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We describe the Jebel Aja igneous intrusion (JAII), which sits at the farthest northeastern edge of the exposed
Arabian Shield in Saudi Arabia. The JAII consists of late Neoproterozoic post-collisional A-type granites, and was
emplaced during tectonic extension. It is a composite pluton consisting of a granitic core (monzogranite, sye-

gefgl:;:is te nogranite and alkali feldspar granite) surrounded by a later phase of alkaline and peralkaline granites. Peg-
Ti,mrtveitife matites occur as pockets and dykes at the contact between the alkaline/peralkaline granites and syenogranite.
Thalénite-(Y) The pegmatites have sharp contacts with their host granites and show variable colors (principally pink and
Bustamite white), grain sizes, textures, and mineral compositions. We report here that the white pegmatites host pockets

with a unique mineralogy that includes the first observation of pyroxmangite, thortveitite and thalénite-(Y) in
the whole Arabian Shield as well as a novel (Sc, Y, vacancy)-rich pyroxenoid and a vacancy-rich bustamite with
excess octahedral Si. The pyroxmangite-dominated lithology also features accessory quartz, albite, spessartine,
pyrochroite, muscovite, and fluorite. The presence of pyroxmangite rather than rhodonite, together with
vacancy-rich and Si-excess pyroxenes, suggests an elevated pressure of emplacement. The granites of the JAII are
highly evolved and have undergone extreme fractional crystallization of feldspars, leading to increases in the
concentration of volatile and incompatible elements in the residual melt, which resulted eventually in injection
of coeval pegmatites into the mostly solidified host granite. The syenogranite and alkaline/peralkaline granite of
the JAII contain sodic amphibole and have geochemical characteristics common among within-plate rare-metal
bearing A-type rocks. They have positive Nb-Ta anomalies that increase from syenogranite to alkaline/per-
alkaline granite. The pink pegmatite is highly mineralized and contains high concentrations of Nb (1540-1769
ng/g), Ta (103-136 pg/g), Y (1116-1616 pg/g), Zr (6362-9707 pg/g), Hf (215-264 pg/g), Th (278-384 pg/g), U
(110-147 pg/g), and > REE (2334-3251 pug/g).

1. Introduction

The Arabian-Nubian Shield (ANS), an assembly of Neoproterozoic
(850-590 Ma) crystalline rocks, represents one of the largest tracts of
juvenile crust on Earth (Johnson, 2003; Meert, 2003; Stoeser and Frost,
2006). It constitutes the northern part of the East African Orogen (Stern,
1994) and was a contiguous mass until the opening of the Red Sea,
which divided it into the Nubian Shield to the west and the Arabian
Shield to the east. The ANS comprises a collage of ophiolite sequences

and associated volcanic arcs, which amalgamated during the assembly
of West and East Gondwana and were then intruded by a voluminous
range of geochemically distinctive granitoids and mafic-ultramafic in-
trusions (e.g., Abdel-Karim, 1992, 1996; Ali et al., 2010; Azer et al.,
2017; Genna et al., 2002; Stern, 1994; Stoeser and Frost, 2006).

The Arabian Shield hosts a number of discrete post-collisional A-type
alkaline/peralkaline igneous complexes and pegmatites with significant
enrichment of rare metals (e.g., Abdallah et al., 2020; Abuamarah, 2020;
Elliott et al., 1999; Moghazi et al., 2011, 2015; Qadhi Talal, 2007).
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Among these, the Jebel Aja igneous intrusion (JAII), outcropping at the
very northeastern limit of basement outcrop, is a well-exposed example.
The main rock units of the JAII have been studied by several authors
(Abdallah et al., 2020; Abuamarah, 2020; Ekren et al., 1987; Hereher
and Abdullah, 2017; Qadhi Talal, 2007; Stuckless et al., 1984), but there
are no published studies of the pegmatites. Hence the main focus of this
work is to present the first report concerning the exotic pegmatites
associated with the JAIL

A number of the minerals hosted in these pegmatites (pyroxmangite,
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thortveitite, thalénite-(Y)) are reported here for the first time in the
whole ANS, and two exotic Sc-rich phases found in cleavage-plane fill in
the pyroxmangite are entirely new. Pyroxmangite, thortveitite and
thalénite-(Y) are rare silicate minerals. Pyroxmangite (MnSiOs) is a Mn-
rich end-member of the pyroxenoid group, with some economic
importance because of its use in jewelry and ornamental objects. It was
first described by Ford and Bradley (1913) and its crystal structure was
determined by Liebau (1959). Pyroxmangite is very similar to its
dimorph rhodonite; they may occur together as bladed intergrowths
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Fig. 1. Simplified geologic map of the Arabian Shield in Saudi Arabia (modified after Stern and Johnson, 2010), indicating the distribution of alkaline/peralkaline

granites. The location of the Jebel Aja Igneous Intrusion is indicated.
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(Jefferson et al., 1980; Michailidis and Sofianska, 2010; Millsteed et al.,
2005; Ohashi et al., 1975; Pinckney and Burnham, 1988). Both are
triclinic but they can be distinguished by Raman spectra or X-ray
diffraction, and rhodonite generally contains higher Ca contents than
pyroxmangite. The equilibrium phase boundary between pyroxmangite
and rhodonite in pure MnSiO3 has a positive Clapeyron slope, with
pyroxmangite on the high-pressure, low-temperature side (Maresch and
Mottana, 1976). Thortveitite is a scandium yttrium silicate mineral,
nominally (Sc,Y)2Si207. It is the primary source of scandium and occurs
mainly in granitic pegmatites. Thalénite-(Y) has a nominal formula of
Y3Si3010F, usually occurring within fluorite in granitic pegmatites.
The present study aims to provide complete mineralogical charac-
terization of the JAII pegmatite mineralogy using classical methods and
advanced techniques such as electron probe microanalyzer (EPMA),
Raman spectroscopy, and scanning electron microscopy (SEM). This is
presented alongside detailed geological, mineralogical, and geochem-
ical context data on the host syenogranite and alkaline/peralkaline
granite, in order to shed light on the magmatic sources and petrogenetic
processes responsible for formation of the JAII and its pegmatites. We
discuss the evidence for high pressure crystallization of the pegmatite
mineralogy and its possible implications for vertical tectonic motions on
the edge of the Arabian Shield in the post-collisional extensional period.

2. Geological setting

The Arabian Shield (Fig. 1) was formed by the accretion of inter-
oceanic island arcs upon closure of the Mozambique Ocean (Nehlig
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et al., 2002; Robinson et al., 2014). It is characterized by presence of
distinct terranes that are marked by the presence of ophiolitic ultramafic
bodies within orogenic belts (Agar, 1992; Robinson et al., 2014). After
the accretion, a period of extensional tectonism, orogenic collapse, and
emplacement of post-collisional alkaline magmas resulted in one of the
largest inventories of alkali granites in the world (Stoeser, 1986).
Several of these A-type granites and associated pegmatites in the
Arabian Shield are marked by significant enrichment of rare metals and
rare earth elements (e.g., Abdallah et al., 2020; Abuamarah, 2020;
Abuamarah et al., 2021; Drysdall et al., 1984; Drysdall and Douch, 1986;
Elliott et al., 1999; Jackson and Douch, 1986; Johnson and Kattan, 2012;
Kiister, 2009; Moghazi et al., 2011).

The JAII is a Late Neoproterozoic Ediacaran intrusion of post-
collisional A-type granitoids exposed along the northeastern edge of
the Arabian Shield (Fig. 1). It is a generally elliptical body with irregular
outlines, extended along a NE-SW axis (Fig. 2). At the outcrop bound-
aries, the JAII disappears under alluvial deposits that may cover a larger
intrusion; original intrusive or tectonic contacts with country rocks are
not exposed. The JAII is a composite igneous complex featuring two
phases of magmatic activity, with sharp intrusive contacts between
products of the two phases. The core of the intrusion includes a
continuous sequence of monzogranite, syenogranite and alkali feldspar
granite, with gradational contacts among the petrologic varieties. This
phase contains numerous mafic microgranular enclaves (MMEs) and
gneissic xenoliths. The core phase is entirely surrounded by alkaline to
peralkaline granites and their volcanic equivalents, which we interpret
as a later magmatic phase. Some roof pendants of the early granites are
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observed above the alkaline/peralkaline granites (Fig. 3).

The JAII is dissected by many dykes and later faults (not resolved at
the scale of Fig. 2), especially the early phase. A stratified sequence of
pyroclastic deposits, ignimbrites, and typical rhyolite flows uncon-
formably overlies the early granitic phase and is intruded by alkaline/
peralkaline granite. Pockets and dykes of pegmatite are found along the
contact between the alkaline/peralkaline granites and syenogranite
(Fig. 3a). The field relations of the JAII and its alluvial cover are sum-
marized by a schematic cross-section in Fig. 3b, emphasizing the posi-
tion of the pegmatites along the contact between the two phases of the
intrusion.

The contacts between pegmatites and their host granites are almost
sharp; no evidence of reaction between pegmatite and host is observed.
The pegmatite bodies show variable colors, grain sizes, textures, and
mineral compositions. They are distinguished into pink pegmatite (K-
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feldspar rich) and white pegmatite (albite rich). Pockets of
pyroxmangite-rich pegmatite (10-20 cm) are found within the white
variety for the first time. Pink pegmatite occurs as large masses (1-5 m)
or as sheets (1-2 m width); it is very coarse-grained (Fig. 4a). The white
pegmatite (Fig. 4b) is less common than pink pegmatite and occurs as
pockets (0.5-1.0 m) or as small dykes (0.50-1.5 m width). The
pyroxmangite-rich pockets (5-20 cm) are medium- to coarse-grained
(Fig. 4¢).

3. Analytical methods

Whole rock geochemical analyses were performed at ALS
Geochemistry, Vancouver BC, Canada. Whole rock samples were
crushed and pulverized in an agate ring mill. Major elements were
determined by Inductively Coupled Plasma-Atomic Emission
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Fig. 4. Field photographs showing (a) outcrop of pink pegmatite, (b) white
pegmatite body cutting syenogranite, and (c) pyroxmangite-bearing white
pegmatite hand specimen. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Spectroscopy (ICP-AES) following lithium metaborate/lithium tetrabo-
rate (LiBOy/LizB407) fusion and digestion in 4% HNO3/2% HCL. Trace
elements, including rare earth elements, were determined by Induc-
tively Coupled Plasma-Mass Spectrometry (ICP-MS) using the same
digested solutions. Loss on ignition was determined by difference in
weight after a 1 g sample was heated at 1000 °C for 1 h.

Chemical compositions of essential minerals in the pyroxmangite-
bearing pegmatite, syenogranite, and peralkaline granites were carried
out by electron probe microanalysis (EPMA) at Caltech (JEOL JXA-
8200) on carbon-coated polished thin sections. Operating conditions
were 15 kV accelerating voltage, 25 nA beam current, a focused beam (1
pm), 20 s on-peak counting times, the mean atomic number background
subtraction method, a mix of natural and synthetic mineral standards,
and the CITZAF matrix correction routine.

Backscattered electron images, energy dispersive X-ray spectra
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(EDS), and electron backscatter diffraction (EBSD) patterns were ob-
tained with the Zeiss 1550VP field-emission scanning electron micro-
scope (SEM) in the Division of Geological and Planetary Sciences at
Caltech. To detect heavy elements, a 25 kV primary beam was chosen
and spectra were collected either in the 0-10 kV or 0-20 kV range.
Deadtime was maintained below 60% and spectra were integrated for
60 s of live time. The EDS detector is a Si-drift type Oxford Max and data
were processed with Oxford’s AZTec software, using factory standards
for quantification. EBSD analyses were carried out using an HKL EBSD
system on the ZEISS SEM, operated at 20 kV and 6 nA in focused-beam
mode with a 70° tilted stage and variable pressure mode (25 Pa). EBSD
patterns were also processed with AZTec, with structures matched to the
American Mineralogist Crystal Structure Database and ICSD libraries.

Selected mineral identifications were further verified using Raman
spectroscopy (Renishaw InVia micro-Raman spectrometer with 514 nm
Ar-ion laser) at the GPS Division, California Institute of Technology
(Caltech), USA. Spectra were collected at Raman shifts from 100 to
4000 cm ™! and spectra were compared to the RRUFF.info library for
mineral identification.

4. Petrography

The granitic rocks of the JAIl show wide variations in their textures
and mineralogical compositions (Abdallah et al., 2020; Abuamarah,
2020). According to Abuamarah (2020), the early phase of the JAII in-
cludes monzogranite, syenogranite, granophyre and alkali feldspar
granite, whereas the later phase includes alkaline granite and peralka-
line granite. In the present work, the pegmatites associated with JAII are
described for the first time. Brief petrographic descriptions of the peg-
matites and their surrounding granites (syenogranite and alkaline/per-
alkaline granites) are given below.

4.1. Syenogranite

Syenogranite is inequigranular, medium- to coarse-grained, and pink
to pale pink in color. It consists essentially of K-feldspar and quartz, with
minor plagioclase and mafic minerals. Accessory minerals include Fe-Ti
oxides, zircon, titanite and apatite. K-feldspar occurs as large anhedral
crystals of orthoclase that contain small inclusions of albite and
muscovite. The orthoclase crystals show perthitic texture with flame,
patchy and veined types. Quartz occurs as anhedral to subhedral large
crystals and small anhedral aggregates occupying the interstitial spaces
between the feldspars. Locally, it forms graphic and myrmekitic in-
tergrowths with K-feldspar. Plagioclase occurs as euhedral to subhedral
tabular crystals of albite, which are usually corroded by quartz and K-
feldspar, and as inclusions in K-feldspar. The mafic minerals are domi-
nantly strongly pleochroic, subhedral to euhedral crystals of katophorite
amphibole (Fig. 5a) with goethite inclusions. Aegirine is also present, as
subhedral to anhedral prismatic crystals replaced along margins and
cracks by goethite (Fig. 5b, c). Zircon occurs as interstitial fine crystals
among the other constituents (Fig. 5b) or as inclusions in K-feldspar and
amphibole.

4.2. Alkaline/peralkaline granites

The alkaline and peralkaline granites are similar in appearance and
mineralogy. They are medium- to coarse-grained with a hypidiomorphic
inequigranular texture and pink to pale pink color. Alkali feldspars and
quartz are the main constituents, with mafic mineral in variable
amounts. The alkaline/peralkaline granites feature a large variety of
accessory minerals including zircon, fluorite, Fe-Ti oxides, xenotime,
monazite, titanite, allanite, thorite and pyrochlore. The most prominent
petrographic difference between the relative alkaline and peralkaline
granite is the greater modal abundance of K-feldspar, sodic amphibole,
and sodic pyroxene in the peralkaline type.

Perthitic alkali feldspar, unmixed into orthoclase and albite lamellae,
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is the dominant feldspar in both rock types, with smaller amounts of
microcline. Perthitic textures include veined, flame, and patchy vari-
eties. Some perthitic orthoclase crystals feature small inclusions of
quartz and rare albite with forms that suggest inclusion rather than
exsolution. No separate plagioclase crystals are present other than those
forming the perthite or included in perthitic orthoclase. Quartz is not
uniform in amount or distribution and occurs as aggregates of anhedral
crystals or as small, rounded inclusions in perthitic orthoclase.

The alkaline mafic minerals include sodic amphibole and sodic py-
roxene. The sodic amphibole is strongly pleochroic and occurs as
anhedral to subhedral crystals or as interstitial acicular crystals. It
ranges in composition from magnesio-arfvedsonite to arfvedsonite
(Fig. 5d, e, f). Rare inclusions of zircon, Fe-Ti oxides and apatite are
observed within sodic amphibole. Locally, sodic amphibole is
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Fig. 5. Back-scattered electron images showing
petrographic textures in the syenogranite and per-
alkaline granite: (a) crystals of katophorite in sye-
nogranite, (b) interstitial crystals of aegirine and
zircon in syenogranite, (c) aegirine crystals partly
altered to goethite in syenogranite, (d) arfvedsonite
and aegirine crystals in the peralkaline granite, (e)
apatite inclusions in arfvedsonite and K-feldspar in
the peralkaline granite, (f) interstitial apatite among
arfvedsonite, albite and K-feldspar in the peralkaline
granite. Mineral abbreviations: Qz = quartz, Ab =
albite. Aeg = Aegirine, Kfs = K-feldspars, Arf = Arf-
vedsonite, Rt = Rutile, Ktp = katophorite, Zr =
zircon, Ilm = Ilmenite, Ap = apatite, Goe = goethite.

transformed along its margins into opaques. Sodic pyroxene occurs as
anhedral to subhedral crystals of aegirine associated with arfvedsonite
(Fig. 5d).

Fluorite is the most abundant accessory mineral and occurs as
anhedral interstitial crystals or as vein filling along fractures. These
features indicate that the fluorite is a late-stage magmatic mineral. Fe-Ti
oxides occur either as individual crystals or as granular aggregates
associated with altered mafic minerals. They include rutile, goethite,
ilmenite, and magnetite. Fine subhedral apatite crystals are found
interstitially among the feldspars and sodic amphibole (Fig. Se, f) or as
inclusions in K-feldspar (Fig. 5e). Zircon occurs as separate interstitial
crystals among the feldspars or as inclusions in the mafic minerals.
Allanite occurs as euhedral crystals showing strong pleochroism from
red to reddish-brown. Monazite occurs as euhedral to subhedral crystals
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which associates with iron oxides. Titanite is common as euhedral
rhombic crystals or as irregularly-shaped crystals associated with opa-
ques. Thorite occurs as anhedral crystals with brownish-yellow,
brownish-black, yellow and orange colors. A few thorite crystals are
associated with xenotime.

4.3. Pegmatites

As noted above, pegmatites are distinguished into pink and white
varieties with pyroxmangite-rich pockets in the white type.

Pink pegmatite is pink to reddish gray in color and very coarse-
grained. It consists mainly of microcline, orthoclase (with perthitic
lamellae of albite), and muscovite with minor albite and biotite. Iron
oxides, zircon, fluorite and apatite are accessories. Small crystals of

LITHOS 400-401 (2021) 106395

albite, iron oxides, and zircon are enclosed within orthoclase. Quartz
shows undulose extinction and rarely contains fine inclusions of K-
feldspar, albite and muscovite. A narrow zone of fine-grained recrys-
tallized quartz and feldspar forms a mortar structure around the large
feldspar grains.

White pegmatite is medium- to coarse-grained and consists of albite,
quartz, K-feldspar, biotite, and muscovite. Opaques, allanite and zircon
are accessory minerals. Albite occurs as euhedral to anhedral prismatic
crystals characterized by lamellar twinning. It is intergrown with quartz
forming graphic texture. Some albite cores are highly altered to sericite
and muscovite; others are kaolinitized. K-feldspar occurs as subhedral
crystals showing perthitic exsolutions of albite or as microcline showing
cross-hatch twinning. Quartz appears in graphic intergrowths with
albite, in small inclusions in albite and muscovite, in veinlets, and

Fig. 6. Back-scattered electron images showing
petrographic textures in the pyroxmangite-bearing
white pegmatite sample: (a) Hydrospessartine,
magnetite, and quartz included within large pyrox-
mangite crystal, (b) small crystal of thortveitite with
magnetite and quartz included in large pyroxmangite
crystal, (c) quartz-magnetite veinlets filling the
cleavage planes in pyroxmangite, (d) crack in spes-
sartine crystal filled with secondary minerals, (e)
pyrochroite occurs as anhedral patches within the
large fluorite crystal, (f) veinlets of pyrochroite and
inclusions of muscovite in albite. Mineral abbrevia-
tions: Pxm = pyroxmangite, Qz = quartz, Mag =
magnetite, Sps = spessartine, Hsp = hydro-
spessartine, Fl = fluorite, Ccp = chalocopyrite, Pch =
pyrochroite, Ms. = muscovite, Ab = albite, Tht =
Thortveitite.

" BXmy Q7



H.A. Gahlan et al.

distributed along grain boundaries between other minerals. Biotite oc-
curs as fine anherdal crystals, altered along margins into chlorite.
Muscovite is found as small flakes, interstitial or included in K-feldspar.
The pyroxmangite-rich pegmatite that is found in the JAII is the first
record of this mineral in the Neoproterozoic rocks of the ANS. These
pegmatite pockets are dominated by albite, pyroxmangite and spessar-
tine with minor amounts of magnetite, muscovite and fluorite. The
accessory minerals include pyrochroite (Mn hydroxide), thortveitite,
thalénite-(Y), a Sc- and vacancy-rich pyroxmangite, and a Sc-bearing
bustamite with excess Si. Pyroxmangite occurs as large (0.5-2 mm)
anhedral crystals (Fig. 6a, b) and as fine as (~10 pm) needle-like crys-
tals. The large pyroxmangite crystals are parted along perpendicular
cleavage planes that are filled by quartz-magnetite veins (Fig. 6c).
Garnet occurs as anhedral crystals of spessartine and hydrospessartine
(Fig. 6a, d); the spessartine crystals are dissected by cracks filled with
secondary minerals (Fig. 6d). Magnetite occurs as anhedral crystals
within cleavage-plane veins in pyroxmangite (Fig. 6a, b, c¢). Fluorite
occurs as large crystals containing pyrochroite inclusions (Fig. 6e).
Pyrochroite occurs as anhedral patches within the large fluorite crystals
(Fig. 6e) or filling veinlets (Fig. 6f). Muscovite occurs as fine anhedral
crystals and as inclusions in the albite (Fig. 6f). A few crystals of
thortveitite are found in the quartz- and magnetite-dominated veins
filling cleavage planes in pyroxmangite (Fig. 6b). This is the first report
of thortveitite in the ANS; it was identified on the basis of composition in
EDS spectra and confirmed by EBSD, Raman and EPMA analyses. EDS
and EPMA analysis also identified numerous laths of two novel
pyroxene-related phases, further characterized below.

5. Electron microprobe, SEM/EDS, EBSD and Raman
spectroscopy analyses

The identification of the minerals under the microscope was refined
and supported by EPMA, SEM/EDS, EBSD and Raman methods. EPMA
analyses of the essential minerals were performed in samples of sye-
nogranite, peralkaline granite, and pyroxmangite-bearing pegmatite.
The analyzed minerals in the syenogranite and peralkaline granite
included K-feldspar, albite, katophorite, sodic amphibole, aegirine, Fe-
Ti oxides and apatite. The analyzed minerals in the pyroxmangite-rich
pegmatite sample are pyroxmangite, garnet, pyrochroite, muscovite,
albite, magnetite, fluorite, thortveitite, thalénite-(Y), and the two Sc-
rich pyroxene-related phases. Where compositional analysis is insuffi-
cient to uniquely identify mineral species, Raman spectroscopy and
EBSD helped confirm the inferences from petrography and microprobe
analyses. The entire microprobe data are presented, divided by mineral
species, in supplementary tables (1S-15S).

5.1. Amphiboles

Amphiboles were analyzed in syenogranite and peralkaline granite;
their chemical compositions and structural formulae are listed in Sup-
plementary Table 1S. Amphibole in syenogranite is sodic-calcic
amphibole, whereas that in peralkaline granite is sodic amphibole. On
the (Al + FeT+2Ti)¢ vs. (Na + K + 2Ca)* diagram, the sodic-calcic
amphibole is classified as katophorite (Fig. 7a). According to the clas-
sification scheme of Hawthorne et al. (2012), these analyses are mostly
ferro-ferri-katophorite. On the Si vs. Mg/(Mg + Fe?*) diagram (Fig. 7b),
most of the analyzed sodic amphiboles plot as magnesio-arfvedsonite,
which is also their formal classification according to Hawthorne et al.
(2012).

5.2. Pyroxene

Pyroxene was analyzed in syenogranite and peralkaline granite;
chemical compositions and structural formulae are given in Supple-
mentary Table 2S. Low apparent probe totals are due to assuming total
Fe as FeO when it is FepO3. All the pyroxene analyses are Na-rich and
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Fig. 7. (a) Plot of amphiboles analyses on the sodium-calcium amphiboles
classification diagram (after Hawthorne et al., 2012). (b) Classification of the
sodic amphiboles (after Hawthorne et al., 2012), this diagram applies only to
sodic amphiboles (Na/(Na + Ca) on B site > 0.75) with Fe>*/(Fe®" + Al) on the
Cssite > 0.5 and Na on the A site > 0.5. (c) Plot of Na pyroxenes in the Q-Jd-Ae
ternary diagram (Morimoto et al., 1988).
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dominated by FeyO3 over Al;Os; they are classified mainly as aegirine
with a few points in syenogranite being aegirine-augite (Fig. 7c). All
aegirine analyses are almost silica saturated (Si = ~ 2.00), with no
significant substitution on tetrahedral sites (Abdel-Karim et al., 2021).

5.3. Pyroxmangite

Chemical compositions and structural formulae based on 6 oxygens
for pyroxmangite from white pegmatite are given in Supplementary
Table 3S. The analyses are dominated by SiOy (44.9-46.7 wt%), FeO*
(11.9-23.1 wt%), and MnO (28.3-41.5 wt%). Minor CaO (0.41-1.3 wt
%) is present; all other oxides are negligible. EDS spectra of pyrox-
mangite reveal minor concentrations of ZnO (~0.8 wt%) and ScyO3

M pyroxmangite
O I

Weight %
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(~0.3 wt%), not analyzed by EPMA (Fig. 8a, b).

Distinguishing between pyroxmangite and rhodonite is difficult due
to the close similarity between their structures, both belonging to the
pyroxenoid group. There are published reports of the two minerals
occurring together as bladed intergrowths (e.g., Michailidis and
Sofianska, 2010; Millsteed et al., 2005; Pinckney and Burnham, 1988).
However, typical rhodonite contains more than 5.0 wt% CaO (Caucia
et al., 2020), whereas pyroxmangite generally has very low CaO, like the
present analyses.

Moreover, the Raman spectra of the two phases are distinct (RRUFF.
info). The Raman spectra of the of the Aja material are only consistent
with pyroxmangite and not with rhodonite (Fig. 8c): the peak at 700
em™? (unique to pyroxmangite) is present, whereas the two peaks at 940

Pyroxmangite

Pyroxmangite vs. Rhodonite Raman spectra

o darlN
RHD No analysis, no XRD

RHD Mn 0.82Fe0.06Mg0.05 Ca0.010, XRD confirmed

e B I R e

= RHD Mn0.76Ca0.12F¢0.07Mg0.06, XRD confirmed

=== RHD Mn0.75F¢0.18Ca0.09, XRD confirmed

500

= RHD No analysis, XRD confirmed

== RHD Mn0.63Ca0.21Zn0.12Mg0.02F¢0.02, XRD confirmed

= PXNo analysis; XRD confirmed

~— PX Mn0.47F¢0.39Mg0.08Ca0.06, no XRD

PX Not analyzed, no XRD

== PX Mn0.61F¢0.27Mg0.09Ca0.03, XRD confirmed

= AjaPX point 1

= Aja PX point 2

Raman Shift (cm#

-1)

Fig. 8. (a, b) EDS spectra from two points in pyroxmangite. (c) Normalized Raman spectra, offset for clarity, supporting the assignment of MnSiO3 to pyroxmangite
rather than rhodonite; two Jebel Aja sample spectra are shown at bottom alongside several reference spectra from the RRUFF library. The peak marked in green (only
in pyroxmangite) is present in the Jebel Aja samples, whereas the two peaks marked in red (only in rhodonite) are missing from the Jebel Aja samples. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and 1050 cm ™! (unique to rhodonite) are absent. fractions are given in Supplementary Table 4S. All the analyzed garnets
are spessartine (51.2-77.6 mol%), with almandine (14.5-44.2 mol%)
being the second most abundant component and other components
(grossular 2.3-6.3 mol%; pyrope <0.9 mol%; and andradite <0.5 mol%)
being very minor. The identification of garnet was confirmed by EBSD
and Raman spectroscopy (Fig. 9a), which also reveals prominent peaks

5.4. Garnet

Garnet was analyzed only in the pyroxmangite-bearing pegmatite
sample; chemical analyses, structural formulae and end member

@

—Reference Spessartine X050148

—Reference Spessartine X050191

—Point 444

Intensity (arbitrary units)

OH-stretching vibrations
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Chart Title

Fig. 9. (a) Normalized Raman spectra, offset for clarity, comparing hydrospessartine garnet in Jebel Aja pyroxmangite-bearing sample to reference spectra from the
RRUFF library. (b) Normalized Raman spectra, offset for clarity, comparing two points on pyrochroite to a reference spectraum from the RRUFF library, and (c, d)
EDS spectra from two points in thortveitite.
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in the OH-stretching region. This confirms that low analytical totals
observed in many garnet points are not due to poor focus or ferric iron
but to hydrospessartine substitution. Points with analytical totals <99
wt% are assigned to hydrospessartine. The observed garnet composi-
tions are similar to those commonly crystallized from hydrous, silicic
magma at low pressure (Azer et al., 2020; Patino Douce, 1999; Sami
et al., 2020).

5.5. Feldspars

Feldspars were analyzed in syenogranite, peralkaline granite and
pyroxmangite-bearing white pegmatite. Chemical compositions, struc-
tural formulae, and end-member components are given in Supplemen-
tary Tables (S5, S6). Only albite was found in the pyroxmangite sample.
Syenogranite contains K-feldspar, anorthoclase, and albite. Peralkaline
granite contains K-feldspar and albite.

5.6. Muscovite

A few muscovite crystals were analyzed in the pyroxmangite-bearing
pegmatite sample; chemical compositions and structural formulae are
given in Supplementary Table 7S. The analyzed muscovite crystals have
low TiO9, MgO and NayO contents, which are characteristic of secondary
muscovite (Seddik et al., 2020; Villa et al., 1997), as expected from
textural observations.

5.7. Pyrochroite

A MnO-dominant phase with low probe totals was observed in the
pyroxmangite-bearing pegmatite sample. Raman spectroscopy
confirmed that this mineral is pyrochroite (Fig. 9b) and also confirmed
the presence of abundant structural water, explaining the low totals.
Quantitatively analysis by electron microprobe reveals dominantly
MnO; structural formulae were computed on the assumption of 2H
atoms and 2 O atoms per formula unit (Supplementary Table 8S).

5.8. Fluorite

Fluorite was analyzed only in the pyroxmangite-bearing pegmatite.
Fluorine was not analyzed, so the totals are low and the apparent
composition is entirely dominated by CaO (Supplementary Table 9S).
Additional analyses by SEM/EDS indicate the presence of a Y-bearing
variety of fluorite as well as inclusions of thalénite-(Y) within fluorite.

5.9. Iron-titanium oxides

Magnetite, ilmenite, rutile and goethite are the main Fe-Ti oxides
found as accessory phases in the AJII samples. Microprobe analyses and
structural formulae of magnetite, observed in syenogranite and in
pyroxmangite-bearing pegmatite, are given in Supplementary
Table 10S. All the magnetite found in association with pyroxmangite is
almost pure Ti-free magnetite (TiO3 < 0.15 wt%), whereas syenogranite
contains Ti-bearing magnetite with TiO, contents between 1.95 and
9.02 wt%.

Ilmenite was analyzed in syenogranite and peralkaline granite;
chemical compositions and structural formulae are given in Supple-
mentary Table 11S. In the syenogranite, although only two ilmenite
analyses were collected, it is clear that the material is close to end-
member ilmenite, with high TiOy (50.2-50.6 wt%) and FeO*
(46.6-47.0 wt%) contents and low MnO contents (1.41-1.85 wt%). On
the other hand, ilmenite in peralkaline granite is very rich in MnO
(4.4-23.5 wt%) with a complementary depletion in FeO (21.5-40.1 wt
%). We label this material “Mn-ilmenite”. It contains 10 to 35 mol%
pyrophanite (MnTiO3) component (except for one point with 51.1 mol%
pyrophanite that is therefore pyrophanite sensu stricto), a common
substitution in oxidizing granitic rocks (Deer et al., 1992). We note also
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that the majority of these analyses have apparently >1 atom of Ti (up to
1.105) per 3-oxygen formula unit (apfu). Although ilmenite analyses
with <1 apfu of Ti may be explained by solid solution towards hematite,
the complementary case is rare. It may suggest incipient alteration to-
wards rutile via the pseudorutile pathway (Grey and Reid, 1975).

Because syenogranite sample Aj26 contains both magnetite and
ilmenite, it may be possible to apply two-oxide oxygen thermobarom-
etry to this sample. However, the magnetite in this rock is low and
variable in TiOg, 5.63 + 2.43 wt% and the ilmenite has very low he-
matite component. These compositions plot just on the edge of the
calibrated range of published two-oxide oxygen thermobarometers at
low pressure. However, attempting to use the calibration of Sauerzapf
et al. (2008) yields T ~ 600 °C and fO, ~ NNO + 1. This result may be
qualitatively interpreted to indicate either (a) that the oxide phases in
syenogranite crystallized very late in the petrogenesis, from an oxidized,
low-temperature, residual melt or (b) that the oxide phases re-
equilibrated in the subsolidus, leading to decrease in TiO, from the
magnetite and loss of Fe;O3 from the ilmenite.

Rutile is a common accessory mineral in the peralkaline granite and
an occasional one in the syenogranite; microprobe analyses of rutile are
given in Supplementary Table 12S. The analyzed rutile is nearly pure
TiOo; the most significant other oxide present above detection level is
FeO* (average 0.83 wt%, maximum 2.1 wt%).

Goethite is a common alteration mineral in the syenogranite and
rarely in the peralkaline granite; microprobe analyses of goethite are
given in Supplementary Table 13S. Totals for this hydrous and often
porous phase are low. FeO* (>58.6 wt%) is the main constituent,
alongside variable but ubiquitous SiO; (3.8-13.0 wt%). It is likely that
this material is a fine-grained aggregate of more than mineral, but the
Raman spectra support the assignment to dominantly goethite.

5.10. Thortveitite

Thortveitite is nominally (Sc,Y)2Si2O7. In the pyroxmangite-bearing
pegmatite sample, thortveitite occurs as small lath-shaped crystals with
zonation, adjacent to magnetite within the cleavage-plane quartz-
magnetite veins in pyroxmangite crystals. Its presence was first recog-
nized by an automated Raman spectrum library search, confirmed by
EBSD. A custom electron microprobe protocol was developed to analyze
the long list of elements visible at appreciable concentrations in EDS
spectra of this mineral, which in addition to the elements in the nominal
formula also contains appreciable substitution of Yb and other heavy
rare earth elements (Fig. 9¢, d). Electron probe results and ions per
7-oxygen formula unit are given in Supplementary Table 14S. In addi-
tion to the dominant SiOy and ScpO3 components, the analyzed thort-
veitite contains 5.5-6.8 wt% Y503, 5.9-7.2 wt% Yb,O3, and 4.7-5.4 wt
% of the other analyzed REE oxides (Sm, Gd, Dy, Ho, Er, and Lu).

5.11. Thalénite-(Y)

Thalénite-(Y) is nominally Y3Si3O10F. In the pyroxmangite-bearing
pegmatite sample, thalénite-(Y) occurs in fluorite within the cleavage-
plane quartz-magnetite veins in pyroxmangite crystals. Its presence
was first recognized by EDS analysis and its structure confirmed by
EBSD. Electron probe results and ions per 10-oxygen formula unit are
given in Supplementary Table 14S. In addition to the stoichiometric
components of the nominal formula, the analyzed thalénite-(Y) contains
18.4-19.9 wt% of the other analyzed REE oxides (Sm, Gd, Dy, Ho, Er,
Yb, and Lu).

5.12. Mn oxides

Mn oxides are recorded in syenogranite and in pyroxmangite-bearing
pegmatite. Energy-dispersive X-ray spectra of Mn oxide in syenogranite
are shown Fig. 10a, b. Another phase of Mn-rich silicate with much
higher apparent Mn/Si ratio than pyroxmangite, according to 10 kV EDS
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Fig. 10. (a, b) EDS spectra from two points in Mn oxide. (¢, d) EDS spectra from two points on tiny hausmannite grains contaminated by counts form adja-

cent silicates.

analyses, was found in pyroxmangite-bearing pegmatite sample
(Fig. 10c, d). However, the grains are extremely small (<1 pm) and we
suspect that this phase is hausmannite (Mn3O4), contaminated by Si
count due to secondary fluorescence from adjacent silicates.

5.13. Sc-rich pyroxenes

In the quartz-magnetite veins filling the cleavage planes in pyrox-
mangite, there are numerous laths of a (Sc, Mn, Fe)-silicate and a (Ca, Sc,
Mn, Fe)-silicate. These phases were analyzed for general composition
and structure by EDS and EBSD on the field-emission SEM (Fig. 11a, b, c,
d) and for detailed composition with a customized electron microprobe
protocol. Electron probe results and ions per 6-oxygen formula unit are
given in Supplementary Table 14S. The (Sc, Mn, Fe)-rich phase has a
triclinic structure and an average formula of (Cag.3Sco27Mnj o1-
Feo.44Y0.02Ybo.02)51.79S12.0206; it appears to be a (Sc, Y, Yb)-bearing,
highly-defective, vacancy-rich variety of pyroxmangite. The (Ca, Sc,
Mn, Fe)-rich phase is a monoclinic clinopyroxene with formula
(Cao.475¢0.18F€0.14Y0.01 YDo.01)sM2=0.81(Mno.68Fe0.26510.06)sM1=1.0051206.
Although closer to the ideal formula of bustamite (CaMnSi»Og) than it is
to any other named pyroxene species, this material is exotic and highly
defective. It has substantial vacancies on the M2 site and excess Si
accommodated on the M1 site. These crystal chemical features are most
commonly found in high-pressure pyroxenes (Angel et al., 1988; Day
and Mulcahy, 2007; Fockenberg and Schreyer, 1997; Ma et al., 2015,
2021; Wood and Henderson, 1978).
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5.14. Apatite

Partial chemical analyses of apatite in the syenogranite and per-
alkaline granite are presented in Supplementary Table 158S. Fluorine and
chlorine were not analyzed and so these analyses are incomplete.
Although CaO and P,0s are the major detected oxides, as expected,
there is also significant NapO (1.1-2.5 wt%) and totals much lower than
can be accounted for by the presence of hydroxyl, fluorine, or even
chlorine on the anion site of apatite. It is likely that there is significant
carbonate substituting for phosphate in this material, as is common in
biomineralized hydroxyapatite (Nelson and Featherstone, 1982).

6. Geochemistry
6.1. Geochemical characteristics

Whole-rock geochemical analyses are provided for 15 samples rep-
resenting the syenogranite, alkaline/peralkaline granites and pegma-
tites. Major oxides and calculated CIPW norms are given in Table 1, trace
element concentrations in Table 2, and rare-earth elements with selected
normalized REE rations in Table 3. Although all samples are high-SiO,
granitoids, there is a distinction between the SiO, contents of the peg-
matites (74.1-76.2 wt%) and the other samples (72.5-74.2 wt%). Using
the Ry-Ry diagram of De la Roche et al. (1980), all samples plot in the
alkali granite field (Fig. 12), which is consistent with the petrographic
description of the samples. With increasing SiO,, concentrations of TiO,,
Aly03, MgO, and CaO decrease, whereas Fe;O3; and MnO show a scat-
tered increase and total alkali content (NazO + K30) is nearly constant
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Fig. 11. (a, b) EDS spectra from two points on a (Sc, Yb)-bearing variety of pyroxmangite. (c, d) EDS spectra from two points on Sc-bearing, excess-Si bustamite.

Table 1

Major oxides and normative compositions (wt%) of JAII samples.
Rock type Syenogranite Alkaline granite Peralkaline granite White pegmatite Pink pegmatite
Sample Aj18 Aj26 Aj33 Aj40 Aj13 Ajl4 Aj8 Ajl6 Aj5 Aj9 Aj21 Aj24 Aj23 Aj30 Aj36
SiO, 72.56 72.54 74.08 73.05 73.03 73.57 72.56 73.33 73.06 74.18 74.06 74.05 76.22 75.48 74.66
TiOy 0.27 0.28 0.21 0.25 0.27 0.23 0.25 0.21 0.25 0.19 0.14 0.18 0.13 0.09 0.12
Al,03 11.92 12.18 10.56 12.46 10.46 11.75 11.83 11.23 10.22 10.06 11.14 10.65 8.58 9.41 10.15
Fe,03 3.63 3.23 4.54 3.05 4.47 3.46 3.4 4.01 4.76 4.19 3.64 4.14 4.69 4.46 4.52
MnO 0.06 0.06 0.07 0.05 0.07 0.04 0.06 0.07 0.07 0.09 0.05 0.06 0.11 0.08 0.07
MgO 0.22 0.17 0.18 0.24 0.17 0.2 0.24 0.21 0.16 0.13 0.14 0.16 0.12 0.12 0.16
CaO 0.62 0.58 0.54 0.56 0.55 0.53 0.53 0.51 0.53 0.51 0.47 0.49 0.45 0.45 0.47
NayO 4.76 4.73 4.54 4.52 4.86 5.31 5.43 5.21 4.79 4.49 5.92 5.37 3.16 3.85 3.89
K0 4.75 4.83 4.45 4.8 4.78 4.48 4.77 4.46 4.68 4.5 3.38 3.54 5.28 4.86 4.98
P,0s5 0.03 0.04 0.01 0.04 0.02 0.02 0.04 0.03 0.01 0.01 0.02 0.02 0.04 0.04 0.04
LOI 0.53 0.84 0.27 0.67 0.35 0.59 0.44 0.91 0.41 0.65 0.78 0.67 0.81 0.62 0.71
Total 99.482 99.48 99.76 99.81 99.61 100.16 99.55 100.22 99.67 99.93 99.54 99.41 99.53 99.45 100.01
Quartz 26.44 26.13 31.75 26.33 30.67 27.66 26.21 28.63 31.34 33.94 30.18 31.74 40.83 37.28 33.94
Orthoclase 28.49 29.01 26.63 28.72 28.73 26.67 28.52 26.63 28.17 27.13 20.25 21.28 31.73 29.17 29.82
Albite 35.37 36.32 29.89 37.81 27.64 35.73 34.67 33.25 26.99 27.22 38.98 35.65 14.97 21.66 24.79
Acmite 1.75 1.58 2.12 0.81 2.13 1.63 1.63 1.88 2.25 1.98 1.69 1.94 2.18 2.04 2.07
Na-Metasilicate 0.82 0.6 1.54 - 2.74 1.79 2.32 2.13 2.73 2.16 2.3 1.95 2.27 2.12 1.45
Diopside 2.56 2.33 2.16 2.22 2.33 2.12 2.09 2.25 2.44 2.22 1.97 2.06 1.6 1.77 1.85
Hypersthene 3.96 3.37 5.48 3.19 5.18 3.91 3.96 4.75 5.56 4.94 4.31 4.98 6.08 5.68 5.74
Magnetite - - - 0.33 - - - - - - - - - - -
Ilmenite 0.52 0.54 0.4 0.48 0.52 0.44 0.48 0.4 0.48 0.37 0.27 0.35 0.25 0.17 0.23
Apatite 0.07 0.09 0.02 0.09 0.04 0.04 0.09 0.07 0.02 0.02 0.04 0.04 0.09 0.09 0.09
Color Index 7.04 6.25 8.04 6.23 8.03 6.47 6.53 7.4 8.48 7.53 6.55 7.39 7.93 7.63 7.82
Diff. Index 90.3 91.47 88.27 92.86 87.04 90.05 89.41 88.51 86.5 88.29 89.41 88.67 87.52 88.1 88.55
Al 1.09 1.07 1.16 1.01 1.26 1.16 1.19 1.19 1.27 1.22 1.20 1.19 1.27 1.23 1.16
ASI 0.84 0.87 0.80 0.91 0.74 0.81 0.78 0.78 0.73 0.76 0.78 0.78 0.73 0.76 0.80
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(Table 1).

Although the trace element concentrations (Table 2) vary widely
across the JAII sample suite, all the patterns share common features in
the primitive-mantle (Sun and McDonough, 1989) normalized extended
trace elements plot (Fig. 13a). Trace elements generally become pro-
gressively enriched in sequence from syenogranite through alkaline
granite, peralkaline granite, white pegmatite, and pink pegmatite. Trace
element concentrations exhibit extreme enrichments in the pegmatite
samples, with very high abundances of Nb (<1769 pg/g), Y (<1616 pg/
g), Ta (<136 pg/g), Hf (<264 ng/g), Th (<384 ng/g), U (<147 ng/g), Zr
(<9707 pg/g), Sn (<121 pg/g) and Cs (<45 pg/g). For purposes of
tectonic discrimination and classification of the JAII, we will set aside
the highly mineralized pegmatite samples.

The normalized trace-element patterns are characterized by enrich-
ment in some large-ion lithophile elements (LILE: Rb, K, Th) and high
field strength elements (HFSE: Ta, Nb, Zr, Hf), but strong depletions in
Sr, Ba, P and Ti. This pattern is consistent with the geochemical signa-
tures of A-type granites (Wu et al., 2002). The relative depletion in Sr,
Ba, P and Ti are related to extensive fractionation of feldspars, apatite
and Fe-Ti oxides, respectively (Bevins et al., 1995; Green, 1980).

There is an extreme range of REE contents in the granites and peg-
matites of the JAII (Table 3). Total REE contents increase in sequence
from syenogranite (XREE = 130-264 pg/g) through alkaline granite
(ZREE = 318-484 pg/g), peralkaline granite (XREE = 584-858 jg/g),
and white pegmatite (XREE = 1668-1908 pg/g) to pink pegmatite
(ZREE = 2334-3251 pg/g). Again all samples show a number of com-
mon features in their chondrite-normalized REE patterns (Evensen et al.,
1978) (Fig. 13b). All samples are enriched in light REE relative to heavy
REE, but the magnitude of the fractionation decreases from the granites
[(La/Lu), = 4.73-8.14)] to the pegmatites [(La/Lu), = 2.18-2.91]. The
heavy REE display a prominent concave-up shape in syenogranite that
fades with progressive evolution of the suite. If the concavity is the result
of amphibole fractionation (Sisson, 1994), it apparently only affected
the early evolution of the suite, at a stage more primitive than the
erupted samples. The negative Eu anomalies are striking and increase in
depth from syenogranite [(Eu/Eu*), = 0.24-0.26] to the pegmatites
[(Eu/Eu*), = 0.13-0.14], indicating either early fractionation of
plagioclase or residual plagioclase in the source of the syenogranite as
well as continuing fractionation of feldspars across the sampled part of
the suite. The depth of the negative Eu anomaly is correlated with the
depth of Ba depletion. The negative Eu anomaly requires conditions
sufficiently reducing to stabilize some Eu" (Hanson, 1978; McKay,
1989).

6.2. Magma type and tectonic setting

According to the agpaitic index [AI = molecular (Na20 + K20)/
Al03], all the analyzed granite and pegmatite samples are in the alka-
line or peralkaline category, with Al >1 (Liégeois et al., 1998; Liégeois
and Black, 1987). The alkaline/peralkaline affinity of the suite is
confirmed by presence of acmite (0.81-2.25 wt%) and Na-metasilicate
(0.60-2.74 wt%) in the norms and by the visible abundance of sodic
amphibole and sodic pyroxene in the modal mineralogy. Using the di-
agram of Sylvester (1989), which distinguishes between the different
rock-types with SiO; > 68 wt%, the analyzed samples lie deep within the
alkaline field (Fig. 14a). On the FeOy/MgO vs. Ga/Al discrimination
diagram of Whalen et al. (1987), all of the analyzed JAII samples plot
well into the A-type granite field (Fig. 14b).

Our results from field relationships, petrography, mineral chemistry,
and bulk chemistry all help to define the tectonic context of the JAIL
Geochemical features of the JAII diagnostic of post-collisional A-type
rocks include its high alkali contents; high FeO™/(FeO™ + MgO); marked
enrichments in Nb, Ta, Y, Th, Hf, Zr and REE; and depletions in Ba, Sr, P,
Sc, Eu, V and Co. Moreover, the chemical characteristics of the JAII are
consistent with a within-plate tectonic setting: they have alkaline/per-
alkaline character; high alkali contents; marked depletion in CaO, MgO,
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Sr, and transition metals; and primitive-mantle-normalized trace
element patterns enriched in both LILE and HFSE with no anomalies in
Nb or Ta (Pearce et al., 1984). On granitoid discrimination diagrams, the
granites and pegmatites of JAII typically plot in the within-plate field
(Figs. 14 ¢, d).

7. Discussion
7.1. Petrogenesis

Studies of the JAII published to date have drawn a diverse conclusion
about its magmatic source and petrogenetic evolution, leaving consid-
erable unresolved controversy (Abdallah et al., 2020; Abuamarah, 2020;
Ekren et al., 1987; Hereher and Abdullah, 2017; Qadhi Talal, 2007;
Stuckless et al., 1984). On the Rb/Nb vs. Y/Nb and Nb-Y-Ce diagrams of
Eby (1990), the studied granitoid and pegmatite samples straddle the
boundary between the A; and A, types that are thought to be associate
with mantle and crustal sources, respectively (Fig. 15a, b). In fact, the
two diagrams proposed by Eby (1990) yield contradictory results for
most JAII samples. However, the absence of mafic lithologies in the JAII
argues against an origin by fractional crystallization of mantle-derived
mafic magma. As is generally the case for felsic plutons, a mantle-
derived origin implies the presence of a mass of mafic cumulates com-
plementary to and much larger than the felsic rocks themselves. There is
no evidence for such cumulates. Accordingly, it seems most probably
that the JAII has a crustal source, with a relatively evolved primary melt
derived from partial melting of the juvenile continental crust of the ANS.
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The gneissic xenoliths in the syenogranite may be representative of the
source region, and the mafic microgranular enclaves are likely to
represent early cumulates from the fractionation sequence. In this
context, the REE patterns of the syenogranites, the most primitive
sampled members of the suite, with strongly concave up HREE, imply
residual amphibole in the source and rule out residual garnet in the
source. The disappearance of this concavity with progressive evolution
of the suite argues against amphibole fractionation.

All chemical indicators point to the JAII rocks being cogenetic, with
progressive differentiation from syenogranite through to white pegma-
tite. It is difficult in this case to infer whether the most primitive exposed
syenogranite has already experienced fractional crystallization or
whether it could be a primary melt of a plagioclase amphibolite. How-
ever, from syenogranite onwards, the trends are well-explained by
progressive fractionation of feldspars, Fe-Ti oxides, and apatite. The
break in slope in the trend of Rb/Sr against Sr (Fig. 15c) suggests a
change from mostly plagioclase to mostly alkali feldspar fractionation
between the alkaline and peralkaline segments of the suite, whereas the
good correlations among Ba, Sr, CaO, and Eu/Eu* (Fig. 15d, e, f) confirm
the importance of feldspar fractionation in controlling the evolution of
the suite.

7.2. Interpretation of the pegmatites
Evidently, the trace element enrichment of the pegmatites, especially

the pink pegmatites, reaches extraordinary levels. Although small in
current outcrop area, they may be of interest for economic exploration
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for REE, Y, Sc, Zr, Nb, Ta, etc. Here, however, we focus on the unusual
mineralogy of the white pegmatite, especially the presence of Mn-rich
phases and evidence for high-pressure crystallization.

The behavior of Mn during magmatic differentiation is strongly
dependent on fO,. Under reducing conditions where Mn is dominantly
in the Mn?" oxidation state, its behavior is similar to Fe>" (Qin and
Humayun, 2008). As higher oxidation states like Mn3* and Mn**
become stabilized, its behavior should diverge from that of Fe (e.g.,
Bromiley et al., 2015). In the present suite, MnO and Fe;Og; are well
correlated, and both increase during differentiation, though in the
whole-rock sample suite MnO only reaches a maximum of 0.11 wt%. The
dominance of pyroxmangite, a Mn>" mineral (with only a trace of

hausmannite), in the mineralized white pegmatite sample and the only
moderately oxidized fOy (NNO + 1) estimated for the more primitive
part of the suite are consistent with accumulation of Mn?* to the point of
pyroxmangite saturation.
There are several indications in the pyroxmangite-bearing sample of
a significantly elevated pressure of crystallization. First, pyroxmangite is
the high-pressure dimorph of MnSiO3, which forms rhodonite at low
pressure. The equilibrium boundary between them, at a plausible tem-
perature for pegmatite crystallization (>500 °C), requires P > 0.8 GPa
(Maresch and Mottana, 1976). Second, the novel vacancy-rich pyroxe-
noid and the novel vacancy-rich excess-Si pyroxene found in the
cleavage planes of pyroxmangite both indicate substantially elevated
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pressure (Angel et al., 1988; Day and Mulcahy, 2007; Fockenberg and
Schreyer, 1997; Ma et al., 2015, 2021; Wood and Henderson, 1978),
though their unique chemistry makes this impossible to quantify on the
basis of currently available experiments. Such elevated pressure in a
highly evolved granitoid in the Arabian Shield is surprising. Most
exposed post-collisional A-type magmatic complexes in the Arabian
Shield were emplaced at quite high crustal levels (Abdallah et al., 2020;
Abuamarah et al., 2021). Many include volcanic and hypabyssal mem-
bers. However, the AJII lies both on the very edge of the exposed
Arabian Shield and at the center of the Shammar Basin. The Shammar
Basin is interpreted by Genna et al. (2002) as the product of intra-
continental extension and crustal thinning after 590 Ma. Primary
structures associated with this extension include the Najd transform
fault as well as normal faults that may be associated with core com-
plexes, tilted blocks, and isostatic footwall uplifts (Lister and Davis,
1989). Although the JAII is undeformed and unmetamorphosed, the
mineralogical evidence cited here suggests that it may have experienced
substantial uplift and erosion to the current depth of exposure, at least in
the southern part. Testing this suggestion requires further structural as
well as mineralogical investigation.

8. Summary

We document the first known occurrence of pyroxmangite, the high-
pressure dimorph of MnSiOs, in the whole ANS, in a pegmatite associ-
ated with the Jebel Aja Igneous Intrusion. It is associated with an
assemblage of Mn, Y, Sc, and REE ore minerals including thortveitite,
spessartine, pyrochroite, thalénite-(Y), a novel (Sc, Y, vacancy)-rich
variety of pyroxmangite, and a vacancy-rich bustamite with excess
octahedral Si. The JAII consists of two consecutive but apparently
cogenetic pulses of granitoid emplacement. The early, less fractionated
phase is dominantly syenogranite. The later, more fractionated phase,
emplaced underneath the early phase, consists of alkaline and peralka-
line granites.

The whole suite is alkaline and A-type in character and post-
collisional. White and pink pegmatites occur along the contact be-
tween syenogranite and alkaline/peralkaline granite. The pink pegma-
tites are the most enriched in trace elements, but the exotic Mn, Y, Sc,
and REE minerals are found in a pocket in the white pegmatite. The
presence of pyroxmangite and defective, vacancy-rich, Si-excess py-
roxenes suggests a surprisingly high pressure of emplacement of this
white pegmatite, which in turn suggests considerable uplift and erosion
to reach the current exposure level of the southern JAIL
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