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Abstract 13 

The transition from late- to post-orogenic magmatism following major orogenic episodes 14 

such as the Neoproterozoic to Cambrian East African Orogen (EAO) is an important, yet not 15 

well-understood geological event marking the cessation of subduction-controlled magmatism 16 

between buoyant lithospheric fragments. Forming the northern part of the EAO in the Arabian-17 

Nubian Shield are three following granitic suites that successively intruded the same northeastern 18 

area and post-date the ~640 Ma major orogenic episode: 1) 620–600 Ma alkali feldspar 19 

(hypersolvous) granite with alkaline/ferroan/A-type geochemistry, 2) 599 Ma granite cumulates 20 

(some garnet-bearing) with calc-alkaline/magnesian affinities, and 3) 584 ̶ 566 Ma alkali feldspar 21 

(hypersolvous) granite (aegirine-bearing) with a distinctive peralkaline/ferroan/A-type signature. 22 

Combining whole-rock geochemistry from the southern and northern Arabian Shield, suites 1 and 23 

2 are suggested to be products of late-orogenic slab-tear/rollback inducing asthenospheric mantle 24 

injection and lower crustal melting/fractionation towards A-type/ferroan geochemistry. Suite 3, 25 

however, is suggested to be produced by post-orogenic lithospheric delamination, which replaced 26 
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the older mantle with new asthenospheric (REE-enriched) mantle that ultimately becomes the 27 

thermal boundary layer of the new lithosphere. Major extensional shear zones, such as the 620–28 

540 Ma Najd Fault System (NFS), are some of the last tectonic events recorded across the 29 

Arabian Shield. Data presented here suggest that the NFS is directly related to the late-orogenic 30 

(620 ̶ 600 Ma) slab-tear/rollback in the northeastern Shield as it met with opposing subduction 31 

polarity in the southern Shield. Furthermore, this study infers that east and west Gondwana 32 

amalgamation interacted with opposing convergence reflected by the NFS. 33 

Keywords: Arabian Shield; post-orogenic; granite; mantle; fractionation; Najd Fault System 34 

 35 

1. Introduction 36 

Late- to post-orogenic magmatism marks the cessation of subduction-controlled 37 

magmatism between buoyant lithospheric fragments involved in major orogenic episodes such as 38 

the Neoproterozoic to Cambrian East African Orogen (Stern, 1994; Fritz et al., 2013). Such 39 

magmatism was also a significant contributor to continental growth and the resulting magmas 40 

were dominated by granitic rocks that have distinctive chemical compositions sometimes referred 41 

to as A-type (Eby, 1990) or ferroan (Frost and Frost, 2011) granites. In spite of the significance of 42 

this type of igneous rock, its petrogenetic processes and sources remain poorly constrained. 43 

Characterised by regions of uplift and crustal extension, such alkali-rich magmatism is 44 

convincingly argued (based on isotopic data) to be mostly non-crustal in origin, enriched in LILE 45 

and HFSE, and represent a changing geodynamic setting, hence mantle source, at the end of an 46 

orogenic Wilson cycle (Bonin, 2004, 2007). As noted by Whalen et al. (1987), the appearance of 47 

such magmatism often follows continental collision and up to ~50 Myr afterwards. This suggests 48 



3 
 

that a transition between subduction-related calc-alkaline ´I-type´ magmatism and the appearance 49 

of extension-related ´A-type´ granitic magmas must often occur. Bonin (1990) and Bonin et al., 50 

(1998) discuss this scenario using the Adrar des Iforas Orogenic Belt (Mali) as an example and 51 

identify two magmatic stages that follow termination of subduction and generation of low-K calc-52 

alkaline melts which are as follows: 1) collisional stage (~30–50 Myr duration) involving 53 

medium to high-K calc-alkaline batholiths derived from mantle sources influenced by subducted 54 

crustal materials, and 2) uplift, distension, and transcurrent movement stage (~50 Myr after 55 

subduction cessation and ~70–90 Myr duration) when new LILE and HFSE enriched 56 

asthenosphere upwells and partially melts following lithospheric delamination to produce A-type 57 

magmas. This is the final phase before cratonisation and symbolises the transition from orogenic 58 

to post-orogenic settings. It is notable that similar mantle-derived A-type granites are missing 59 

from modern continental collisions such as within the Alps or Himalayas.  60 

The shift from high-K calc-alkaline to post-orogenic alkaline–peralkaline granitoid 61 

production is also a common Ediacaran expression of the ´Pan-African´ orogenic event (Liégeois, 62 

1998), which affected large parts of Gondwana. This orogenic cycle in eastern Africa and Arabia 63 

is referred to as the East African Orogen (EAO; Fritz et al., 2013). The EAO evolved over most 64 

of Neoproterozoic and terminated by collision between east and west Gondwana (Collins and 65 

Pisarevsky, 2005; Stern and Johnson, 2010). Forming the northern segment of the EAO is the 66 

Arabian-Nubian Shield (ANS), which records the amalgamation of Gondwana expressed as a 67 

series of Tonian to Ediacaran granitoids intruding volcanosedimentary terranes generated by the 68 

formation and coalescence of juvenile volcanic arcs and back-arc basins (Stoeser and Frost, 2006; 69 

Be’eri-Shlevin et al., 2010; Johnson et al., 2011; Robinson et al., 2014). Similarly to the Adrar 70 

des Iforas Orogenic Belt (Mali) described by Bonin (1990) multi-stage magmatism associated 71 
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with the ANS accretion is an excellent place to investigate late- to post-orogenic magmatism. Pre-72 

Neoproterozoic crust that complicates understanding of magma genesis in other parts of the EAO 73 

(e.g. Saharan Metacraton + Mozambique Belt; Fritz et al., 2013) is limited in the juvenile ANS. 74 

Recent studies in the Sinai Peninsula (Eyal et al., 2010; Azer and Farahat, 2011; Khalil et al., 75 

2015; Moreno et al., 2016) identify two distinct mantle sources involved in the transition from 76 

late-orogenic calc-alkaline magmatism to post-orogenic alkaline magmatism associated with 77 

terminal collision, tectonic escape along the Najd shear zones, and cratonisation. However, 78 

isotopic evidence indicates that this magmatism (regardless of age or element geochemistry) is 79 

juvenile (+2.5 to +5.5), which highly favors mafic under plating proposed by Stern and Johnson 80 

et al. (2010). Stern and Johnson (2010) provide strong evidence that the juvenile lower crust and 81 

upper mantle in the ANS formed at approximately the same time as the upper crust, hence 82 

without the influence of lower crustal melting. A similar ANS model proposed by Stein and 83 

Goldstein (1996) discusses the impact of an enriched mantle plume (with or without crustal over-84 

printing). Although highly debated, alternative models for the apparent source transition from 85 

late- to post-orogenic magmatism is attributed to slab-rollback/tear (Gvirtzman and Nur 1999; 86 

Flowerdew et al. 2013; Robinson et al., 2015b) and/or to lithospheric delamination (Elkins-87 

Tanton, 2005; Avigad and Gvirtzman 2009). 88 

In order to test if the prevailing mafic under plate model is applicable to all amalgamated 89 

terranes within the Arabian Shield, this study identifies three granitic intrusions in the Ha´il 90 

terrane (northeastern Arabian Shield) that successively intruded each other and show a 91 

geochemical transition following a major orogenic episode at ~640 Ma. Geochronology and 92 

whole-rock geochemistry is presented and compared with 1) Sinai granitic data from Eyal et al. 93 

(2010) in which 4 magmatic phases following accretion and switch in mantle source have been 94 
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identified, and 2) southern Asir terrane granites (southern Arabian Shield) from Robinson et al. 95 

(2015a) in which a switch in mantle source is attributed to slab tear/roll back and lower crustal 96 

melting. Ultimately, this study favors lower crustal melting and a switch to lithospheric 97 

delamination for the petrogenesis of granites in the Ha´il and southern Asir terranes, but the 98 

model is not necessarily applicable to the entire ANS. In addition, the petrogenetic models for the 99 

Ha´il and southern Asir terrane will be used to constrain the relative timing and convergence of 100 

the compression- to extension-related Najd Fault System.  101 

 102 

2. Geological Setting 103 

The Arabian Shield consists of a series of Tonian to Cambrian (~950–525 Ma) accreted 104 

tectonostratigraphic terranes in which eight distinct terranes occur separated by five ophiolite-105 

bearing suture zones that have been isotopically and geochronologically identified and generally 106 

young towards the east (Stoeser and Camp, 1985; Hargrove et al., 2006; Stoeser and Frost, 2006; 107 

Johnson et al., 2011). The Arabian Shield structure is accepted to be composed of two parts: the 108 

Midyan, Hijaz and Asir (including Jiddah) island arc terranes comprising the western side and 109 

the Ha´il, Afif, Tathlith, Ad Dawadimi and Ar Rayn island arc terranes forming the eastern side 110 

(Figure 1). Whitehouse et al. (2001a) and Stoeser and Frost (2006) also describe the Khida sub-111 

terrane (southern Afif) that represents the only fragment of pre-Neoproterozoic continental crust 112 

(~1800–1670 Ma) in the Saudi Arabian section of the Arabian Shield. Notably, the Yemen 113 

section also contains pre-Neoproterozoic crust (Whitehouse et al., 2001b). According to Johnson 114 

et al. (2011), both western and eastern terranes have been deformed by at least four periods of arc 115 
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 116 

Figure 1. Geological maps of the Arabian Shield (modified from Stern and Johnson, 2010; Johnson et al., 2011) highlighting: A) Major 117 
Precambrian fault systems within the Arabian Shield and previous literature sample areas used in this study, B) spatial distribution of distinct 118 
terranes and the tectonic timing of associated sutures, and C) Sampled late- to post-orogenic granitic suites that intrude the Ha´il, northern Afif and 119 
Ad Dawadimi terranes. A summary of the geochronology and rock type is presented in Table 1. 120 
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collision and suturing, are overlain by post-amalgamation (<640 Ma) basins (e.g. Nettle et al., 121 

2014) and intruded by granitoids (e.g. Robinson et al., 2014), all followed by multiple 122 

exhumation and erosion events. The Proterozoic tectonomagmatic history of these deformation 123 

periods is described in Bentor (1985), Black and Liégeois (1993) and Stein and Goldstein (1996). 124 

They indicate an initial ~950–650 Ma oceanic tholeiite and bimodal volcanic (island arc 125 

chemistry) phase emplaced in intra-oceanic settings of the western Arabian Shield, followed by 126 

640–590 Ma calc-alkaline plutonism terminating with a stage of uplift and a switch to 590–550 127 

Ma alkaline granites and volcanics. 128 

The N-S trending Nabitah Orogenic Belt (NOB), together with smaller ophiolitic bearing 129 

sutures (Yanbu, B’ir Umq, Halaban), form a significant part of the Arabian Shield magmatic 130 

history created during the ∼715–640 Ma accretion of juvenile adjacent terranes (Figure 1b, 1c). 131 

The NOB is a ~200km wide complex structural zone resulting from the collision and accretion 132 

between western island arcs and the eastern Afif terrane (Stoeser and Camp, 1985; Stoeser and 133 

Frost, 2006), which spreads from Ha’il in the north to the Asir terrane in the south (Figure 1b). 134 

Johnson et al. (2011) indicates the NOB collision was not synchronous, but initiated at ∼680 Ma 135 

in the north (Midyan, Hijaz and Afif terranes), while subduction continued in the south (Asir, 136 

Tathlith and Afif terranes) until ∼640 Ma when post-orogenic magmatism occurred (Robinson et 137 

al. 2014). Further east in the Ad Dawadimi and Ar Rayn terranes, Cox et al. (2012) and Doebrich 138 

et al. (2007) suggested subduction and accretion continued until after ∼600 Ma. Collins and 139 

Pisarevsky (2005) and Johnson et al. (2011) proposed that the Ad Dawadimi and Ar Rayn 140 

terranes are associated with younger accreted arc-terranes beneath the Arabian Phanerozoic cover 141 

(between the Ar Ryan terrane and the Oman exposures), inferred from N-S magnetic highs 142 
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referred to as the Central Arabian Magmatic Anomaly (Figure 1a; Johnson and Stewart, 1995; 143 

Stern and Johnson, 2010). 144 

One of the last tectonic events associated with continental assembly in the Arabian Shield 145 

is the ~620–540 Ma Najd Fault System (NFS; Stern, 1985).  This NW-SW compression- to 146 

extension-related transpressional shear zone overprints many of eastern and western Arabian 147 

Shield terranes (Figure 1a). The NFS is thought to represent the final stages of Gondwana 148 

assembly through a series of reactivation events and induced magmatism. Although hard to 149 

constrain, Kusky and Matesh (1999) date the NFS system at 576.6[±5.3] Ma, but the initial rifting 150 

likely occurred earlier (~620 Ma) coinciding with the appearance of extension-related post-151 

orogenic magmatism in the eastern Shield (Stern, 1985; Johnson et al., 2011). Robinson et al. 152 

(2014) also concludes that 525 Ma extension-related A-type magmatism in the NW Arabian 153 

Shield (post-dating the Cambrian regional unconformity at 541 Ma) was induced by Najd Fault 154 

reactivation associated with the impact of India with the Congo–Tanzania–Bangweulu block 155 

(Malagasy Orogeny) recorded in the northern EAO from ∼570–530 Ma (Collins et al., 2014 and 156 

references therein). A recent NFS study by Hassan et al. (2016) in the northwestern Arabian 157 

Shield has documented a geochemical transition from pre-shearing tholeiitic and calc-alkaline 158 

rocks through to syn- and post-shearing peraluminous granitoids associated with post-orogenic 159 

uplift and extension. Hassan et al. (2016) conclude that the geochemical transition occurred 160 

from∼605–580 Ma and symbolises the change in NFS tectonics from compression volcanic arc to 161 

extension within plate. This study focuses on the extension-related aspect of the NFS including 162 

use of similar age post-orogenic granites in the northeastern (Idah suite) and southern (Kawr 163 

Suite) Arabian Shield to better explain their relevance in NFS formation. 164 

 165 
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2.1. Geochronology and Petrography 166 

A mineralogical and geochronological summary of Arabian Shield suites is presented in Table 1. 167 

The Idah Suite batholith forms a series of elliptical shaped, low rising hills spread over the 168 

Ha´il, northern Afif and northern Ad Dawadimi terranes in the northeastern part of the Arabian 169 

Shield (Figure 1c). This undeformed intrusion lies east of the Nabitah Orogenic Belt (~680–640 170 

Ma) and has a reported zircon U-Pb age of 620–615 Ma and a whole-rock isochron age of 600±7 Ma 171 

(2σ) by Johnson (2006). Robinson et al. (2014) has also recently dated this suite using zircon U-172 

Pb and yielded an age of 606±6 Ma (2σ). The Idah Suite has sharp intrusional contacts with the 173 

598 Ma Hadn Formation (although it may have had in part synchronous deposition), and 174 

according to Johnson (2006), the Idah Suite granite is also associated with gold-bearing deposits. 175 

Taking into account the published age constraints, and the ~640 Ma Nabitah Orogenic Belt 176 

closure age, this study considers the Idah Suite to be late-orogenic with an age of 620–600 Ma. 177 

The Idah Suite plutons are pink-white in color and are mineralogically homogenous consisting of 178 

perthite (~55–60%), quartz (~30%) and plagioclase (~5–10%) that define alkali feldspar 179 

hypersolvous granite (Figure 2). Minor phases include biotite, hornblende, hastingsite and 180 

magnetite. Textures are equigranular and characterised by coarse (5–10mm) perthitic feldspars 181 

and quartz (Figure 2). However, patches of interstitial biotite and quartz between large perthitic 182 

feldspars often create a porphyritic texture. Subsolidus perthite dominates the feldspar 183 

mineralogy, but there are occurrences of early stage euhedral-subhedral plagioclase grains 184 

(Figure 2). Biotite possibly occurs as both an early stage and later interstitial mineral phase. The 185 

euhedral biotite and subhedral hornblende contain magnetite inclusions. This is not observed in 186 

the anhedral, possibly secondary interstitial biotite that overprints the corners of mineral 187 

intersections. Similarly, quartz occurs as coarse (1–5mm) subhedral grains, but also as finer 188 
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(<1mm) interstitial anhedral grains at the intersections of perthitic feldspars. Yellow halos in 189 

early biotite and perthite grains mark the rare occurrence of <0.2mm subhedral zircon crystals. 190 

Rare patches of interstitial green hastingsite also overprint the intersections of perthitic feldspars. 191 

Table 1. A mineralogical and geochronological summary of sampled granites from the Ha’il, 192 
northern Afif and Ad Dawadimi terranes. 193 

Geological Map Unit Idah Suite (id) Malik Granite (kg) Abanat Suite (aa) 

Arabian Shield terrane Hail, northern Afif, 
northern Ad Dawadimi 
 

northern Ad 
Dawadimi 
 

Hail, northern Afif, 
northern Ad Dawadimi 

Latitude 27°03'44.28'' N 
 

25°07'56.42'' N 
 

27°18'43.63' N 
 

Longitude 41°17'58.70'' E 
 

43°47'10.82'' E 
 

41°24'33.52'' E 
 

Rock type 
 

Alkali granite Granite Alkali granite 

Mineralogy Afs (perthite) + Qz + 
minor Pl + Hbl + Bt + 
Hst + accessory Ap + 
Zrn 
 

Qz + Afs + minor Pl 
+ Grt 
 

Afs (perthite) + Qz + 
minor Aeg + Arf + Pl + 
accessory Ap 
 

U-Pb zircon crystallisation age 
(Robinson et al., 2014) 

605.8 ± 5.9 Ma (n=19) 599.4 ± 5.1 Ma 
(n=11) 
 

- 
 

Whole-rock and U-Pb zircon 
crystallisation age (Johnson, 2006) 

U-Pb in zircon: 620-615 
Ma 
 
Whole-Rock Rb-Sr 
isochron: 600 ± 7 Ma 
(n=4) 

Age unknown, 
structural 
relationships = 620-
615 Ma (intrudes 
Idah Suite ) 

Whole-Rock Rb-Sr 
isochron: 584 ± 8 Ma 
(n=3), 581 ± 4 Ma 
(n=4), 580 ± 5 Ma 
(n=2), 575 ± 7 Ma 
(n=7). 
 
U-Pb in zircon: 566 ± 4 
Ma (n=3) 
 

Tectonic timing Late-orogenic (620-600 
Ma) 

Late-orogenic (599 
Ma) 

Post-orogenic 
(584-566 Ma) 

 194 
Mineral abbreviations are taken from Whitney and Evans (2010): Aeg=aegirine, Afs=alkali feldspar, 195 
Ap=apatite, Arf=arfvedsonite, Bt=biotite, Grt=garnet, Hst=hastingsite, Hbl=hornblende, Pl=plagioclase, 196 
Qz=quartz, Zrn=zircon 197 

 198 
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The Malik Granite consists of two isolated elliptical shaped plutons confined to the 199 

northeastern margin in the Ad Dawadimi terrane (Figure 1c). Previous literature assigned this 200 

undeformed granite an assumed age of 620–615Ma based on intrusive relationships with the Idah 201 

Suite (Johnson, 2006). However, Robinson et al. (2014) has recently dated this unit at 599±5 Ma 202 

(2σ) using zircon U-Pb, which indirectly cons trains the age of the Idah Suite batholith. In this 203 

study, the Malik Granite is considered to be late-orogenic with an age of 599 Ma. The Malik 204 

Granite is characterised by the occurrence of well-developed euhedral garnet crystals (~1–2%) 205 

and homogeneous alkali feldspar (~55–60%), quartz (~30–35%) and plagioclase (~5%) 206 

mineralogy that define a granite composition (Figure 2b). Apart from varying amounts of garnet 207 

(some samples are garnet-free) and rare muscovite, minor and accessory phases are almost non-208 

existent. However, one isolated patch of interstitial biotite and ilmenite was observed between 209 

quartz grains, and two samples contain less quartz and minor (<5%) amphibole (hornblende). 210 

Texturally, these granites are equigranular and are characterised by medium-fine (1-5mm) 211 

subhedral quartz and alkali feldspar grains (Figure 2). Although alkali feldspar dominates the 212 

feldspar mineralogy, there are occurrences of early stage euhedral to subhedral plagioclase grains. 213 

Quartz appears to form in two stages of crystallisation: 1) initial crystallisation of larger (~2–5 214 

mm) subhedral quartz conformable with feldspar, and 2) smaller (<2 mm) interstitial anhedral 215 

grains found at the junctions of larger quartz and feldspar. Late stage euhedral garnet crystals (+ 216 

localised muscovite) appear to have formed at the expense of hydrous biotite. 217 

The Abanat Suite batholith forms extensive rounded and ring like plutons spread across 218 

the Ha’il, northern Afif and northern Ad Dawadimi terranes (Figure 1c). This undeformed 219 

granitic unit directly intrudes the 620–600 Ma Idah Suite and is often expressed by high relief 220 

mountains such as the Aja Mountains. Johnson (2006) presents the only published whole-rock 221 
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 222 
 223 
Figure 2.  Field locality, hand sample and corresponding photomicrographs of A) 620 – 600 Ma Idah 224 
Suite, B) 599 Ma Malik Granite, and C) 584 – 566 Ma Abanat Suite. Note the Idah suite batholith is first 225 
locally intruded by the garnet-bearing Malik Granite, followed by the aegirine-bearing Abanat Suite 226 
batholith (see Figure 1). Mineral abbreviations are presented in Table 1. 227 

 228 
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isochron ages of 584–575 Ma and a zircon U-Pb age of 566±4 Ma (2σ). Johnson (2006) also 229 

notes that this unit is associated with Sn-W/Nb-La REE mineral deposits. Taking into account 230 

that the Abanat Suite intrudes the Idah Suite, and appears ~60 Myr after the cessation of the 231 

Nabitah Orogenic Belt to the east (~640 Ma), this study considers the Abanat Suite to be post-232 

orogenic with an age of 584-566 Ma. Also, pink-white in color, the plutons of the Abanat Suite 233 

are mineralogically homogenous consisting of perthite (~60–65%), quartz (~25–30%), aegirine 234 

(~5–10%) and plagioclase (~5%) that define alkali feldspar hypersolvous granite (Figure 2c). 235 

Accessory phases include arfvedsonite and magnetite. Textures are equigranular characterised by 236 

coarse (~5–10mm) perthitic feldspars and quartz, but grainsize reduction coinciding with 237 

increased biotite occurs within the vicinity of cross-cutting rhyolitic dykes. Although subhedral-238 

anhedral perthitic feldspars dominate, rare occurrences of multi-twinned plagioclase grains are 239 

also observed. Anhedral quartz occurs in two phases: 1) large (~2–5mm) grains coexisting with 240 

perthite, and 2) small (<2mm) interstitial grains at perthitic- amphibole junctions. Aegirine (~1–241 

10mm) is the dominant Na-rich ferromagnesian mineral, but arfvedsonite also occurs at perthitic 242 

junctions and as aegirine inclusions (Figure 2c). Both magnetite and zircon are rarely seen and 243 

occur as inclusions in aegirine and evidenced as yellow radiometric halos in perthite respectively. 244 

 245 

3. Geochemical Results 246 

 Whole-rock major and trace element geochemistry of the northeastern Idah, Malik and 247 

Abanat granitic suites (Robinson et al., 2015a) highlights geochemical differences of these 248 

bodies, and by using discrimination diagrams and REE chemistry, these are compared to similar 249 

age granitic data from the southern Asir terrane (Kawr Suite) and the northern Arabian Shield  250 
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Table 2. Major and trace element compositions of selected granitoids from northeastern and southern Saudi Arabia and Sinai. 251 
Area H-Ad-Af  Ad  H-Ad-Af  As  Sinai  Sinai  Sinai  Sinai  
Map Unit Idah Suite Malik Granite Abanat Suite Kawr Suite Shahira Zreir Sama Lathi Girgar Timna Iqna Sahara 
Age (Ma) 620-600 599  584-566 636-594 636-629 (CA-1) 619-592 (CA-2) 609-602 (A-1) 608-578 (A-2) 
No. Analyses 5  5  3  22  21  33  18  54  

Sample ID id155 id164 kg142 
(+Grt) 

kg150  
(-Grt) aa166 aa168 kw42 Kw13 S-3807 S-4600 S-3700 S-1849 S-1553 200Tm S-0659 S-1605 

SiO2 (%) 74.92 76.24 74.34 74.01 74.38 75.61 67.05 75.52 65.5 65.6 65.5 71.31 73.0 77.37 76.5 75.70 
TiO2 0.08 0.05 0.01 0.11 0.42 0.32 0.76 0.27 0.92 0.58 0.63 0.26 0.30 0.10 0.05 0.30 
Al2O3 13.50 12.91 14.12 13.92 10.76 10.10 14.03 11.16 15.5 16.1 16.9 14.56 14.6 12.18 12.6 11.37 
Fe2O3 0.19 0.40  1.06 3.39 3.19 0.82 0.77 2.55 1.53 2.94 1.77 1.53 0.66 1.22 1.41 
FeO 0.75 0.51 1.12 0.01 0.72 0.78 4.27 2.12 2.20 2.04 0.59 0.65 0.06 0.21 0.07 1.09 
MnO  0.05 0.03 0.25 0.03 0.04 0.05 0.10 0.07 0.08 0.06 0.09 0.07 0.07 0.02 0.03 0.07 
MgO  0.12 0.07 0.15 0.24 0.10 0.10 1.47 0.06 2.40 1.90 1.30 0.54 0.30 0.05  0.03 
CaO  0.56 0.43 1.31 0.97 0.29 0.29 2.47 0.42 4.00 3.70 2.70 0.97 0.70 0.18 0.40 0.28 
Na2O  4.18 4.25 3.34 3.40 3.80 3.68 5.04 3.92 3.70 3.90 4.80 3.94 4.40 4.05 3.90 3.85 
K2O  5.00 4.47 4.90 5.12 4.91 4.66 2.26 4.83 2.90 3.20 3.40 5.16 4.90 4.68 4.20 4.97 
P2O5  0.02 0.01 0.02 0.04 0.01 0.01 0.27 0.01 0.20 0.10 0.10 0.06 0.10 0.01  0.02 
LOI % 0.34 0.33 0.19 0.56 0.48 0.41 0.36 0.14 0.60 0.60 0.70 0.63 0.30 0.17 0.40 0.56 
Total % 99.79 99.74 99.51 99.49 99.39 99.28 99.38 99.55 100.55 99.31 99.65 99.92 100.26 99.68 99.07 99.65 
Rb (ppm) 149 154 75 165 148 141 97 92 71 95 68 107 124 237 253 155 
Ba 263 24 490 337 23 23 151 49 1430 891 1290 700 388 91 14  
Th 19 17 2.80 26 13 18 12 7.2 5.9 9.4 6.2 20 11 26 30.6 15 
U 7.30 6.60 3.10 4.40 5.40 7.60 11 3.7 1.60 2.15 1.90 2.70 3.1 8.90 7.85 5.80 
Nb 13 11 2.00 11 68 77 30 38 14 8 13 13 30 21 20 44 
La 27 10 1.00 24 155 127 66 51 38 25 35 52 63 27 21 96 
Ce 59 33 4.00 59 292 247 165 120 83 47 82 86 140 67 53 210 
Pb 21 27 32 32 20 23 8.80 13 15 10  20 20 28 15 10 
Pr  7.57 4.54 0.42 8.24 42 35 23 19 9.8 4.8 9.9 9.1 16.6  6.6 23 
Sr 34 5.20 179 102 9.90 5.10 97 5.8 595 607 437 218 87 13 8 11 
Nd 23 16  23 127 114 102 63 36 18 39 27 60 18 27 90 
Zr 145 99 68 102 589 1097 296 507 265 160   390 126 100 295 
Sm  5.26 4.50 0.51 6.55 22 21 23 15 6.9 3.5 7.5 4.9 12 4.2 7.1 15 
Eu  0.26 0.07 0.49 0.38 1.02 1.01 0.50 1.01 1.46 0.96 1.74 1.04 1.28 0.08 0.01 0.80 
Dy 3.97 3.54 2.05 3.20 11 13 15 11 3.85 1.95 5.4 3.3 9.3  6.2 11 
Y 26 23 48 17 64 81 79 66 22 10 27 18 46 22 38 47 
Yb 2.72 1.96 2.70 1.33 6.00 7.77 5.22 6.34 2.0 1.1 2.70 2.40 4.2 3.54 3.80 4.7 
Lu 0.40 0.28 1.75 0.18 0.90 1.14 0.70 0.95 0.26 0.1 0.30 0.3 0.48 0.53 0.40 0.76 
Gd 4.55 3.94 1.17 5.14 17 18 20 14 5.0 2.6 6.4 3.8 11 4.1 6.6 11 
Tb  0.68 0.62 0.46 0.68 2.16 2.33 2.86 2.04 0.74 0.4 1.0 0.64 1.70 0.65 1.04 1.90 
Ho  0.82 0.69 1.64 0.56 2.15 2.63 2.77 2.28 0.80 0.38 1.10 0.70 1.74 1.0 1.20 1.94 
Er  2.40 1.92 3.45 1.44 5.96 7.60 6.74 6.34 2.10 1.05 2.90 1.90 5.25  3.75 4.75 
                 
NK/A (mol.) 0.91 0.92 0.76 0.80 1.07 1.10 0.77 1.05 0.60 0.61 0.69 0.83 0.86 0.96 0.87 1.03 
Granite-type A A CA CA PA PA CA PA CA CA CA CA A A A PA 

All raw data are presented in Supplementary Appendix 1.Geochemical data from Saudi Arabia is taken from Robinson et al. (2015a), while those from Sinai are 252 
taken from Eyal et al. (2010). The Kawr Suite age range is taken from Robinson et al. (2015b). Abbreviations are as follows: H=Ha´il terrane, Ad=Ad Dawadimi 253 
terrane, Af=Afif terrane, As=Asir terrane, CA-1 = calc-alkaline stage 1, CA-2=calc-alkaline stage 2, A-1=alkaline stage 1, A-2=alkaline stage 2, (+Grt)=Malik 254 
Granite with garnet, (-Grt)=Malik Granite without garnet, CA=Calc-alkaline, A=Alkaline, and PA=Peralkaline. 255 
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Sinai Peninsula). According to Robinson et al. (2015b), the Kawr Suite illustrates a geochemical 256 

transition spanning 636–594 Ma associated with a slab tear following the Nabitah Suture closure 257 

at ~640 Ma. Similarly, Eyal et al. (2010) documented four stages of magmatism following 258 

subduction cessation in Sinai: 1) calc-alkaline stage 1 = 636–629 Ma, 2) calc-alkaline stage 2 = 259 

619–592 Ma, 3) alkaline stage 1 = 609–602 Ma, and 4) alkaline stage 2 = 608–578 Ma. Given the 260 

similar age of the northeastern granites in the Ha´il-Ad Dawadimi-Afif terranes, comparing the 261 

published data sets seems essential to explore the possibility of geochemical transition in the 262 

northeastern Arabian Shield. The geochemistry results are presented in Table 2. 263 

 264 

265 



 16 

Figure 3. Granitic classification schemes from A) De la Roche (1980), B) Frost et al. (2001) and 266 
Miyashiro (1974), C) Whalen et al. (1987), D) Eby (1992), E) Liègois and Black (1987), F) Pearce et al. 267 
(1984), and G) Sylvester (1989) applied to the northeastern/southern Arabian Shield and Sinai granitic 268 
suites using data with >65% SiO2. Symbols are as follows: WPG=Within-plate Granite, VAG + syn-269 
COLG= Volcanic Arc Granite + syn-collisional Granite, ORG =Ocean Ridge Granites, HF + C-A =Highly 270 
Fractionated + Calc-Alkaline, A1 = granitic field associated with oceanic island basalt sources, A2= 271 
granitic field associated with subduction/continent-continent collision sources. Note the Malik Granite 272 
abbreviations refer to samples with garnet (+Grt) and samples without garnet (-Grt). The Sylvester (1989) 273 
diagram illustrated has been modified from Eyal et al. (2010) to include the horizontal dashed line 274 
separating the alkaline + HF C-A field into two parts.  275 

 276 

 277 

Figure 3. (Continued). 278 

 279 
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The late-orogenic (620–600 Ma) Idah Suite batholith intrudes the northeastern Arabian 280 

Shield as an alkali granite with ferroan geochemistry and major and trace element abundances 281 

that classify this unit as an alkaline, A-type granite with A2 affinity (Figure 3a-e). The calc-282 

alkaline/ alkaline discrimination plot of Sylvester (1989) confine the A-type Idah suite to the 283 

alkaline + highly fractionated calc-alkaline field (Figure 3g) alongside the alkaline stage 1 (609–284 

602 Ma) and alkaline stage 2 (608–578 Ma) data of Eyal et al. (2010). The Idah Suite also resides 285 

in the VAG+syn-COLG tectonic fields using the Pearce et al. (1984) Nb vs. Y classification 286 

diagram (Figure 3f). Late-orogenic (599 Ma) Malik Granite is somewhat more ambiguous using 287 

these same granite classification schemes. The Malik samples all define a granite composition 288 

(Figure 3a), but the two garnet-absent samples have magnesian and A-type geochemistry 289 

(Figure 3b-c), while the three garnet-bearing samples are ferroan and lie within the I&S-type 290 

field (Figure 3b-c). All Malik samples have A2 type geochemistry, are calc-alkaline and reside in 291 

the VAG+syn-COLG tectonic fields (Figure 3d-f). The Malik granite is also distinguished from 292 

the Idah Suite using the discrimination plot of Sylvester (1989). The Malik samples reside in the 293 

upper field of alkaline + highly fractionated calc-alkaline (Figure 3g) alongside the Kawr Suite 294 

(636–594 Ma) and calc-alkaline stage 1 (636–629 Ma) and calc-alkaline stage 2 (619–592 Ma) 295 

data of Eyal et al. (2010). The post-orogenic (584–566 Ma) Abanat Suite is an alkali granite 296 

distinguished from all other units by its ferroan, A-type (A1 affinity) and peralkaline 297 

geochemistry (Figure 3a-e).  This suite is also strongly alkaline and distinct from the older 298 

granites (Figure 3g). In most classification schemes, the Abanat Suite represents the highest 299 

values along with the more silica-rich Kawr Suite (636–594 Ma) data points and alkaline stage 2 300 

(608–578 Ma) data of Eyal et al. (2010). However, the Abanat Suite is the only Saudi Arabian 301 

unit with A1 affinity and a WPG classification, which separates it from the more silica-rich Kawr 302 

Suite (636–594 Ma) in the Asir terrane (Figure 3d, f). 303 



 18 

Saudi Arabian granitic suite compositions are averaged and the resulting values 304 

normalised to NMORB (Sun & McDonough, 1989) and plotted in Figure 4. These average 305 

values overlie the compositional range of the four Sinai magmatic stages. Although all suites 306 

show an overall trend of LREE enrichment and HREE depletion with respect to NMORB, there 307 

are some clear differences between granites immediately following subduction to those appearing 308 

at a later stage. The majority of samples display negative Nb, Sr and Eu anomalies, a positive U 309 

and Pb anomalies and HREE depletion (Figure 4). Trace element and REE abundances are the 310 

lowest in suites immediately following subduction (Idah and Malik Granite), while those that are 311 

much younger have the highest concentrations (Abanat Suite). This geochemical pattern is also 312 

reflected in the Sinai granites of Eyal et al. (2010) with the calc-alkaline stage 1 (636–629 Ma) 313 

and alkaline stage 2 (608–578 Ma) fields forming the lowest and highest abundances respectively 314 

(Figure 4). Notably, the Kawr Suite (southern Asir terrane) composition range spans the calc-315 

alkaline stage 1 and alkaline stage 2 fields from Sinai (Figure 4). The most obvious geochemical 316 

differences occur in the Malik samples that contain garnet (Figure 4). These samples illustrate 317 

trace element and REE patterns almost opposite in nature to all other granitic suites, that is, the 318 

garnet-bearing samples have positive Sr and Eu anomalies, the lowest Nb and La, Ce abundance 319 

of any suite, a negative Nd anomaly, and an increase in HFSE (Figure 4). 320 

 321 
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 322 

Figure 4. NMORB normalised trace element and REE patterns of Saudi Arabian granitoids (average 323 
composition of each suite) and Sinai granitoids (suite compositional range). Note the lower abundance of 324 
REE in late-orogenic suites. Samples are normalised to NMORB values from Sun and McDonough 325 
(1989).  326 

 327 
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4. Discussion 328 

The northeastern Arabian Shield is one of few examples where the transition of late- to 329 

post-orogenic magmatism is observed. However, its petrogenesis and tectonic significance with 330 

neighbouring terranes is not well understood. This study has identified three different age granitic 331 

suites intruding the same area of the Ha´il, northern Afif and Ad Dawadimi terranes: 1) the 620 ̶ 332 

600 Ma Idah Suite classified as an A-type alkaline granite, 2) the 599 Ma Malik Granite classified 333 

as an I&S-type (garnet-bearing) and A-type (garnet-absent) calc-alkaline granite, and 3) the 584 ̶ 334 

566 Ma Abanat Suite classified as an A-type peralkaline granite. All suites post-date major ~950  ̶335 

640 Ma ANS accretion described by many studies (e.g. Black and Liègeois, 1993; Johnson et al., 336 

2011; Fritz et al. 2013), but using whole-rock geochemistry earlier suites (1 and 2) that follow 337 

shortly after cessation of terrane accretion (referred to as late-orogenic) are distinguished from 338 

younger units (suite 3) that occur ~60 Myr after accretion terminated (referred to as post-339 

orogenic). The geochemical significance of and potential petrogenetic model for the Ha´il 340 

magmatism is discussed below and then integrated with regional tectonic implications 341 

emphasising the development of the ~620 ̶ 525 Ma Najd Fault System, which is one of the last 342 

tectonic events associated with Gondwana assembly recorded in the ANS. 343 

 344 

4.1. Geochemical differences between late- to post-orogenic granites  345 

The late-orogenic Idah Suite is a hypersolvous, ferroan alkali granite with a selective 346 

enrichment in LIL elements, negative Eu anomaly, and depletion in HREE characteristic of 347 

highly fractionated granite. This signature is further emphasized by its alkaline to highly 348 

fractionated calc-alkaline chemistry (Figure 3g), along with the alkaline stage 1 data from Eyal et 349 
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al. (2010). Interestingly, the undifferentiated calc-alkaline Malik Granite occurs together with the 350 

more silica-rich calc-alkaline stage 1 and stage 2 data (Figure 3g) from Eyal et al. (2010). The 351 

Malik Granite locally intrudes the Idah Suite, and given its geochemical affinity with calc-352 

alkaline stage 1 and stage 2 data, the question is whether both the Idah and Malik suites 353 

(classified as VAG) are true A-type granites or products of fractionation and accessory mineral 354 

precipitation (incorporation of incompatible elements)? By contrast, the post-orogenic Abanat 355 

Suite (classified as WPG) is an aegirine- and arfvedsonite-bearing, peralkaline granite enriched in 356 

HFS elements, depleted in Sr, Ba and Eu, and yields a distinctively more enriched signature 357 

similar to alkaline stage 2 data from Eyal et al. (2010). Given its appearance ~15 Myr after the 358 

Idah and Malik suites, this study interprets the Abanat suite to represent a change in magmatic 359 

processes.  360 

Although uncommon in the ANS, this geochemical transition between spatially related 361 

intrusives is also documented in other parts of the Arabian Shield. Harris et al. (1986) discuss the 362 

Jabel Sayid Complex (central Arabian Shield) in terms of a post-orogenic (572 ± 24 Ma) biotite-363 

hornblende monzogranite intruded by a younger (534 ± 40 Ma) aegirine- and arfvedsonite-364 

bearing peralkaline granite and concludes that the earlier intrusion is a fractionated calc-alkaline 365 

magma derived from a garnet-bearing source within a hydrated mantle wedge, while the younger 366 

intrusion requires the contribution of a fluorine-bearing fluid phase and is considered to have 367 

been derived from an intra-plate tectonic environment where trace elements are strongly 368 

controlled by mantle-derived volatiles. Bonin et al. (1998) also discusses geochemical transition 369 

phenomena in Mali, but emphasize the importance of varying amounts of water present within 370 

intra-crustal magma chambers and its role in inducing crystallisation of various granitic mineral 371 

assemblages. Bonin et al. (1998) indicate that initial post-orogenic magmatism is silica-372 
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undersaturated, marked by HFSE depletion relative to LILE due to accessory mineral 373 

precipitation (hydrous mineral melting) and derived from orogenic subcontinental lithospheric 374 

(not depleted) mantle. By contrast, the appearance of younger anorogenic granites characterise a 375 

more primitive LILE and HFSE-rich source (F-rich aqueous fluid complexing) rapidly replacing 376 

the older orogenic mantle source during lithosphere delamination, which ultimately becomes the 377 

thermal boundary layer of the new lithosphere.  378 

In terms of the northeastern Arabian Shield, the outcomes described in Harris et al. (1986) 379 

and Bonin et al. (1998) have an uncanny resemblance to the Ha´il-northern Afif A-type granitic 380 

suites presented in this study. Geochemical evidence suggests that the late-orogenic Idah and 381 

Malik suites are products of mineral fractionation/accessory mineral precipitation resulting in 382 

lower incompatible element classification e.g. VAG-WPG diagrams of Whalen et al. (1987). This 383 

highlights the possibility that these suites may not be VAG granites. However, the 636–594 Ma 384 

Kawr Suite from the southern Shield illustrates an even more pronounced fractionation trend 385 

from samples classified as VAG through to WPG (Figure 3). Considering that the Kawr Suite 386 

has a similar age range, and displays an affinity from calc-alkaline stage 1 through alkaline stage 387 

2 in the Sylvester diagram (Figure 3), this study considers that the Idah and Malik granites are 388 

most likely arc-related magmas as they immediately follow terrane accretion, and are 389 

distinguished from the aegirine- and arfvedsonite-bearing Abanat Suite (Figure 3) associated 390 

with an HFSE-rich source. 391 

The distinction between late- and post-orogenic granite is quite clear using elemental 392 

geochemistry, however, as outlined in the introduction, most of the ANS is isotopically juvenile 393 

with the lower crust and upper mantle forming at approximately the same time as the upper crust 394 

(mafic underplate; Stern and Johnson et al., 2010). In order validate if the change in geochemistry 395 
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from late- to post-orogenic magmatism in the Ha´il terrane is truly a change in mantle source, 396 

isotopic evidence must be addressed. Figure 5 presents the whole-rock εNd values of the Ha´il 397 

terrane granites (Idah, Malik and Abanat Suite), the southern Asir samples (Kawr Suite) and the 398 

calc-alkaline to alkaline samples from Sinai. It is clear that all samples are isotopically juvenile 399 

and the majority plot within the +2.5 to + 5.5 Arabian Shield field defined by Stoeser and Frost 400 

(2006), but the Malik Granite and Kawr Suite define a less juvenile signature (+1.5 to +2) 401 

suggestive of a different mantle source (Figure 5). These two suites plot alongside the calc-402 

alkaline stage 1 data from Eyal et al. (2010) and indicate the influence of a crustal component in 403 

their mantle source, which is absent in all other suites. It is noted that the Idah Suite (intruded by 404 

the Malik Granite) shows no evidence of this less juvenile signature as one would expect, but it is 405 

likely affected by the same mantle source because it is intruded by the Malik Granite. This study 406 

infers that the Arabian Shield may have patches of older crust at depth (e.g. in the Ha´il and 407 

southern Asir terrane) which are remelted during granite petrogenesis and that the mafic 408 

underplate model may not be applicable to the Ha´il and southern Asir terrane.  409 

 410 

4.2. Petrogenesis of northeastern Arabian Shield late- to post-orogenic granites  411 

This study proposes that late orogenic magmatism in the Ha´il terrane of northeastern 412 

Arabian Shield is associated with slab-tear/rollback of the eastward subducting Hijaz plate 413 

(Figure 6a). Geochemical similarities between the 620–600 Ma Idah Suite and alkaline stage 1 414 

(609–602 Ma) of Eyal et al. (2010) suggest that a change in the existing calc-alkaline producing 415 

magmatic-arc occurs at this time. There are two possibilities to account for the initial Idah Suite 416 

VAG, A-type magmatism: 1) infiltration of asthenospheric mantle into the lower lithosphere 417 

whereby lower crustal melting is induced, and 2) melt compositions undergo a high degree of 418 
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fractionation (hence the undifferentiated alkaline + highly fractionated calc-alkaline geochemical 419 

classification) and lose most of their incompatible elements through accessory mineral 420 

precipitation. The process of slab-tear/rollback induced lower crustal melting is also recorded in 421 

the southern Asir terrane (636 ̶ 594 Ma Kawr Suite), which shows a transition from calc-alkaline 422 

stages 1 (636–629 Ma) through to alkaline stage 2 (608–578 Ma). Following this, it is plausible 423 

that the late- to early post-orogenic magmatism is not truly a differentiated rock type, but simply 424 

highly fractionated arc magmas. Regardless of the geochemical distinction between highly 425 

 426 

Figure 5: Age vs. εNd (t) plot for the Ha´il granitoids (Robinson et al., 2015a), Asir granitoids (Robinson 427 
et al., 2015a) and Sinai granitoids (Eyal et al., 2010) highlighting the less juvenile Malik Granite and Kawr 428 
Suite. It is suggested that these two suites represent a different mantle source to those that are more 429 
juvenile. The Arabian Shield terrane field is taken from Stoeser and Frost (2006). 430 

 431 
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fractionated calc-alkaline and initial alkaline phases, it is clear that ferroan granites occur 432 

following typical subduction-related magmatism and are associated with intra-plate sedimentary 433 

basins (e.g. 598 Ma Hadn Formation; Johnson, 2006), which must imply that a new tectonic 434 

mechanism is being implemented. From this perspective, the late-orogenic suites with ferroan 435 

geochemistry are considered A-type granites due to the new mantle influx induced by slab-436 

tear/rollback, but should be distinguished from even younger post-orogenic suites with limited-437 

crust, HFSE-rich sources.  438 

The appearance of the 584 ̶ 566 Ma Abanat Suite marks the replacement of an older 439 

orogenic mantle source by lithosphere delamination just as described in Bonin et al. (1998). This 440 

ultimately becomes the thermal boundary layer of the new lithosphere (Figure 6b). The Abanat 441 

Suite is geochemically distinguished from all other Saudi Arabian granites and coincides with the 442 

appearance of the alkaline stage 2 granites (608–578 Ma) of Eyal et al. (2010). Unlike the highly 443 

fractionated slab/rollback-induced magmas, these younger granites are suggested to represent the 444 

upwelling of asthenospheric mantle after the lithosphere under the existing arc has delaminated. 445 

Another interesting difference is that the Abanat Suite is associated with REE deposits (Kuster, 446 

2009), however, whether these REE-bearing mineralising fluids (evidenced by fluorite and topaz 447 

precipitation) are magmatic or remobilised from country rocks remains unclear. One possibility to 448 

account for the differences between the two granitic suites could be the late stage incorporation of 449 

a halide-rich sedimentary basin (e.g. 598 Ma Hadn Formation in the Ha’il terrane) with fluids 450 

concentrated by localised faulting at near surface conditions.  451 

 452 

 453 



 26 

 454 

Figure 6. A tectonic carton summarising the difference between late-orogenic A-type granites formed 455 
shortly after the ~640 Ma Nabitah Suture closure and post-orogenic A-type granites, which intrude the 456 
same area ~60 Myr after the initial suture closure. 457 

 458 
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In any event, exactly why the late-orogenic to post-orogenic transition phenomena is only 459 

rarely documented in the ANS also remains unclear.  A recent study by Robinson et al. (2015a, 460 

2015b) indicate that the Arabian Shield hosts many post-orogenic A-type suites associated with 461 

slab-tear/rollback (e.g. 636 ̶ 594 Ma Kawr Suite), but they are not all followed by a distinct 462 

source change attributed to lithospheric delamination. This poses a question that is not easily 463 

resolved, however, it may be related to the volume of late-orogenic magmatism generated, which 464 

is considerably more in the Ha´il-northern Afif area. It is also possible that the rate of slab-465 

tear/rollback and/or the angle of subduction, hence the amount of lower crustal melting, will 466 

dictate the rate that in which asthenospheric mantle replaces the existing volcanic arc. If this 467 

process is rapid, and involves high volumes of lower crustal melt, the subcontinental lithosphere 468 

will delaminate and allow new asthenosphere mantle influx to become the thermal boundary layer 469 

of the new lithosphere. 470 

 471 

4.3. Tectonic timing and the development of the Najd Fault System 472 

The geochemical trends previously described outline the involvement of subduction in 473 

late-orogenic granite petrogenesis with a switch to post-orogenic delamination and the role of 474 

asthenospheric upwelling in formation of younger granite suites. Following the Arabian Shield 475 

structural maps of Johnson et al. (2011), this petrogenetic transition in the northeastern Shield 476 

allows neighbouring terrane amalgamation to be further constrained. Figure 7A (modified from 477 

Johnson et al., 2011) compiles the most recent geochronology constraining major structural faults 478 

and sutures between terranes within the Arabian Shield. Note the limited data on the Hijaz-Ha´il-479 

northern Afif area for constraining the northern Nabitah Orogenic Belt or ´NOB´ (Figure 7A). 480 

The late-orogenic (620 ̶ 600 Ma) arc magmatism in the Ha´il-northern Afif area is considered to 481 
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represent accretion cessation between the Hijaz and Ha´il-northern Afif plates. The VAG setting 482 

infers that the Hijaz oceanic plate is eastward migrating and subducting beneath the Ha´il-483 

northern Afif plates, which are also of oceanic affinity. The 620 ̶ 600 Ma constraint on the 484 

northern NOB is also consistent with the emplacement of similar post-orogenic arc magmatism 485 

(636-592 Ma Kawr Suite) in the southern NOB. 486 

The 620 ̶ 600 Ma magmatism in the Ha´il-northern Afif coincides with the development 487 

of major faults such as the Halaban-Zarghat Fault (625  ̶  560 Ma) and Ar Rika Fault Zone (625  ̶  488 

590 Ma) in the eastern Shield (Figure 7A). These major NW-SE trending faults actually form 489 

part of a Late Precambrian transform shear zone spread across the northern ANS known as the 490 

Najd Fault System (NFS; Figure 7B). Adding to the description of the NFS by Stern (1985), 491 

Hassan et al. (2016) examine pre-shearing (thoeiitic-calc-alkaline) and syn- to post-shearing 492 

(peraluminous granitoids) magmatic geochemistry within the northwestern NFS and conclude 493 

that a geochemical transition occurred from∼605–580 Ma marking a change in NFS tectonics 494 

from compression volcanic arc to extension within plate. This study infers that the late-orogenic 495 

(620 ̶ 600 Ma) Idah Suite slab-tear/rollback magmatism associated with the northern NOB not 496 

only symbolizes the Hijaz-Ha´il-northern Afif accretion cessation, but marks the beginning of the 497 

Late Precambrian extension phase of the NFS. Similarly in the southern NOB, the late-orogenic 498 

(636-594 Ma) Kawr Suite also associated with slab-tear/rollback magmatism symbolises the 499 

Tathlith-Asir accretion cessation and the extensional phase of the NFS.   500 

Regardless of the exact timing of the NFS initiation, the relative convergence of 501 

neighboring terranes are an important factor to assess how the NFS NW-SE orientated structures 502 

formed in the Arabian Shield. As illustrated in Figure 7B, the NFS stretches from southern Afif 503 

to the northwestern Midyan terrane overprinting the N-S oriented NOB, which defines opposing  504 
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505 
, 506 

Figure 7: A) An Arabian Shield map (modified from Johnson et al., 2011) highlighting the relative ages of 507 
faults and terrane convergence. Note the absence of an age constraint on the Hijaz-Ha´il boundary. B) The 508 
same Arabian Shield map, but suggesting the relative convergence direction of the Hijaz-Ha´il boundary 509 
based on geochemistry. This study suggests that the opposing convergence in the northern and southern 510 
Shield imitate regional ANS tectonics and coincide with the <620 Ma extension phase of the Najd Fault 511 
System. The Central Arabian magnetic anomaly (Stern and Johnson, 2010) possibly represent sutures 512 
involved in generating the Ad Dawadimi-Ar Rayn terrane volcanic arcs (e.g. Najirah Granite). These 513 
eastern terranes are possibly linked with the westward accretion of the Afif-Abas block discussed by 514 
Collins and Pisarevsky (2005). Southern shield A-type intrusive ages/geochemistry (Kawr, Ibn Hashbal 515 
and Wadbah Suites), and the westward subduction of the Tathlith terrane, are taken from Robinson et al. 516 
(2015a, 2015b) and Flowerdew et al. (2013) respectively. 517 
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subduction polarity between the southern and northern Arabian Shield (Figure 7B). Regardless of 518 

whether the A-type suites presented here are generated in arc or back-arc settings, the subduction 519 

polarity direction relative to the NOB, hence the NFS structure, remain unchanged. This study 520 

proposes that opposing plate directions between the southern and northern Arabian Shield would 521 

result in a NW-SE orientated strike-slip transpressional zone to develop (Figure 7B). This would 522 

be initially compressional (>620 Ma) and then switch to extension marked by the appearance of 523 

the A-type granites (<620 Ma), which is in agreement with Hassan et al. (2016). An example of a 524 

similar collision-related strike-slip system formed by opposing subduction polarity is the 525 

transform fault between the North and South Island of New Zealand associated with the 526 

subduction of the Australian and Pacific plates (Cole and Lewis, 1981; Walcott, 1998). Although 527 

this study documents the extension initiation rather than the compression phase (as documented 528 

in New Zealand), it is plausible that future A-type magmatism in New Zealand will also mark the 529 

initiation of extension as seen in the NFS of the Arabian  Shield. 530 

Opposing subduction polarity in the Arabian Shield may also be used as a regional 531 

indicator for the relative positions of eastern and western Gondwana at the time the NFS 532 

developed. Stern and Johnson (2010), Johnson et al. (2011) and Robinson et al. (2014), describe 533 

the western Arabian Shield as an amalgamation of eastward converging plates that possibly 534 

reflect the closure and accretion of the Mozambique Ocean separating east and west Gondwana. 535 

These western plates then collided with the eastern shield from ~680 ̶ 640 Ma as represented by 536 

the NOB, which is considered in some studies (e.g. Shackleton, 1996) to be the northern part of 537 

the main suture between Indian and African Gondwana. If we consider the remnants of pre-538 

Neoproterozoic crust in Saudi Arabia (Khida terrane) and Yemen (Abas terrane) as forming part 539 

of the Afif-Abas block and Azania (Collins and Pisarevsky, 2005), the arc A-type suites of the 540 
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Tathlith and Ad Dawadimi terranes (this study), and the Central Arabian magnetic anomaly 541 

representing buried sutures (Johnson and Stewart, 1995, Stern and Johnson, 2010), Figure 6B 542 

requires the eastern (Ad Dawadimi/Ar Rayn) and southeastern (southern Asir/Tathlith) Arabian 543 

Shield two have had westward subduction. This study suggests represents ´eastern Gondwana´ 544 

and that the ~640 ̶ 620 Ma NOB collision of eastern and western Arabian Shield terranes 545 

regionally reflects the amalgamation of east and west Gondwana. In terms of constraining the 546 

NFS model, the collision of east-west Gondwana met with opposing subduction polarity 547 

(compression phase; Hassan et al. 2016) that was followed by <620 Ma A-type magmatism 548 

(extension phase; Hassan et al. 2016) resulting in a strike-slip transpressional setting, which is 549 

reflected in the northern ANS by the NFS. This fault zone was the focus of multiple reactivation 550 

events finalising at ~525 Ma when India collided with the Congo–Tanzania–Bangweulu block 551 

marking the termination of Gondwana assembly in Central Arabia. 552 

5. Conclusions 553 

Following the ~640 Ma accretion of the Ha´il-northern Afif terranes in the northeastern 554 

Arabian Shield, three granitic suites successively intruded each other: 1) 620 ̶ 600 Ma Idah Suite 555 

alkali feldspar (hypersolvous) granites referred to as late-orogenic, 2) 599 Ma Malik Granite 556 

cumulates (some garnet-bearing) also referred to as late-orogenic, and 3) 584 ̶ 566 Ma Abanat 557 

Suite alkali feldspar (hypersolvous) granites (aegirine-arfvedsonite-bearing) referred to as post-558 

orogenic. Whole-rock geochemistry distinguishes the late-orogenic Idah and Malik granites as 559 

highly fractionated, VAG suites with alkaline/ferroan/A-type (Idah Suite) and calc-560 

alkaline/magnesian (Malik Granite) characteristics. By contrast, the post-orogenic Abanat Suite is 561 

classified as a WPG that has peralkaline/ferroan/A-type geochemistry with distinct REE-562 

enrichment. The geochemical transition from arc to within-plate following orogenesis is not well-563 
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documented in the ANS, but this study compares well with: 1) late-orogenic A-type granites of 564 

the Kawr Suite (636–594 Ma) in the southern Arabian Shield (Asir terrane; Robinson et al., 565 

2015b) that show a magnesian-ferroan and VAG-WPG transition, and 2) late- to post-orogenic 566 

phases in the northern Arabian Shield (Sinai; Eyal et al., 2010) identified as calc-alkaline stage 1 567 

(636–629 Ma), calc-alkaline stage 2 (619–592 Ma), alkaline stage 1 (609–602 Ma), and alkaline 568 

stage 2 (608–578 Ma). From this geochemical comparison, this study concludes that the 569 

northeastern Arabian Shield follows an early late-orogenic infiltration of asthenospheric mantle 570 

into the lower lithosphere whereby lower crustal melting was induced by slab-tear/rollback and 571 

melts underwent a high degree of fractionation towards A-type or ferroan granites. This is 572 

followed by post-orogenic lithospheric delamination, which marked the replacement of the older 573 

orogenic mantle source with new asthenospheric (REE-enriched) mantle that ultimately becomes 574 

the thermal boundary layer of the new lithosphere. The ages of the northeastern granitic suites has 575 

also allowed Late Precambrian extensional fault structures that cross the Arabian Shield to be 576 

constrained further. The Najd Fault System (NFS) is a major transpressional shear zone in which 577 

late-orogenic magmatism presented here marks the switch from compression (>620 Ma) to 578 

extension (<620 Ma). This study infers that the late-orogenic magmatism in the northeastern 579 

(620–600 Ma) and southern (636–594 Ma) Arabian Shield symbolise NFS extension and define 580 

opposing subduction polarity that created the initial compression phase. Furthermore, this study 581 

infers that the amalgamation of east and west Gondwana was met with opposing subduction 582 

polarity expressed as the Late Precambrian NFS. 583 

 584 

 585 
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