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Abstract 8 

The Jabal Aja Ring Complex (ARC) is a Late Ediacaran composite pluton of post-collisional A- 9 

type granites in the northeastern part of the Arabian Shield. It is an elliptical body with 10 

discontinuous ring-shaped outcrops due to later faulting. Field relationships enable the 11 

recognition of two main phases of magmatic activity in the ARC. The early phase represents the 12 

core of the intrusion (monzogranite, syenogranite, granophyre, and alkali feldspar granite) 13 

surrounded by the last phase (alkali volcanics and alkaline/peralkaline granites). The contacts 14 

between two phases are gradational and/or sharp, indicating their emplacement within a very 15 

short time period before the complete crystallization of the earlier phase. The ARC is alkaline to 16 

peralkaline rare-metal granites with the common geochemical characteristics of post-collisional 17 

intraplate A-type rocks. The pronounced negative Eu anomalies (Eu/Eu* = 0.14–0.25) reflect 18 

extreme magmatic fractionation and perhaps the effects of late fluid–rock interaction. All A-type 19 

rocks of the ARC retain a positive Nb-Ta anomaly that increases from the early phase to the 20 

most evolved alkaline/peralkaline granites. They define geochemical signatures reflecting their 21 

derivation from same magma sources that evolved through fractional crystallization with crustal 22 

contamination. The geochemical characteristics of the A-type granites of ARC reflect re-melting 23 
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of previously formed arc material. The mafic microgranular enclaves (MMEs) represent 24 

metamorphic rocks derived from/in the deeper part of the crust, and represent the source rocks 25 

from which the granitic magma was generated by partial melting. The early phase of magmatism 26 

of the ARC represents melts derived from partial melting of lower/middle crustal sources during 27 

the post-collisional stage that fractionated to give the various granitic rocks. The absence of 28 

mafic xenoliths in the late stage of the ARC indicates that the contribution of crustal sources to 29 

the magma generation is absent in the late stage.  30 

Keywords: Arabian Shield, post-collisional, rare-metal bearing granite, ring complex, 31 

anorogenic. 32 

 33 

1. Introduction 34 

The Jabal Aja igneous complex represents a late Neoproterozoic ring complex that forms 35 

a part of the juvenile continental crust of the Arabian–Nubian Shield (ANS) exposed on the 36 

Western and Eastern flanks of the Red Sea (Stern 2002; Meert 2003; Johnson 2003; Hargrove et 37 

al. 2006; Stoeser and Frost 2006; Ali et al. 2010). The ANS represents a collage of ophiolite 38 

sequences and associated volcanic arcs, which amalgamated during the assembly of West and 39 

East Gondwana land and then intruded by different granitoids and mafic-ultramafic intrusions 40 

(e.g., Stern 1994; Stein and Goldstein 1996; Genna et al. 2002; Meert 2003; Johnson and 41 

Woldehaimanot 2003; Stoeser and Frost 2006; Ali et al. 2010; Azer et al. 2017).  42 

The juvenile continental crust of the Arabian shield evolved in Neoproterozoic time 43 

(850–590 Ma) through three main phases including pre-collisional, collisional, and post- 44 

collisional (Stern 1994, 2002; Patchett and Chase 2002; Stoeser and Frost 2006; Stoeser and 45 

Camp 1985; Johnson and Woldehaimanot 2003). The first phase (870–700 Ma) started with the 46 

https://en.wikipedia.org/wiki/Continental_crust
https://en.wikipedia.org/wiki/Red_Sea
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emplacement of ophiolitic rocks, metamorphosed calc-alkaline metagabbro-diorite-granitoid, and 47 

associated volcano-sedimentary successions. This phase was followed by the emplacement of 48 

calc-alkaline arc magmatism (670–630 Ma), which produced less deformed calc-alkaline gabbro- 49 

diorite complexes and granodiorites with their equivalent volcanics (e.g., Moghazi et al. 1999; 50 

Farahat et al. 2011; Basta et al. 2017; Maurice et al. 2018; Samuel et al. 2019). The post- 51 

collisional stage (~620–580 Ma) is represented by un-deformed calc-alkaline and alkaline 52 

granites, and was terminated by the production of less abundant peralkaline granites and 53 

volcanics (e.g., Samuel et al. 2007; Eyal et al. 2014; Ali et al. 2014, 2015; Khalil et al. 2018; 54 

Azer et al. 2014; Gahlan et al. 2016). The wide distribution of post-collisional calc-alkaline and 55 

alkaline/peralkaline granitoids in the Arabian Shield is of geodynamic interest owing to the 56 

significant addition of crustal material into the juvenile crust of the Arabian Shield over a short 57 

period of time.  58 

In the Arabian Shield, granitic rocks were emplaced at various crustal levels with variable 59 

ages, tectonic settings, and geochemical characteristics (e.g., Stoeser and Elliott 1980; Jackson 60 

1986; Stoeser 1986; Elliott et al. 1999; Moufti et al. 2002, Qadhi 2007; Küster 2009; Ali et al. 61 

2014; Moghazi et al. 2015). The Neoproterozoic Arabian Shield hosts a number of discrete A- 62 

type igneous complexes of shallow emplacement, with significant enrichment of rare metals 63 

(e.g., Drysdall et al. 1984; Harris 1985; Ramsay et al. 1986; Jackson and Douch 1986; Drysdall 64 

and Douch 1986; Hackett 1986; Qadhi 2007; Elliott et al. 1999; Moghazi et al. 2011, 2015; Ali et 65 

al. 2014). Despite widespread outcrops and several previous studies in the Arabian Shield, the 66 

geotectonic evolution and petrogenesis of A-type granites remain controversial.  67 

The Aja Ring complex (ARC), the subject of this study, provides a good example of post- 68 

collisional alkaline and peralkaline granites. With the exception of few published papers (e.g., 69 
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Ekren et al. 1987; Qadhi 2007), no detailed previous studies have been carried out on the ARC. 70 

This work presents detail geological, mineralogical, and geochemical data on the A-type granites 71 

of the ARC. Bulk geochemistry (major, trace, and rare-earth elements) coupled with mineral 72 

chemistry are used to investigate the petrogenesis of the A-type granitic magmas and deduce 73 

their sources. We used the present data to understand the formation of the juvenile continental 74 

crust of the ANS during Neoproterozoic time. We then integrate these results with published 75 

geochemical and geochronological data to discuss the significance of the A-type magmatism in 76 

the geotectonic evolution of the northernmost ANS.  77 

 78 

2. Geological setting 79 

The ARC is exposed at the northeastern-most section of the Arabian Shield to the west of 80 

Hail town (Fig. 1), where it appears as a high mountainous area of crystalline Neoproterozoic 81 

igneous rocks. The ARC extends in a NE-SW direction as a composite granitic pluton. The long 82 

axis of the pluton extends to approximately 50 km and its maximum width approaches 35 km. 83 

The ARC is dissected by many wadis, which are structurally controlled and delineate the 84 

predominant fault systems. The area under investigation lies between latitudes the 27° 20\ N & 85 

27° 40\ N and longitudes 41° 20\ E & 41° 40\ E. Until now, the ARC has not been studied in 86 

great detail; the different rock types of the ARC have been studied separately. A lack of detailed 87 

field works has led to a misunderstanding of the relationships between the different rock units of 88 

the ARC and their distribution. Stuckless et al. (1984) obtained 570 ± 19 Ma for the granitic 89 

rocks of the ARC. Ekren et al. (1987) prepared a detailed geological map of the Hail area at a 90 

scale of 1:250,000, showing the distribution of various granitic rocks of the Aja igneous 91 

complex. The granitic rocks of the Aja complex were distinguished by Qadhi (2007) into five 92 
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varieties: albite granites, alkali feldspar granite, granophyre, alkaline granite, and peralkaline 93 

granite. Herrher and Abdallah (2017) applied a remote sensing technique to distinguish spectral 94 

variations among the mineral suits of igneous rocks of the ARC.  95 

The country rocks of the ARC are covered by wide alluvial deposits, concealing a larger 96 

extent of the intrusion. The ARC occurs as large isolated pluton of irregular shape, elongated in a 97 

NE-SW direction (Fig. 2). It consists of late Neoproterozoic rocks, including different granitoids 98 

and volcanic rocks. The granitoids are emplaced as successive intrusions marked by a variation 99 

in their colors, textures, and compositions. Based on present field work, two phases of granitoids 100 

are distinguished, which are separated by extrusive volcanics. The early phase represents the 101 

inner core of the ARC, including monzogranite, syenogranite, granophyre, and alkali feldspar 102 

granite, and the second phase represents the outer rims, including alkaline and peralkaline 103 

granites.  104 

Monzogranite represents the oldest rock unit in the mapped area and occupies the core of 105 

the ARC. It is coarse- to medium-grained and highly weathered, forming low-lying land (Fig. 106 

3a). In few outcrops, it shows a porphyritic nature. It is completely engulfed by granophyre  and 107 

intruded by alkali feldspar granite with sharp intrusive contacts. Many mafic microgranular 108 

enclaves (MMEs) and gneiss xenoliths are observed within the monzogranite. Syenogranite 109 

intrudes into the monzogranite and in turn is intruded by granophyre, alkali feldspar granite, and 110 

alkaline/peralkaline granites. The granophyre is predominant among the granites, forming 111 

moderate to high-relief hills. It intrudes into the monzogranite and syenogranite, and is truncated 112 

by the alkali feldspar granite in addition to the alkaline/peralkaline granites. Some roof pendants 113 

of the granophyre are observed above the alkaline/peralkaline granites. The alkali feldspar 114 

granite has a pinkish red to brick red color and occurs in small bodies intruded into the 115 
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syenogranite and granophyre and truncated by alkaline/peralkaline granites (Fig. 3b). The 116 

contacts between the granophyre and alkali feldspar granites are gradational and irregular. The 117 

alkali feldspar granite is affected by significant alterations due to the intrusion of the 118 

alkaline/peralkaline granites.  119 

The alkali volcanics are observed only in the northern part of the ARC. They appear as 120 

roof pendant above granophyre (Fig. 3c), and intruded by alkaline/peralkaline granites. The 121 

alkali volcanics are fine-grained rocks with a grayish-green color and show porphyritic texture. 122 

They constitute a stratified sequence of pyroclastic, ignimbrites, and rhyolite flows. 123 

Alkaline/peralkaline granites form irregular-shaped bodies and occur as discontinuous, ring- 124 

shaped outcrops forming the outer rims of the ARC. The alkaline granite is more abundant in the 125 

western part of the ARC, whereas the peralkaline granite is well exposed in the eastern rim of the 126 

ARC. The contacts between the alkaline and peralkaline granites are mostly gradational, but they 127 

are sharp in some cases, indicating their emplacement with a very short time interval, still before 128 

complete crystallization of the earlier batch. Within 50 to 200 m of alkaline/peralkaline granites, 129 

the inner core rocks are characterized by various degrees of alterations that decrease away from 130 

the outer rims. The outcrops of alkaline/peralkaline granites reach elevations of 1400–1600 m 131 

(a.s.l.) and are characterized by steep, smooth, dipping slopes. Several apophyses of these 132 

granites extend into the inner core. A conspicuous feature of the alkaline/peralkaline granites of 133 

the ARC is a lack of MMEs and dykes, in contrast to the presence of such features in the early 134 

phase (inner core). Some roof pendants of granophyre and alkali volcanics are observed above 135 

the alkaline/peralkaline granites, especially in its northern portions. Few pegmatitic veins and 136 

miarolitic cavities are observed cutting the eastern outer rim of the ARC. 137 
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Some dykes are observed cutting the early phase of the ARC, especially the 138 

monzogranite and in turn, intruded by late granitic phases (Fig. 3a). These dykes are black- 139 

colored and are mainly mafic in their composition, showing a close resemblance to the isolated 140 

MMEs of their host granites. The contacts of the dykes with their host granites are almost sharp, 141 

and no criteria for hybridization or reaction are observed. These dykes may be synplutonic mafic 142 

magma globules that were coevally and synchronously injected into the more felsic, still mobile 143 

and crystallizing phase. 144 

Few MMEs and gneiss xenoliths are observed in the monzogranite. They vary from 5 to 145 

25 cm in diameter. The MMEs have an ellipsoid shape with ovoid and rounded outlines in the 146 

outcrops. This shape may be due to the deformation of enclaves during the motion and 147 

emplacement of granitic magma. The gneiss xenoliths are subrounded to irregular in shapes and 148 

represent accidental fragments of old juvenile crustal rocks. They show textural effects of 149 

thermal metamorphism. The contacts between the MMEs and xenoliths within the hosting 150 

granites are almost sharp, but slightly reaction contacts are observed. In some rare cases, only 151 

ghosts of the enclaves are preserved, as indicated by patches of higher concentration of mafics 152 

within the lighter-colored granite host. In spite of the prevalent microgranular nature of the 153 

MMEs, some of them possess large white plagioclase crystals (up to 7 mm across). Additionally, 154 

a few pink alkali feldspar crystals may lie across the contacts between MMEs and the granite 155 

host. The MMEs send small trails of amphibole crystals into the host granite. This is attributed to 156 

crystal transfers between two coeval magmas during magma mixing processes. 157 

 158 

 159 

3. Petrography 160 
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The granitic rocks of the ARC show wide variations in their textures and mineralogical 161 

compositions. Based on the modal classification of Streckeisen (1976), the early phase of the A- 162 

type granites of the ARC are monzogranite, syenogranite, granophyre, and alkali feldspar 163 

granite, and the later phase includes alkaline granite and peralkaline granite. Brief petrographic 164 

descriptions of the different granitic rocks and MMEs are given in the following. 165 

3.1. Monzogranite  166 

Monzogranite is inequigranular, medium- to coarse-grained, and pink to pale pink in 167 

color. It consists essentially of K-feldspar (30–45%), quartz (25–35%), plagioclase (15–25%), 168 

and some mafic minerals (<5%). Opaques, titanite, zircon, and apatite are accessories. The K- 169 

feldspars occur as large anhedral crystals of orthoclase perthite (string perthites) containing small 170 

plagioclase prisms as inclusions. The quartz occurs as anhedral to subhedral crystals, occupying 171 

the interstitial spaces between the feldspars. Locally, the quartz forms graphics and myrmekitic 172 

intergrowths. Plagioclase occurs as euhedral to subhedral tabular crystals, which are usually 173 

corroded and enclosed in coarse perthitic orthoclase (Fig. 4a). The mafic minerals include biotite 174 

and hornblende. The biotite is the dominant mafic mineral and occurs as anhedral flakes or as 175 

anhedral interstitial prisms in the spaces between the quartz and feldspars. Hornblende is very 176 

rare and occurs as fine-grained prismatic crystals. 177 

 178 

3.2. Syenogranite 179 

Syenogranite is medium- to coarse-grained with a hypiodiomorphic, inequigranular 180 

texture. It consists of K-feldspars (40–55%) and quartz (20-25), with variable amounts of 181 

plagioclase (4–12%) and mafic minerals (1.5–2.5%). Accessory minerals include Fe-Ti oxides, 182 

zircon, titanite, and apatite. A few quartz and K-feldspar crystals display micrographic 183 
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intergrowths. Perthite is the dominant K-feldspar, including flame, patchy, and veined types. 184 

Rare albite and biotite crystals are observed within the perthite. The quartz occurs as anhedral 185 

aggregates or as fine crystals within perthite. The mafic minerals include mainly biotite and rare 186 

amphibole. The biotite occurs as subhedral tabular crystals (Fig. 4b) or forms aggregates with 187 

opaque minerals. Amphibole is strongly pleochroic and occurs as small anhedral to subhedral 188 

fine crystals. 189 

 190 

3.3. Granophyre  191 

Granophyre is a porphyritic rock, composed mainly of K-feldspar and plagioclase 192 

phenocrysts, set in a fine- to medium-grained groundmass of quartz, K-feldspars, opaque, and a 193 

few mafic minerals. The plagioclase is represented mainly by albite, which occurs as large, stout 194 

prisms, usually fresh and twinned. The K-feldspars are intergrown with quartz, forming a 195 

micrographic intergrowth texture. The quartz occurs also as small anhedral to subhedral 196 

phenocrysts. The K-feldspar phenocrysts occur as rectangular crystals. Graphic intergrowths are 197 

common in the groundmass and surrounding the K-feldspars and quartz microphenocrysts. The 198 

mafic minerals are rare and include fine biotite flakes in the groundmass.  199 

 200 

3.4. Alkali feldspar granite 201 

Alkali feldspar granite is coarse-grained with an allotriomorphic texture, composed 202 

essentially of K-feldspars (40–50%), quartz (20–30%), and plagioclase (5–10%). Opaques, 203 

biotite, muscovite, titanite, apatite, zircon, and fluorite are accessories. The K-feldspars occur as 204 

subhedral to anhedral orthoclase perthite and microcline perthite, occupying the interstitial 205 

spaces of other constituents. They show simple twinning with corroded outlines and enclose 206 
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albite inclusions. Late-crystallized orthoclase is observed as rims around the orthoclase perthites. 207 

Microcline perthite occurs in very subordinate amounts, and shows cross-hatching twinning (Fig. 208 

4c). The quartz occurs as anhedral to subhedral crystals occupying the interstitial spaces and 209 

forming graphic texture with the feldspars. Plagioclase is represented by subhedral and anhedral 210 

twinned albite, which is corroded by the quartz and K-feldspars. Fe-Ti oxides occur as 211 

disseminated fine crystals or as anhedral fine aggregates after altered mafic minerals. The biotite 212 

and muscovite occur as flakes or as tabular crystals, varying in their amounts among samples 213 

(Fig. 4d). Fluorite occurs as anhedral interstitial crystals or as vein filling along fractures 214 

traversing the rock. A few wedge-shaped crystals of titanite and euhedral crystals of allanite are 215 

observed in a limited number of samples. Fine apatite needles and separate zircon crystals (Fig. 216 

4e) are interstitial among the feldspars. 217 

 218 

3.5. Alkaline and peralkaline granites 219 

Alkaline granite is medium- to coarse-grained with a hypersolvous and hypiodiomorphic 220 

granular texture. It consists of K-feldspars (40–50%), quartz (25–35%), plagioclase (<7%), and 221 

mafic minerals (3–7%). The accessory minerals include Fe-Ti oxides, allanite, zircon, titanite, 222 

monazite, apatite, sphene, columbite, xenotime, thorite, and fluorite. K-feldspars include 223 

orthoclase perthite and microcline. The perthitic crystals show flame, patchy, and vein-perthitic 224 

intergrowth types as well as zebra bands of K-feldspar and albite with irregular boundaries. The 225 

microcline crystals show cross-hatching with rare small inclusions of albite and biotite crystals. 226 

Quartz occurs as anhedral to euhedral interstitial crystals or forming micrographic intergrowths 227 

with K-feldspars. A Few quartz crystals contain tiny inclusions of the mafic minerals and 228 

feldspars. Plagioclase is represented only by albite, which occurs as subhedral laths or as 229 
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inclusions in the perthite and quartz crystals. The mafic minerals are represented mainly by sodic 230 

amphibole (Fig. 4f, g). They occur as subhedral to anhedral crystals or acicular crystals 231 

interstitial between the essential minerals. Locally, they are altered along their margins into 232 

aggregates of Fe-Ti oxides. Rare zircon inclusions are observed within the sodic amphiboles. 233 

Fluorite is the most common accessory mineral, occurring as discrete crystals in 234 

interstices between other minerals (Fig. 4h) or as veinlets suggesting a deuteric origin (Tollo et 235 

al. 2004). Strongly pleochroic reddish-brown anhedral crystals of allanite are observed in certain 236 

thin sections associated with sodic amphibole (Fig. 4i). Both secondary and primary muscovites 237 

are distinguished in alkaline granite. The primary muscovite occurs as subhedral to euhedral 238 

crystals or forms clots of several crystals (Fig. 4j), whereas the secondary muscovite occurs 239 

mainly as fine anhedral crystals replacing feldspars. Zircon occurs as clear euhedral separated 240 

crystals or as inclusions in the mafic minerals. A few euhedral to subhedral crystals of monazite 241 

and titanite are observed in association with iron oxides. A few anhedral brownish black crystals 242 

of columbite and thorite are recorded in a number samples (Fig. 4 k). Fe-Ti oxides occur either 243 

as individual crystals or as granular aggregates associated with altered mafic minerals, and 244 

apatite occurs as fine needles. 245 

Peralkaline granite is similar in its composition to alkaline granite, with minor 246 

differences. It contains more modal K-feldspars (50–60%) and alkaline mafic minerals (5-15%) 247 

than the alkaline granite. The peralkaline granite has wide variations of accessory minerals, 248 

similar to the alkaline granite. The mafic minerals include sodic amphibole and sodic pyroxene 249 

with minor muscovite. The sodic amphibole occurs as euhedral to subhedral prismatic sparse 250 

crystals between the essential minerals, including riebeckite and arfvedsonite. They contain 251 

small inclusions of zircon and Fe-Ti oxides. A few sodic amphibole crystals show slight 252 
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alterations along their margins into opaques and chlorite. Sodic pyroxenes occur as euhedral to 253 

subhedral prismatic crystals, including aegirine and aegirine-augite associated with allanite (Fig. 254 

4l). 255 

 256 

3.6. Mafic microgranular enclaves (MMEs) 257 

MMEs of various shapes and sizes are observed in monzogranite. They are fine- to 258 

medium-grained with an equigranular texture. They are mainly diorite in composition and have 259 

chilled margins, indicating rapid cooling. They consist essentially of plagioclase, amphibole, and 260 

biotite with variable amounts of opaques, K-feldspars, and apatite. Occasional large plagioclase 261 

and K-feldspars xenocrysts with irregular outlines, and spongy cellular texture are observed, 262 

indicating resorption under disequilibrium conditions. 263 

 264 

4. Analytical methods 265 

Based on the petrographic studies, a set of fresh samples were selected for whole-rock 266 

and microprobe analyses. Twenty-one samples representing the post-collisional A-type granitic 267 

rocks of the ARC and three samples of the MMEs were selected for bulk chemical analysis. 268 

Whole rock chemical analyses for major, trace, and rare-earth elements were carried out at the 269 

Activation Laboratories Ltd. in Ontario, Canada. Major oxide compositions and Ba, Co, Cu, Nb, 270 

Ni, Sc, Sr, Y, Zn, and Zr elements were analyzed using inductively coupled plasma atomic 271 

emission spectrometry (ICP-AES). The rare-earth elements and some of the trace elements were 272 

determined using inductively coupled plasma mass spectrometry (ICP-MS) following a lithium 273 

metaborate/tetraborate fusion and nitric acid digestion of a 0.2 g sample. The loss on ignition 274 
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(LOI) was measured using the OA-GRA05 method by measuring the difference in mass after 275 

heating to 1000 °C using a WST-SEQ instrument.  276 

Mineral chemistry data of different representative minerals were acquired using a JEOL 277 

JXA-8500F electron microprobe at Washington State University (WSU). The analytical 278 

conditions consisted of a 15 kV accelerating voltage, 20 nA probe current, and 1 µm beam 279 

diameter, with a counting time of 10 s on peak. Combinations of suitable natural and synthetic 280 

mineral standards were applied for calibration. The standards used for calibration were MgO for 281 

Mg, orthoclase for K, albite for Na, wollastonite for Ca and Si, pyrophanite for Mn and Ti, 282 

aluminum oxide for Al, and fayalite for Fe. The analytical precision and detection limits of the 283 

analyses performed at WSU are listed on the website of the laboratory 284 

(https://environment.wsu.edu/facilities/geoanalytical-lab). Complete microprobe analyses of 285 

different minerals are given in the online version (Supplementary Tables 1S–9S). 286 

 287 

5. Mineral chemistry  288 

The identification of the minerals under the microscope was refined and supported by 289 

electron microprobe analyses. The essential silicate minerals were analyzed in samples of 290 

monzogranite, syenogranite, alkali feldspar granite, alkaline granite, and peralkaline granite. The 291 

analyzed minerals included feldspars, pyroxene, biotite, muscovite, and amphibole. The 292 

chemical formulae of the analyzed minerals were processed and calculated using the software 293 

package Minpet (Richard 1995). All the electron microprobe analyses of different minerals are 294 

given in Supplementary Tables 1S–9S.  295 

The chemical composition, calculated structural formulae based on 32 oxygen atoms, and 296 

end-member components of the analyzed feldspars are given in Supplementary Tables 1S–5S. 297 

https://environment.wsu.edu/facilities/geoanalytical-lab
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The analyzed feldspars are represented by plagioclase, albite, and K-feldspars. The plagioclases 298 

were analyzed from monzogranite, syenogranite, and alkali feldspar granite. The CaO contents in 299 

the analyzed plagioclase decrease from monzogranite (4.16–5.78 wt.%) to syenogranite (3.48– 300 

4.32 wt.%) (Supplementary Table 2S), and alkali feldspar granite (3.12–3.45 wt.%). The 301 

plagioclases are mainly oligoclase ((An13.04–23.84). Albite is analyzed from all the rock types. It 302 

has a high Na2O content, which increases from monzogranite (10.63–11.00 wt.%) to peralkaline 303 

granite (11.50–11.75 wt.%), whereas the CaO content is low and decreases from monzogranite 304 

(0.25–0.96 wt.%) to peralkaline granite (0.03–0.26 wt.%). K-feldspars have a high K2O content, 305 

which increases from monzogranite (14.45–15.60 wt.%) to peralkaline granite (16.23–16.50 306 

wt.%). The Or contents range from 90 to 95 in monzogranite, 95 to 98 in syenogranite, ~98 in 307 

alkali feldspar granite, ~98 alkaline granite, and 98–99 in peralkaline granite. CaO is low in all 308 

the analyzed K-feldspar crystals, with a maximum concentration of 0.18 wt.%.  309 

Some pyroxene crystals were analyzed in the alkaline and peralkaline granites of the 310 

ARC and their chemical compositions are listed in Supplementary Table 6S. They are sodic 311 

pyroxene with high contents of Na2O (11.46–12.97 wt.%) and FeO (24.18–26.49 wt.%) with 312 

variable amounts of Al2O3 (2.99–4.75 wt.%), TiO2, (2.33–4.76 wt.%), CaO (0.03–1.34 wt. %), 313 

MgO (0.02–2.60 wt.%), and K2O (<0.93 wt. %). According to the classification scheme of 314 

Morimoto et al. (1988), the analyzed pyroxene crystals are classified as aegirine (Fig. 5a). 315 

Biotite was analyzed in monzogranite, syenogranite, and alkali feldspar granite. The 316 

chemical analyses of the biotite crystals and their structural formulae calculated on the basis of 317 

22 oxygen atoms in the anhydrous total are given in Supplementary Table 7S. The analyzed 318 

biotites show wide variation in SiO2 (34.84–37.66 wt.%), TiO2 (3.69–4.85 wt.%), Al2O3 (11.29– 319 

12.47wt.%), FeO (21.15–30.09 wt.%), MgO (3.99–10.16 wt.%), and K2O (7.89–9.27 wt.%). On 320 
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the ternary discrimination diagram of Nachit et al. (2005), they all appear in the igneous biotite 321 

field (Fig. 5b). Nachit et al. (1985) and Abdel-Rahman (1994) assumed that the composition of 322 

biotite indicates the nature of the original parent magma. They used biotite chemistry to 323 

discriminate among peraluminous, calc-alkaline, and alkaline-peralkaline granites. On the Al vs. 324 

Mg discrimination diagram of Nachit et al. (1985), they analyzed the biotite crystals of the ARC 325 

in the alkaline/peralkaline field (Fig. 5c). Additionally, on the biotite discrimination diagram of 326 

Abdel-Rahman (1994), they appear in the field of alkaline rocks (Fig. 5d).  327 

Muscovite was analyzed in alkali feldspar granite, alkaline granite, and peralkaline. 328 

Chemical analyses of the muscovite and its structural formulae are given in Supplementary Table 329 

8S. On the petrographical criteria such as medium grain size and subhedral to euhedral shape, the 330 

analyzed muscovite is judged to be primary. The analyzed muscovite crystals have TiO2 > 0.6 331 

wt.%, comparable to muscovite of magmatic origin (e.g., Zen 1988; Villa et al. 1997). This is 332 

supported by plotting the muscovite analyses on the discrimination diagram of Miller et al. 333 

(1981); they fall in the field of primary muscovite (Fig. 5e).  334 

The amphiboles are only analyzed in the alkaline and peralkaline granites of ARC. The chemical 335 

formulae were calculated on the basis of 23 oxygen atoms in the anhydrous total and are 336 

represented in Supplementary Table 9S. The 13-CNK method of Leake et al. (1997) is used to 337 

calculate the ferrous and ferric iron of the analyzed amphiboles. Using the classification scheme 338 

of Leake et al. (1997), the analyzed amphiboles are Na-rich and classified as alkali amphiboles 339 

(Fig. 5f). The analyzed alkali amphiboles have (Na+K)A > 0.5 and are represented mainly by 340 

arfvedsonite with minor ferro-eckermannite (see Supplementary Table 9S). All the analyzed 341 

sodic amphiboles contain >0.1 Ti p.f.u., a characteristic of primary igneous amphiboles 342 

(Girardeau and Mevel 1982).  343 
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 344 

6. Whole rock geochemistry 345 

6.1. Geochemical characteristics 346 

The chemical analyses of the ARC granites and MMEs, as well as their calculated 347 

normative mineral compositions and rare-earth elements contents, are listed in Tables 1–3. The 348 

granitic rocks cover a wide range of compositions (68.97–75.27 wt.% SiO2), differentiation 349 

indices (DI = 82–91), and total alkalis (Na2O+K2O = 8.63–9.68 wt.%). The chemical 350 

composition of monzogranite is less evolved than other granitic rocks of the ARC, with SiO2 351 

contents ranging from 68.97 to 70.44 wt.%. It has high Al2O3, TiO2, Fe2O3, CaO, MgO, Ba, and 352 

Sr, but contains less total alkali content, Rb, Nb, Y, Zr, and Th. The granophyre has chemical 353 

composition overlaps with the syenogranite and alkali feldspar granite. The alkali feldspar 354 

granite and alkaline/peralkaline granite show limited variation in their compositions and they are 355 

similar in most major and trace element contents. The granitic rocks of the ARC are 356 

conspicuously depleted in Ba (average = 80 ppm) and Sr (average = 27 ppm), and have high 357 

concentrations of Nb (94 ppm), Y (105 ppm), Zr (965 ppm), and Th (26 ppm), which are similar 358 

to the alkaline/peralkaline granites in the ANS (e.g., Katzir et al. 2007; El-Bialy and Streck 2009; 359 

Khalil et al. 2018). According to the R1–R2 classification diagram of De la Roche et al. (1980), 360 

the ARC granites appear in the alkali granite field (Fig. 6), which are characteristic of all alkaline 361 

and peralkaline rocks. This classification is supported by the abundance of orthoclase and albite 362 

in the normative composition (Table 2).  363 

Selected major and trace elements of the ARC granites are plotted against SiO2 and used 364 

as a differentiation index (Figs. 7, 8). The studied granitic rocks show continuous trends with 365 

most major and trace elements, without any compositional gap between them. The major oxides 366 
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show relatively smooth variation with gradual decreases in TiO2, Fe2O3, MnO, MgO, and CaO 367 

with increasing SiO2 content, whereas K2O increases. Regarding the trace elements, Nb, Y, Rb, 368 

Ta, Th Zr, and Hf increase, whereas Sr, Ba, V, Ni, and Sc decrease with increasing of SiO2 369 

content.  370 

The spider diagrams, using the MORB normalization values of Pearce (1983), for the 371 

averages of the ARC granites are shown in Fig. 9a. It is clear that the granitic samples show 372 

general similarities in their patterns. They are enriched in some large ion-lithophile elements 373 

(LILEs) (Rb, K, Th) and high field strength elements (HFSEs) (Ta, Zr, Hf), but strongly depleted 374 

in Ba, Sr, P, and Ti, which is consistent with the geochemical signature of A-type granite (Jahn 375 

et al. 2001; Wu et al. 2002).  376 

The concentrations of rare-earth elements (REEs), together with some statistical 377 

parameters, are listed in Table 3. The chondrite-normalized REE patterns for the averages of the 378 

ARC granites are presented in Fig. 9b. The ARC granites show wide variation in REE contents 379 

that depend, most probably, on the nature of the crystallizing accessory mineral phases. They are 380 

rich in light rare-earth elements (LREEs) relative to heavy rare-earth elements (HREEs). The 381 

monzogranite samples have the lowest concentrations of REEs (180–273ppm, average 222 ppm), 382 

and the peralkaline granite has the highest contents of REEs (1102–1579 ppm, average 1319 383 

ppm). The granophyre samples show clear overlap in their HREEs with the alkali feldspar 384 

granite and alkaline granite.  385 

The Eu/Eu* values range from 0.21 to 0.22 in monzogranite, 0.14–0.25 in syenogranite, 386 

0.17–0.23 in granophyre, 0.17–0.22 in alkali feldspar granite, 0.11–0.17 in alkaline granite, and 387 

0.12–0.17 in peralkaline granite (Fig. 9). The strongly negative Eu/Eu* anomalies (0.11–0.25) 388 

associated with very low Ba and Sr concentrations indicate extreme feldspar fractionation 389 
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(Hanson 1980; Möller and Muecke 1984; Lee et al. 2013). Additionally, the very low Eu/Eu* in 390 

the ARC granites can attribute to melt–fluid interaction at the end stage of magma evolution 391 

(Irber 1999; Jahn et al. 2001; Zhao et al. 2002).  392 

The MMEs have a limited composition range with respect to their silica contents (57.16– 393 

58.54 SiO2 wt.%). On the R1–R2 classification diagram of De la Roche et al. (1980), they appear 394 

within the diorite field (Fig. 6). The spider diagrams, using the MORB normalization values of 395 

Pearce (1983), for the MMEs are shown in Fig. 9c. They show strong similarities in the spider 396 

diagrams, with greater enrichment in the LILEs than the HFSEs. Additionally, the normalized 397 

patterns of the MMEs have Nb-Ta depletion similar to volcanic-arc rocks (Saunders et al., 1980; 398 

Hollings and Wyman, 1999). The chondrite-normalized REE patterns of the MMEs, using the 399 

C1-chrondite normalization values of Evensen et al. (1978), are represented in Fig. 9d. They are 400 

enriched in LREEs relative to HREEs [(La/Yb)n= 12.92–14.51] with slightly positive Eu- 401 

anomalies [(Eu/Eu*)n =1.03–1.16] due to plagioclase accumulation. 402 

 403 

6.2. Magma type and tectonic setting  404 

On the ANK vs. ACNK diagram (Fig. 10a) of Maniar and Piccoli (1989), the ARC 405 

granites are mainly peralkaline in character. This is proved by the normative acmite (1.79–3.23) 406 

and Na-metasilicate (0.25–3.39) in their norms (Table 2). The agpaitic indexes [AI = molar 407 

((Na+K)/Al)] of the studied granites are high (1.06–1.37) characteristics for alkaline/peralkaline 408 

A-type rocks (Liégeois and Black 1987; Liégeois et al. 1998). The alkaline/peralkaline character 409 

of ARC granites are confirmed by using the diagram of Sylvester (1989), which is used to 410 

distinguish between granitic rocks with SiO2 > 68 wt.% (Fig. 10b). Additionally, the presence of 411 

both sodic amphibole and sodic pyroxene support the alkaline/peralkaline nature of the studied 412 
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granitic rocks. Whalen et al. (1987) used plots of Ga/Al versus certain major and trace elements 413 

(Fig. 10c) to discriminate between A-type granites and other granites (M-, I-, and S-type 414 

granites). The studied A-type granites of the ARC have 10000*Ga/Al ratios (>2.5) higher than 415 

the average values of 2.28 and 2.10 for S- and I-type granites, respectively (Whalen et al. 1987). 416 

On the 10000*Ga/Al vs. FeO/MgO diagram, the granitic samples of the ARC appear in the A- 417 

type granite field (Fig. 10c). The agpaitic indexes of the investigated MMEs are less than 0.87 ( 418 

0.55–0.58), which is similar to calc-alkaline rocks (Liégeois and Black 1987; Liégeois et al. 419 

1998). On the discrimination diagram of Maniar and Piccoli (1989), they appear in the 420 

metaluminous field (Fig. 10a). 421 

The overall chemical characteristics of the studied granites are consistent with a within- 422 

plate tectonic setting. They have alkaline/peralkaline characters and remarkable depletion in 423 

CaO, MgO, Sr, and transition metals, as well as high contents of alkalis. Moreover, they have 424 

marked enrichment in HFSEs including REEs, with pronounced negative Eu anomalies. These 425 

geochemical features are typically characteristic of within-plate magmatism (Whalen et al. 1987; 426 

Eby 1990, 1992). The within-plate tectonic setting of the studied granites is substantiated by 427 

plotting the trace element data on suitable discrimination diagrams. Using the Rb vs. Y+Nb 428 

tectonic discrimination ternary diagram of Pearce et al. (1984), the ARC granites appear in the 429 

within-plate field (Fig. 10d). The Rb-Hf-Ta discrimination diagram of Harris et al. (1986) 430 

confirms the within-plate tectonic setting (Fig. 10e). On the multicationic diagram of Batchelor 431 

and Bowden (1985), the ARC samples appear in the anorogenic to post-orogenic granitic fields 432 

(Fig. 10f). The MMEs are plotted on the volcanic-arc tectonic setting (Fig. 10 d, e, f). 433 

The geochemical characteristics of certain mafic minerals in igneous rocks may be used 434 

to identify the original magmatic affinity and may be directly employed in deducing the tectonic 435 
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environments of their host magmas (e.g., Cameron and Papike 1981; S Nachit et al. 1985; Smith 436 

and Brown 1988; Abdel-Rahman 1994). The composition of pyroxene, amphibole, and biotite in 437 

the ARC granites can furnish, to some extent, criteria to deduce their tectono-magmatic 438 

affiliation that can confirm the inferences from whole-rock geochemistry. The presence of sodic 439 

amphiboles in the ARC indicates their peralkaline tendency (Middlemost 1997). The 440 

composition of biotites indicates the nature of the original parent magma (Nachit et al. 1985; 441 

Addel-Rahaman 1994). On the biotite discrimination diagrams (Figs. 5c, d), the analyzed biotite 442 

crystals from both the monzogranite and syenogranite appear in the field of the alkaline 443 

anorogenic suite, and show virtually no overlap with other fields, indicating their chemically 444 

distinct nature. 445 

 446 

7. Petrogenesis 447 

7.1. Petrogenetic source of the Aja Ring Complex 448 

Many petrogenetic models have been proposed for the formation of the A-type rocks of 449 

the ANS (Katzir et al. 2007; Eyal et al. 2010; Boskabadi et al. 2013; Azer et al. 2014; Sami et al. 450 

2017, 2018; Khalil et al. 2018), but no single model has been suggested that satisfactorily 451 

explains all the variations their chemical compositions. In fact, the large differences in isotope 452 

ratios as well as major and trace element concentrations among the various A-type granitic rocks 453 

of the ANS strongly suggest that they originated from a variety of processes and sources. The 454 

suggested models for the generation of the A-type rocks of the ANS include the (1) fractional 455 

crystallization of mafic magma derived from mantle (e.g., Stern and Voegeli 1987; Beyth et al. 456 

1994; Mushkin et al. 2003; Jarrar et al. 2008), (2) partial melting of various pre-existing crustal 457 

rocks (e.g., Abdel-Rahman 2006; Farahat et al. 2007; Ali et al. 2009; Eyal et al. 2010; Sherif et 458 
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al. 2013), and (3) combination of a mantle source with crustal materials (e.g., Azer 2006; Samuel 459 

et al. 2007; Be’eri-Shlevin et al. 2009; Ali et al. 2015; Khalil et al. 2018).  460 

The interpretations of the genesis of the ARC in particular are diverse and pioneering 461 

works have caused many controversies (Stuckless et al. 1984; Ekren et al. 1987; Qadhi 2007; 462 

Herrher and Abdallah 2017). The present field work reported much evidence regarding the 463 

sequence of intrusion of the ARC, which indicates its emplacement within two phases. However, 464 

the presence of both gradational and sharp contacts between the two phases suggests that they 465 

were emplaced within a very short time interval, before the complete crystallization of the first 466 

phase. The absence of geochemical compositional gaps in most major and trace elements in the 467 

ARC granites, with continuous evolutionary trends of compatible and incompatible elements, 468 

suggest their derivation from a common source.  469 

The ARC shares many features of highly fractionated A-type granite, including high 470 

concentrations of Rb (135–318 ppm), Nb (67–137 ppm), Y (54–176 ppm), Zr (404–1660 ppm), 471 

and Ta (4–10 ppm) but low concentrations of Ba (16–161 ppm) and Sr (9–57 ppm). The 472 

geological setting and the geochemical data of the ARC granites indicate they were emplaced in 473 

post-collisional within-plate tectonic setting. According to the discrimination diagram of Eby 474 

(1990), the granites of the ARC appear in the A1 field on the Rb/Nb vs. Y/Nb diagram (Fig. 475 

11a). Accordingly, the studied A-type granites were derived through the partial melting of pre- 476 

existing crustal rocks with a mantle contribution. Khalil et al. (2018) attributed the “mantle” 477 

signature in the A-type granites in the ANS to the partial melting of juvenile continental crust. 478 

Recent published studies indicate that isotopic data from the juvenile crust of the ANS cannot 479 

distinguish between lower crust and upper mantle, because the radiogenic isotope ratios of both 480 
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sources in the ANS are similar (e.g., Stern and Gottfried 1986; Stern 2002; Hargrove et al. 2006; 481 

Eyal et al. 2010; Morag et al. 2011; Moreno et al. 2014; Eyal et al. 2014).  482 

The absence of mafic lithologies in the ARC argues against the extensive fractional 483 

crystallization of mantle-derived mafic magma. This is supported by low values of Mg# (2–7, 484 

Table 1) and low concentrations of Co (3–9 ppm), Ni (1–3 ppm), V (2–5 ppm), and Sc (1–3 485 

ppm). Additionally, it is difficult to explain the great quantities of felsic rocks in the ARC, which 486 

cannot result from the fractional crystallization of mafic magma. Many geological, geochemical, 487 

and isotopic characteristics of the A-type rocks of the ANS argue against a mantle source (e.g., 488 

Abdel-Rahman 2006; Eyal et al. 2010; Ali et al. 2009; Eyal et al. 2010), Additionally, certain 489 

ratios of the highly incompatible trace elements (e.g., Zr/Nb, Ba/Nb, Rb/Nb and K/Nb; Table 1) 490 

have averages lying within or near the values of the continental crust (Weaver 1991; Wedepohl 491 

1994).  492 

The ARC was most probably generated via the partial melting of a juvenile crustal 493 

source, followed by extensive fractional crystallization. The presence of MMEs and xenoliths 494 

indicate mixing between two magmas and contamination with crustal rocks. Among potential 495 

crustal sources for the parental melt of the ARC include the Neoproterozoic upper crustal rocks 496 

such as schists, gneisses, metagabbro-diorite, and I-type calc-alkaline granitoids. The presence of 497 

gneiss xenoliths within the early phase of the ARC support its derivation through the partial 498 

melting of a juvenile crustal source. This is supported by the experimental works that indicate the 499 

dehydration melting of calc-alkaline tonalite at 950 °C and 0.4 GPa can produce melts with 500 

major and trace element characteristics of A-type magmas (e.g., Patino Douce 1997).  501 

The suggested model for the evolution of A-type rocks of the ARC is shown in Fig. 11b. 502 

At the first stage, mantle-derived magma is produced as a result of lithospheric extension, which 503 
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leads to the asthenospheric upraise, causing extensive melting of some parts of the lithosphere. 504 

Additionally, the lithospheric extension pressure will release at depth, causing an influx of 505 

volatiles in the crust from deeper sources. A mantle-derived volatile phase brings additional heat, 506 

which is necessary to decrease the melting temperature of rocks and initiate partial melting 507 

(Bailey 1974). Shear zones and intra-continental large-scale faults facilitate the produced magma 508 

to enter the overlying middle and upper crusts, and promote the partial melting process. Then, 509 

the mingling and mixing of magmas produces magmatism with an intermediate composition that 510 

could evolve to felsic magmatism with granitic composition. The emplacement of the ARC most 511 

probably occurred after the termination of the Pan-African orogeny, along with re-activated Pan- 512 

African fractures. The dyke swarms that cut the early phase of the ARC support an extensional 513 

tectonic regime during the emplacement of the studied A-type granites. The proposed 514 

geotectonic model for the generation of the ARC is similar to the lithospheric delamination 515 

model suggested by many authors for the evolution of the post-collisional alkaline/peralkaline 516 

phase in the ANS (e.g., Avigade and Gvirtzman 2009; Farahat and Azer 2011; Khalil et al. 517 

2018).  518 

 519 

7.2. Fractional crystallization and crustal contamination 520 

The present geochemical data including variation diagrams of major and trace elements 521 

(Figs. 7, 8) and the continuity of normalized trace element and REE patterns (Fig. 9a, b) are 522 

consistent with evolution through magmatic differentiation from a common parental magma. The 523 

main fractionated phases include feldspars with minor roles of mafic minerals, apatite, and Fe-Ti 524 

oxides. The fractionation of feldspars is indicated by the systematic decrease in Sr and Ba from 525 

monzogranite to peralkaline granite (Fig. 12a) and by the plot of Sr vs. Rb/Sr (Fig. 12b). The 526 
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increasing K2O with increasing SiO2 through the granitic rocks of the ARC argues against 527 

removal of the abundant alkali feldspar as a fractionating phase, whereas decreasing CaO and 528 

Na2O with increasing SiO2 are consistent with plagioclase fractionation, although plagioclase is a 529 

minor or absent phase in the ARC granites. The multi-element spider diagrams of the averages of 530 

the ARC granites (Fig. 9a) show negative anomalies for Ba , Sr, Ti, and P that can be attributed 531 

to feldspars, Fe-Ti oxides, and apatite, respectively. The strongly fractionated nature of the REE 532 

patterns of the ARC granites (Fig. 9b) and, in particular, the pronounced negative Eu anomalies 533 

(Eu/Eu* = 0.12–0.25) provide strong evidence for the extensive fractional crystallization of 534 

feldspars from a parental magma at depth before the emplacement of the earliest exposed phase 535 

(monzogranite) under reducing conditions to stabilize Eu2+ (Hanson 1978; McKay 1989; Khalil 536 

et al. 2018). This is supported by the strong depletion in Ba (av. 80 ppm) and Sr (av. 27 ppm). 537 

Systematic decreases in MgO and Fe2O3 and with increasing silica (Fig. 7) suggest the extraction 538 

of primary mafic minerals followed by Fe-Ti oxide fractionation. 539 

On the Rb versus K/Rb diagram (Fig. 12c), all the ARC granites follow the trend of 540 

fractional crystallization and assimilation (Akinin et al. 2009; Miller and Snoke 2009). This 541 

indicates that both fractional crystallization and crustal contamination played roles during the 542 

evolution of the ARC. The presence of MMEs in the early phase of the ARC indicates the 543 

mingling of diverse magmas, whereas the presence of gneiss xenoliths indicates the assimilation 544 

of the host rocks. The MMEs represent cooled globules from a basic magma that mixed with the 545 

partly crystalline granitic magma. The granitic rocks of the ARC show wide variations in certain 546 

ratios such as K/Rb, Ba/Nb, and Zr/Rb (Table 1), reflecting the role of crustal contamination 547 

during fractional crystallization. The constant values of these ratios point instead to simple 548 

fractional crystallization (Davidson et al. 1988).  549 
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 550 

7.3. Crystallization conditions 551 

The present study indicates that the ARC was emplaced at shallow crustal levels, which 552 

is supported by the association of coeval plutonic and volcanic rocks and the presence of 553 

miarolitic cavities as well as granophyric intergrowths. Most of the granitic rocks of the ARC 554 

have a hypersolvus nature that indicates high temperatures of crystallization and low water 555 

pressure, similar in this regard to other alkaline rocks emplaced at relatively shallow depth (King 556 

et al. 1997; Klimm et al. 2003; Azer 2013; Khalil et al. 2018). The presence of fluorite in the 557 

ARC granites indicates that magma was fluorine-rich, which affected the physicochemical 558 

properties of granitic magma. This could lower the viscosity of the melts and the crystallization 559 

temperature of granitic magmas, leading to faster migration of melts and emplacement at shallow 560 

levels (Dingwell 1985, 1988; Hannah and Stein 1990; Azer 2013; Khalil et al. 2018). 561 

The ARC granites are characterized by the presence of graphic intergrowth between 562 

quartz and feldspars. The formation of graphic texture may be promoted by the presence of 563 

fluorine, which decreases water solubility in the melt and increases the abundance of the 564 

exsolved vapor phase. The genesis of graphic texture has been variously attributed to the 565 

replacement of the host mineral by a guest mineral or to the eutectic crystallization of 566 

intergrowth-forming minerals (Khalil et al. 2018). The absence of clear evidence for the 567 

replacement of feldspars by quartz indicates the eutectic crystallization of intergrowth-forming 568 

minerals. 569 

 570 

8. Conclusions 571 
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 The ARC represents the youngest phase of late Neoproterozoic igneous activity in the 572 

northeastern part of the Arabian Shield, which resulted in the emplacement of a great number 573 

of A-type igneous intrusions.  574 

 The ARC is undeformed and unmetamorphosed, and was emplaced as a ring-shaped pluton. 575 

Two granitic phases of the ARC are distinguished; the earlier phase includes monzogranite, 576 

syenogranite, granophyre, and alkali feldspar granite, intruded by the younger second phase 577 

consisting of alkaline and peralkaline granites. The contacts between the different granitic 578 

rocks of the ARC are gradational to sharp contacts, suggesting their emplacement within a 579 

very short time interval, before the complete crystallization of the early phase.  580 

 The ARC granites have a hypersolvus nature, suggesting a shallow depth of emplacement, 581 

low water pressure, and high temperature of crystallization. The granite samples of the ARC 582 

host numerous accessory minerals and share many features of rare-metal bearing granites. 583 

The presence of sodic pyroxene and sodic amphibole indicate the peralkaline affinity of the 584 

ARC. The ARC was emplaced in the shallow crust level during the post-collisional phase of 585 

the ANS assembly. The ARC granites display general characteristics of A-type rocks and are 586 

classified as mineralized granites.  587 

 The overall major and trace element trends and elemental ratios, as well as the increasingly 588 

fractionated nature of the REE patterns, suggest that the ARC granites represent one 589 

cogenetic suite. They were derived from a crustal source that underwent magmatic 590 

differentiation and crustal contamination. The main fractionated phase involves feldspars 591 

with minor roles for the fractionation of amphibole, biotite, apatite, and Fe-Ti oxides. The 592 

contamination with crustal materials is indicated by MMEs, mafic xenoliths, and trace- 593 

element ratios.  594 
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 Lithospheric delamination below the ANS was an upwelling of hot asthenosphere and 595 

melting the lithospheric mantle, producing basaltic melts below the crust that provide heat for 596 

the partial melting of the lower crust.  597 
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 924 

Caption of Figures 925 

Figure 1. General geological map of the Arabian-Nubian shield (After Johnson and 926 

Woldehaimanot, 2003). Basement outcrops are white; Phanerozoic cover is shown in 927 

yellow; structural trends are highlighted; ophiolitic rocks are shown in black; and gneissic 928 

rocks shown in stipple. The location of the Jabal Aja igneous complex is indicated by a 929 

yellow star.  930 

Figure 2. Geological map for Jabal Aja igneous complex (modified after Hereher and Abdullah., 931 

2017).  932 
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Figure 3. (a) Granophyre intruded into monzogranite with dykes cutting the monzogranite and 933 

abut against the granophyre, (b) peralkaline granite intruded alkali feldspar granite with 934 

sharp contact, and (c) Alkali volcanics unconformably overlain on the granophyre. 935 

Figure 4. Photomicrographs from different granitic rock of the ARC showing mineralogical and 936 

textural variations. (a) Subhedral plagioclase enclosed in coarse perthitic orthoclase, (b) 937 

subhedral crystals of biotite, (c) microcline perthite showing cross-hatching twinning, (d) 938 

clusters of biotite and muscovite, (e) separate zircon crystal interstitial among feldspar 939 

and quartz, (f) anhedral crystals of sodic amphibole, (g) tabular crystal of sodic 940 

amphibole altered along the margins into chlorite, (h) discrete crystal of fluorite crystals 941 

in interstice between other minerals, (i) anhedral crystals of allanite associated with sodic 942 

amphibole, (j) subhedral crystals of primary muscovite associated with sodic amphibole, 943 

(k) corroded columbite associated with thorite, and (l) allanite associated with sodic 944 

pyroxene.  945 

Figure 5. (a) Pyroxene nomenclature based on the classification diagram of Morimoto et al. 946 

(1988), (b) TiO2-(FeO(t)+MnO)-MgO ternary diagram for classification of biotite (Nachit 947 

et al. 2005), (c) FeO(t) vs. Al2O3 discrimination diagram for biotite (Abdel-Rahman 948 

1994), (d) Mg vs. Al diagram of biotite (after Nachit et al., 1985), (e) compositional 949 

fields for primary and secondary muscovite (Miller et al., 1981); Ti, Mg, and Na = apfu, 950 

and (f) classification of the analyzed amphiboles (after Leake, 1997). 951 

Figure 6. Classification of the granites of the ARC intrusion using the R1–R2 diagram of De la 952 

Roche et al. (1980).  953 

Figure 7. Variation diagrams of major oxide against SiO2.  954 

Figure 8. Variation diagrams of certain trace elements against SiO2.  955 
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Figure 9. (a) Mid-ocean ridge basalt (MORB)-normalized trace element diagram for the 956 

averages of the ARC granites, (b) chondrite-normalized rare-earth element patterns for 957 

the averages of the ARC granites, (c) mid-ocean ridge basalt (MORB)-normalized trace 958 

element diagram for MMEs, and (d) chondrite-normalized rare-earth element patterns for 959 

MMEs. Normalization values in (a, c) from Pearce (1983) and in (b, d) from Evensen et 960 

al. (1978). 961 

Figure 10. (a) Al2O3/(Na2O+K2O) vs. Al2O3/(CaO+ Na2O+K2O3) diagram for the granitic rocks 962 

of the ARC (after Maniar and Piccoli, 1989), (b) discrimination diagram of Sylvester 963 

(1989) for rocks with > 68 wt.% SiO2, (c) Ga/Al vs. FeO(t)/MgO diagram of Whalen et al. 964 

(1987), (d) Y+Nb vs. Rb tectonic discrimination diagram of Pearce et al. (1984), (e) Hf- 965 

Rb/30-3*Ta ternary diagram (after Harris et al., 1986), and (f) plots of ARC granites on 966 

the tectonic discrimination (R1–R2) of Batchelor and Bowden (1985).  967 

Figure 11. (a) Y/Nb vs. Rb/Nb (after Eby 1990); symbols as in Figure 6; A1=A-type granitoids 968 

with an OIB-type source, A2= A-type granitoids with crustal derived magma, and (b) 969 

simplified sketch for the tectonomagmatic evolution of the A-type granites of the ARC, 970 

showing partial melting of the lower crust due to an upwelling of asthenosphere mantle 971 

material as a result of lithospheric delamination.  972 

Figure 12. (a) Sr vs. Ba, (b) Sr vs. Rb/Sr, and (c) Rb vs. K/Rb for the granitic rocks of the ARC.  973 
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Table 1 : Major oxide and trace element contents of  Aja ring complex granites and mafic microgranular enclaves

Rock type

Sample AJ-1 AJ-2 AJ-3 Av. AJ-4 AJ-5 AJ-6 Av. AJ-7 AJ-8 AJ-9 Av. AJ-11 AJ-12 AJ-13 AJ-14 Av.

SiO2 69.56 68.97 70.44 69.66 71.45 71.67 71.06 71.39 72.47 72.05 72.69 72.40 73.52 73.73 73.75 73.9 73.73

TiO2 0.55 0.51 0.46 0.51 0.44 0.39 0.46 0.43 0.28 0.35 0.41 0.35 0.21 0.29 0.32 0.36 0.30

Al2O3 10.99 10.84 10.69 10.84 11.12 10.19 10.45 10.59 11.58 10.73 9.08 10.46 9.99 9.22 10.93 10.98 10.28

Fe2O3 6.01 6.57 5.84 6.14 5.54 5.86 6.02 5.81 5.18 5.46 5.72 5.45 4.72 5.47 4.56 4.56 4.83

MnO 0.15 0.14 0.13 0.14 0.13 0.09 0.12 0.11 0.05 0.07 0.08 0.07 0.05 0.1 0.08 0.07 0.08

MgO 0.23 0.24 0.18 0.22 0.13 0.17 0.19 0.16 0.15 0.16 0.14 0.15 0.14 0.11 0.07 0.13 0.11

CaO 0.76 0.84 0.83 0.81 0.69 0.71 0.76 0.72 0.51 0.63 0.53 0.56 0.53 0.68 0.59 0.49 0.57

Na2O 5.27 5.41 5.07 5.25 4.85 5.11 5.01 4.99 4.73 4.31 4.37 4.47 4.35 4.27 4.4 4.54 4.39

K2O 4.45 4.23 4.38 4.35 4.66 4.57 4.61 4.61 4.66 4.92 4.84 4.81 5.12 4.62 4.87 5.37 5.00

P2O5 0.05 0.03 0.04 0.04 0.03 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.02

LOI 1 1.38 0.72 1.03 0.95 0.65 1.05 0.88 0.85 0.85 1.14 0.95 0.91 0.52 0.25 0.19 0.47

Total 99.02 99.16 98.78 98.99 99.99 99.43 99.75 99.72 100.49 99.55 99.02 99.69 99.55 99.02 99.84 100.62 99.76

Cs 4.5 2.1 1.8 2.80 1.6 1.1 1 1.23 1.9 1.3 1.8 1.67 1 1.3 1.4 0.8 1.13

Ba 147.3 161.4 122.4 143.70 97.4 120.8 132.1 116.77 123.6 120.7 103.4 115.90 81.6 65.2 99.4 43.5 72.43

Rb 154.6 135.2 168.7 152.83 153.5 160.3 201.5 171.77 197.2 181.8 170.5 183.17 231.2 233.6 253 251.8 242.40

Sr 56.5 51.8 49.7 52.67 37.6 32.5 42.4 37.50 27.7 31.3 30.2 29.73 20.6 18.7 19.1 14.8 18.30

Nb 67 76.4 86.4 76.60 81.7 74.1 56.4 70.73 91.5 71.4 82.7 81.87 101.4 96.2 86.2 108.4 98.05

Ta 4.6 4.4 4 4.33 6.4 5.8 5.5 5.90 5.1 6.8 7.5 6.47 7.6 6.1 6.2 7.1 6.75

Y 54.2 77.2 77.4 69.60 68.2 66.1 90.8 75.03 99.1 88.9 103.4 97.13 115.5 122 129.8 117.2 121.13

Ga 35.6 42.1 33.2 36.97 30.5 34.3 34.5 33.10 26.6 41 47.2 38.27 34.4 37.9 34.2 33.4 34.98

Th 18.3 14.3 17.9 16.83 18.2 15.4 20.7 18.10 24.3 20.8 25.5 23.53 25 33.3 26.8 30.6 28.93

Zr 456.4 409.8 403.6 423.27 573.3 827.2 717.2 705.90 871.2 937.2 1006.6 938.33 763.4 806.5 1052.6 1141.2 940.93

Hf 24.5 20.7 22.3 22.50 28.2 24.6 28.9 27.23 23.4 34.5 39.1 32.33 25.6 36.6 27.4 30.1 29.93

Ni 3.4 3 3.1 3.17 2.9 2.6 2.4 2.63 2.7 2.5 2.2 2.47 2.1 1.5 1.3 1.3 1.55

Co 8.4 7.9 7.6 7.97 8.6 9.3 2.7 6.87 5.1 4 3.5 4.20 3.7 3.8 3.1 3.4 3.50

Sc 2.5 2.5 2.1 2.37 1.9 2.1 1.9 1.97 1.6 1.8 1.4 1.60 1.1 1.5 1.2 0.9 1.18

V 4.6 4.5 4.2 4.43 4.1 3.8 3.7 3.87 3.8 3.7 3.4 3.63 2.8 2.4 3.2 3.1 2.88

Cu 15.2 18.8 16.7 16.90 12.6 14.4 18.3 15.10 14.4 16.4 19.2 16.67 11.4 4.4 3.8 5.3 6.23

Pb 49.8 22.3 28.8 33.63 21.7 27.3 25.2 24.73 17.5 16.8 47.5 27.27 23.4 43.7 18.9 20.7 26.68

Zn 99.7 476.8 69.4 215.30 78.7 69.6 148.1 98.80 60.5 149.4 255.8 155.23 147.6 432.5 197.7 188.3 241.53

U 14.7 10.1 8.5 11.10 7.3 6.4 7.8 7.17 7.8 8.6 12.7 9.70 8.4 11.2 4.6 3.8 7.00

Mg# 7.05 6.75 5.75 6.52 4.44 5.43 5.88 5.25 5.43 5.49 4.62 5.18 5.55 3.83 2.95 5.35 4.42

ASI 0.74 0.72 0.73 0.73 0.78 0.70 0.71 0.73 0.84 0.79 0.68 0.77 0.73 0.69 0.80 0.77 0.75

AI 1.23 1.24 1.22 1.23 1.17 1.31 1.27 1.25 1.11 1.16 1.37 1.21 1.27 1.31 1.15 1.21 1.23

Monzogranite Syenogranite Granophyre Alkali feldspar granite

Table-1



Table 1. Cont. 
Rock type

Sample AJ-10 AJ-15 AJ-16 AJ-17 Av. AJ-18 AJ-19 AJ-20 AJ-21 Av. MME-3 MME-5 MME-8 Av. 

SiO2 73.46 73.98 74.17 74.42 74.01 74.49 74.53 74.69 75.27 74.75 57.16 57.85 58.54 57.85

TiO2 0.26 0.27 0.28 0.29 0.28 0.24 0.21 0.15 0.28 0.22 1.04 1.02 0.99 1.02

Al2O3 10.23 9.52 10.77 10.59 10.28 10.36 11.16 11.57 9.53 10.66 15.27 15.1 15.06 15.14

Fe2O3 4.82 4.81 5.09 4.51 4.81 4.52 4.16 3.94 4.34 4.24 7.01 6.86 6.61 6.83

MnO 0.03 0.08 0.07 0.07 0.06 0.04 0.04 0.03 0.1 0.05 0.11 0.1 0.09 0.10

MgO 0.12 0.06 0.1 0.06 0.09 0.09 0.11 0.07 0.04 0.08 4.99 4.9 5.02 4.97

CaO 0.38 0.47 0.44 0.35 0.41 0.47 0.46 0.44 0.53 0.48 6.46 6.13 5.49 6.03

Na2O 4.01 4.34 4.37 4.13 4.21 3.94 3.65 4.12 4.07 3.95 3.77 3.85 3.77 3.80

K2O 4.88 4.78 5.11 4.86 4.91 5.38 5.34 5.01 5.26 5.25 1.83 2.01 2.04 1.96

P2O5 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.31 0.3 0.32 0.31

LOI 0.96 0.79 0.5 0.28 0.63 0.76 0.55 1.17 0.4 0.72 1.61 1.49 1.72 1.61

Total 99.17 99.11 100.91 99.57 99.69 100.31 100.22 101.21 99.83 100.39 99.56 99.61 99.65 99.61

Cs 1.4 1.4 1.5 1.3 1.40 1.1 2 1.5 1 1.40 2.4 1.9 2.2 2.17

Ba 76.6 16.2 43 28.5 41.08 23.1 26.5 38.4 12.6 25.15 635.3 788.6 655.9 693.27

Rb 228.6 206.4 205.1 226.6 216.68 215.1 286.6 304.6 317.7 281.00 35.1 36.7 39.4 37.07

Sr 32.8 16.6 18.5 21.2 22.28 12.5 16.5 11.2 8.7 12.23 837.3 858.6 866.7 854.20

Nb 85.6 106.2 131.6 100.5 105.98 100.8 103.1 126.1 137.4 116.85 5.3 5.3 5.2 5.27

Ta 8.9 6.8 9.5 7.2 8.10 5.3 8.2 6.8 5.6 6.48 0.4 0.4 0.4 0.40

Y 127 101.6 112.8 124.5 116.48 154.6 176.1 157.5 166.3 163.63 12 11.9 10.9 11.60

Ga 28.7 39 34.5 36.4 34.65 21.8 29.2 29.4 35.8 29.05 16 15.7 16.5 16.07

Th 24.2 29.8 38.1 29.5 30.40 33.2 37.5 35.8 37.7 36.05 3.5 3.8 3.9 3.73

Zr 875.3 1528.5 1372 1013.4 1197.30 1305 1660.1 1458.3 1076.2 1374.90 132.7 146.2 137.4 138.77

Hf 26.9 33.6 28.5 29.1 29.53 36.4 26.6 32 35.1 32.53 3.4 3.9 3.7 3.67

Ni 1.9 1.5 1.6 1.3 1.58 1.2 1.5 1.1 1.2 1.25 94.8 85.1 104.5 94.80

Co 4.2 3.7 4 3.7 3.90 4.5 3.4 3.2 3.1 3.55 26.2 23 25.7 24.97

Sc 1.3 1.5 1 1.3 1.28 1.3 0.9 0.8 1.1 1.03 15.2 14.2 13.3 14.23

V 3.7 2.8 3.2 3.1 3.20 3.1 2.8 2.6 2.3 2.70 130.1 123.9 125.8 126.60

Cu 10.1 4.4 6.4 5.2 6.53 9.5 8.2 7.3 3.8 7.20 25.2 43.7 41.8 36.90

Pb 22.4 31.2 22.8 25.4 25.45 16.4 17.2 16.7 87.6 34.48 6.2 5.9 6.9 6.33

Zn 144.1 379.7 64.7 261.8 212.58 63.7 89.1 91.4 281.7 131.48 52.9 46.5 57.1 52.17

U 9.2 7.7 12.1 5.7 8.68 7.7 12.3 10.1 8.3 9.60 1.4 1.4 1.69 1.50

Mg# 4.70 2.41 3.75 2.57 3.36 3.80 4.98 3.40 1.79 3.49 58.51 58.59 60.07 59.06

ASI 0.81 0.72 0.80 0.83 0.79 0.79 0.88 0.89 0.71 0.82 0.77 0.77 0.82 0.78

AI 1.16 1.29 1.18 1.14 1.19 1.19 1.06 1.06 1.30 1.15 0.54 0.56 0.56 0.55

Alkaline granite Peralakine granite Mafic enclaves

Table-1 Cont.



Table 2.  Normative mineral compositions for  the Aja ring complex granites and mafic microgranular enclaves.

Rock type

Sample No. AJ-1          AJ-2          AJ-3          Av. AJ-4          AJ-5          AJ-6          Av. AJ-7          AJ-8          AJ-9          Av. AJ-11         AJ-12         AJ-13         AJ-14         Av.

Quartz 24.14 23.44 26.26 24.61 26.21 28.74 27.25 27.40 26.24 28.51 34.35 29.70 32.71 34.98 30.17 29.54 31.85

Orthoclase 26.96 25.71 26.53 26.40 27.93 27.48 27.74 27.72 27.76 29.59 29.36 28.90 30.8 27.85 29.01 31.72 29.85

Albite 32.54 33.1 31.34 32.33 31.68 27.42 28.58 29.23 33.86 28.27 20.27 27.47 23.27 22.12 29.32 26.54 25.31

Anorthite - - - - - - - - - - - - -

Acmite 2.99 3.23 2.87 3.03 2.7 2.8 2.92 2.81 2.41 2.6 2.77 2.59 2.2 2.6 2.17 2.17 2.29

Na-Metasilicate 2.28 2.4 2.18 2.29 1.6 3.12 2.62 2.45 0.87 1.37 3.39 1.88 2.72 2.74 1.34 2.19 2.25

Diopside 3.11 3.6 3.49 3.40 2.9 3.05 3.27 3.07 2.08 2.69 2.27 2.35 2.31 2.99 2.5 1.97 2.44

Hypersthene 6.77 7.44 6.34 6.85 6.05 6.58 6.67 6.43 6.16 6.23 6.74 6.38 5.56 6.13 4.82 5.11 5.41

Magnetite - - - - - - - - - - - - - - - - -

Ilmenite 1.07 1 0.9 0.99 0.85 0.75 0.89 0.83 0.54 0.68 0.8 0.67 0.41 0.56 0.61 0.68 0.57

Apatite 0.11 0.07 0.09 0.09 0.07 0.04 0.04 0.05 0.07 0.04 0.04 0.05 0.02 0.02 0.04 0.07 0.04

Colour Index 10.96 12.03 10.72 11.24 9.79 10.39 10.83 10.34 8.77 9.6 9.81 9.39 8.27 9.68 7.93 7.77 8.41

Diff. Index 84 82 84 83.34 86 84 84 84.34 88 86 84 86.07 87 85 89 88 87.00

Monzogranite Syenogranite Granophyre Alklai feldspar granite
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Table 2.  Cont

Rock type

Sample No. AJ-10         AJ-15         AJ-16         AJ-17         Av. AJ-18         AJ-19         AJ-20         AJ-21         Av. MME-3         MME-5         MME-8         Av.

Quartz 32.74 35.06 30.36 32.52 32.67 32.86 31.03 29.85 36.22 32.49 7.12 7.49 9.21 7.94

Orthoclase 29.48 28.85 30.2 29.03 29.39 32.06 31.77 29.69 31.38 31.23 11.11 12.18 12.38 11.89

Albite 26 22.81 26.93 27.69 25.86 23.51 27.84 31.69 19.9 25.74 32.76 33.39 32.76 32.97

Anorthite - - - - - - - - - 19.84 18.42 18.62 18.96

Acmite 2.27 2.29 2.36 2.14 2.27 2.1 1.93 1.79 2.07 1.97 - - - -

Na-Metasilicate 1.42 2.81 1.71 1.21 1.79 1.8 0.25 0.29 2.91 1.31 - - - -

Diopside 1.59 2.06 1.88 1.5 1.76 1.97 1.97 1.83 2.3 2.02 8.91 8.72 5.83 7.82

Hypersthene 5.93 5.57 5.98 5.32 5.70 5.19 4.78 4.52 4.65 4.79 15.6 15.26 16.73 15.86

Magnetite - - - - - - - - - 1.83 1.78 1.72 1.78

Ilmenite 0.5 0.52 0.53 0.56 0.53 0.46 0.4 0.29 0.54 0.42 2.03 1.99 1.93 1.98

Apatite 0.04 0.02 0.02 0.02 0.03 0.04 0.02 0.04 0.02 0.03 0.7 0.67 0.72 0.70

Colour Index 8.02 8.15 8.39 7.37 7.98 7.62 7.15 6.63 7.49 7.22 28.37 27.75 26.21 27.44

Diff. Index 88 87 87 89 87.92 88 91 91 87 89.45 50.98 53.06 54.35 52.80

Alkaline granite Peralkaline granite Mafic enclaves
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Table 3 : Rare earth element  contents of  Aja ring complex granites.

Rock type

Sample No. AJ-1 AJ-2 AJ-3 Av. AJ-4 AJ-5 AJ-6 Av. AJ-7 AJ-8 AJ-9 Av. AJ-11 AJ-12 AJ-13 AJ-14 Av.

La 31.15 36.82 50.57 39.51 62.28 63.48 74.63 66.80 82.11 95.65 124.12 100.63 136.12 146.08 130.9 110.81 130.98

Ce 69.49 82.14 106.68 86.10 133.67 135.04 163.39 144.03 190.46 203.69 243.86 212.67 279.81 270.89 287.09 263.66 275.36

Pr 9.39 11.1 14.29 11.59 17.33 18.66 20.62 18.87 23.32 23.87 32.41 26.53 34.84 37.15 35.05 36.76 35.95

Nd 37.65 44.49 56.23 46.12 68.59 74.89 85.69 76.39 99.31 91.94 124.98 105.41 132 145.3 138.25 152.34 141.97

Sm 7.72 9.13 10.9 9.25 13.84 14.52 17.01 15.12 25.41 19.73 22.2 22.45 24.46 29.26 28.15 30.36 28.06

Eu 0.51 0.59 0.74 0.61 0.99 0.59 1.23 0.94 1.46 1.34 1.23 1.34 1.29 1.72 1.83 1.59 1.61

Gd 7.19 8.39 9.8 8.46 12.76 10.74 13.68 12.39 26.72 16.72 18.94 20.79 21.85 23.57 22.42 23.43 22.82

Tb 1.07 1.26 1.47 1.27 1.95 1.76 2.13 1.95 4.09 2.78 2.66 3.18 3.22 3.44 3.28 3.23 3.29

Dy 6.17 7.29 8.53 7.33 11.74 10.66 13.13 11.84 24.57 18.06 14.98 19.20 19 17.73 20.53 19.78 19.26

Ho 1.21 1.43 1.67 1.44 2.3 2.08 2.56 2.31 4.99 3.93 2.78 3.90 3.66 3.66 4.11 3.85 3.82

Er 3.58 4.25 4.9 4.24 6.64 6.13 7.24 6.67 14.26 11.32 7.83 11.14 10.57 10.43 11.46 9.95 10.60

Tm 0.56 0.66 0.75 0.66 0.98 0.92 1.08 0.99 2.26 1.51 1.11 1.63 1.58 1.64 1.49 1.35 1.52

Yb 3.87 4.83 5.17 4.62 6.97 6.64 7.26 6.96 15.87 10.09 6.97 10.98 10.8 11.43 10.36 9.45 10.51

Lu 0.63 0.82 0.84 0.76 1.08 1.11 1.21 1.13 2.4 1.48 1.03 1.64 1.55 1.66 1.54 1.43 1.55

Eu/EU* 0.21 0.21 0.22 0.21 0.23 0.14 0.25 0.21 0.17 0.23 0.18 0.19 0.17 0.20 0.22 0.18 0.19

(La/Yb)n 5.44 5.16 6.61 5.74 6.04 6.46 6.95 6.49 3.50 6.41 12.04 7.32 8.52 8.64 8.54 7.93 8.41

((La/Sm)n 2.55 2.55 2.93 2.67 2.84 2.76 2.77 2.79 2.04 3.06 3.53 2.88 3.51 3.15 2.93 2.30 2.98

(Gd/Lu)n 1.40 1.25 1.43 1.36 1.45 1.19 1.39 1.34 1.36 1.38 2.25 1.67 1.73 1.74 1.78 2.01 1.81

(La/Lu)n 5.07 4.60 6.17 5.28 5.91 5.86 6.32 6.03 3.51 6.62 12.35 7.49 9.00 9.02 8.71 7.94 8.67

Monzogranite Syenogranite Granophyre Alkali feldspar granite
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Table 3. Cont.

Rock type

Sample No. AJ-10 AJ-15 AJ-16 AJ-17 Av. AJ-18 AJ-19 AJ-20 AJ-21 Av. MME-3 MME-5 MME-8 Av.

La 127.91 146.95 156.83 180.18 152.97 212.42 242.48 300.5 263.06 254.62 17.38 16.68 16.09 16.72

Ce 262.49 324.25 341.43 351.13 319.83 452.46 519.18 657.35 569.01 549.50 37.7 35.77 34.51 35.99

Pr 32.26 38.85 42.8 45.59 39.88 56.02 59.96 76.89 65.69 64.64 4.76 4.54 4.43 4.58

Nd 132.58 160.18 166.22 182.36 160.34 215.27 241.75 304.92 258.88 255.21 20.43 19.39 18.53 19.45

Sm 27.82 33.47 33.11 35.49 32.47 41.76 48.13 64.61 49.63 51.03 4.18 3.96 3.44 3.86

Eu 0.93 1.72 1.64 1.76 1.51 1.92 2.21 2.33 2.48 2.24 1.4 1.27 1.02 1.23

Gd 22.86 28.65 29.98 28.8 27.57 37.61 37.94 51.14 42.03 42.18 3.25 3.15 2.69 3.03

Tb 3.45 4.2 4.53 4.15 4.08 5.26 5.79 7.61 5.91 6.14 0.39 0.37 0.33 0.36

Dy 22.61 27.41 25.78 27.71 25.88 32.75 36.76 46.72 36.51 38.19 2.47 2.19 1.95 2.20

Ho 4.68 5.46 4.93 5.52 5.15 6.43 7.08 9.18 7.25 7.49 0.4 0.36 0.32 0.36

Er 13.75 15.83 13.78 16.22 14.90 17.46 20.24 24.78 19.93 20.60 1 0.98 0.86 0.95

Tm 2.09 2.41 2.21 2.42 2.28 2.66 3.06 3.63 2.95 3.08 0.13 0.13 0.11 0.12

Yb 14.15 16.04 13.83 15.7 14.93 17.29 20.87 24.98 21.01 21.04 0.91 0.86 0.75 0.84

Lu 2.09 2.38 2.26 2.42 2.29 2.72 3.32 3.92 3.2 3.29 0.13 0.12 0.12 0.12

Eu/EU* 0.11 0.17 0.16 0.17 0.15 0.15 0.16 0.12 0.17 0.15 1.16 1.10 1.02 1.09

(La/Yb)n 6.11 6.20 7.67 7.76 6.93 8.31 7.86 8.13 8.47 8.19 12.92 13.12 14.51 13.51

((La/Sm)n 2.90 2.77 2.99 3.20 2.97 3.21 3.18 2.94 3.35 3.17 2.62 2.66 2.95 2.74

(Gd/Lu)n 1.34 1.48 1.63 1.46 1.47 1.69 1.40 1.60 1.61 1.58 3.06 3.22 2.75 3.01

(La/Lu)n 6.27 6.33 7.11 7.63 6.83 8.00 7.48 7.85 8.42 7.94 13.70 14.24 13.74 13.89

Alkaline granite Peralkaline granite Mafic enclaves
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