses. Composition field, from 
ferroedenite to arfvedsonite defined by D. B. Stoeser (written com- 
mun., 1984) using analyses for sodium-bearing amphiboles in 20 
alkali granite plutons of the Arabian Shield.

determined for other postorogenic plutons of the north 
eastern Arabian Shield (Stuckless and others, 1984).

The isotopic lead compositions (table 8, fig. 31) of two 
samples of pure potassium feldspar, from the Silsilah 
alkali granite and from the Fawwarah alkali-feldspar 
granite, are identical within the limits of analytical 
uncertainty. The ratios are unlike those for other 
samples from the Arabian Shield in that the 
207Pb/204Pb and 208Pb/204Pb ratios are low relative to 
their ^Pb/^Pb ratios. The nonradiogenic character of 
lead from these two samples is unlike either type I 
lead having an oceanic crustal affinity or type II 
lead having an evolved continental crustal affinity  
as defined by Stacey and others (1980) (fig. 31), although 
it is more like type I. Relative to average mantle and 
orogene lead compositions, lead in the samples from the 
Silsilah ring complex is 208Pb (thorium lead) depleted 
and, in terms of 207Pb (uranium lead), it is intermedi 
ate, although more like that characteristic of the mantle. 
In any case, the lead isotopic composition of these 
samples indicates that genesis of the ring-complex com 
ponents did not involve a component of continental 
material more than 100 Ma older than the complex 
itself. This observation is in good agreement with the 
findings of Stuckless and others (1984) for other 
postorogenic plutons in the northeast Shield.

A linear array is formed by the lead isotopic data for 
samples from the eastern Arabian Shield. These include 
gabbro from the Urd ophiolite complex, rocks east of 
the Al Amar fault, and the Abt intrusive rocks (Stacey 
and Stoeser, 1983). These compositions have been 
suggested (D. B. Stoeser, oral commun., 1984) to repre 
sent a mixing line between mantle compositions, in 
dicated by the Urd sample and material whose isotopic

TABLE 8. Uranium, thorium, and lead and uranium isotopic data for mineral separates from samples of the Silsilah ring complex

Potassium Feldspar

Unit _______Atomic ratios_____
206Pb 207Pb 208Pb
204Pb 204Pb 204Pb

181964 
181947

Fawwarah alkali-feldspar granite 
Silsilah alkali granite

17.932 
17.931

15.542 
15.526

37.561 
37.487

Zircon

Sample

181964 

181964

Size fraction

-250 mesh, 
nonmagnetic 
+150 mesh, 
magnetic

U

1715 

389

Th

ppm

110 

35

Atomic ratios
206Pb
238U

0.0582 

0.0803

207Pb
235U

0.4742 

0.6581

0 

0

207Pb
206Pb

.05911 

.05941

208Pb
238U

365 

498

Ages (Ma)
207Pb
235U

394 

513

207Pb
206Pb

571 

581

Isochron 
model 
age Ma

587^8
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0.10

0.08

0.06

0.04

0.02

- 181964

Intercepts at 
30 ± 19 and 587 ± 8Ma

0.2 0.4 0.6 
207 Pb/235 U

0.8 1.0

FIGURE 30. Concordia diagram of isotopic data for zircon from the 
Fawwarah alkali-feldspar granite. Data for two fractions of zir 
con from sample 181964 are plotted. Intercepts with concordia 
and their uncertainties are calculated from Ludwig (1980).

composition would plot along the extension of the linear 
array. The lead isotopic composition of the samples 
from the Silsilah ring complex plots along this exten 
sion and may depict the lead isotopic composition of the 
protolith with which Urd lead isotopic compositions are 
mixing to produce the linear array.

MINERALIZED ROCKS

METHODS

A 1:2000 scale geologic map of the two intensely 
mineralized greisens located in the southwest part of 
the ring complex was prepared using standard plane 
table and alidade techniques (plate 3). After the map 
ping was completed, a series of sample lines was laid 
out to provide locations for representative, evenly 
spaced samples across both greisen hills (figs. 32 and 
33). The sample lines are approximately perpendicular 
to the long axis of each hill. Samples were collected in 
10-m intervals; several intervals less than 10 m long 
were made where outcrops are absent. Within each in 
terval, approximately 10 kg of rock were collected on 
and near the surveyed line, an effort being made to col 
lect a fragment of outcropping rock every 10-20 cm 
within each interval. This mode of sample collection is 
subjective, is susceptible to bias in sample collection, 
and may yield samples not representative of the rock 
exposed in the interval. No effort was made to evaluate 
sampling bias by replicate sampling, but the method 
was probably adequate for the present study. The

368

15.5

y Analytic error 
/ (95 percent confidence)

I_____L

QUrd
175 

206 pb/ 204 pb

FIGURE 31. Graphs showing common lead isotope data for two 
samples from the Silsilah ring complex. Sample 181947 is 
potassium feldspar from the Silsilah alkali granite and sample 
181964 is potassium feldspar from the Fawwarah alkali-feldspar 
granite. Data are listed in table 8. Average growth curves are from 
Stacey and Kramers (1975). Group I and group II galena fields, 
Urd, east of Al Amar field, and Abt intrusive field are from Stacey 
and others (1980).

results probably provide a reasonable estimate of the 
overall grade of the deposit and helped identify large- 
scale zoning that exists.

Small, isolated greisens and quartz veins in the 
Silsilah alkali granite were also sampled. Sampling of 
these was less systematic and at a much lower density 
than that in the area of plate 3. Samples of greisen con 
sisted of 2-3 kg of rock chips collected and composited 
from outcrops within several meters'of the sample site. 
Samples of the quartz veins consisted of 2-3 kg of 
quartz selected based on a mineralized appearance; each 
sample consisted of chips collected and composited from 
along 1-10 m of vein strike length.
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FIGURE 32. Maps showing the distribution of single elements in samples of the intensely mineralized greisens. A, Silver; B, Beryllium; C, 
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32 SILSILAH RING COMPLEX AND ASSOCIATED TIN MINERALIZATION, SAUDI ARABIA

K /' / //' x /' f // 1 N / /' //
mlg) ' "'fagjx, Qz ' / ^

'qmq ^"^-^Q v -/ ^~ felsic dike

° o -' \ M /
0 o ' o /

v^-    x£\ QS
\qtg "~ ^-- ,  -"" ~ 1

s . s sr

1
hap

7 i ~^X-~- hapj
: ° ° ° 6 " A'^

EXPLANATION Qs qtg \ ° ° 0 \

o 0 < factor score < 75 ,i0 °r-t?'°° A

0 75 < factor score < 90 \ ̂ Trf ra /' |,V"

O 90 < factor score < 95 --- ^ HTJ, o^^i ° \

O 95 < factor score < 97.5 ! "f ^ ° L \

'- ha P . ' .. /" - N 
m!g; / fag jX q ^ ^,' ^ t

^9/' ̂ ^f J^V /fe'^ d«ke

""°o °ry°a\ % //'
\qtg -^ ,-- '""
\ x  ' ^x'''

/
hap /

/ ' ~~^"-f-^ hap

X flap ,' , / / 
mig^ /fagK qz / / 

--'' \ / '

N

  / qmg-^- 0 X, / T^felsic d'ko 
qmg/ % _,-' 0 ^ ^.,y ^/

' °c °o °'\ ^ ^'

\V"t^\.9 Qsx/
\

/
hap /

/

0 ° o /' vV"" /
EXPLANATION Qs qtg '\° ° 0 \ EXPLANATION Qs

o 0 < factor score < 75 j°° °-*> ° ° J,

0 75 < factor score < 90 'x ^^r%3 (m | qV"

O 90 < factor score < 95   ̂̂  ^o o^,- s^o o ° \

O 95 < factor score < 97.5 1 v 0/-
O 97.5 < factor score < 99 / o o o nlOveiiV -^ Q 97.5 < fac,or score < 99 ) ocQ^-9   a"^

Q 99 < factor score < 100 / qmg \ hap Q 99 < factor score < 100 / qm9 . hap

Factor = As-Ca-Ag-Cu-Sn *^£"^ A ' Factor = Mn-F-Rb-Be \ x5<^ R

hap ,' ,' / ., ' X hap /' / /'/ M
mlg; _/ fag r- v c! z / / N m!g/ < fag K *' //

/ .- / --7 \ / / / ,,' -j \ ' /
/ qmg^rV°0 ^ / "r-feisic dike /' 'T^O^ "a X ' "'" felsic dike

y^~~'   'V'a. 0(i '' -'' i?o~~~L"&' 0\ 0<f /x'
O o / v v , \ / ° °o / \ ., *! »

- ^5 °^ n "~ / \   °° °* ^  /
\V -^ Qa , ^     -J Vc X^ Qs / _      _

\qtg

\ X"

hap /

(~°~^1^&

/ b \^
EXPLANATION Qs qt0 - °o >

o 0 < factor score < 75 °° °^- ° ° \

0 75 < factor score < 90 \ J^f',9 / H

0 90 < factor score < 95  7-^ To^ 0 B-O- VJ° 0°9\ 1

O 95 < factor score < 97.5 ', T^ V\ ^-j

O 97.5 < factor score < 99 ) O cQ^-^D^

Q 99 < factor score < 100 / qm'3 '^ hap

Factor = Fe-Mo-V \ o-^f^* £)

  ^qtg

hap ;

/' ' T~"~r~- h\ p
O Y"X

EXPLANATION Qs qtg ^ ° o \

c 0 < factor score < 75 °OoQ&oO0 \

o 0 < factor score < 75

0 75 < factor score < 90

O 90 < factor score < 95 --/-^ f

O 95 < factor score < 97.5 '

O 97.5 < factor score < 99 ,' O

Q 99 < factor score < 100 / qmg

Factor = Sn-W-Sc-Nb \

_ -77  -- / ,

- hap / 1 z / /

/ qmg_,X o X, / T^-felsicdi!
? rns/ pTf °0 -°s^-^i /

'^''°~~^~ °Si °L //'
0 ° / Vy^ l//

i o °rt "~ / 7
sx\^ Xd Qs

\qtg
/'

hap /

/

EXPLANATION Qs

o 0 < factor score < 75

0 75 < factor score < 90 \ i-^c7^v (rpl M O 75 < factor score < 90

O 90 < factor score < 95   T--^ / o"b oJ^Vi \ ° 90 < factor score < 95   -r-,^ j

O 95 < factor score < 97.5 l \ - »~ O 95 < factor score < 97.5 i

O 97.5 < factor score < 99 / " ° ° Wg^SS^ Q 97.5 < factor score < 99 )

Q 99 < factor score < 100 / qma ^ hap i ! Q 99 < factor score < 100 / q 9

Factor = Mg-B \ a-2^* F   Factor = Ti-Y
\ 7-qtg *- . ,

^-^ "" ~~^

i ~~~~~~T-~ hap° ° v^ ^
qtg \U0<) \

^6o-e-s<?o 00 i
f "x y~~

. qtg vem^-- 3 ° r-1   

V ha P

Q~~~4\ C

f i
\e

'"

'7ro~i-^
,0 y

qtg \ <= 0 \ "
° ° o__^ o o y

^v^Ovlmjar
o o jjj^^o o 0 |

D o qtg veiryx*

\ hap

^,tg F
^.. ._- - __.. r n inn MFTFRS

'qmg/ qn/^'0' ° 0 ;/ T~ feisic dike h'qmg/ T^n °<> >'' 7~ fe!sic dlke
/ 1 -%!. o r ~~-^--^' I ,

7° o~"°vo \ //

QV ^3 /
vr \$ Qs / ^--    -

\qtg ^--' _--
xv  /'" /x

/

/

EXPLANATION Qs qtg (^ ° O Q\

'°X°"V9 \ I/

\qtg ^~~^ .-'' .-'^

\ ^ '''

1 1

EXPLANATION

Qs Surficial deposits

qtg Complete greisen

qmg Incomplete greisen

arg Argillically altered granite

qz Pegmatite quartz

fag Fawwarah alkali-feldspar granite
hao /

/ hap Hadhir aplite

/ /""^-p. ha P rnlg Maraghan lithic graywache

' ' ?°o
EXPLANATION Qs qtg ^ O 0 \

o 0 < factor score < 75 O^r° ° A ° 0 < factor score < 75   "-^3 ° \.

0 75 < factor score < 90 \ ^^oS.^Jf ° 7 5 < factor score < 90 V, 5^?>S ,'m|^'
O 90 < factor score < 95 "T-^_ f~cT0 OjtB^OQ \

O 95 < factor score < 97.5 I ] x ^_ ^~
O 97.5 < factor score < 99 / o o o q!g_veirL^-

Q 99 < factor score < 100 ^ qr^9o o I hap

Factor = Pb-B ^ a-iif" G

0 90 < factor score < 95  ^-^ f^b^e^ ° \

O 95 < factor score < 97.5 ! ~T X y~-

O 97.5 < factor score < 99 /' ° ° °3*l^Lfl-">

Q 99 < factor score < 100 ' q^9 '.^ hap

Factor = Ni-Cr \ <*~-^? H '

FIGURE 33. Maps showing factor scores for samples of the intensely mineralized greisens. A, Factor 1 (As, Ca, Ag, Cu, Sr); B, Factor 1 an 
tithesis (Mn, F, Rb, Be); C, Factor 2 (Sn, W, Sc, Nb); D, Factor 3 (Fe, Mo, V); E, Factor 3 antithesis (Mg, B); F, Factor 4 (Ti, Y); G, 
Factor 4 antithesis (Pb, B); H, Factor 5 (Ni, Cr).



GEOCHEMISTRY 33

RESULTS FOR INTENSELY MINERALIZED GREISENS

A basic measure of the elemental concentrations in 
the greisens was obtained through calculation of the 
mean and standard deviation of concentration for each 
element determined in the set of 68 samples collected 
across the two intensely mineralized greisens (table 9). 
The mean concentrations of Ag, B, Bi, Mo, Nb, Pb, Zn, 
As, Sn, W, and F, which are present in anomalous to 
highly anomalous concentrations relative to the low- 
calcium granite of Turekian and Wedepohl (1961), are 
of particular interest. Most of these elements are not 
present in sufficiently high concentrations to be of 
economic interest, but they serve as pathfinders to tin 
and associated deposits (Tischendorf, 1977) and also 
reflect the hydrothermal process that caused 
greisenization.

The elements Sn, W, Ag, As, Bi, Pb, Cu, Rb, and Zn 
are all present in highly anomalous concentrations and 
are characterized by wide ranges of abundances, as in 
dicated by the standard deviations of their concentra 
tions. The levels of concentration, however, suggest that

TABLE 9. Elemental means and standard deviations for 68 samples 
collected from the two intensely mineralized greisens in the 
southwest part of the Silsilah ring complex.

[Samples composited from rock chips collected in 10 m intervals. Determinations by the 
DGMR/USGS chemical laboratory, Jiddah, using semiquantitative spectrographic tech 
niques, unless otherwise indicated. All values in parts per million, except iron, magnesium, 
calcium, and titanium which are in percent]

Element Detection 
limit

Mean Standard 
deviation

Number of un 
qualified data

Fe
Mg
Ca
Ti
Mn
Ag
B
Ba
Be
Bi
Cr
Cu
Mo
Nb
Ni
Pb
Sc
Sr
V
Y
Zn
Zr
Asa
Sna
Wa
Rba
Fb

0.05
.02
.05
.002

10
.5

10
20

1
10
10
5
5

20
5

10
5

100
10
10

200
10
2
4
10
2 
50

2.76
0.04
.84
.01

429
9

13
61
2

53
296
106
12
64
7

661
6

130
16
12

324
83

1367
9527
175
361 
1489

1.15
0.03
.61
.03

524
5
4

33
2

54
93
68
8

19
2

477
2

42
5
3

137
20

1913
21347

241
393 
1328

68
68
68
43
68
63
22
68
24
66
68
68
57
68
59
68
7

23
54
22
21
68
64
64
64
64 
64

Determined by X-ray fluorescence, COMLABS, Australia. 
Determined by selected ion electrode, COMLABS, 
Australia.

only tin occurs at potentially economic grades. W and 
Ag may be viable as by-products. Other elements, in 
cluding Ba, Sr, Ni, and V, are present in anomalously 
low abundances.

The variation of individual elemental abundances was 
examined using a series of single-element concentration 
maps to determine whether the geochemistry of the 
greisens was systematically zoned. These maps were 
also used to determine whether zonation could be cor 
related with surface geology. The concentration varia 
tion of the elements Fe, Ca, Ti, Mn, B, Ba, Bi, Cr, Cu, 
Mo, Nb, Ni.Pb, Sc, Y, Zn, and Zr in the samples of the 
two intensely mineralized greisens does not display 
systematic spatial variation, so their univariant distri 
butions are not further considered. The elements Ag, 
Be, Sr, V, As, W, Rb, F, and Sn have broad concentra 
tion ranges and their abundances (fig. 32) are charac 
terized by systematic spatial variation that is consistent 
with surface geology in most cases.

The distribution of silver is fairly homogeneous ex 
cept that it is distinctly depleted in parts of the 
southern greisen composed of incomplete greisen (fig. 
32A). The physicochemical conditions which resulted in 
formation of the quartz-zinnwaldite assemblage in the 
incomplete greisen evidently did not favor concentra 
tion of silver.

The beryllium content of samples from the southern 
greisen is slightly higher than that of samples from the 
northern greisen (fig. 325). Beryllium concentrations 
are particularly high in the southern part of the 
southern greisen where incomplete greisen crops out. 
Berylh'um may substitute for manganese, a major con 
stituent of zinnwaldite, which is a major constituent of 
the incomplete greisen. Thus, beryllium may be a good 
pathfinder to incomplete greisen.

The strontium content of the northern greisen is 
distinctly higher than that characteristic of the 
southern greisen (fig. 32C). This observation exemplifies 
the geochemical distinction between the two intensely 
mineralized greisens. Strontium is preferentially parti 
tioned into the solid phase because of its compatible 
behavior (Hanson, 1978) and is, therefore, less abundant 
in subsequently solidified materials. Thus, the higher 
strontium content of the northern greisen suggests that 
it may represent a less evolved stage in the development 
of the hydrothermal system. Hydrothermal alteration 
responsible for the northern greisen may have removed 
strontium from greisenizing fluids prior to evolution of 
the fluids responsible for development of the southern 
greisen.

The vanadium content of samples from the northern 
greisen is less variable and slightly higher than that 
characteristic of the southern greisen (fig. 32D). 
Vanadium concentrations are anomalously low in
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samples of incomplete greisen or argillically altered 
granite.

The distribution of arsenic displays the strongest 
zonation of any element determined (fig. 32E). The 
arsenic content of the northern greisen is about five 
times that of the southern greisen and is highly anoma 
lous relative to the arsenic content of most rocks 
(Turekian and Wedepohl, 1961). Three samples from the 
northwest corner of the southern greisen also contain 
highly anomalous concentrations of arsenic. The geo- 
chemical behavior of arsenic and sulfur are similar, and 
arsenic is commonly a major constituent of sulfide 
mineralized rock. The dissimilarity of arsenic content 
between the two greisens suggests that either the north 
ern greisen experienced a sulfide-dominated hydrother- 
mal event not experienced by the southern greisen or 
both greisens experienced this event and that evidence 
of this sulfide event was subsequently overprinted by 
a hydrothermal event which affected only the southern 
greisen. Poorly developed distribution patterns for 
other chalcophile elements suggest that they are also 
more abundant in the northern greisen. The variation 
of arsenic content between samples of the two greisens 
may result from geochemical zonation of one hydrother 
mal system or may represent the effects of superposed 
hydrothermal events.

The tungsten content of the southern greisen is slight 
ly higher than that of the northern greisen (fig. 32F), 
but no zonation of tungsten is apparent. Tungsten, like 
niobium, substitutes for tin in cassiterite (Dudykina, 
1959). The low tungsten content of the greisens sug 
gests that tungsten is a constituent of cassiterite in this 
system and does not form tungsten minerals to any 
significant extent. Possibly, however, the distribution 
of tungsten reflects the sporadic distribution of very 
small quantities of tungsten minerals such as 
wolframite and wolframoixiolite, which have been iden 
tified in samples of the greisens. The tungsten content 
of the greisens is anomalous but is not indicative of a 
significant tungsten resource.

The rubidium content of the southern greisen is 
higher than that of the northern greisen, where 
rubidium is more erratically distributed (fig. 32G). 
Rubidium acts incompatibly (Hanson, 1978) and, as is 
observed in this case, its distribution is antithetic to 
that of strontium. The distribution of rubidium substan 
tiates the hypothesis that the physicochemical condi 
tions responsible for genesis of the two greisens were 
dissimilar. The rubidium content of samples from the 
south part of the southern greisen, where the mineral 
assemblage quartz-zinnwaldite prevails, is distinctly 
higher than it is elsewhere. Given the mineralogy of the 
greisens, the geochemical affinities of rubidium, and

high rubidium contents observed in zinnwaldite (Deer 
and others, 1962), the rubidium can be inferred to reside 
in zinnwaldite. Thus, high rubidium contents indicate 
samples that contain abundant zinnwaldite and, 
because the distributions of rubidium and tin are gen 
erally antithetic (figs. 32G and 32H), areas characterized 
by high rubidium contents are less favorable for high- 
grade deposits of tin.

The fluorine contents are low for samples of greisen 
(fig. 327) but are consistent with their low fluorite con 
tent. With the exception of samples from the south half 
of the southern greisen, the fluorine contents of the two 
greisens are similar; samples from the southern area 
contain distinctly more fluorine than samples from 
other areas. The higher fluorine content of these 
samples is attributable to the abundance of zinnwaldite, 
which contains 4-8 percent fluorine (Deer and others, 
1962) in the incomplete greisen that underlies the south 
part of the southern greisen. The abundance of topaz, 
the other fluorine-bearing mineral in the greisens, does 
not affect the fluorine distribution because its distribu 
tion is approximately constant in the greisens.

The highly anomalous tin content of both greisens 
(fig. 32H), attributable to the presence of disseminated 
cassiterite, suggests that economic deposits of tin could 
occur within the Silsilah greisens. Samples of the 
greisens contain between 75 ppm and 121,000 ppm tin, 
although few contain less than 1000 ppm. The average 
tin content of samples from the southern greisen is 
10,000 ppm tin whereas that for samples from the north 
ern greisen is 5,000 ppm (du Bray, 1983c), and the 
distribution of tin within the two greisens displays some 
systematic variation. The central part of the northern 
greisen contains distinctly more tin than other parts of 
this greisen, but tin's variation does not correlate with 
lithologic variation within the greisen (fig. 32H). A cor 
relation exists between lithology and tin content in the 
southern greisen. Areas underlain by complete greisen 
generally contain more tin than areas underlain by in 
complete greisen or argillically altered alkali-feldspar 
granite (fig. 32H).

A correlation coefficient matrix (du Bray and others, 
1984) was computed using the geochemical data for 
samples from the two intensely mineralized greisens. 
Entries in the matrix indicate the degree to which 
variance between elements of the sample set is cor 
related. Correlation coefficients greater than 0.6 were 
arbitrarily designated as being significant; element 
pairs that meet this criterion and their correlation coef 
ficients are listed in table 10. Scandium, titanium, 
chromium, and vanadium have the same valence and 
similar ionic radii. The correlations observed between 
scandium and the other three elements are, therefore,
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TABLE 10. Element pairs with cor 
relation coefficients ^0.60 in 68 
samples from intensely mineralized 
greisens

[+ and - indicate positive and negative correla 
tions, respectively]

Elements

Ti + Mg
Ti + Be
Pb + Ag
Sc + Ti
Sc + Cr
Sc + V
Zn + Mo
Zn + Ni
Zn + Y
Sn + Nb
Sn + Sc
Sn + W
W + Sc
F + Mn
Rb + Mn
Rb + F
Rb + Be

Correlation 
coefficient

0.647
.712
.645
.626
.719
.757
.618
.609
.739
.621
.614
.600
.761
.952
.834
.763
.792

V - Ba .605

a consequence of their substitution for scandium in 
crystal lattices. Similarly, zinc and nickel have the same 
valence and similar ionic radii and freely substitute for 
one another. The correlation between lead and silver is 
probably a consequence of the presence of silver in 
galena, probably as impurities or as acanthite (Deer and 
others, 1966). The causes for other correlations indi 
cated in table 10 are not known.

The correlation matrix also facilitates qualitative 
identification groups of elements that display positively 
correlated covariation. Elemental covariation of this 
type is a consequence of coherent geochemical behavior 
by members of the association. The two identified 
associations are:

Mn+F+Rb,
Sn+Sc+W+Nb .

Zinnwaldite is the principal mineralogic residence of 
Mn, F, and Rb in the greisen samples. The close associa 
tion of these elements in the greisen samples suggests 
that their concentrations are mutually controlled by the 
zinnwaldite content of individual samples. Similarly, Sn, 
Sc, W, and Nb are concentrated in cassiterite and their 
abundances covary as a consequence of each sample's 
cassiterite content.

A more rigorous treatment of elemental associations 
was conducted using .R-mode factor analysis. The data 
were transformed to logarithms and then analyzed by 
the .R-mode, multivariate factor analysis procedure 
(Miesch, 1980) which is based on the correlation coeffi 
cients between all the variables. Correlation coefficients 
express the association of one element to another, but 
factor analysis considers all correlations simultaneously 
and identifies several common associations of elements 
that best characterize the data. The procedure also 
provides a quantitative measure of the importance of 
each element in a given association. Each of these 
associations can in many cases be related to a specific 
rock type or specific locality where the controlling 
features of the association might be inferred (Alien and 
others, 1983).

The use of factor analysis, in this case, helped clarify 
and add to the associations identified by the correla 
tion matrix. A five-factor model, the simplest model 
that can be reasonably explained in geologic terms, was 
selected. Several of the factors identified include an 
tithetic associations. That is, one group of strongly 
associated elements displays strong negative correla 
tion with a second group of strongly associated 
elements. The factors and their components are listed 
in table 11.

High values for factor 1 are concentrated in the north 
ern greisen (fig. 33-A) whereas high values for the an 
tithetic part of factor 1 occur in the southern part of 
the southern greisen (fig. 335). The As-Ca-Ag-Cu-Sr 
component of factor 1 emphasizes the profound geo 
chemical difference between the two greisens. This 
elemental association suggests that the factor includes 
both chalcophile/sulfide and feldspar components that 
are not present in the southern greisen. The elements 
associated in the antithetic part of factor 1 are those 
whose distribution is controlled by the distribution of 
zinnwaldite; high values for this factor are coincident 
with outcrops of incomplete greisen.

The distribution of high values for factor 2, as pre 
viously indicated by univariant statistics, is controlled 
by the distribution of cassiterite (fig. 33C).

The elemental association depicted by factor 3 is enig 
matic but again denotes the geochemical dissimilarity 
that exists between the two intensely mineralized 
greisens (fig. 33D). The northern greisen contains more 
high values for this factor than the northern part of the 
southern greisen; the distribution of high values for this 
factor suggests that the southern part of the southern 
greisen is more similar to the northern greisen than to 
the southern greisen. High values for the antithetic part 
of factor 3, the Mg-B association, show good correla 
tion with outcrops of argillically altered alkali-feldspar



36 SILSILAH RING COMPLEX AND ASSOCIATED TIN MINERALIZATION, SAUDI ARABIA

TABLE II. Components of the factors in the five-factor model for 
samples of the two strongly mineralized greisens

Factor
1
2
3
4
5

Elements Associated
As, Ca, Ag, Cu, Sr
Sn, W, Sc, Nb
Fe, Mo, V
Ti, Y
Ni, Cr

Antithetic Element Association
Mn, F, Rb,

Mg, B
Pb, B

Be

granite (fig. 33E) and, thus, could be utilized to iden 
tify additional, similarly altered rock elsewhere in this 
geologic setting.

The distribution of high values for factor 4 is re 
stricted to small, isolated areas within the two greisens 
and probably represents the limited occurrence of an 
as yet unrecognized oxide phase (fig. 33F). Titanium is 
the element that controls this factor which suggests 
that a titanium mineral such as rutile or ilmenite 
controls the factor. Rutile has been identified in several 
polished thin sections of complete greisen (Mike Alien, 
written commun., 1983). The distribution of high 
values for the antithetic part of this factor mimics 
that of factor 3's antithetic component (fig. 33G) and 
suggests that the factors that governed argillic altera 
tion are also responsible for the antithetic component 
of factor 4.

The distribution of high values for factor 5 is erratic 
and unrelated to geology or mineralogy (fig. 33H). These 
characteristics and the components of the association 
suggest that this factor is attributable to a random 
process such as contamination in the analytical labora 
tory. The concentrations of nickel and chromium in 
samples with high values for this factor are much higher 
than would be expected in samples from a greisen en 
vironment. The samples may have been contaminated 
by the random addition of steel chips from the jaw 
crushers used to crush the samples.

RESULTS FOR OTHER MINERALIZED AREAS

Mineralized rock in several other small areas in the 
southwest part of the Silsilah ring complex, which are 
indicated by a series of circled numbers (1 to 5) on 
figure 34, is generally similar to rock encountered in 
the two intensely mineralized greisens. However, most 
of these areas include mineralized quartz veins, and 
one of the occurrences consists entirely of mineral 
ized quartz veins. The weakly mineralized rock in these

areas was examined and sampled in a reconnaissance 
fashion.

The geochemistry of nine composited grab samples 
collected from area 1 (table 12), an area of greisenized 
rock located 500 m west-northwest of the large central 
cupola of Fawwarah alkali-feldspar granite, indicates 
that the area is weakly tin mineralized. Several greisens 
located immediately south of this area are lithological- 
ly similar but were not sampled. The area is underlain 
by cassiterite-bearing complete greisen that is barely 
emergent through erosional windows in the overlying 
Maraghan lithic graywacke (plate 1). The geochemical 
signature of the rock in this area is similar to that of 
the two intensely mineralized greisens, although the 
geochemistry of these greisens is not as anomalous as 
that of the intensely mineralized greisens.

In area 2, which is about 2 km east-northeast of area 
1, the northernmost outcrop of the Fawwarah alkali- 
feldspar granite is weakly mineralized. The alkali- 
feldspar granite is cut by a series of narrow quartz veins 
that trend N. 70° W. Most of these veins are 1-2 cm 
wide and have greisenized borders 0.5-3 cm wide. Six 
samples of the most intensely mineralized quartz veins 
indicate that these quartz veins contain weakly 
anomalous concentrations of many of the elements in 
table 12.

In area 3, a series of mineralized quartz veins, similar 
to those in area 2, cut the large central cupola of the 
Fawwarah alkali-feldspar granite. These veins trend N. 
70 ° W. and have greisenized borders like those of veins 
in area 2. The veins in area 3 are more variable in width, 
1-10 cm wide, and have wider greisenized borders. 
Several weak to moderately greisenized pods of the 
alkali-feldspar granite also crop out in this area. The 
greisenized rock forms tabular bodies that are approx 
imately parallel to the trend of the quartz veins, and 
their origin may have been controlled by the same frac 
ture pattern that seems to have localized the quartz 
veins. Five composited quartz-vein samples contain 
anomalous concentrations of the elements shown in 
table 12. The concentrations of Sn, W, Ag, Bi, Mo, and 
Pb are not as highly anomalous as they lare in samples 
from the intensely mineralized greisens, but they in 
dicate that the rock in this area was subjected to a 
hydrothermal event similar to that responsible for the 
intensely mineralized greisens.

Area 4 is underlain by a complex composed of weak 
ly mineralized Hadhir aplite, Fawwarah alkali-feldspar 
granite, and greisen. The textural features of the aplite 
and granite suggest that a fluid phase was involved in 
the solidification of these rocks. The geometric relations 
of these rocks, with the Hadhir aplite above and in 
contact with the Fawwarah alkali-feldspar granite, is
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TABLE 12. Geochemical summary for samples collected from other mineralized areas within the
southwest part of the Silsilah ring complex

[Area numbers keyed to fig. 34. N indicates not detected; L indicates less than detection limit. Uncensored data used for calculation 
of means. All values in parts per million. Leader indicates no unqualified data]

Area 1 
Number of samples 9

Ag

As

B

Be

Bi

Mo

Nb

Pb

Sn

W

F

Range

Mean

Range

Mean

Range

Mean

Range

Mean

Range

Mean

Range

Mean

Range
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L-5

3
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4

_
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3 
5
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3
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20-30
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4

aN-50

N
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6

30-50

38

a20-2000

218

145-290

218

40-135

67

a876-2969

1083

4 
6

aL-2

-

18-55

28

-

-

5-10

7

_

-

a!0-65

11

30-50

40

50-70

58

12-210

66

10-25

17

438-2530

1567

5 
5

L-50

16

a90-2800

386

-

-

-

-

a!0-1000

43

a20-260

30

aL-500

-

a20-20,000

618

a42-1200

230

a!0-189,000

438

292-1509

1003

a The high value 
value and was

indicated in the data range is a single, highly anomalous 
not used in calculating the mean.

similar to that observed elsewhere in the ring complex. 
The subhorizontal contact between these units is known 
to be the locus of greisenization within this system. 
These samples contain slightly higher concentrations 
of some of these elements relative to other granitoid 
rocks but do not seem to be mineralized to any great 
extent. 

In area 5, the Silsilah alkali granite has been intruded

by the Fawwarah alkali-feldspar granite and the Hadhir 
aplite and is cut by a series of nearly vertical quartz 
veins. This vein set, whose density and moderate degree 
of mineralization are unique to this part of the Silsilah 
ring complex, trends N. 40° E. and can be traced to the 
top of the Fawwarah alkali-feldspar granite. The alkali 
granite has been altered by the upward migration of 
hydrothermal fluid from the alkali-feldspar granite, but
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its textural characteristics were preserved. A genetic 
relation may exist between the hydrothermal alteration 
of the alkali granite and the emplacement of the quartz 
vein set in this area. Approximately five veins per 10 m 
of outcrop are encountered along the ridge that strikes 
eastward through area 5. The veins are significantly 
wider at the east end of the area than at the west end. 
The western veins are 1-5 cm in width and have very 
weakly greisenized borders. The eastern veins are 
5-30 cm wide and are enclosed in well-developed greisen 
envelopes that are 0.5-2 m wide. Blades of wolframite 
2-10 cm long are especially common in the easternmost 
veins, but the average tungsten content of these veins 
is low and its distribution is very erratic. Geochemical 
data for five veins in this area are summarized in table 
12. High values for lead and tin are consistent with the 
sporadic occurrence of galena and cassiterite in these 
veins.

Three other, very small, areas in the southwest part 
of the complex are weakly mineralized and were briefly

studied. These areas are not numbered on figure 34 but 
single sample sites (plate 2) denote the location of two 
of these three areas.

One-half kilometer west of area 5 (fig. 34), a very small 
elliptically shaped area of greisenized rock was iden 
tified within the Fawwarah alkali-feldspar granite. The 
greisenized rock seems to follow the trend of the prevail 
ing joint set in this area and is composed of quartz, 
topaz, and a minor amount of zinnwaldite. A single sam 
ple (201092) of this greisen contains 5 ppm Ag, 520 ppm 
As, 20 ppm Bi, 1500 ppm Pb, 1650 ppm Sn, and 690 
ppm W. The greisen is similar in geologic setting and 
petrographic attributes to two small, isolated greisens 
located about 1 km to the northwest, also in the alkali- 
feldspar granite. These pods were not sampled but their 
geochemistry is probably similar to that of the pod 
described above.

A small, isolated pod of greisen is located about one- 
half kilometer northwest of the intensely mineralized 
greisens, on the northwest flank of the large white hill

42°38' 
26° 
07'

42°42'

Greisen

Fawwarah alkali- 
feldspar granite

Approximate area of plate 3; 
intensely mineralized greisens

Fawwarah alkali-feldspar 
granite, Hadhir aplite, 
and pegmatite

Approximate outline of 
the southwest part of 
the Silsilah ring complex

EXPLANATION
Wolframite-bearing 

quartz veins

3 KILOMETERS

FIGURE 34. Index map showing the location of the intensely mineralized greisens and other mineralized areas.
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underlain by pegmatite (plate 2). A single sample 
(201098) of this material contains 300 ppm As, 100 ppm 
Bi, 200 ppm Pb, 550 ppm Sn, and 25 ppm W. The rock 
is petrographically similar to the quartz-topaz- 
zinnwaldite rock that is found peripheral to the two in 
tensely mineralized greisens.

The area near the northwest end of the Fawwarah 
alkali-feldspar granite is cut by a series of quartz veins 
that contain variable amounts of wolframite. Samples 
collected by du Bray (1983c) indicated that the tungsten 
content of these veins is generally low and very erratic. 
One vein is traceable across the entire width of the 
alkali-feldspar granite. The vein attains a maximum 
width of about 2 m midway along its strike and thins 
to a series of anastomosing veins at both ends. The vein 
is enclosed in a greisenized envelope 0.5-2 m wide and 
contains blades of wolframite 2-5 cm long in the cen 
tral area. The overall wolframite content of this vein and 
of the entire vein set in this area seems to be low and 
does not warrant additional study.

A series of samples of the Maraghan lithic graywacke 
(samples 181940-181946) was collected radially inward 
from the point, on the east side of the proto-Fawwarah 
alkali-feldspar granite's northernmost outcrops along 
the ring, where the graywacke is nearest in contact with 
the alkali-feldspar granite (plate 2). The samples were 
collected to determine whether the geochemistry of the 
sandstone had been appreciably affected by hydrother- 
mal fluids. The analyses do not indicate any systematic 
variation of the graywacke's geochemistry with increas 
ing distance from its contact with the alkali-feldspar 
granite nor does the petrographic character of the sand 
stone appear to have been affected by the fluids. In par 
ticular, the fluorine content of the sandstone does not 
vary with sample site proximity to the alkali-feldspar 
granite. Several samples of the Maraghan lithic gray 
wacke collected elsewhere within the ring structure and 
near greisenized granite are similarly unaffected. The 
sandstone seems to have been chemically unreactive 
with and (or) impervious to the magmatic fluids.

PETROGENESIS OF THE IGNEOUS ROCKS

A set of Harker variation diagrams (fig. 22) indicate 
that oxide contents vary fairly smoothly from one rock 
type to the next, which suggests that these rocks are 
genetically related. Compositional gaps exist among 
samples of alkaline dacite as well as between the alkaline 
dacite as a group and the three more evolved com 
ponents of the complex. Whether these gaps are a func 
tion of sampling or represent real compositional 
discontinuities is unknown. If real, they indicate that 
the chemical evolution and emplacement of magma was

a discontinuous process.
The felsic differentiates of a parental magma of in 

termediate composition should compose a small percent 
age of the entire complex. The low volume of alkaline 
dacite relative to the other components of the complex 
is problematic but may be a function of its relatively 
high specific gravity. High specific gravity dictates 
greater gravitational stability in the source region for 
melt represented by this rock type. A large volume of 
primary, unevolved rock may exist below the exposed 
part of the ring complex and may account for the high 
apparent ratio of evolved to unevolved rock within the 
complex.

The composition of the alkaline dacite is similar to 
compositions documented for chemically primitive 
members of transitional basalt-pantellerite sequences 
(Barberi and others, 1975; Zielinski, 1975). This com 
positional sequence has been identified in both exten- 
sional and compressional tectonic environments, and 
rock sequences such as this are suggested to be derived 
by differentiation of a basaltic partial melt of the up 
per mantle (Barberi and others, 1975; Zielinski, 1975). 
The ternary A (Na2O+K2O), F (total iron as FeO), and 
M (MgO) proportions for the samples of the Silsilah ring 
complex (fig. 23) suggest that the three highly evolved 
components of the ring complex could have been derived 
from the alkaline dacite by separation of a large amount 
of iron oxide minerals from the dacite. The data follow 
the magnesium-depleted portion of the extreme iron 
enrichment-depletion trend characteristic of the 
Skaergaard Intrusion (Wager and Deer, 1939). This 
observation agrees with the observation that opaque 
oxides are abundant in the alkaline dacite but are near 
ly absent in the alkali granite and even rarer in the aplite 
and alkali-feldspar granite. Petrographic observations 
and the Harker diagrams further suggest that the early 
chemical evolution of the magma represented by ring- 
complex components was controlled by the fractiona- 
tion of iron-titanium oxides, apatite, and sodic 
plagioclase.

The temporal, spatial, tectonic, and alkaline character 
of the alkaline dacite, the comenditic rocks, and the 
Silsilah alkali granite suggest that these rocks form a 
fractionation series. Inasmuch as the molar ratio 
(Na+K)/Al of sodic plagioclase, a major constituent of 
the alkaline dacite absent in other components of the 
complex, is less than 1, its crystallization and removal 
from the alkaline dacite melt caused the composition 
of that liquid to evolve toward a peralkaline composi 
tion. Peralkalinity was achieved and facilitated 
crystallization of soda pyriboles including aegirine- 
augite, katophorite, and arfvedsonite. The only mafic 
silicate that the comendite contains is arfvedsonite, 
end-member soda amphibole. Amphiboles in the less
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peralkaline Silsilah alkali granite contain less Na2O. 
The crystallization and removal of the soda pyriboles, 
with molar (Na+K)/Al ratios much greater than 1, 
caused the composition of the remaining silicate liquid 
to evolve toward a metaluminous to peraluminous com 
position such as that characteristic of the Hadhir aplite 
and the Fawwarah alkali-feldspar granite. Similarly, 
Cawthorn and others (1976) have suggested that 
peraluminous compositions can be derived from 
peralkaline compositions by amphibole fractionation.

The Silsilah alkali granite is slightly porphyritic, and 
accordingly its solidification history probably involved 
at least some crystallization under noncotectic condi 
tions. Normative compositions of the Silsilah alkali 
granite plot well below the minima trend; the samples 
contain more of the ab and or components than ex 
perimentally determined minimum melt compositions 
for low total pressure. These samples are characterized 
by a nearly constant ab/or ratio, whereas Q displays 
significant variation. If the ternary proportions of Q, 
ab, and or (fig. 25) in the alkali granite were considered 
as cotectic compositions, they would indicate crystalli 
zation depths in excess of those indicated by field rela 
tions and rock textures, which indicate shallow depths 
of crystallization. The trend of increasing Q displayed 
by the alkali granite could indicate that noncotectic 
crystallization of alkali feldspar is responsible for the 
compositional variation displayed by this pluton. Crys 
tallization and removal of alkali feldspar having a com 
position like that of the perthite in the alkali granite, 
namely ab56or44 (table 6), would cause Q to increase 
relative to ab and or; this would cause the composition 
of the remaining liquid to evolve along a trend coinci 
dent with that depicted by the alkali granite and com- 
endite and toward the composition of the Hadhir aplite 
(fig. 25). The most Q-enriched sample of comendite can 
be considered to approximate the cotectic composition 
toward which the liquid represented by the alkali 
granite was evolving. These relations and textural at 
tributes indicate a shallow depth of crystallization. The 
ternary proportions of an-ab-or (fig. 26) corroborate this 
hypothesis.

The allotriomorphic and micrographic textures that 
characterize the Hadhir aplite and the Fawwarah alkali- 
feldspar granite suggest that the melts represented by 
these rocks solidified by cotectic crystallization. The 
Hadhir aplite composition plots slightly below the 
100 MPa minimum composition (fig. 25). The Fawwarah 
alkali-feldspar granite shows considerable composi 
tional variation parallel to and displaced slightly below 
the minima trend toward slightly or-enriched, Q- 
depleted compositions that are appropriate to crystal 
lization in the P(H2O) range between about 50 and 
400 MPa. By interpolation, the average composition of

the Fawwarah alkali-feldspar granite plots slightly 
below the minimum melting composition that cor 
responds to P(total)=P(H2O)=about 150 MPa, which 
is equal to 4 km of overburden.

The minimum melting compositions with various 
amounts of fluorine present are also displayed because 
the aplite and alkali-feldspar granite contain significant 
contents of fluorine, and fluorine dramatically affects 
the phase equilibria in the granite system. It shifts the 
minimum melting compositions toward ab-enriched 
compositions (Manning, 1981). Samples of the alkali- 
feldspar granite that indicate the greatest crystalliza 
tion depths, based on their normative composition 
relative to the minimum melting compositions (Winkler 
and others, 1975), generally contain the highest fluorine 
concentrations. By interpolation, the average normative 
composition of the alkali-feldspar granite is coincident 
for the minimum melt composition that would be ob 
tained for about 0.25 percent fluorine and P(Total)=100 
MPa, or about 3 km of overburden. This is a maximum 
depth estimate because the nearby presence of rock 
greisenized by a fluorine-dominated fluid phase indi 
cates that some fluorine, initially dissolved in the alkali- 
feldspar granite melt, exsolved and was lost during late 
magmatic processes. The fluorine content of samples 
themselves is, therefore, a minimum value for the 
amount of fluorine dissolved in the melt before a 
separate fluid phase was exsolved.

The normative compositions of the Silsilah ring com 
plex rocks are also plotted on a normative an-ab-or ter 
nary diagram (fig. 26) to help substantiate inferences 
derived from consideration of phase relations and rock 
compositions displayed on the normative Q-ab-or 
diagram (fig. 25). By interpolation of experimental rela 
tions (James and Hamilton, 1969; Whitney, 1975), the 
Silsilah ring complex rocks may be inferred to have 
crystallized at pressures less than 100 MPa and, there 
fore, at a depth of less than 3 km.

The presence of the Fe-Li mica zinnwaldite does not 
require that either the aplite or alkali-feldspar granite 
has crystallized at high pressure; that is, at great depth 
or high P(H2O). Experimental work and thermo- 
dynamic considerations (Miller and others, 1981) have 
demonstrated that the stability of nonideal muscovite 
extends to lower pressure than that proposed for ideal 
muscovite (Yoder and Eugster, 1954). The stability of 
Fe-Li micas may similarly extend to lower pressures 
than that determined for ideal muscovite.

The alkali granite, aplite, and alkali-feldspar granite 
have trends on the Q-ab-or ternary diagram (fig. 25) sug 
gesting their possible cogenesis. As mentioned above, 
the alkali granite, locally quenched to comendite, may 
have differentiated by fractionation of alkali feldspar 
and soda pyriboles. Fractionation may have led to a
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composition like that of the proto-Fawwarah alkali- 
feldspar granite. The concentration of fluorine dissolved 
in the melt increased, because fluorine was not removed 
by liquidus phases, and caused the cotectic composition 
of the magma to evolve toward more ab-rich composi 
tions (Manning, 1981). A limited amount of noncotec- 
tic crystallization ensued and caused the composition 
of the remaining liquid to evolve toward a cotectic 
composition commensurate with the increasing fluorine 
content of the remaining melt. As this process con 
tinued, the composition of the melt evolved toward one 
richer in ab. The composition of samples of the alkali- 
feldspar granite and the aplite suggest that this proc 
ess was operative during their crystallization (fig. 25).

Contact relations and grain size indicate that magma 
represented by the proto-Fawwarah alkali-feldspar 
granite was emplaced and began to cool slowly. A larger 
batch of compositionally identical magma was subse 
quently emplaced. Following emplacement of this 
magma and possibly as a consequence of the volume 
expansion that accompanied exsolution of a fluid phase 
from it, the strength of the host rock was exceeded. 
With confining pressure greatly reduced, a fluid phase 
exsolved and escaped from the apical part of the 
magma. As a consequence, the liquidus temperature of 
that magma was dramatically lowered, causing pressure 
quenching (Tuttle and Bowen, 1958) and rapid, disorder 
ly solidification of the affected magma, now represented 
by the Hadhir aplite. Magma beneath the aplitic 
carapace continued to evolve by incompatible trace- 
element enrichment and ultimately solidified to the 
Fawwarah alkali-feldspar granite. The Fawwarah alkali- 
feldspar granite was the last igneous component of the 
ring complex to solidify. It solidified below the coherent 
and impermeable carapace represented by the Hadhir 
aplite. Fluids that exsolved from the alkali-feldspar 
granite as it crystallized were trapped beneath the 
aplite, in the cupola zone of the crystallizing magma 
body, and caused late-stage greisenization in the apical 
part of the pluton.

The layered zone of alternating pegmatite and aplite 
between the alkali-feldspar granite and the aplite repre 
sents crystallization during the repeated accumulation 
and loss of a volatile phase that occurred after magma 
represented by the Hadhir aplite was pressure 
quenched. Nucleation of pegmatite was promoted by ac 
cumulation of a fluid phase and terminated when the 
volume expansion that accompanied fluid exsolution 
caused renewed fracturing in the country rock. Renewed 
pressure quenching caused pegmatite pods to be en 
closed in a matrix of aplite that resealed the system 
prior to repetition of the cycle. This process continued 
until volatile components of the magma were consumed 
as constituents of volatile-bearing minerals or in the

cyclic accumulation-loss process that occurred during 
the waning stages of solidification.

The existence of a single perthitic feldspar in the alkali 
granite (discrete grains of plagioclase are not abundant), 
and of two separately nucleated, nearly end-member 
alkali feldspars in the Hadhir aplite and Fawwarah 
alkali-feldspar granite, indicates that the magmas 
represented by these plutons crystallized under dif 
ferent physicochemical conditions. Tuttle and Bowen 
(1958) indicated that two independently nucleated alkali 
feldspars result when crystallization occurs with 
P(H2O)=P(total)=350 MPa in a calcium-free system. 
The presence of small quantities of calcium and perhaps 
also the presence of fluorine in significant quantities, 
such as those encountered in the aplite and alkali- 
feldspar granite, significantly reduce the pressure re 
quirement. The presence of perthite in the alkali granite 
and of two alkali feldspars in the aplite and alkali- 
feldspar granite indicates that the alkali granite crystal 
lized from a liquid that contained significantly less 
dissolved volatiles than did the magma that solidified 
to the aplite and alkali-feldspar granite. The elevated 
fluorine content of the aplite and the alkali-feldspar 
granite confirms that they crystallized from a silicate 
liquid that contained a large component of dissolved 
fluid. The actual percentage of fluid dissolved in the 
magmas represented by these two plutons is indeter 
minate because much of it exsolved and became 
available for postmagmatic greisenization.

Igneous processes that yield a peralkaline liquid favor 
partitioning of zirconium into the melt phase because 
alkali-zircono-silicate complexes are stabilized in liquids 
with an excess of sodium and potassium relative to 
aluminum (Watson, 1979). Thus, zirconium is concen 
trated in peralkaline melts during the differentiation 
process by formation of these complexes but is buffered 
at 100-200 ppm in nonperalkaline magmas by crystal 
lization of zircon. The extreme enrichment of zirconium 
in the Silsilah alkali granite results from the stabiliza 
tion of alkali-zircono-silicate complexes in the melt and 
is characteristic of the peralkaline granites of the north 
eastern Arabian Shield (Stuckless and others, 1982). 
The high zirconium content of the alkaline dacite may 
also result from concentration of zirconium in the melt 
phase by the formation of alkali-zircono-silicate 
complexes.

The dramatic difference in zirconium content between 
the alkali granite and both the aplite and alkali-feldspar 
granite (table 2) is probably related to crystallization 
and removal of a soda-bearing amphibole such as 
katophorite. As previously indicated, amphibole frac- 
tionation can cause a peralkaline magma to evolve to 
one with a peraluminous composition and, in so doing, 
will greatly reduce the ability of the magma to stabilize
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alkali-zircono-silicate complexes (Watson, 1979). With 
the destabilization of these complexes, the magma 
becomes zirconium saturated and begins to crystallize 
zircon, which may experience gravitational settling and 
separation from the magma. This process would drive 
the zirconium concentration of the magma downward 
toward the zirconium-buffered concentration of 
100-150 ppm suggested by Watson (1979) for 
nonperalkaline melts. As a silicate liquid evolves from 
a peralkaline to a peraluminous composition, its zir 
conium concentration must decrease.

The distribution of rubidium and strontium in the 
components of the ring complex suggests that alkali- 
feldspar granite and the aplite could have been derived 
from the magma represented by the comendite and 
alkali granite by fractionation of plagioclase and am- 
phibole (Walsh and others, 1979). The relative contents 
of potassium, rubidium, and strontium (fig. 27) in the 
various components of the ring complex also suggest 
that the components are comagmatic. The observation 
that the chemical evolution of the ring-complex rocks 
is a systematic function of time is confirmed by the 
facts that samples of the alkaline dacite, the oldest com 
ponent of the complex, are strontium enriched; the 
Silsilah alkali granite, of intermediate age, is potassium 
enriched; and the Hadhir aplite and Fawwarah alkali- 
feldspar granite, the youngest components of the com 
plex, are increasingly rubidium enriched (fig. 27).

The contents of rubidium, strontium, and potassium 
are controlled by their mineral-melt distribution coeffi 
cients and the phase equilibria that prevail during 
crystallization. Primitive magmas are characterized by 
high concentrations of strontium relative to potassium 
(Turekian and Wedepohl, 1961). Compositions such as 
these become increasingly potassium enriched as 
plagioclase crystallizes and removes strontium from the 
magma (Hanson, 1978). Rubidium, which acts incom 
patibly, is preferentially partitioned into silicate liquid 
so that rocks of intermediate composition contain rela 
tively little more rubidium than the primitive magma 
from which they are derived. When potassium feldspar 
nucleates, late in magmatic evolution, potassium begins 
to be effectively removed from the magma (Hanson, 
1978) and the relative concentration of rubidium begins 
to increase. As this trend continues, a small volume of 
highly evolved magma with a very high proportion of 
rubidium to potassium and strontium may result. 
Rubidium is finally and effectively removed from the 
magma by crystallization of micas (Hanson, 1978). This 
differentiation process is depicted by a smooth varia 
tion curve on a ternary strontium-potassium-rubidium 
diagram that begins near the strontium apex, trends 
toward the potassium apex, and then turns dramatically 
toward the rubidium apex. Geochemical data for the

components of the Silsilah ring complex follow this 
trend (fig. 27) and suggest that the components are 
cogenetic and evolved by processes of igneous differen 
tiation. The ternary proportions of strontium, potas 
sium, and rubidium in genetically unrelated plutons do 
not produce continuous, systematic trends of this type.

The barium content of the Silsilah ring complex com 
ponents further substantiates their proposed cogenesis 
and suggests that the alkali-feldspar granite and the 
aplite represent a very small part of the primitive, 
parental magma. Mineral-melt distribution coefficients 
for barium are highest in biotite and potassium feldspar, 
although plagioclase crystallization can also reduce the 
barium content of a melt (Hanson, 1978). High barium 
content characteristic of the alkaline dacite suggests 
that a phase such as potassium feldspar or biotite was 
part of the partial melt assemblage. The dramatic and 
steady decrease of barium, from the oldest component 
of the complex to the youngest, demonstrates the evolu 
tion of the magma toward barium-depleted composi 
tions by crystallization and removal of alkali feldspar 
from the magmas represented by the alkaline dacite, 
comendite, and alkali granite and by crystallization and 
removal of micas from the magma represented by the 
aplite and alkali-feldspar granite. The extremely low 
barium content of the complex's youngest component, 
relative to its content in the oldest component, indicates 
that the youngest represents a very small proportion 
of the oldest.

The REE content and chondrite-normalized patterns 
also provide some insight to the genesis of the ring com 
plex components. The lack of a europium anomaly in 
the alkaline dacite suggests that these rocks represent 
primary liquids which have undergone little, if any, dif 
ferentiation. The patterns for the alkali granite and com 
endite, the peralkaline rocks, are approximately parallel 
to those for the samples of the alkaline dacite. The 
overall REE content of the peralkaline rocks is higher 
than in the alkaline dacite, and the peralkaline rocks are 
characterized by a moderate, negative europium 
anomaly.

Plagioclase and opaque oxides are major components 
of the alkaline dacite but are almost absent in the other 
components. Their near absence indicates that they 
were removed from the silicate liquid, perhaps by filter 
pressing or crystal settling. Except for europium in 
plagioclase, the REE have mineral-melt distribution 
coefficients that are less than 1 in both plagioclase and 
the opaque oxides (Hanson, 1978). Consequently, crys 
tallization and removal of opaque oxides and plagioclase 
from the alkaline dacite did not cause REE fractiona 
tion, but their removal led to the overall REE enrich 
ment observed in the alkali granite, which represents 
the silicate liquid from which they were removed. The
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removal of plagioclase did cause a negative europium 
anomaly as a consequence of europium's substitution 
for calcium in the mineral lattice.

Derivation of the chondrite-normalized REE patterns 
that typify the alkali-feldspar granite and the aplite 
from the patterns characteristic of the peralkaline rocks 
is achieved by additional crystal fractionation. As in 
dicated by the total REE content of these rocks (table 
2), the tendency for the REE to act incompatibly and 
to be enriched in residual magmas was more than 
balanced by their removal in the minerals crystallizing 
from the magma represented by the alkali granite. 
Relative to the alkali granite, REE patterns for the 
aplite and alkali feldspar granite are flattened and 
characterized by much larger, negative europium 
anomalies.

The REE distribution coefficients in alkali feldspar 
(Hanson, 1978; Drexler and others, 1983) are such that 
its crystallization and removal would cause the 
magnitude of the negative europium anomaly to in 
crease and would cause the overall REE content of the 
remaining liquid to increase. As the REE mineral-melt 
distribution coefficients in alkali feldspar are greater for 
the light REE (LREE) than for the heavy REE (HREE), 
the HREE will become more enriched in the remaining 
silicate liquid than the LREE. The result is that the 
HREE are more abundant in the alkali-feldspar granite 
and the aplite than in the alkali granite. Zircon removed 
from the alkali granite during the differentiation of the 
magma represented by that pluton could have caused 
the HREE to have been depleted relative to the LREE 
and may have somewhat mitigated the tendency toward 
HREE enrichment arising from alkali feldspar 
fractionation.

LREE enrichment predicted by alkali feldspar frac 
tionation was probably counteracted by two processes. 
Miller and Mittlefehldt (1982) suggest that the 
crystallization and removal of LREE-enriched acces 
sory phases such as monazite, sphene, or allanite may 
be responsible for LREE depletion in highly evolved ig 
neous rocks. Experimental work and thermodynamic 
calculations (Candela, 1984) demonstrate that cerium 
is more strongly partitioned into evolving magmatic 
aqueous fluid than lutecium. Thus, LREE depletion 
observed for the alkali-feldspar granite and aplite may 
result from the combined effects of their incorporation 
in LREE-enriched accessory phases and partitioning 
into a vapor phase that separated from the crystalliz 
ing magma system.

The ab content of coexisting plagioclase and alkali 
feldspar (table 5) indicates that the feldspars in the 
alkali-feldspar granite equilibrated (Whitney and 
Stormer, 1977) in the temperature range between about 
350 °C and 450 °C (fig. 35). This temperature range is
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FIGURE 35. Plot (after Whitney and Stormer, 
1977) showing the distribution of ab be 
tween coexisting plagioclase and potas 
sium feldspar in four samples of the 
Fawwarah alkali-feldspar granite. Each 
plotted point represents data for one of the 
plagioclase-potassium feldspar grain pairs 
listed in table 5.

well below that at which even a fluorine-fluxed silicate 
liquid can exist. Preliminary experimental work by 
Manning (1981) suggests that fluorine-rich silicate liq 
uid of a particular composition may be stable at 
temperatures as low as 550 °C. The low temperatures 
suggested by feldspar geothermometry indicate that 
these feldspars continued equilibration in the subsolidus 
to the temperatures indicated. The low-temperature 
equilibration may have been facilitated by circulation 
of a postmagmatic hydrothermal fluid.

Delta 18O values for quartz from granitoid rocks are 
generally 1.5-2.0 ^ larger than corresponding whole- 
rock values (Taylor, 1968). The delta 18O fractionation 
for quartz-whole rock pairs from the highly evolved 
components of the complex is small, reversed in one 
case, and apparently consistent with a crystallization 
temperature greater than 700 °C (Mark Barton, written 
commun., 1983). However, experimental work (Mann 
ing, 1981) indicates that granite minimum-melt
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temperatures are much lower and vary from 630 °C to 
690 °C, with 4 to 1 percent fluorine at 100 MPa and ex 
cess water. The small, observed delta 18O quartz-whole 
rock fractionation values, and the reversal, may indicate 
that the primary delta 18O of potassium feldspar, the 
constituent of these rocks most susceptible to reaction 
with circulating fluids, was slightly elevated by reac 
tion and reequilibration with 18O-enriched meteoric 
water (O'Neil and others, 1977). The implied reaction 
of potassium feldspar with a postmagmatic fluid is 
substantiated by low-equilibration temperatures given 
by feldspar geothermometry and the mottled, weakly 
altered appearance of these grains.

The observed delta 18O values for the samples that 
represent the components of the Silsilah ring complex, 
especially values for the alkali-feldspar granite and the 
aplite, are relatively heavy, compared to values deter 
mined for most granites, and suggest the involvement 
of continental material in their genesis (O'Neil and 
others, 1977). The fact that the value for the Silsilah 
alkali granite is slightly lower than values for the other 
units is probably a function of crystallization at higher, 
noncotectic temperatures than the aplite or the alkali- 
feldspar granite and of consequent equilibration with 
slightly less delta 18O-enriched magma. Anomalously 
high contents of the incompatible trace elements in the 
ring-complex rocks also necessitate a continental com 
ponent in their genesis. Lead-isotopic data preclude in 
volvement of continental material more than 100 Ma 
older than the complex itself. The rocks of the Silsilah 
ring complex may be the composite of an upper mantle 
melt that caused partial melting of and combined with 
material from the incipiently cratonized arc complex 
that is hypothesized (du Bray, 1983b) to have existed 
in the northeast Arabian Shield during the 100-Ma 
period that preceded emplacement of the Silsilah ring 
complex. The oxygen isotopic composition of the ring 
complex rocks may have been derived by partial melting 
involving a component of aluminous volcanogenic 
sediments within the arc complex, and the relatively 
nonradiogenic lead composition of the ring complex 
components would have been inherited from these 
juvenile sediments and associated igneous rocks that 
formed the arc.

The temporal, spatial, and tectonic association of the 
Silsilah ring complex components suggest that these 
rocks are cogenetic. The similar isotopic compositions 
(tables 4 and 8, fig. 30) of the Fawwarah alkali-feldspar 
granite, Hadhir aplite, and the Silsilah alkali granite 
substantiate the hypothesis that the magmas 
represented by these units had the same protolith and 
that neither includes an exotic component derived by 
interaction with wallrock. Magmas represented by the 
evolved, felsic components of the complex evolved by

mineral fractionation from the primitive components of 
the complex. Thus, the components of the Silsilah ring 
complex represent samples of magma that depict the 
successive chemical evolution of a large magma 
chamber. As such, the chemical variation portrayed by 
components of the complex would be a consequence of 
a discontinuous process that involved magma evolution 
via separation of silicate liquid from earlier formed 
crystals and emplacement of batches of magmas whose 
compositions represent stages of the parent magma's 
chemical evolution.

PETROGENESIS OF THE 
MINERALIZED ROCKS

The two main types of greisen associated with rocks 
of the ring complex represent complete and incomplete 
greisenization of the Fawwarah alkali-feldspar granite. 
Primary igneous textures have been obliterated in the 
complete greisen. Igneous textures characteristic of the 
Fawwarah alkali-feldspar granite are distinctly pre 
served in the weakly mineralized, incomplete greisen 
and in argillically altered rock associated with the com 
plete greisen, and they indicate that the greisens are 
composed of hydrothermally altered alkali-feldspar 
granite. The mineral assemblages that characterize each 
of the greisen types reflect the degree to which the pro 
tolith was hydrothermally altered during the greiseniza 
tion process. Textural features and mineral assemblages 
like those of the Fawwarah alkali-feldspar granite grade 
into textures and mineralogies characteristic of com 
plete greisen.

Well-developed, depth-dependent zonation of the 
greisens suggests that strong physicochemical gra 
dients prevailed during the greisenization process. The 
observed zonation is consistent with the roofward ac 
cumulation of a late-stage hydrothermal fluid and its 
dissolved constituents. Greisenization was most intense 
at the top of the hydrothermal system, immediately 
beneath the Hadhir aplite, where the hydrothermal fluid 
was concentrated. The fluid accumulation process was 
less effective with increasing depth, and greisenization 
was correspondingly less intense.

The cyclic accumulation and loss of a volatile phase 
was precluded where cooling magma represented by the 
Fawwarah alkali-feldspar granite was effectively en 
closed by a carapace of aplite and country rock. The 
fluid phase and its dissolved constituents accumulated 
and became available for greisenization in areas where 
confinement was effective. Thick accumulations of 
layered pegmatite in an aplite matrix, such as those 
found in the ring, may indicate areas in which an 
aqueous phase and its dissolved constituents, including
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Sn, were ineffectively contained and cyclically accumu 
lated and escaped along fractures into now-missing 
country rock. In these areas, thick accumulations of 
aplite and pegmatite evolved as a consequence of 
repeated episodes of pressure quenching in response to 
confinement rupture. Small thicknesses of pegmatite 
and aplite, such as those found immediately above in 
tensely mineralized greisen, may indicate areas in which 
the volatile phase was effectively contained. Thin ac 
cumulations of aplite and pegmatite in these areas is 
a consequence of a limited number of confinement 
rupture and pressure-quenching episodes. Thin accumu 
lations such as these may occur above intensely miner 
alized cupolas of greisenized alkali-feldspar granite.

The genesis of the mineralized rocks, and in particular 
the quartz-cassiterite-topaz greisens and the wolframite- 
bearing quartz veins, are only partly understood. The 
nearly complete separation of high-grade accumulations 
of cassiterite in greisens from high-grade but erratic ac 
cumulations of wolframite in quartz veins suggests that 
a large, strongly zoned hydrothermal system once ex 
isted in the southwest part of the ring complex or that 
several hydrothermal systems, in part overlapping, 
evolved in the same area.

The Fawwarah alkali-feldspar granite contains a 
highly anomalous quantity of Sn (table 2) so that it, and 
not the graywacke, is the likely source of the tin that 
was concentrated in the deposit. Tin probably acted as 
an incompatible element during crystallization and its 
concentration in the melt phase increased progressive 
ly. Tin may be transported and concentrated as a com 
plex with F (Bailey, 1977), although experimental 
evidence indicates that F and Sn may simply be 
cotravellers in highly evolved silicate and hydrothermal 
liquids (Stemprok, 1982). Tin was ultimately partitioned 
into a F-rich fluid phase that exsolved as the Fawwarah 
alkali-feldspar granite crystallized, although a small pro 
portion was partitioned into zinnwaldite. This fluid 
phase was trapped below the competent and im 
permeable Hadhir aplite and caused recrystallization of 
the alkali-feldspar granite in its roof zone. The 
physicochemical conditions that caused and localized 
greisenization and conversion of alkali-feldspar granite 
to intensely mineralized quartz-cassiterite-topaz rock 
are unknown. Mineralization may have been localized 
by faults or in fractures that developed as the alkali- 
feldspar granite cooled and contracted, although 
evidence of structural control is absent. Similarly, weak 
ly mineralized greisen within the alkali-feldspar may be 
structurally controlled.

The results of experiments in the granite-NaF-SnO2 
system (Stemprok, 1982) indicate that two immiscible 
liquids, one silicate-dominated and the other fluoride- 
dominated, evolved under conditions appropriate to

magmatic and hydrothermal processes. Tin is almost 
exclusively partitioned into the silicate liquid. The 
podlike accumulations of cassiterite in the greisens may 
represent the immiscible unmixing of silicate and 
fluoride liquids during the greisenization process and 
the concomitant partitioning of Sn into the former.

CONCLUSIONS AND RECOMMENDATIONS

A greisen tin deposit is associated with the Fawwarah 
alkali-feldspar granite that forms part of the ring com 
plex at Jabal as Silsilah. The petrologic and geochemical 
characteristics of the alkali-feldspar granite are like 
those of granites located elsewhere in the world that 
also are associated with deposits of Sn, W, and rare 
metals. The alkali-feldspar granite is peraluminous, in 
compatible trace-element enriched, and characterized by 
a flat chondrite-normalized REE pattern with a very 
large, negative europium anomaly. The mineralogy of 
the alkali-feldspar granite is also distinctive because it 
includes zinnwaldite and topaz.

Differentiation and mineral fractionation controlled 
magma evolution as components of the ring complex 
were sequentially emplaced. The Fawwarah alkali- 
feldspar granite and its quenched equivalent, the Hadhir 
aplite, were derived from the Silsilah alkali granite 
which, in turn, was derived from magma represented by 
the alkaline dacite. Separation of opaque oxides and 
plagioclase from the geochemically primitive alkaline 
dacite magma caused the remaining melt to evolve 
toward a composition represented by the Silsilah alkali 
granite and its quenched comenditic equivalent. The 
crystallization and separation of alkali feldspar, soda 
pyriboles, zircon, and apatite then caused the remain 
ing liquid to evolve to a composition represented by the 
Fawwarah alkali-feldspar granite and the Hadhir aplite.

Evolution of the ring complex and its associated tin 
deposit concluded with local, intense hydrothermal 
alteration of the Fawwarah alkali-feldspar granite to a 
cassiterite-bearing greisen. The alteration was achieved 
by a late-stage, hydrothermal fluid that was probably 
fluorine dominated. The fluid was locally trapped in 
cupolas beneath the impermeable carapace formed by 
the Hadhir aplite. The effect of the fluid was to convert 
the alkali-feldspar granite to an assemblage of quartz, 
topaz, and cassiterite. Elliptically shaped, high-grade 
accumulations of cassiterite may owe their existence to 
the evolution of a second, immiscible fluid phase. Two 
sets of quartz-wolframite veins associated with the ring 
complex were also identified. The relationship of the 
wolframite mineralization to the cassiterite mineraliza 
tion is unknown, but a genetic link between the two 
types of mineralization probably exists.
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The ultimate goal of further study, in addition to a 
determination of the deposit's resource potential, should 
be to build an ore genesis model that is consistent with 
all data. Considerable additional work is necessary. Ad 
ditional, very large scale geologic mapping of the 
greisens must be completed as a base for all additional 
work. Detailed wadi sediment sampling should demon 
strate the existence of any previously unidentified 
greisens associated with the ring complex and would 
provide valuable information concerning the dispersion 
train of cassiterite in an extremely arid environment. 
Diamond-core drilling would provide critical informa 
tion concerning the geometric relations between phases 
of the greisens and their host rocks.

Additional analytical work, including detailed miner- 
alogic investigations, fluid-inclusion studies, and stable- 
isotopic analyses, will be necessary. Identification of 
minor accessory phases and study of their trace-element 
contents will provide information concerning the parti 
tioning and geochemical behavior of trace elements dur 
ing the hydrothermal processes that caused evolution 
of the greisens and associated mineralization. In par 
ticular, determination should be possible of the chemical 
composition and, therefore, the approximate metal- 
bearing capacity of the alteration fluids, the tempera 
tures and pressures that prevailed during mineralization, 
the degree to which the mineralizing fluids were derived 
from the melts themselves or included a significant com 
ponent of meteoric water derived from the host 
Maraghan lithic graywacke, and whether the hydrother 
mal process was "multi-stage should be made.

The study has demonstrated that greisenization oc 
curred at the top of the alkali-feldspar granite, adjacent 
to its subhorizontal contact with the Hadhir aplite. The 
Hadhir aplite, in turn, forms a subhorizontal sheet 
beneath the host graywacke. Hydrothermally altered 
rock and numerous greisens in the southwest part of 
the complex, the latter emergent through small thick 
nesses of graywacke and aplite, suggest that the poten 
tial for additional tin-mineralized greisen located 
beneath graywacke and aplite is high throughout this 
part of the ring complex.

The discovery of a tin deposit at Jabal as Silsilah is 
encouraging and suggests that similar deposits of this 
type could occur within the Arabian Shield. The Silsilah 
tin deposit provides an excellent opportunity for fur 
ther study and petrogenetic modeling of this deposit 
type. Detailed study of the deposit and its setting may 
facilitate identification of criteria that will enhance the 
ability to identify plutons with similar mineral potential.
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