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ABSTRACT: New data are presented for the rare-metal bearing A-type granitoids of the Al-
Ghurayyah stock in the northwestern segment of the Arabian Shield, a composite pluton intruding 
metamorphosed volcano-sedimentary successions of the Silasia Formation. Metals in the granitoids are 
variably enriched, with up to 1 990 μg/g Zn, 7 680 μg/g Zr, 2 316 μg/g Nb, 232 μg/g Ta, 485 μg/g Hf, 670 
μg/g Th, 137 μg/g U and 1 647 μg/g total rare earth elements (REE). The silexite is highly mineralized 
and yields higher maximum concentrations of several metals than the granitoids, including up to 1 860 
μg/g Y, 9 400 μg/g Zr, 878 μg/g Hf, 1 000 μg/g Th, and 2 029 μg/g total REE. The Al-Ghurayyah stock 
has been assigned to an intraplate setting. Lithospheric delamination led to generation of mantle melts 
that supplied heat to melt the juvenile crust of the ANS. The fluorine and rare-metal enriched parental 
magma evolved by fractional crystallization. The quartz-rich silexite, distinct in character from ordi‐
nary hydrothermal vein quartz, is inferred to be co-genetic with the granitoids on the basis of their sim‐
ilar REE patterns; it is interpreted as a small volume of residual magma enriched in SiO2, volatiles, 
and trace metals. Mineralization took place both at the magmatic stage and later during a hydrother‐
mal stage that concentrated these elements to economic grades.
KEY WORDS: Arabian Shield, Al-Ghurayyah, rare metals, silexite, peralkaline granite, hydrothermal 
metasomatism.

0 INTRODUCTION 
A group of elements collectively called rare metals play 

an increasingly active role in global civilization. The most im‐
portant rare metals include tantalum, niobium, zirconium, tin, 
tungsten, titanium, beryllium, and the rare earth elements 
(REE). These elements are required by numerous strategic in‐
dustries such as telecommunications, electronics, batteries, and 
magnets. Geological environments suitable for concentration 
of these rare metals to economic grades are available in the 
Arabian Shield, the eastern half of the Arabian-Nubian shield 
(ANS), which formed by the accretion of intra-oceanic island 
arcs in the Neoproterozoic upon closing of the Mozambique 
Ocean (Abdel-Karim et al., 2021; Ali et al., 2010; Stern, 1994) 
during the Pan-African Orogeny.

The wide distribution of granitoids is one of the most 
striking features of the Arabian Shield. They were emplaced at 
various crustal levels with variable ages, tectonic settings, and 

geochemical characteristics (Abuamarah et al., 2021b; Abdal‐
lah et al., 2020; Moghazi et al., 2015; Ali et al., 2014). The pe‐
riod of post-collisional magmatism following assembly of the 
Shield is marked by the emplacement of numerous alkaline 
and peralkaline granitoids (Abuamarah et al., 2021a; Moussa et 
al., 2021; Azer et al., 2010; Stern et al., 2010), many of which 
are significantly enriched in rare metals (e. g., Gahlan et al., 
2022, 2021; Al-Saleh and Al-Omari, 2021; Abdallah et al., 
2020; Abuamarah, 2020; Moghazi et al., 2015, 2011). The vo‐
luminous post-collisional magmatism of the Arabian Shield 
represents a significant addition to or reworking of the juvenile 
crust of the ANS without a nearby plate boundary and hence re‐
quires a petrogenetic model beyond conventional plate tectonic 
processes.

Exploration for rare metals in the Arabian Shield has been 
continuing for some time (Gahlan et al., 2021; Du Bray, 1986; 
Ramsay, 1986; Ramsay et al., 1986; Drysdall et al., 1984) and 
has resulted in the discovery of enrichment in several A-type 
granitoid plutons and associated pegmatites. Few of these have 
been assessed in detail for resource potential and, moreover, it 
remains controversial whether the transportation and enrich‐
ment of rare metals in these rocks in primarily a syn-magmatic 
or a post-magmatic process.

The Al-Ghurayyah stock is thought to be typical in many 
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ways of the rare-metal bearing post-collisional granitoids of 
the Arabian Shield, but the published record concerning Al-
Ghurayyah is sparse and embodies many contradictory inter‐
pretations (Johnson et al., 2011; Johnson, 2006; Aleinikoff and 
Stoeser, 1988; Jackson, 1986). Hence, we selected the Al-
Ghurayyah stock as a good opportunity to understand the petro‐
genetic processes that form mineralized post-collisional gran‐
ites. This study integrates field work, petrography, mineral 
chemistry, and whole-rock geochemical analyses as a basis for 
defining the petrological characteristics, magmatic evolution, 
and post-magmatic processes that affected the Al-Ghurayyah 
stock. Our discussion addresses several key questions: (1) 
whether the Al-Ghurayyah stock represents one or multiple 
magmatic pulses; (2) how the silexite is related to the host 
granitoids; (3) to what extent magmatic vs. metasomatic pro‐
cesses were responsible for formation of associated ore depos‐
its; and finally, (4) what implications our results have for the 
formation and reworking of the juvenile continental crust of 
the ANS.

1 GEOLOGIC SETTING 
The distribution of the most important post-collisional

alkaline/peralkaline intrusions in the Arabian Shield is shown 
in Fig. 1. The Al-Ghurayyah stock is located in the northwest 
corner of Saudi Arabia, at 27°55′N and 35°48′E. The area lies 
in the north-central part of the Midyan terrane, a ~50 to 60 km 
wide strip of Proterozoic basement exposure bordered by Pha‐
nerozoic sedimentary cover to the northeast, the coastal plain 
of the Red Sea to the southwest, the Gulf of Aqaba to the north‐
west, and the Yanbu suture zone to the southeast. The felsic in‐
trusions in the Midyan region span a range of ages from 725 to 
570 Ma (Clark, 1987; Drysdall et al., 1985; Hedge, 1984; Ram‐
say, 1982).

The study area encompassing the Al-Ghurayyah stock is 
largely covered by Quaternary sediments (Fig. 2a), with Late 
Neoproterozoic basement outcrops exposing a metamorphosed 
volcano-sedimentary succession intruded by a sequence of 
granitoids. The relationship between the Al-Ghurayyah granite 
stock and its country rocks, inferred from field observations, is 
shown in a schematic cross-section (Fig. 2b). The metamor‐
phosed volcano-sedimentary rocks (Silasia Formation) belong 
to the island-arc stage of crustal evolution in the Arabian 
Shield. These highly deformed and lineated rocks are the old‐
est units in the mapped area (>710 Ma; Johnson, 2006) and are 
intruded by an abundant variety of dikes. The Al-Ghurayyah 
pluton itself is notably younger: Aleinikoff and Stoeser (1988) 
obtained a Rb-Sr isochron age of 577 ± 13 Ma and Johnson et 
al. (2011) concluded that the age of the Al-Ghurayyah pluton is 
reasonably constrained by the age of the nearby Dabbagh plu‐
ton (577 ± 4 Ma by U-Pb in zircon) reported by Hedge (1984).

Outcrops of the Al-Ghurayyah stock together define a 
broadly circular pluton, dissected by many faults. There is like‐
ly to be additional volume of Al-Ghurayyah granitoids underly‐
ing much of the alluvial cover. In the field, the discontinuous 
circular masses of granitoids show marked variation in color, 
texture, and composition. We divided the Al-Ghurayyah stock 
itself into quartz syenite, porphyritic granite and peralkaline 
granite. The contacts between these rock types may be either 

sharp or gradational; in weathered areas the subunits and their 
contacts are difficult to discern. The porphyritic granite in‐
trudes the quartz syenite (Fig. 2c), while peralkaline granite in‐
trudes porphyritic granite (Fig. 2d). No xenoliths were ob‐
served and the sparsity of mafic dikes cutting the granitoids 
stands in marked contrast to the numerous dikes in the meta‐
morphosed volcano-sedimentary country rocks. Some parts of 
the stock show marginal tectonic brecciation and pervasive 
cataclasis.

Quartz syenite is recorded only in the northern mass as a 
few outcrops of reddish to pinkish color (Fig. 3a). Porphyritic 
granite is the most common rock type in the stock; it was previ‐
ously labeled alkali feldspar granite by Elliott et al. (1999). It is 
fine- to medium-grained and porphyritic with whitish to pink‐
ish color (Fig. 3b). Peralkaline granite is rare and only observed 
at the margins of the southernmost outcrop. It is fine- to
medium-grained, light grey (Fig. 3c), and contains a few miaro‐
litic cavities. Along the contact with peralkaline granite, the por‐
phyritic granite shows variable degrees of alteration including 
silicification, sericitization, chloritization and hematization 
(marked by red color where iron-rich mafic minerals have been 
oxidized).

Several dikes, pods and veins of pegmatite, fluorite, 
quartz, and silexite crosscut the margins of the stock. Pegmatite 
occurs as pockets or veins, concentrated at the southern mar‐
gins of the stock. It consists of very coarse crystals of K-feld‐
spars and quartz (Fig. 3d). Fluorite in marginal veins and pods 
shows various colors ranging from violet to blue and green 
(Fig. 3e). Non-mineralized, monomineralic white quartz veins 
(<0.30 m wide) are uncommon; they are associated with fluo‐
rite veins along fault planes. Silexite occurs as veins (0.20–0.60 
m wide) and segregated masses (<0.5 m in all dimensions). Tex‐
turally, these fine-grained veins could also be named aplite, but 
we prefer silexite because of their quartz-dominant mineralogy 
(there is some debate over whether “silexite” as an igneous 
rock name should be replaced by “quartzolite”, since “silexite” 
refers to sedimentary chert in French; however, we prefer the 
classical term “silexite” for highly quartz-rich igneous rocks). 
Silexite has sharp and sheared contacts with the surrounding 
granites. In hand-specimen, silexite may be dark brown (Fig. 
3f), mottled yellowish-brown (Fig. 3g), or occasionally zoned 
with whitish-gray cores and brown rims (Fig. 3h).

2 PETROGRAPHY 
Here we offer petrographic descriptions of each rock type 

(quartz syenite, porphyritic granite, peralkaline granite, and si‐
lexite), confirming the field identification.

2.1 Quartz Syenite　
As noted above, quartz syenite is a minor rock type, out‐

cropping only in the northern area of the stock. It is an inequi‐
granular medium-grained rock and rarely shows porphyritic 
texture. K-feldspars and albite are the essential minerals with 
minor quartz and mafic minerals. Accessory minerals include 
zircon, columbite, allanite, pyrochlore, muscovite, apatite and 
Fe-Ti oxides. Albite occurs as subhedral prismatic crystals, 
partly or completely altered to sericite and muscovite (Figs. 4a, 
4b). K-feldspars include both orthoclase and microcline. Micro‐
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cline is partly replaced by secondary albite. Quartz occurs as 
anhedral granular crystals showing undulose extinction and 
containing a few feldspar inclusions. The main mafic mineral 
is sodic amphibole containing inclusions of K-feldspars, zircon 
and apatite (Fig. 4c).

Subhedral to anhedral zircon crystals have a dark brown to 
reddish color; both primary and secondary zircons are present 
in the quartz syenite. The primary zircon is inclusion-free and 
features oscillatory zoning. Secondary zircon contains sparse 
inclusions. Its zoning is patchy or absent, it is commonly associ‐
ated with columbite and rutile, and it commonly has xenotime 
overgrowths. Some anhedral crystals of Nb-Ta oxides, especial‐

ly columbite, are observed in the quartz syenite. Pyrochlore 
forms yellow to reddish-yellow subhedral crystals, mostly asso‐
ciated with sodic amphibole and Nb-Ta oxides (Fig. 4d). Alla‐
nite occurs as pleochroic reddish-brown anhedral crystals (Fig. 
4e). Muscovite occurs as anhedral interstitial crystals (Fig. 4f). 
Fe-Ti oxides occur as granular aggregates associated with al‐
tered mafic minerals. Apatite occurs as fine needles.

2.2 Porphyritic Granite　
Porphyritic granite is fine- to medium-grained with por‐

phyritic texture. It consists essentially of phenocrysts of quartz, 
albite, and K-feldspars set in a fine-grained groundmass. The 

Figure 1. Simplified geologic map of the Arabian Shield in Saudi Arabia (modified after Stern and Johnson, 2010), indicating the distribution of major features 

such as suture zones, basins, ophiolites, faults, and terrane boundaries. The distribution of alkaline/peralkaline granites and ring complexes are shown in red. 

The location of the Al-Ghurayyah intrusion is indicated.
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groundmass is dominantly quartz, albite and K-feldspars with 
scarce micas and skeletal crystals of amphibole. The accessory 
minerals include zircon, fluorite, monazite, columbite-tantalite, 
thorite, cassiterite, and xenotime. Albite is the dominant miner‐

al (30 vol%–40 vol%) and forms subhedral prismatic pheno‐
crysts containing zircon inclusions (Fig. 5a) as well as fine lath-
shaped crystals that make up 70%–80% of the groundmass and 
form an intergranular texture with fine-grained quartz. Over‐

Figure 2. (a) Geologic map of the Al-Ghurayyah area, modified after Elliott et al. (1999); (b) general geological cross section showing the relation between the 

Al-Ghurayyah stock and its country rocks; (c) field photograph showing the porphyritic granite intruding the quartz syenite, width of field of view is 10 m; (d) 

field photograph of the peralkaline granite intruding porphyritic granite, width of field of view is 15 m.
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growths of secondary albite are observed around primary feld‐
spars and quartz. Some albite phenocrysts have been partially 
altered to sericite and muscovite. Quartz (20%–30%) occurs as 
anhedral to subhedral large phenocrysts (10–15 mm) showing 
undulose extinction or as very fine anhedral crystals in the 
groundmass. There are also veins and fine aggregates of quartz 
filling cavities. Many inclusions of albite, zircon, pyrochlore, 
and mica occur in the large quartz phenocrysts (Fig. 5b). A few 

large quartz crystals contain abundant inclusions of albite, ori‐
ented parallel to the host crystal faces, forming a snowball tex‐
ture (Fig. 5c). K-feldspars (15%–20%) are mainly microcline, 
which forms subhedral to anhedral phenocrysts (5–10 mm) dis‐
playing cross-hatched twinning as well as fine-grained crystals 
in the groundmass. A few large microcline phenocrysts are part‐
ly converted to pseudomorphs of secondary albite (Fig. 5d).

Micas occur as inclusions in quartz and K-feldspar pheno‐

Figure 3. Hand specimen photographs of the studied rocks: (a) quartz syenite, (b) porphyritic granite, (c) peralkaline granite, (d) pegmatite, (e) fluorite, (f) 

dark-brown silexite, (g) yellowish-brown silexite, and (h) whitish-gray zoned silexite.
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crysts or as microphenocrysts in the groundmass (Fig. 5e). Zir‐
con is the most common accessory mineral in the porphyritic 
granite. It occurs as disseminated crystals in the groundmass or 
as inclusions in the quartz and K-feldspar phenocrysts. Subhe‐
dral to anhedral primary zircon is common as inclusions in the 
phenocrysts; it is clear to light brown, inclusion-free, and 
shows oscillatory zoning (Fig. 5f). Secondary zircon is darker 
and reddish; it occurs as patches or rims around primary zir‐
con, with a characteristic spongy texture (Putnis, 2009).
Secondary zircon is locally associated with hematite, rutile, 
chlorite and muscovite. Columbite occurs as anhedral to subhe‐
dral crystals disseminated among other minerals; no variations 
in columbite color are apparent under the microscope.

2.3 Peralkaline Granite　
Peralkaline granite occurs at the margins of the Al-

Ghurayyah stock. It is a fine- to medium-grained rock and rare‐

ly shows porphyritic texture. It consists essentially of K-feld‐
spars, quartz, albite and sodic amphibole with rare sodic pyro-
xene. Accessory minerals include zircon, fluorite, micas,
columbite-tantalite, thorite, xenotime, pyrochlore, bastnaesite, 
fergusonite and samarskite. K-feldspars (30% – 35%) occur as 
subhedral to anhedral crystals of perthitic orthoclase and cross-
hatch twinned microcline (Fig. 6a). Quartz (20%–30%) occurs 
as anhedral to subhedral crystals or as inclusions in the alkali 
feldspars; some large quartz phenocrysts display a snowball 
texture due to aligned albite inclusions. Albite (10%–15%) oc‐
curs as lath-shaped crystals included in the quartz and K-feld‐
spar phenocrysts. Sodic amphibole (3%–7%) occurs as subhe‐
dral crystals (up to 5 mm) with strong dark blue to green ple‐
ochroism (Fig. 6b) and as acicular interstitial crystals. Micro‐
probe analyses (see below) show that the sodic amphiboles are 
riebeckite and arfvedsonite. Sodic amphibole may be partially 
altered to chlorite and opaques. Aegirine occurs as rims around 

Figure 4. Petrographic features in quartz syenite. Panels (a), (c), (d) and (e) in plane-polarized transmitted light; (b) and (f) in cross-polarized transmitted light. 

(a) Prismatic crystals of albite partly altered to sericite and muscovite, (b) feldspar crystals completely altered to sericite and muscovite, (c) sodic amphibole 

containing euhedral crystal of K-feldspar, (d) pyrochlore associated with sodic amphibole and Nb-Ta oxides, (e) anhedral crystals of allanite, and (f) muscovite 

interstitial to feldspars.
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sodic amphibole and as acicular fine crystals.
Zircon is present as inclusions in sodic amphibole (Fig. 

6c) and as disseminated, subhedral, dark brown to dark yellow 
prismatic crystals closely associated with pyrochlore. Colum‐
bite is the most common Ta-Nb oxide, occurring in various 
forms associated mainly with sodic amphibole and micas (Fig. 
6d). A few columbite crystals exhibit color variation suggestive 
of compositional zoning. Subhedral to euhedral fresh crystals 
of mica in the peralkaline granite include muscovite (Fig. 6e) 
and polylithionite-siderophyllite solid solution (i. e., zinnwal-
dite) (Fig. 6f) with rare biotite. Fergusonite occurs as dark 
brown anhedral crystals, altered to pyrochlore at the rims (Fig. 
6g). Pyrochlore also forms rounded yellowish-brown grains 
(Fig. 6h). Fluorite occurs as anhedral to subhedral interstitial 
grains and as small veins. Bastnaesite and samarskite occur as 
anhedral small crystals associated with pyrochlore.

2.4 Silexite　
Silexite occurs as siliceous veins that, in hand specimen, 

may appear pinkish, dark-brown, or reddish-brown. These colors 
may be mottled together or zoned across the vein. Silexite sam‐
ples are fine-grained and display a cataclastic fabric. They are 
composed of anhedral quartz (65% – 80%), K-feldspars, sodic 
amphibole, aegirine, micas, hematite, and ore minerals. Quartz 
shows variable grain size that ranges from <100 μm up to 1.5 
cm. The large quartz crystals are cracked and contain many
vapor-rich fluid inclusions. Also, veinlets of secondary quartz 
are observed cutting the other minerals. K-feldspars occur as 
large turbid crystals, stained with iron oxide and partly to com‐
pletely altered to sericite. Sparse microcline crystals preserve 
cross-hatch twinning. Sodic amphibole occurs as separated 
crystals (Fig. 7a) or as irregular clumps (Fig. 7b). The margins 
of separated amphibole crystals are replaced by chlorite. Ae‐
girine occurs as subhedral small crystals, partly altered to he‐
matite. Micas include zinnwaldite, muscovite and rare biotite. 
Zinnwaldite forms large subhedral fractured crystals, partly al‐
tered to chlorite.

Ore minerals occur in silexite as aggregates (Fig. 7c) that 

Figure 5. Petrographic features in porphyritic granite (all photos are taken in cross-polarized transmitted light): (a) albite phenocryst containing zircon inclu‐

sion, (b) inclusions of zircon, pyrochlore and muscovite in quartz phenocryst, (c) snowball texture of albite laths arranged concentrically in quartz, (d) micro‐

cline phenocryst partially replaced by albite with preservation of the original twinning, (e) anhedral interstitial muscovite crystal, and (f) zoned crystal of zircon.
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may include zircon, columbite, allanite, pyrochlore, xenotime, 
thorite, monazite, cassiterite, rutile and REE minerals (bastnae‐
site, fergusonite and samarskite). Zircon is the most common 
ore-mineral, forming subhedral to anhedral scattered crystals 
from 50 to 400 μm long. Zircon varies in color from reddish-
brown to colorless; reddish-brown zircons are rich in inclu‐
sions of thorite and hematite. Columbite and pyrochlore are the 
main Nb minerals. Columbite occurs as subhedral prismatic 

crystals (100–600 μm long) that contain inclusions of zircon. 
Scarce light yellow anhedral disseminated crystals (<100 μm 
long) are identified as pyrochlore, replaced at the margins by 
thorite. Cassiterite occurs as fine aggregates; as small, rounded 
crystals with intense brown color; and as small irregular inclu‐
sions (<5 μm) in rutile. Monazite occurs as fine disseminated 
grains and fracture filling. Xenotime occurs as interstitial 
grains or as overgrowths on zircon.

Figure 6. Petrographic features in peralkaline granite. Panels (d) and (h) in plane-polarized transmitted light; (a), (b), (c), (e), (f) in cross-polarized transmitted 

light: (a) microcline showing cross-hatch twinning, (b) corroded tabular crystal of sodic amphibole, (c) zircon inclusion in sodic amphibole, (d) Nb-Ta oxides 

associated with sodic amphibole, (e) muscovite crystal interstitial to K-feldspar and quartz, (f) cracked zinnwaldite crystal, (g) fergusonite crystal altered at the 

margins to pyrochlore, and (h) anhedral crystals of pyrochlore associated with biotite.
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3 ANALYTICAL TECHNIQUES 
Representative polished thin sections were prepared and 

carbon-coated for microprobe analyses. Mineral compositions 
were obtained using a CAMECA SX100 electron probe (EP‐
MA) at the Department of Geosciences (University of Oslo). 
The EPMA was operated with a 15 kV, 15 nA, 2 μm diameter 
beam, for 10 s counting time on-peak and 5 s each at low and 
high background positions. Synthetic oxide and mineral stan‐
dards and a ZAF matrix correction routine were used. The stan‐
dards were all accepted international standards and included 
natural albite for Na and Al; natural orthoclase for K; synthetic 
anorthite for Ca; natural zircon for Zr and Si; synthetic rutile 
for Ti; synthetic fayalite for Fe; synthetic forsterite for Mg; nat‐
ural fluorapatite for P; and pure metals for Mn, Nb, Sn, Hf, and 
Ta. Kα X-rays were used for all elements except Zr (Lα), Nb 
(Lα), Sn (Lα), Hf (Mα), and Ta (Mα). X-rays with energies be‐
tween 1.0 and 1.8 keV were analyzed with TAP crystals, be‐
tween 1.8 and 5.0 keV with PET crystals, and above 5.0 keV 
with LIF crystals.

Based on the petrographic investigations, 28 representative 
samples covering the different rock types of the Al-Ghurayyah 
stock were selected for bulk chemistry analysis (major, trace and 
rare earth elements). The analyzed samples were crushed and pul‐
verized to ~40 mesh using an agate mortar and agate ring mill and 
then quartered several times to obtain representative samples. 
Major element compositions and concentrations of Sc, Ba and Ni 
were determined by inductively coupled plasma-atomic emis‐
sion spectrometry (ICP-AES). The remaining trace elements and 
the rare earth elements (REE) were determined by inductively 
coupled plasma-mass spectrometry (ICP-MS). Loss on ignition 
(LOI) was determined by weight difference after ignition at 1 000 
ºC. The bulk chemistry analyses were carried out at the Activa‐
tion Laboratories Ltd (Actlabs), Ontario, Canada. Analytical pre‐
cision, as calculated from replicate analyses, is 1% for major ele‐
ments, 2%–10% for trace elements, and 0.5%–3% for REE.

4 RESULTS 
4.1 Mineral Chemistry

The identification of the essential and accessory minerals 
under the microscope was refined and supported by EPMA, 
however, a number of accessory minerals (allanite, pyrochlore, 
monazite, thorite, xenotime, bastnaesite, fergusonite and samar‐
skite) were not suitable for microprobe analysis due to their 
small size and the limited number of elements that can be ana‐
lyzed in a practical protocol. The complete mineral chemistry 

dataset is given in the Electronic Appendix (Supplementary Ta‐
bles S1 to S14).

4.1.1 Silicate minerals　
The analyzed silicate minerals include mafic minerals (am‐

phiboles, aegirine and micas), feldspars, zircon and chlorite.

4.1.1.1　Mafic minerals　
The analyzed mafic minerals in the Al-Ghurayyah stock 

include aegirine, amphiboles and micas. Aegirine crystals, 
though rare, were located and analyzed in peralkaline granite 
and silexite. The chemical compositions and structural formu‐
lae based on 6 oxygens of the analyzed aegirine are given in 
supplementary Table S1. The analyses have low apparent 
probe totals when assuming total Fe as FeO; recalculated totals 
after assignment of Fe3+ in the structural formula are acceptable.

Amphiboles were analyzed in quartz syenite, peralkaline 
granite and silexite. The chemical composition and structural 
formulae based on 22 non-W-site oxygens are listed in supple‐
mentary Table S2. According to the classification scheme of 
Hawthorne et al. (2012), the amphibole analyses range from
sodic-calcic to sodic. Sodic-calcic amphibole is found in quartz 
syenite and ranges across varieties of winchite, hastingsite, 
richterite and katophorite. Sodic amphibole is found in peralka‐
line granite and silexite and includes both magnesio-arfved‐
sonite and riebeckite.

The analyzed micas include (presumed) muscovite and an‐
nite. We have not analyzed the micas for Li, F, or Fe3+ content 
and therefore the assignment of the aluminous trioctahedral mi‐
ca observed here to muscovite is preliminary; it may in fact 
correspond to the material optically identified as zinnwaldite. 
Muscovite occurs in quartz syenite, porphyritic granite, peral‐
kaline granite and silexite, whereas annite is found only in si‐
lexite. Supplementary Table S3 gives chemical compositions 
and structural formulae (on the basis of 11 oxygens) of the ana‐
lyzed micas. Petrographically primary muscovite was analyzed 
in peralkaline granite and silexite, whereas petrographically 
secondary muscovite was analyzed in quartz syenite, porphyrit‐
ic granite and peralkaline granite. Secondary muscovite has 
lower TiO2 and higher MgO than primary muscovite. On the Ti-
Mg-Na ternary discrimination diagram after Miller et al. (1981), 
the petrographically primary muscovite plots as expected in the 
primary field, whereas the secondary muscovite plots in the
secondary field (Fig. 8a). Annite in silexite is not plotted be‐
cause this discrimination diagram does not apply to this mineral.

Figure 7. Petrographic features in silexite (all photos in plane-polarized transmitted light): (a) large sodic amphibole crystal altered along its margins into chlo‐

rite, (b) irregular clumps of sodic amphibole, and (c) ore mineral aggregates.
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4.1.1.2　Feldspars　
Feldspars were analyzed in all main rock phases of the Al-

Ghurayyah stock; they include K-feldspars and albite. The 
chemical compositions and structural formulae on the basis of 8 
oxygen atoms are given in supplementary Table S4 (K-feldspar) 
and Table S5 (albite). K-feldspars are homogenous, nearly pure 
KAlSi3O8, with K2O content ranging from 14.4 wt.% to 16.3 
wt.% and Or content ranging from 95.3 mol% to 98.4 mol%.

Albite is the only plagioclase mineral in the Al-
Ghurayyah granites. It has Na2O content ranging from 11.0 
wt.% to 11.8 wt.%. It is almost pure end-member albite (95.2 
mol% to 99.0 mol%), with a small variation in An content be‐
tween 0.0 mol% and 2.3 mol% . The presence of distinct K-
feldspar and albite coexisting with occasional perthite grains in 
all granite phases of the stock suggests crystallization under 
subsolvus conditions followed by minor exsolution (Abuama‐
rah et al., 2022).

4.1.1.3　Zircon　
Zircon was analyzed in all main phases of the Al-

Ghurayyah stock and is close to chemically pure (Zr, Hf)SiO4. 
Both primary and secondary zircons were analyzed in quartz 
syenite, porphyritic granite and peralkaline granite. The compo‐
sitions and calculated structural formulae of the analyzed zir‐
cons are given in supplementary Table S6. Most of the ana‐
lyzed secondary zircons yield somewhat low electron probe an‐
alytical totals (92.3 wt.% – 95.7 wt.% ), likely due to the me‐
tamict character of these Neoproterozoic, highly radioactive, 
zircons. The primary zircon is richer in SiO2 (31.6 wt.%–32.4 
wt.%) and ZrO2 (59.9 wt.%–61.5 wt.%) but lower in MnO (0.14 
wt.%–0.34 wt.%) and HfO2 (3.0 wt.%–4.4 wt.%) than second‐
ary zircon (27.6 wt.%–29.9 wt.% SiO2, 48.8 wt.%–55.4 wt.% 
ZrO2, 0.74 wt.%–3.4 wt.% MnO and 5.4 wt.%–11.2 wt.% HfO2).

4.1.1.4　Chlorite　
The analyzed chlorite is an alteration product after amphi‐

boles and sodic pyroxene. The chemical composition and struc‐
tural formulae on the basis of 28 oxygens of chlorite from 

quartz syenite and peralkaline granite are given in supplementa‐
ry Table S7. They are classified mainly as ripidolite with minor 
brunsvigite.

4.1.2 Non-silicate minerals　
The analyzed non-silicate minerals include Nb-Ta oxides, 

cassiterite, Fe-Ti oxides and apatite.

4.1.2.1　Nb-Ta minerals　
Chemical analyses and structural formulae of columbite 

and tantalite are given in supplementary Table S8. Columbite 
is the main primary Nb-Ta bearing phase in all rock types of 
the Al-Ghurayyah stock, while tantalite is a secondary phase 
and is found only in quartz syenite and porphyritic granite. The 
major oxides in both columbite and tantalite are Nb2O5, Ta2O5, 
MnO, and FeO. The apparent SiO2 in tantalite is likely due to 
imperfect correction for the interference of the X-ray lines of 
Si and Ta. Columbite has Mn/(Mn+Fe) ratios from 0.64 to 0.85 
and Ta/(Nb+Ta) ratios from 0.07 to 0.40; it is classified as co‐
lumbite-(Mn) (Fig. 8b). The analyzed tantalite occurs as well-
defined overgrowths or replacement mantles around primary 
columbite. Tantalite has Ta/(Nb+Ta) ratios from 0.53 to 0.63 
and Mn/(Mn+Fe) ratios from 0.61 to 0.87, it is classified as
tantalite-(Mn) (Fig. 8b).

4.1.2.2　Cassiterite　
Cassiterite is analyzed in the porphyritic granite and silex‐

ite and the results are given in supplementary Table S9. The ap‐
parent concentration of CaO in cassiterite is an artifact of an 
uncorrected interference between the Kα line of Ca and the Lβ1 
line of Sn. The only oxide other than SnO2 that appears to be 
robustly detected in cassiterite is ~0.9 wt.% SiO2. Although, 
when analyzing fine cassiterite crystals, there is a risk of count‐
ing Si X-rays from secondary fluorescence in adjacent sili‐
cates, the consistent value obtained (independent of grain size 
or neighboring phase identity) suggests that the Si is in fact 
hosted in the cassiterite lattice or in homogeneously distributed 
nano-inclusions.

Figure 8. Mineral chemistry of the Al-Ghurayyah stock. (a) Mg-Ti-Na ternary diagram with compositional fields of primary and secondary muscovite after 

(Miller et al., 1981). (b) Chemical composition and nomenclature of the columbite-tantalite group minerals based on Ta/(Ta+Nb) vs. Mn/(Mn+Fe) ratios.
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4.1.2.3　Fe-Ti oxides　
The analyzed Fe-Ti oxides include magnetite, ülvospinel, 

ilmenite, rutile and goethite. Analyses of spinel-group Fe-Ti
oxides (magnetite-ülvospinel solid solutions) are given in sup‐
plementary Table S10 with 4-oxygen calculated structural for‐
mulae and mineral names assigned by the 50% rule. All analy‐
ses in quartz syenite and porphyritic granite are magnetite, 
with Ti atoms per formula unit (apfu) lower than Fe3+ apfu. 
However, while all magnetite analyses in porphyritic granite 
have TiO2 ≤ 0.7 wt.% (Ti apfu ≤ 0.02), the quartz syenite also con‐
tains a population of titanomagnetite with up to 6.8 wt.% TiO2 
(Ti apfu up to 0.21). The peralkaline granite contains both low-Ti 
magnetite (TiO2 ≤ 1.0 wt.% ) and a population of very high-Ti 
grains straddling the boundary between titanomagnetite and 
ülvospinel (15.7 wt.%–27.6 wt.% TiO2 and Ti apfu 0.46–0.80).

Ilmenite was analyzed in quartz syenite and peralkaline 
granite; compositions and calculated structural formulae based 
on 3 oxygens are given in supplementary Table S11. Signifi‐
cant substitution of Mn for Fe2+ is observed, with MnO varying 
from 1.0 wt.% up to 19.8 wt.%. Pyrophanite (end member Mn‐
TiO3) component is a common substitution for ilmenite in oxi‐
dized granitic rocks (Deer et al., 1992).

Goethite is a common alteration mineral in all rock types 
at Al-Ghurayyah. Microprobe analyses of goethite-rich aggre‐
gates are given in supplementary Table S12. The analyses of 
goethite have low totals because it is a hydrous, porous phase 
and is likely intermixed at nano-scale with other minerals. 
FeO* is the main constituent (61.4 wt.% – 76.5 wt.% ), along‐
side variable amounts of SiO2 (3.8 wt.%–9.5 wt.%) and TiO2 
(0.9 wt.%–3.0 wt.%).

Rutile is a common accessory mineral in the peralkaline 
granite and silexite; microprobe analyses of rutile are given in 
supplementary Table S13. The analyzed rutile is nearly pure 
TiO2 (93.3 wt.% – 98.9 wt.% ) with the main substituent being 
FeO* (0.8 wt.%–3.6 wt.%).

4.1.2.4　Apatite　
Apatite was observed in quartz syenite and peralkaline 

granite. Partial microprobe analyses for apatite are given in 
supplementary Table S14; the analyses have low totals because 
fluorine and chlorine were not analyzed. The analyses cannot 
be assigned to a particular apatite-group mineral species with 

these data. CaO (45.0 wt.%–48.6 wt.%) and P2O5 (35.6 wt.%–
40.1 wt.%) are the major detected oxides, with smaller but non-
negligible amounts of Na2O (0.9 wt.%–2.4 wt.%).Na substitu‐
tion in apatite is often associated with carbonate ion substitu‐
tion, but C was not analyzed.

4.2 Whole Rock Major and Trace Element Composition　
Only limited geochemical data on the Al-Ghurayyah gra-

nitoids has been published to date (Drysdall and Douch, 1986). 
Whole-rock analyses (major oxides, trace elements and rare 
earth elements) of the granite and silexite samples are listed in 
Tables S15, S16 and S17. All the samples are felsic, with high 
SiO2, Al2O3 and total alkali (K2O+Na2O) contents and low TiO2, 
Fe2O3, MgO, MnO, CaO and P2O5 contents. The samples are all 
Na-rich, with Na2O/K2O ratios from 1.2 to 8.0. On the R1-R2 di‐
agram (where R1 = 4Si – 11(Na + K) – 2(Fe + Ti) and R2 = 6Ca 
+ 2Mg + Al; De la Roche et al., 1980), the samples petrographi‐
cally assigned to quartz syenite plot as expected in the quartz 
syenite field, whereas the porphyritic and peralkaline granite 
sample plot in the alkali granite field (Fig. 9a). The major ox‐
ide and trace element contents of the granitoids show mostly 
smooth variations as functions of silica content on Harker vari‐
ation diagrams (Figs. 10, 11): K2O increases with increasing 
SiO2, while TiO2, Al2O3, MgO, MnO, CaO and Na2O decrease 
with increasing SiO2 (Fig. 10). Fe2O3* and P2O5 are essentially 
uncorrelated with SiO2. Trace element data show progressive 
enrichment of Rb, Y, Ta, Nb, Th and Ga alongside depletion of 
Sr and Ba with increasing SiO2 (Fig. 10). The remaining trace 
elements are not significantly correlated with SiO2.

The granitoid compositions yield agpaitic index values 
[AI = (Na+K)/Al on a molar basis] greater than 0.87 (0.93 –
1.23, Table S15), indicating alkaline/peralkaline character 
(Liégeois et al., 1998; Liégeois and Black, 1987). On the 
Shand’s index diagram, A/NK versus A/CNK (Fig. 9b), the 
samples lie mainly in the peralkaline field with a few samples 
extending into the metaluminous field. The alkaline/peralkaline 
character of the bulk chemistry is consistent with the presence 
of modal aegirine and sodic amphibole and of normative acmite 
(0.61–1.25; Table S16). The discrimination diagram of Sylves‐
ter (1989)(Fig. 9c) places the granitoids mostly in the alkaline 
field, with a few extending into the highly-fractionated field 
where calc-alkaline and alkaline suites overlap. The granitoid 

Figure 9. Discrimination diagrams based on whole-rock chemistry. (a) Nomenclature of Al-Ghurayyah granitoids using the R1-R2 diagram of de la Roche et al. 

(1980). Note legend for three granitoid varieties of the Al-Ghurayyah stock. (b) Shand’s index plot, molar Al2O3/(Na2O+K2O) versus Al2O3/(CaO +Na2O+K2O) 

(after Maniar and Piccoli, 1989). (c) 100×(MgO+FeO*+TiO2)/SiO2 vs. (Al2O3+CaO)/(FeO*+Na2O+K2O), with fields of calc-alkaline, highly fractionated calc-

alkaline, and alkaline granites (Sylvester, 1989).
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samples share all the characteristics of A-type granites, such as 
high Nb, Y, Ta, Hf, Th, Zr and Ga/Al, alongside significant de‐
pletion in MgO, CaO and P2O5 (Bonin, 2007; Eby, 1992, 1990; 
Whalen et al., 1987).

On the Ga/Al vs. FeOt /MgO diagram of Whalen et al. 
(1987), Al-Ghurayyah granites plot in the A-type field (Fig. 

12a). The typical A-type character of Al-Ghurayyah granites is 
supported by using the SiO2 vs. FeOt /(FeOt+MgO) discrimina‐
tion diagram of Frost et al. (2001), on which the samples plot 
as typical ferroan A-type granites (Fig. 12b). Plotting the Al-
Ghurayyah granitoid data on the discrimination diagrams of 
Eby (1992) reveals that they are similar to the A1 subgroup 

Figure 10. Variation diagrams of some major oxides against SiO2.
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(Figs. 12c, 12d), like mineralized African A-type granites such 
as the Ririwai and Gross Spitzkoppe suites (Vonopartis et al., 
2021).

Primitive mantle-normalized multi-element patterns, using 
normalization values of Sun and McDonough (1989), of each 

variety of Al-Ghurayyah granitoids and silexite are shown in 
Fig. 13. All samples of the three granitoid varieties display 
nearly uniform patterns marked by large enrichments in some 
large-ion lithophile elements (Rb, Th, U, Pb) and high field 
strength elements (Ta, Nb, Zr, Hf) alongside clear depletions in 

Figure 11. Variation diagrams of some trace elements against SiO2.
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Ba, Sr, P, Eu and Ti. Concentrations of Nb-Ta are not anoma‐
lous compared to neighboring elements. The silexite samples 
show patterns quite similar to the granites except for about an 
order of magnitude higher P concentrations (Fig. 13d).

Chondrite-normalized REE patterns (using the chondrite 
values of Evensen et al., 1978) are presented in Fig. 14. The 
quartz syenite samples have lower total REE contents (533 –
717 μg/g) than the porphyritic granite (759–1 403 μg/g), peral‐
kaline granite (882–1 647 μg/g) and silexite (887–2 029 μg/g).
All samples display notable enrichment in heavy REE (HREE) 
relative to light REE [(La/Lu)n = 0.01 – 0.29]. The REE pat‐
terns of quartz syenite and porphyritic granite are subparallel 
with uniformly positive HREE slopes, while the peralkaline 
granite samples have striking concave-down HREE patterns. 
The magnitude of HREE enrichment is notably larger in the si‐
lexite samples than in the granitoids. Strongly negative Eu 
anomalies [(Eu/Eu*) = 0.05 – 0.11] are present in all rock 
types. Alongside the two order-of-magnitude negative anoma‐
lies in Sr and Ba, this indicates an extended history of plagio‐
clase fractionation earlier in the petrogenetic history than repre‐
sented by any of the exposed samples, under conditions reduc‐
ing enough to stabilize some Eu2+ . Residual plagioclase in the 

source would not be able to generate negative anomalies as 
large as those observed from a source with initially flat Sr, Ba, 
and Eu patterns (McKay, 1989; Hanson, 1978).

5 DISCUSSION 
5.1 Tectonic Setting and Geodynamic Implications　

The optimal way to identify the tectonic environment of 
the Al-Ghurayyah stock is to consider all the available informa‐
tion from field relationships, petrography, mineralogy, and geo‐
chemistry. This integrated approach reduces the risk of misas‐
signment that can result from the use of geochemical data 
alone. Field investigations demonstrate that the stock was em‐
placed during a non-orogenic period, after the termination of 
deformation associated with the Pan-African orogeny. Region‐
ally, this stage is characterized by a dramatic transition in the 
character of magmatism, from typical subduction-related calc-
alkaline compositions via late-orogenic calc-alkaline rocks to 
post-collisional alkaline/peralkaline suites. The alkaline mag‐
matism is usually related to major extension-related structural 
trends and represents a period of transition from orogenic acti-
vity to intra-plate stable conditions (Azer et al., 2021).

The overall chemical characteristics of the Al-Ghurayyah 

Figure 12. Additional discrimination diagrams for granitoid types. (a) Ga/Al vs. FeO(t)/MgO (Whalen et al, 1987), (b) SiO2 vs. FeO(t)/(FeO(t)+MgO) diagram 

(Frost et al., 2001), (c) Nb-Y-Ga×3 ternary diagram (Eby, 1992), and (d) Nb-Y-Ce ternary diagram (Eby, 1992).
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stock are consistent with a within-plate tectonic setting. They 
show remarkable depletion in CaO, MgO, Sr and transition 
metals alongside high alkali contents and marked enrichment 
in HFSE and REE. The REE patterns contain pronounced nega‐
tive Eu anomalies. These geochemical features are each typical 
of within-plate magmatism (Eby, 1992, 1990; Whalen et al., 
1987). The within-plate tectonic setting of the Al-Ghurayyah 
stock is substantiated by plotting the geochemical data on suit‐
able discrimination diagrams. On the SiO2-Al2O3 diagram of 
Maniar and Piccoli (1989) (Fig. 15a), the analyzed granite sam‐
ples plot within the rift-related and post-orogenic granite 
fields. Using the R1-R2 tectonic setting discrimination diagram 
of de la Roche et al. (1980), with tectonic setting fields based 
on Batchelor and Bowden (1985), the Al-Ghurayyah granitoid 
samples plot in the anorogenic and post-orogenic fields (Fig. 
15b). On the Rb/30-Hf-3 × Ta ternary diagram of Harris et al. 
(1986), all the granite samples plot far into the within-plate 
field (Fig. 15c).

We interpret the Al-Ghurayyah stock to be a product of 
partial melting of a juvenile crustal source, followed by exten‐
sive fractional crystallization. The generation of crustal melts 
parental to Al-Ghurayyah and other similar A-type post-
collisional plutons, widely distributed in the ANS, was likely 
facilitated by a combination of elevation of the crustal geo‐
therm (due to input of mantle-derived heat) and exhumation of 
the deep crust to low pressure (due to erosion of overburden re‐

sulting from uplift). Ascent of the resulting melts to the upper 
crust, where they underwent extensive fractionation, was in 
turn likely facilitated by large-scale intra-continental strike-slip 
fault systems and shear zones that accommodated an exten-
sional tectonic environment. A lithospheric delamination mod‐
el is commonly invoked to explain the coincidence of these fea‐
tures (crustal heating, doming and erosion, extensional tecton‐
ics) with magmatism in the post-collisional stage (610 – 590 
Ma) of the Arabian Shield (Abuamarah et al., 2021b; Abdallah 
et al., 2020).

The proposed model for the tectono-magmatic evolution 
of Al-Ghurayyah stock through the partial melting of the juve‐
nile crust of the Arabian Shield during the post-collisional 
phase is shown in Fig. 15d. In this model, crustal and litho‐
spheric thickening during the collisional stage of the Arabian 
Shield was followed by slab break-off and lithospheric delami‐
nation. Delamination forced upwelling of hot asthenosphere, 
which resulted in broad crustal doming and uplift of the overly‐
ing crust. Decompression of asthenosphere generated mafic 
magma that would have ponded at the base of the crust and ef‐
ficiently delivered sensible and latent heat to the lower crust. 
At deeper crustal levels, the combination of anomalously ele‐
vated temperature and decompression can cause partial melt‐
ing. Storage and fractionation of the resulting crustal melts in 
the middle crust allow the evolution of A-type granites. The 
abundance of strike-slip faults and shear zones during the post-

Figure 13. Primitive mantle-normalized multi-trace element diagrams for whole-rock chemistry of the Al-Ghurayyah stock using normalization values from 

Sun and McDonough (1989). (a) Quartz syenite, (b) porphyritic granite, (c) peralkaline granite, and (d) silexite.
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collisional stage promotes the ascent of these magmas to the 
shallow crust, explaining their common alignment along these 
structural trends. The Al-Ghurayyah stock, located among a 
network major faults and shear zones, is evidently a prime ex‐
ample of this mechanism (Elliott et al., 1999; Drysdall and 
Douch, 1986).

5.2 Source Rocks and Petrogenesis　
The present data indicate that the Al-Ghurayyah stock has 

geochemical features typical of rare-metal bearing A-type gran‐
ites and was emplaced in the post-collisional period, the final 
stage of magmatic evolution of the Arabian Shield. Several po‐
tential sources and petrogenetic models have been proposed for 
such intrusions (Abuamarah et al., 2021b; Al-Saleh and Al-
Omari, 2021; Gahlan et al., 2021; Abdallah et al., 2020; 
Moghazi et al., 2015; Ali et al., 2014). However, this category 
includes rock suites spanning a wide range of major and trace 
element concentrations and isotope ratios, suggesting that a va‐
riety of sources and processes were involved in their genesis. 
Hence, we may not simply choose one of the previously pro‐
posed models; we must consider the data in further detail.

The Al-Ghurayyah stock is marked by clear intrusive con‐
tacts against its metamorphic country rocks but gradational 
boundaries among its different petrologic types. Moreover, all 
the Al-Ghurayyah granitoid samples have remarkably similar 
normalized trace element (Fig. 13) and REE (Fig. 14) patterns 

and display continuous evolutionary trends in major and trace 
element concentrations (Figs. 11, 12) and ratios of compatible 
and incompatible elements (Fig. 16). These lines of evidence 
suggest that the stock is a well-defined distinct plutonic body 
and that all its granitoid members evolved from a common pa‐
rental magma, mostly through fractional crystallization pro‐
cesses. The magmatic evolution is consistent with the sequence 
of intrusion, with the quartz syenite emplaced before the more 
evolved porphyritic granite and peralkaline granite.

We judge it unlikely that this parental magma was a mantle-
derived mafic liquid. There are no enclaves, xenoliths, or asso‐
ciated mafic igneous rocks that might point to a mafic parent. 
Indeed, the generation of highly evolved A-type granite by con‐
tinuous fractional crystallization of a mafic parent is quite inef‐
ficient; it would have required at least nine times the volume of 
the final product in initial mafic magma (Winter, 2014, 2001; 
Farahat and Azer, 2011; Turner et al., 1992). Nevertheless, gen‐
eration of the parental magma of the Al-Ghurayyah granites 
may be linked to mantle processes, specifically to a lithospheric 
delamination event that triggered upwelling of asthenospheric 
mantle material beneath the ANS (see 6.5. Geodynamic impli‐
cations). The upwelling that follows lithospheric delamination 
allows generation of mantle melts that would be expected to as‐
cend to the density contrast at the base of the ANS crust, sup‐
plying a source of heat whose conduction upwards can drive 
crustal melting. Moreover, the isostatic and dynamic conse‐

Figure 14. Chondrite-normalized REE patterns for Al-Ghurayyah samples using chondrite values from Evensen et al. (1978). (a) Quartz syenite, (b) porphyrit‐

ic granite, (c) peralkaline granite, and (d) silexite.
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quence of delamination is an episode of rapid crustal uplift re‐
corded by unroofing of the subduction- and collision-related 
rocks and development of intersecting strike-slip faults and 
shear zones.

In this scenario, clearly both mantle-derived and crust-
derived melts would have been present at depth. Geochemical 
criteria must be used to distinguish their relative contributions 
to the parental magma of the Al-Ghurayyah intrusion. Al‐
though Nd isotope ratios are often used to distinguish mantle-
derived from ancient crustal sources for magmatic systems, 
this approach does not work well in the ANS, where potential 
crustal sources for post-collisional magmatism were them‐
selves quite juvenile at the time and had not yet ingrown dis‐
tinctively crustal Nd isotope signatures (e.g., Eyal et al., 2010). 
Hence, we turn to other lines of evidence to test for the pres‐
ence of mantle-derived contributions to the source of the Al-
Ghurayyah parental magma.

Nb/Ta ratios (9.2 – 10.4) in the Al-Ghurayyah granites 
overlap with typical crustal values (8 – 14; Stepanov and Her‐
mann, 2013) but are clearly lower than the chondritic ratio 

(19.9 ± 0.6; Münker et al., 2003) or those observed in many 
ocean island basalts (15.9 ± 0.6; Pfänder et al., 2007). Like‐
wise, Zr/Hf ratios (15.1 – 16.6) in the Al-Ghurayyah granites 
plot in the range associated with crustal sources (Zr/Hf < 25; 
Wedepohl, 1995). As discussed below, these crustal signatures 
are present in all rocks of the suite and show no increase with 
progressive differentiation, suggesting they are a signature of 
the primary magma and not of later assimilation during mag‐
matic evolution. The contribution of the juvenile crust of the 
Arabian Shield to the Al-Ghurayyah stock is also demonstrated 
by the presence of inherited zircons with ages of 749.9 ± 5.9 
Ma (Aseri, 2020). This conclusion is substantiated by plotting 
the data on the ternary discrimination diagram of Laurent et al. 
(2014), which suggests that the Al-Ghurayyah granites were de‐
rived from Low-K mafic rocks and tonalitic sources, which are 
indeed the main constituent of the early subduction-related 
magmatic rocks of the ANS with ages near 750 Ma (Fig. 17a).

Field relations indicate that the quartz syenite, restricted 
to the northern margin of the outcrop, is the preserved remnant 
of the apex of a magma chamber, exposing a shallow level of 

Figure 15. Discrimination diagrams for tectonic setting based on whole-rock chemistry. (a) SiO2 vs. Al2O3 after Maniar and Piccoli (1989); (b) R1-R2 multica‐

tionic diagram (Batchelor and Bowden, 1985); (c) Hf-Rb/30-3×Ta ternary diagram (after Harris et al., 1986); (d) simplified model for the geodynamic evolu‐

tion of Al-Ghurayyah stock showing how lithospheric delamination triggered upwelling of asthenospheric mantle, generation of underplated basic magma, 

doming upwards, partial melting of lower and middle crust, generation of A-type granitic magma, ascent and emplacement of fractionated magma extending to 

subvolcanic levels, and finally erosional removal of cover to expose the top of the pluton.
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emplacement. It is likely that the main mass of the stock resem‐
bles the porphyritic granite that composes the bulk of the out‐
crop. The peralkaline granite, a minor phase in the southern 
portion of the outcrop area, is likely a later phase intruded into 
the porphyritic granite while the latter was still hot and fluid. 
The gradational contacts between different phases in the stock 
indicate their emplacement within a very short time interval, 
before the complete crystallization of the first porphyritic 
phase (though sharp contacts are also observed, suggesting that 
the rigidity of early phases was variable from place to place 
when intruded by later phases). During the final peralkaline 

stage, the residual melt became enriched in alkalis, silica, wa‐
ter, and fluorine and must have achieved fluid saturation (it 
may have already been fluid saturated at earlier stages) (Lon‐
don, 1992). The buoyancy and low viscosity of the F- and
water-rich melt and vapor phases promoted their migration to 
the top of the magma chamber and into fractures extending in‐
to the earlier magmatic phases and the country rocks of the in‐
trusion. They are preserved as pegmatite, silexite and quartz-
fluorite veins.

The occurrence of magmatic fluorite and F-rich secondary 
Nb-Ta minerals indicate appreciable enrichment of the mag‐

Figure 16. Some trace element diagrams indicating magmatic evolution of the Al-Ghurayyah granitoid series: (a) Sr vs. Rb/Sr, (b) Y vs. Nb, (c) Rb vs. Nb, (d) 

Rb/Sr vs. Rb/Ba, (e) Ta vs. Nb, and (f) Nb/Ta vs. Zr/Hf.
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matic system with fluorine throughout its evolution. Plotting 
the normative compositions of the Al-Ghurayyah granitoids in 
the Qz-Ab-Or ternary (Fig. 17b) shows that the samples are too 
low in normative Qz to be simple H2O-saturated minimum 
melts at low pressure. The pressures required to displace the 
H2O-saturated minimum melt composition to match the ob‐
served rocks are unreasonably high. On the other hand, the ad‐
dition of 1% to 4% F to the magma drives the cotectic to low 
enough normative Qz at reasonable upper crustal pressures 
(Manning, 1981). Increasing water pressure and F content also 
shift the minimum melt composition towards the albite vertex, 
but not far enough to match the Al-Ghurayyah rocks, especial‐
ly the quartz syenite. This implies that there has been alkali ex‐
change with late magmatic or post-magmatic fluids, favoring 
preservation of albite over K-feldspar.

Although sub-solidus re-equilibration textures and forma‐
tion of secondary minerals at the expense of K-feldspar and mi‐
ca occur in the outer margins of Al-Ghurayyah stock, a mag‐
matic origin for the hydrothermal solutions that affected these 
granites is favored by the following observations: (1) fluorite 
crystals are found as anhedral to subhedral grains between the 
rock-forming minerals; (2) concentrations of Nb, Ta, Hf, U and 
Th increase with progressive fractionation from the early stage 
(quartz syenite) to the late phase (peralkaline granite); (3) the 
concentration of pegmatites around the peralkaline granite 
points to the crystallization of the peralkaline granite as the 
source of fluids that migrated into and altered the porphyritic 
granite. Alumina and alkalis liberated from the destruction of 
feldspars during hydrothermal alteration were transported to 
the outer and uppermost parts of the stock and drove the forma‐
tion of secondary muscovite and albite.

The geochemistry of the mineralized silexite veins indi‐
cate close affinity and a genetic relationship with the granitoid 
rock types of the Al-Ghurayyah stock. The end stages of differ‐
entiation of the stock produced a residual fluid, distinct from 
the granitoid minimum melt. This coexisting fluid was en‐

riched in SiO2, volatiles and rare earth elements, and was force‐
fully emplaced into fractures, faults and shear zones. This fluid 
had sufficient concentration of elements such as Na, Al, and Fe 
to crystallize sodic mafic minerals, making it a (perhaps transi‐
tional) magmatic fluid distinguishable from the Si- and H2O-
dominant hydrothermal fluids that precipitate common quartz 
veins. The silexite-forming and pegmatite-forming fluids may 
have coexisted or may represent different stages in the late evo‐
lution of the system. The cataclastic fabric of the silexite possi‐
bly resulted from in situ fluid loss. Vapor-rich fluid inclusions 
in quartz phenocrysts suggest that fluids might have been 
boiled off, resulting in pressure quenching and crystallization 
of the fine-grained matrix (Jackson and Douch, 1986). Extreme 
HREE enrichment in the silexite (together with the develop‐
ment of a relative HREE deficit in the peralkaline granite) sug‐
gests that no HREE-rich accessory mineral phase was able to 
sequester these elements at the magmatic stage, leaving them 
to accumulate in the residual fluid phase.

5.3 Formation of Al-Ghurayyah Granites via Crystal 
Fractionation　

The field studies, mineralogy and geochemistry of the 
granitoids of the Al-Ghurayyah stock are consistent with evolu‐
tion through magmatic fractionation from a common parental 
magma. The good correlations between SiO2 and most major 
and trace element concentrations (Figs. 10, 11) as well as the 
single trends in Rb/Sr vs. Sr, Y vs. Nb, and Nb vs. Rb (Fig. 16) 
are all consistent with a cogenetic origin by progressive mag‐
matic evolution. The correlation between Eu anomalies and Ba 
and Sr concentrations in all rock types points to a common 
cause, namely extreme feldspar fractionation. The effect of al‐
kali feldspar fractionation on the evolution of the studied suite 
can be investigated using plots of Rb/Ba vs. Rb/Sr (Fig. 16d) 
and Nb vs. Ta (Fig. 16e).

The primitive mantle-normalized spider diagrams for the 
Al-Ghurayyah granitoid samples (Fig. 13) show negative 

Figure 17. (a) Al2O3/(FeOt+MgO)-3CaO-5(K2O/Na2O) discrimination diagram for character of source rocks of crustal melts (Laurent et al., 2014); (b) norma‐

tive composition of Al-Ghurayyah granites plotted in Qz-Ab-Or projection. Dashed lines show the quartz-alkali feldspar cotectics and the trace of the water-sat‐

urated minimum melt compositions in the haplogranite system at total pressure ranging from 0.5 to 10 kbar (Holtz et al., 1992; Winkler et al., 1975). Solid 

green line shows the trace of the minimum melt composition at 1 kbar with excess H2O and increasing fluorine (F) content up to 4 wt.% F (Manning, 1981).
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anomalies for Sr, Eu, Ba, P and Ti. The Sr, Eu and Ba anoma‐
lies we have already attributed to feldspar fractionation, where‐
as the P and Ti anomalies more likely reflect extensive fraction‐
ation of apatite and Fe-Ti oxide, respectively. The similar 
shapes of the spider diagrams and of the REE patterns (Fig. 14) 
for all phases of the intrusion are consistent with progressive 
fractional crystallization. Zr/Hf and Nb/Ta ratios are generally 
invariant during common magmatic processes, but undergo sig‐
nificant variation during magma contamination. The current 
sample suite is restricted to narrow ranges in both Zr/Hf and 
Nb/Ta (Fig. 16f) and both ratios are uncorrelated with concen‐
trations of major or trace elements, indicating that contamina‐
tion played a minor role.

5.4 Evidence of Magmatic vs. Metasomatic Effects　
Abundant evidence confirms the magmatic origin of the 

Al-Ghurayyah stock, while also plainly indicating the action of 
later metasomatic processes. The magmatic features include 
(1) sharp intrusive contacts of the stock with metamorphic 
country rock; (2) the coexistence of euhedral to subhedral crys‐
tals of primary feldspars, amphibole, columbite and micas; (3) 
the presence of snowball texture and perthitic exsolution 
(Müller and Seltmann, 1999; Schwartz, 1992; Pollard, 1989; 
Vance, 1969), although snowball texture has also been inter‐
preted as metasomatic (Müller and Seltmann, 1999; Beus, 
1982); (4) well-developed columbite crystals with normal and 
oscillatory zoning; (5) anhedral to subhedral grains of fluorite 
between the constituent minerals; and (6) the gradual increase 
in REE concentrations from the early phase (quartz syenite) to 
the late phase (peralkaline granite).

While magmatic features dominate the main phases of the 
stock, the influence of later hydrothermal fluids becomes more 
evident in the marginal parts, where extensive replacement by 
secondary minerals is observed. Hydrothermal fluids appear to 
have escaped from the peralkaline granite phase and modified 
the slightly earlier quartz syenite and porphyritic granite phases. 
Evidence for alteration by these fluids includes: (1) develop‐
ment of pegmatites and quartz-fluorite veins in fractures; (2) 
partial replacement of microcline crystals by pseudomorphs of 
secondary albite; (3) overgrowth of secondary albite around 
primary feldspars and quartz; (4) partial alteration of feldspar 
crystals to sericite and muscovite; and (5) overgrowth and par‐
tial replacement of primary columbite by more Ta-rich colum‐
bite and tantalite. It is difficult to explain the concentration of 
these alteration features in the early phases of the intrusion spe‐
cifically around the contacts with the late phase of the intrusion 
if the timing of alteration or source of the fluids were not relat‐
ed to the emplacement and crystallization of the late peralka‐
line granite phase.

The development of the Nb-Ta oxides in the Al-Ghurayyah 
system began with crystallization of euhedral to subhedral crys‐
tals of primary columbite-(Mn). Experimental studies show that 
fluxes and melt compositions have strong effects on the solubili‐
ty of tantalum and niobium oxides (e.g., McNeil et al., 2020; 
Fiege et al., 2018; van Lichtervelde et al., 2018; Tang et al., 
2016). According to Linnen and Keppler (1997), columbite can 
crystallize from melts that have MnO+FeO contents >0.05 
wt.% and Nb concentrations of 70–100 μg/g. The solubility of 

rare metal complexes in magmas decreases with decreasing 
temperature (Chevychelov et al., 2005), so crystallization of 
primary columbite is significantly more likely in H2O- and F-
rich systems with depression of the solidus to ~600 ° C. The 
presence of well-developed zoning in the columbite crystals 
and the positive correlation of whole-rock Nb and Ta with SiO2 
(Fig. 12) indicate magmatic enrichment of Ta and Nb. The as‐
sociation of columbite with magmatic micas in the peralkaline 
granite supports the idea of crystallization of both phases from 
volatile-rich residual melts at low temperature (van Lichtervel‐
de et al., 2018; Roda et al., 2007).

The primary columbite-(Mn) cores are overgrown and part‐
ly replaced by more Ta-rich columbite and tantalite. In princi‐
ple, such a progression towards increasing Ta/(Ta+Nb) may be 
explained as a primary magmatic fractionation trend (e. g., 
Černý et al., 1986), but this would be expected to correlate 
with systematic increase in Mn/(Mn+Fe) (as seen, e.g., in the 
Homrit Akarem and Nuweibi intrusions; Abuamarah et al., 
2022; Moussa et al., 2021). Other essentially magmatic expla‐
nations would include disequilibrium growth limited by slow 
and differential diffusion of Nb and Ta from the melt to the 
growing crystal interface, or progressive changes in the equilib‐
rium conditions (Sami et al., 2017). In the Al-Ghurayyah case, 
the regularly zoned cores are surrounded by Ta-enriched zones 
without systematic change in Mn/(Mn+Fe) (Fig. 8b) and with 
common evidence of embayment and resorption of the core. 
This mineral chemistry and texture pattern is best explained as 
an overprint due to a late- to post-magmatic, corrosive, super‐
critical vapor phase (van Lichtervelde et al., 2007). The charac‐
teristics of the columbite-tantalite grains (core and rim texture 
with embayment, enrichment of Ta in the rim, overlap in Mn/
(Mn+Fe)) resemble the case described in the Mueilha intru‐
sion, where the case for hydrothermal overprinting is strength‐
ened by association of the tantalite rims with fluorcalciomicro‐
lite and wodginite (Seddik et al., 2020).

6 CONCLUSIONS 
(1) The Al-Ghurayyah stock, in the northwest arm of the 

Arabian Shield, is an example of alkaline felsic magmatism 
that hosts rare-metal mineralization. It intrudes a Neoproterozo‐
ic island arc assemblage and consists of three granitoid variet‐
ies (quartz syenite, porphyritic granite and peralkaline granite) 
as well as veins of pegmatite, silexite and fluorite.

(2) The Al-Ghurayyah granitoids are characterized by 
highly elevated concentrations of Nb, Ta, Y, Zr, Hf, Th, REE 
(especially HREE) and Zn.

(3) The accumulation of residual volatile-rich melt and ex‐
solved fluids in the final stages of magmatic evolution pro‐
duced pegmatite, silexite and quartz-fluorite veins that cut the 
peripheries of the Al-Ghurayyah stock and promoted alkali 
metasomatism and recrystallization of Nb-Ta oxides in the early-
emplaced granitoid phases.

(4) The Al-Ghurayyah stock is post-collisional A-type gran‐
ite, derived mainly by fractional crystallization of a crustally-
derived parental magma. The geochemical and geological ob‐
servations are consistent with the lithospheric delamination 
model for the late Neoproterozoic evolution of the Arabian 
Shield.
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