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Abstract:  

The Red Sea rift system represents a key case study of the transition from a continental to an 

oceanic rift. The Red Sea rifting initiated in Late Oligocene – Early Miocene (⁓24-23 Ma) 

and was accompanied by extensive magmatism throughout the rifted basin, from Afar and 

Yemen to northern Egypt. Here, we present a petrological and geochemical study of two 

gabbro bodies and associated basalts from the Tihama Asir igneous complex, which formed 

at ~24-20 Ma within the rifted Arabian-Nubian Shield. The Tihama Asir is therefore an ideal 

location to study the initial phase of syn-rift magmatism and its influence on the geodynamic 

evolution of the Red Sea rift system. The most primitive olivine gabbros present modal, bulk 

and mineral compositions consistent with formation from MORB-type parental melts, 

whereas the evolved olivine-free gabbros and oxide-bearing gabbros show saturation of 

phlogopite and a crystal line of descent diverging from fractional crystallization trends. In 

detail, whole-rock and mineral compositions in the most evolved lithologies show high 

LREE/MREE ratios (LaN/SmN=0.89-1.31) and selective enrichments in Sr, K and highly 

incompatible elements (Rb, Ba, U, Th). We relate these geochemical characteristics to a 

process of progressive assimilation of host continental crust during the emplacement of the 

gabbroic plutons. Interestingly, high LREE/MREE ratios (LaN/SmN = 1.45-4.58) and high 

Rb, Ba, Th, U contents also characterize the basaltic dike swarms associated to the gabbros. 

Incompatible trace element compositions of these basalts approach those of the melts that 

formed the most hybridized gabbros. Therefore, we propose that the dike swarms represent 

melts partially contaminated by assimilation of continental crust material, extracted from the 

underlying gabbroic crystal mush. Our results suggest that early syn-rift magmatism led to 

the partial replacement of the thinned continental crust by MORB-type gabbroic bodies, in 

turn suggesting that oceanic magmatism started prior to continental break-up. Extensive syn-

rift magmatism is consistent with the interpretation of the southern Red Sea rift system as a 

volcanic rifted margin. One possible implication of this study is that extensive but diffuse 

syn-rift magmatism possibly hampered continental break-up, leading to a protracted rifting 

stage. 

 

Keywords: Red Sea rift system; Rift-to-drift history; MORB magmatism; Continental crust 

assimilation; Assimilation-Fractional Crystallization. 
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1. INTRODUCTION 

 

Continental break-up and the transition from rifting to oceanic drifting is a fundamental part 

of the Wilson plate tectonic cycle. However, the relative contribution of the different forces 

driving break-up of the continental lithosphere, e.g., active mantle convection upwelling or 

far-field plate separation forces, is still a matter of debate (e.g., Milanovsky, 1972; Burke & 

Dewey, 1973; Burke, 1996; Bosworth et al., 2005; Moucha & Forte, 2011; Faccenna et al., 

2013; Almalki et al., 2015; Bosworth, 2015; Ligi et al., 2012, 2018; Stern & Johnson, 2019; 

Petrunin et al., 2020). It was first suggested that the most common mode of continental 

rupture involves the formation of a rift triple junction triggered by active upwelling of deep-

seated mantle material (Burke & Dewey, 1973). Accordingly, the Afar region and its 

associated rift system have been used as a reference case study to unravel the mechanisms of 

plate separation and continental break-up (e.g., Lowell & Genik, 1972; Almalki et al., 2015).  

Yet, no consensus has been reached regarding the tectonic evolution and the development 

of the Red Sea. The proposed models differ in the extent and distribution of oceanic crust,  

and several models have been proposed regarding the timing of continental breakup. Most 

models propose a recent onset of seafloor spreading in the southern Red Sea (⁓5 Ma; e.g., 

Courtillot, 1982; Cochran, 1983; Bonatti, 1985), whereas recent contributions infer earlier 

spreading of oceanic crust both in the southern and northern Red Sea (⁓13 Ma; e.g., Augustin 

et al., 2021). Nonetheless, the different tectonic models concur on the initiation of the Red 

Sea rift in Late Oligocene – Early Miocene (~24-23 Ma). An intense phase of volcanism and 

magmatism appeared nearly synchronously throughout the entire rifted basin, from Afar and 

Yemen to northern Egypt (e.g., Pallister et al., 1987; Chazot et al., 1998; Bosworth et al., 

2005; Almalki et al., 2015; Bosworth & Stockli, 2016; Abu El-Rus & Rooney, 2017; 

Sanfilippo et al., 2019; Stern & Johnson, 2019), and led to the formation of basaltic dikes, 

layered gabbros and granophyre bodies (e.g., Coleman et al., 1975; Coleman, 1984; Bosworth 

& Stockli, 2016; Stern & Johnson, 2019). Volcanic activity was accompanied by extensive 

faulting and deposition of syn-rift marine sediments, thus marking the birth of the Red Sea 

rift (e.g., Bosworth et al., 2005). 

In this contribution, we focus on the Tihama Asir in Saudi Arabia, a magmatic complex 

formed during the initial phase of Red Sea rifting (~24-20 Ma, e.g., Coleman et al., 1972, 

1975, 1979; Coleman, 1984; Sebai et al., 1991; Bosworth & Stockli, 2016; Stern & Johnson, 

2019). The Tihama Asir is a key location to study the initial phase of syn-rift magmatism and 

its influence on the geodynamic evolution of the Red Sea rift system. We combine textural 
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observations with whole-rock and mineral major and trace element compositions of gabbros 

and the associated dike complex to define the chemical evolution of the magmas that 

crystallized this crustal sequence and discuss the conditions of emplacement. We show that 

although the overall textures and major element compositions are similar to the gabbros 

exposed at mid-ocean ridges, trace element whole-rock and mineral compositions of evolved 

gabbros and basalt dikes reveal selective enrichments in elements having strong affinity with 

continental crust material (i.e., Ba, Th, U, K, Sr and LREE). Geochemical models of 

fractional crystallization associated with the assimilation of continental crust material 

successfully reproduce the selective enrichment in these elements. We infer that MORB-type 

magmatism associated with asthenosphere upwelling initiated before continental rupture, 

forming a transitional oceanic crust extensively hybridized by crustal contamination.  

 

 

2. GEOLOGICAL SETTING  

2.1. Geodynamic evolution of the Red Sea rift system 

 

The Red Sea is a relatively narrow basin (~200-300 km-wide) extending from the junction of 

the Gulf of Suez and Gulf of Aqaba in the northwest (28°N, 34°E) and the Gulf of Aden and 

Afar to the southeast (13°N, 44°E; Fig. 1a). This modern rift system formed in response to 

the extensional forces related to the Zagros subduction slab pull and to the Afar plume 

asthenospheric upwelling (e.g., Bellahsen et al., 2003; Almalki et al., 2015; Bosworth, 2015; 

Kendall & Lithgow-Bertelloni, 2016; DeMets & Merkouriev, 2016; Petrunin et al., 2020). 

The rift system separates the Nubian and Arabian Plates since the Late Oligocene-Early 

Miocene (e.g., Bosworth et al., 2005; Stern & Johnson, 2010; Mohriak & Leroy, 2013; 

Bosworth, 2015; Bosworth & Stockli, 2016; Ligi et al., 2019). This area is known as a key 

case study for a fundamental aspect of the Wilson cycle and plate tectonics, i.e., how 

continental lithosphere first breaks and evolves to oceanic spreading (also called rift-to-drift 

history). However, the models of tectonic evolution of the Red Sea strongly differ in the 

distribution and extent of oceanic crust inferred along the basin (e.g., Augustin et al., 2021). 

Major discrepancies in the interpretation of the geophysical data (gravity, magnetism) from 

the northern Red Sea are caused by a thick sedimentary cover and extensive salt deposits 

hindering the underlying basement and producing unusual geophysical signatures (e.g., Levi 

& Riddihough, 1986). Some studies suggest that the main phases of evolution from 

continental rifting to oceanic drifting coexist in the Red Sea rift system, from a mature 
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oceanic crust in the Gulf of Aden and southern Red Sea to an active continental rift system in 

the northern Red Sea and in the Gulf of Suez (e.g., Phillips, 1970; Girdler & Styles 1974; 

Röser, 1975; Searle & Ross, 1975; Hall et al., 1977; Cochran, 1983, 2005; Bonatti, 1985; 

Zahran et al., 2003; Stern & Johnson, 2010; Lazar et al., 2012; Ligi et al., 2012, 2018, 2019; 

Almalki et al., 2015; Bosworth, 2015; Bosworth et al., 2020). Other studies proposed a more 

mature stage of evolution of the basin, with continuous oceanic spreading occurring 

throughout the whole Red Sea basin (e.g., Sultan et al., 1992; Ghebreab, 1998; Augustin et 

al., 2014, 2021).  

A general agreement exists on the initial stages of evolution of the Red Sea rift system, 

that can be summarized as follows: i) plume-related basaltic magmatism began in Ethiopia 

and southwestern Yemen at ~31 Ma, followed by rhyolitic volcanism at ~30 Ma (Fig. 1a; 

e.g., Mattash et al., 2014; Bosworth & Stockli, 2016; Stern & Johnson, 2019); ii) continental 

rifting and syn-tectonic marine sedimentation initiated in the central Gulf of Aden between 

~30 Ma and 28.7 Ma (Roger et al., 1989; Hughes et al., 1991; Watchorn et al., 1998; 

Bosworth et al., 2005); iii) an initial Red Sea rift basin formed offshore Eritrea by ~27-24 Ma 

(Hugues et al., 1991; Bosworth et al., 2005). Simultaneously (~25 Ma, Late Oligocene), 

extension and rifting commenced within Afar itself (Barberi et al., 1972, 1975; Bosworth et 

al., 2005); iv) a new phase of volcanism appeared nearly synchronously throughout the entire 

Red Sea rift basin at ~24-23 Ma (Late Oligocene – Early Miocene). The latter volcanism was 

accompanied by extensive faulting (e.g., Bosworth et al., 2005 and references within) and 

extended from Afar and Yemen to northern Egypt, forming basaltic dikes, layered gabbros 

and granophyre bodies (Fig. 1a, b; e.g., Coleman et al., 1975; Coleman, 1984; Bosworth & 

Stockli, 2016; Stern & Johnson, 2019). v) after 12 Ma of continental rifting (from ~31 Ma to 

~19-18 Ma), the lithosphere was sufficiently thinned to allow for the rift-to-drift transition 

and the establishment of an oceanic spreading centre in the eastern part of the Gulf of Aden 

(Sheba Ridge; Sahota, 1990; Leroy et al., 2004). Oceanic spreading propagated westwards 

into the central Gulf of Aden by ~16 Ma (Bosworth, 2015), reached the Shukra El-Sheik 

fracture zone at ~10 Ma (Manighetti et al., 1997) and propagated into Afar at ~8 Ma (e.g., 

Audin et al., 2004).  

 

2.2. Tihama Asir igneous complex 

 

The present study focuses on the Tihama Asir igneous complex, located in southwestern 

Saudi Arabia, east of the Jizan coastal plain (Fig. 1). This complex is composed of different 
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gabbroic bodies that preserve primary contacts with irregular granophyre plutons. The 

Tihama Asir igneous complex intruded the strongly faulted Arabian Shield Neoproterozoic 

basement. The gabbros and granophyres are physically associated with dike swarms ranging 

in composition from basalts to rhyolites. McGuire & Coleman (1986) reported that the 

gabbros and granophyre bodies crosscut the associated dike swarm, the earliest intrusions 

from the igneous complex (Fig. 2a), but that dike formation continued throughout the 

formation of the Tihama Asir. The dikes preserve intrusive contacts with the continental 

basement, here including amphibolite-grade tholeiitic basalts, rhyolites, kyanite-muscovite-

quartzite, schists, and abundant biotite granite-gneiss (Fig. 1b; Fig. 2a; e.g., Coleman et al., 

1979; Blank & Gettings, 1984; Coleman & McGuire, 1986; McGuire & Coleman, 1986; 

Hegner & Pallister, 1989; Stern & Johnson, 2019). K-Ar dating indicates a Late Oligocene – 

Early Miocene (~24.3-20.0 Ma) age of formation for the Tihama Asir igneous complex and 

dike swarms (Coleman et al., 1972, 1975, 1979; Coleman, 1984; Sebai et al., 1991; Bosworth 

& Stockli, 2016), which are therefore coeval with the initial phase of rifting and with the 

formation of the widespread syn-rift volcanism in the western Arabian Plate (Amalki et al., 

2015; Bosworth, 2015; Stern & Johnson, 2019). The tectonic history of the Jizan coastal plain 

was dominated by a SW-NE extension documented by several generations of NW-SE normal 

faults (Bohannon, 1986; McGuire & Coleman, 1986) and the oldest syn-rift deposits marked 

by non-marine sediments and volcanics of the Baid formation (Jizan Group, Schmidt et al., 

1982). The lacustrine laminites of the Jizan Group were intruded by dikes, gabbros and 

granophyres of the Tihama Asir magmatic complex (Coleman et al., 1979, Bohannon, 1986; 

McGuire & Coleman, 1986; Voggenreiter et al., 1988). 

Based on whole-rock analyses of granophyres and few layered gabbros from the Jabal al 

Tirf pluton (Fig. 1b), McGuire & Coleman (1986) documented a tholeiitic affinity of the 

parental magmas. Notably, they suggested that a process of continental crust assimilation 

triggered chemical differentiation of the basaltic magmas towards granitic compositions, 

thereby leading to the formation of the granophyres. In this contribution, we extend the 

petrological and geochemical characterization to 5 gabbros from Jabal al Tirf, and further 

expand our analyses to 12 gabbros and 2 basalts from the Masliyah pluton and 12 basalts 

from the Jabal Sawdah dike swarm (Fig. 1b). 

Jabal al Tirf is located ~40 kilometres east of Jizan (Fig. 1b, Fig. 2a) and consists of a 

well-exposed layered gabbro body (~2 km-wide, ~8 km-long) striking northwest, parallel to 

the Red Sea axis. The gabbros show a metre-scale compositional layering defined by modal 

variations of olivine, plagioclase, clinopyroxene and Fe-Ti oxide. This metre-thick 
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compositional layering dips towards the west (e.g., McGuire & Coleman, 1986; Stern & 

Johnson, 2010, 2019). The magmatic layering disappears gradually up-section, where the 

gabbros are mostly isotropic, especially at the contact with the granophyre intrusion capping 

Jabal al Tirf (Fig. 2a, b). This contact is characterized by a 30-metre-thick zone of thermal 

alteration.  

The Masliyah pluton is located ~60 kilometres north of Jizan and consists of layered 

gabbros showing a metre-scale compositional layering locally associated with magmatic 

foliation. Similar to the Jabal al Tirf pluton, the layered gabbro sequence is capped by a 

granophyre intrusion. The layered gabbros are crosscut by fine-grained gabbros showing 

porphyric textures (see later for more detail) and fine-grained basalt dikes, both ranging from 

0.5 to 19 metres in thickness (Fig. 2c). Porphyric gabbros are more common in the upper part 

of the gabbroic body and show no chilled margins at the contact with the host rock. Jabal 

Sawdah, located in the north-western part of the Tihama Asir igneous complex (Fig. 1b), 

exposes a well-developed dike swarm, coeval with the gabbros and mostly constituted of 

diabase dikes striking NNW-SSE, thus parallel to the present-day Red Sea axis. Field 

observations indicate that the dike swarm intruded the metamorphic basement and granites of 

the Neoproterozoic Arabian Shield (Fig. 2a, d; e.g., Coleman & McGuire, 1986; McGuire & 

Coleman, 1986; Stern & Johnson, 2010, 2019). The field relationships between the Masliyah 

and the Jabal Sawdah dike swarm are hindered by quaternary sediments within the Wadi 

Baysh (Fig. 1b), but the association between gabbroic bodies and dike swarms is commonly 

described along the Arabian margin (e.g., Coleman et al., 1979; Pallister,1987; Stern & 

Johnson, 2019).  

 

3. SAMPLE SELECTION AND ANALYTICAL METHODS 

 

In this study, we investigated 29 samples including gabbros and basalts collected in different 

locations of the Tihama Asir igneous complex (see Table 1). The samples from the Masliyah 

and the Jabal al Tirf plutons (12 and 5 samples, respectively) include 5 olivine gabbros (Ol > 

5 vol%), 5 cpx-gabbros (Ol < 5 vol%), 1 oxide gabbro (Fe-Ti oxide > 10 vol%), 4 

“porphyric” gabbros and 2 isolated basaltic dikes crosscutting the gabbros with sharp contacts 

and chilled margins (Fig. 2b, c; see Petrography for detailed description). The samples from 

the Jabal Sawdah dike swarm consist of 12 basaltic dikes crosscutting the continental 

basement (Fig. 2d). 
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Internal portions of gabbroic and basaltic rocks were crushed and pulverized in a tungsten 

carbide swing mill and measured for whole rock major and trace element concentrations 

using ICP-mass spectrometry at Activation Laboratories Ltd. (Ancaster, Ontario). Total 

analytical errors of the element analyses are within 10%. Details of the analytical techniques 

and detection limits are available from the company website (www.actlabs.com). Loss on 

Ignition (LOI) was defined by measuring the difference in mass of the powdered samples 

before and after being heated to 1000°C for twelve hours in a chamber furnace. The Fe2O3 

content of the whole-rock analyses has been converted to FeO using a conversion factor of 

0.8998.  

Mineral major and trace element analyses were performed on 6 samples, including 2 

olivine gabbros, 2 cpx-gabbros, 1 oxide gabbro and 1 porphyric gabbro. 

Major element (SiO2, TiO2, Al2O3, Cr2O3, FeO, MgO, MnO, CaO, NiO, Na2O, K2O) 

compositions of clinopyroxene, plagioclase, amphibole, olivine and biotite were analysed by 

a JEOL JXA 8200 Superprobe equipped with five wavelength-dispersive (WDS) 

spectrometers, an energy dispersive (EDS) spectrometer, and a cathodoluminescence detector 

operating at the Dipartimento di Scienze della Terra, University of Milano, Italy. The 

analyses of all elements were performed with a 1 µm spot size, 30-seconds counting time at 

an accelerating potential of 15 kV and a beam current of 15 nA. Natural oxides were used as 

standards and the quality of analyses was assessed on the basis of the atom per formula units. 

Trace element compositions of clinopyroxene, plagioclase and amphibole were 

determined by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-

MS) at CNR, Istituto di Geoscienze e Georisorse (Unità di Pavia). We used a PerkinElmer 

SCIEX ELAN DRC-e quadrupole mass spectrometer coupled with an UP213 deep-UV YAG 

Laser Ablation System (New Wave Research, Inc.). Laser (213nm wavelength) spot size was 

set to 100µm and the ablation frequency to 10 Hz, with a fluence of ∼9.5 J/cm
2
. Helium was 

used as the carrier gas and was mixed with Ar downstream from the ablation cell. Data 

reduction was performed using the GLITTER software. NIST SRM 610 synthetic glass was 

used as the external standard, and CaO concentrations previously measured by EPMA were 

used as the internal standard. The precision and accuracy of the trace element concentrations 

were assessed by repeated analyses of the BCR2-g standard and were better than ±7% and 

±10%, respectively. 

 

4. PETROGRAPHY 
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Olivine gabbros show a hypidiomorphic texture of submillimetric to millimetric olivine (8-21 

vol%), plagioclase (50-55 vol%), clinopyroxene (26-35 vol%), Fe-Ti oxide (1-7 vol%) and 

rare brown amphibole (0-3 vol%) (Fig. 3a, b; Table 1). Some samples display millimetre-

scale variations in modal composition characterized by alternation of layers rich in euhedral 

olivine, and layers rich in clinopyroxene and Fe-Ti oxide (Fig. 3a). Plagioclase laths often 

define a weak foliation parallel to the elongation of the plagioclase crystals (Fig. 3b). The 

latter commonly show intra-crystalline deformation features such as bending, mechanical 

twins and undulose extinctions (Fig. 3b), and locally display serrate contacts between 

plagioclase crystals, resulting in crystal interlocking (Fig. 3b; e.g., Ferrando et al., 2021a). 

Undeformed clinopyroxene oikocrysts commonly include euhedral plagioclase and olivine 

chadacrysts. Fe-Ti oxide is found to be either euhedral in clinopyroxene-rich layers (Fig. 3a) 

or interstitial to poikilitic, including euhedral plagioclase and clinopyroxene chadacrysts. Fe-

Ti oxides are in places associated with interstitial brown amphibole (Table 1). 

Cpx-gabbros show a similar hypidiomorphic texture to the olivine gabbros, with 

submillimetric to millimetric plagioclase (52-72 vol%), clinopyroxene (20-40 vol%), Fe-Ti 

oxide (5-10 vol%), rare amphibole (1-2 vol%), olivine (0-2 vol%) and orthopyroxene (0-5 

vol%) (Fig. 3c, d; Table 1). A weak foliation is defined by the elongation of deformed 

plagioclase laths (Fig. 3c). Euhedral plagioclase chadacrysts are often found included in 

poikilitic clinopyroxene or Fe-Ti oxide, the latter being commonly associated with interstitial 

amphibole (Fig. 3c). Subhedral millimetre-size orthopyroxene is commonly associated with 

clinopyroxene and minor plagioclase, forming centimetre-scale gabbronoritic to websteritic 

aggregates (Fig. 3d). 

The oxide gabbro is characterized by millimetre-size plagioclase (40 vol%), 

clinopyroxene (35 vol%), Fe-Ti oxide (16 vol%), minor olivine (4 vol%) and rare amphibole 

(1 vol%). Its most distinctive characteristic is the presence of discrete quantities of interstitial 

dark mica (4 vol%). The latter is often associated with interstitial Fe-Ti oxide (Fig. 3e; Table 

1). Clinopyroxene is poikilitic and shows brown amphibole patches often aligned along the 

exsolution lamellae (Fig. 3e).  

Porphyric gabbros are characterized by millimetre- to centimetre-scale aggregates of 

euhedral plagioclase glomerocrysts (up to 40 vol%) embedded in a microcrystalline matrix of 

plagioclase + clinopyroxene + Fe-Ti oxide showing subophitic textures (Fig. 3f; Table 1). 

The texture of this lithotype is similar to porphyritic basalts but shows a fully crystalline 

matrix (>100 µm grain size); we therefore refer to these samples as porphyric gabbros. 

Sample TA01-Tlg1 includes a sharp but irregular contact between a porphyric gabbro and a 
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basaltic dike, the latter presenting chilled margins at its contact with the porphyric gabbro 

(Fig. 3f). 

Basaltic dikes, from both Masliyah and Jabal Sawdah, show 10 to 20 vol% of plagioclase 

phenocrysts embedded in a microcrystalline matrix (80-90 vol%; Table 1). The dikes often 

show chilled margins at the contact with the host rock, suggesting emplacement in a brittle 

environment and rapid cooling (e.g., Huppert & Sparks, 1989; Hayman et al., 2009). 

 

5. CHEMISTRY 

5.1. Whole rock major and trace element compositions 

5.1.1. Tihama Asir gabbros 

 

The studied gabbroic samples from the Tihama Asir igneous complex show a large whole-

rock compositional variability, ranging from high Mg-numbers (Mg# = Mg/[Mg+Fe] mol%) 

in olivine gabbros (Mg# = 59.7-70.6) to progressively lower Mg-numbers in cpx-gabbros 

(Mg# = 53.9-61.8), porphyric gabbros (Mg# = 55.5-57.7) and oxide gabbros (Mg# = 40.4) 

(Fig. 4; Supplementary Table S1). Selected samples are characterized by LOI < 3 wt% and 

show relatively homogeneous concentrations of CaO (11.4-14.9 wt%; Fig. 4a) and Na2O 

(2.05-2.59 wt%). Although the compositions of the different lithotypes overlap, the studied 

gabbroic samples define compositional trends defined by covariations between Mg-numbers, 

major and trace elements and fall in the compositional range defined by mid-ocean ridge 

gabbros (Godard et al., 2009). For instance, olivine gabbros tend to show lower 

concentrations of TiO2 (0.41-1.14 wt%), K2O (0.06-0.18 wt%; Fig. 4b) and higher 

concentrations of Ni (60-90 ppm) and Cr (300-690 ppm) with respect to cpx-gabbros (TiO2 = 

0.57-1.27 wt%; K2O = 0.13-0.22 wt%; Ni = 30-60 ppm; Cr = 20-280 ppm), porphyric 

gabbros (TiO2 = 0.84-0.96 wt%; K2O = 0.19-0.25 wt%; Ni = 40-50 ppm; Cr = 60-100 ppm) 

and the oxide gabbro (TiO2 = 2.95 wt%; K2O = 0.28 wt%; Ni = 80 ppm; Cr = <20 ppm).  

Whole-rock incompatible trace element abundances of the Tihama Asir gabbros 

(Supplementary Table S1) show negative correlations with Mg-numbers. The concentrations 

of REE-Y and other incompatible trace elements (Fig. 4) overlap considerably between the 

different lithotypes, but show an overall increase from the most primitive olivine gabbros 

(e.g., La = 0.83-2.67 ppm; Y = 6.6-19.1 ppm; Sr = 165-260 ppm; Nb = <0.2-3.0 ppm; U = 

0.02-0.08 ppm) to the cpx-gabbros (La = 2.15-4.27 ppm; Y = 10.6-27.6 ppm; Sr = 199-282 

ppm; Nb = 1.8-3.8 ppm; U = 0.07-0.09 ppm), the porphyric gabbros (La = 3.15-5.97 ppm; Y 
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= 17.0-22.3 ppm; Sr = 219-233 ppm; Nb = 3.0-5.8 ppm; U = 0.12-0.21 ppm) and the oxide 

gabbro (La = 4.26 ppm; Y = 19.3 ppm; Sr = 190 ppm; Nb = 3.5 ppm; U = 0.16 ppm). 

The CI-normalised REE patterns of the Tihama Asir gabbros show variations both in 

terms of absolute concentrations and LREE/HREE fractionation. Olivine gabbros show the 

lowest REE concentrations (YbN = 3.26-11.82 times CI chondrite; Fig. 5a) and relatively flat 

REE-Y patterns (LaN/YN = 0.71-0.93; Fig. 4e). Selective enrichments in LREE and Sr are 

observed in the cpx-gabbros (YbN = 6.03-16.92 times CI chondrite; LaN/YN = 0.87-1.47), 

porphyric gabbros (YbN = 9.42-12.55 times CI chondrite; LaN/YN = 1.03-1.77) and oxide 

gabbro (YbN = 10.58 times CI chondrite; LaN/YN = 1.46). A pronounced Ti positive anomaly 

characterizes the oxide gabbro, consistent with accumulation of Fe-Ti oxides (Fig. 5b; Table 

1). 

 

5.1.2. Tihama Asir basalts 

 

The studied basalts are characterized by more evolved compositions than the gabbros overall 

and show extensive whole-rock compositional variability (Supplementary Table S1), with 

higher Mg-numbers for the metre-scale dikes crosscutting the gabbros in the Masliyah pluton 

(Mg# = 45.4-58.2; “crosscutting dikes” in the following) with respect to the dike swarm 

exposed at Jabal Sawdah (Mg# = 28.6-52.5; “dike swarm” in the following) (Fig. 4). Basalt 

dikes are characterized by LOI ranging from 0.1 to 4 wt%. Taken as a whole, major and 

minor element compositions of the basaltic dikes define positive correlations between Mg-

number and elements showing high affinity with olivine, plagioclase and clinopyroxene, such 

as CaO (6.2-10.5 wt%; Fig. 4a), Al2O3 (11.8-18.7 wt%), Ni (30-50 ppm) and Cr (20-90 ppm), 

and negative correlations between the Mg-number and incompatible elements such as K2O 

(0.58-2.19 wt%; Fig. 4b), TiO2 (1.15-2.46 wt%) and P2O5 (0.17-0.44 wt%). Whole-rock trace 

element contents of the Tihama Asir basalts are also overall higher than the gabbros and tend 

to increase at decreasing Mg-number (e.g., La = 8.42-26.50 ppm; Y = 26.1-81.6 ppm; Sr = 

173-538 ppm; Nb = 8.7-23.6 ppm; U = 0.35-1.45 ppm; Fig. 4; Supplementary Table S1). 

The CI-normalised REE patterns of the crosscutting dikes and dike swarm show strong 

differences in LREE/HREE fractionation. The crosscutting dikes have relatively flat REE-Y 

patterns (LaN/YN = 1.05-1.26; Supplementary Table S1), whereas basalts from the dike 

swarm show strongly variable LREE/HREE-Y fractionation with LaN/YN ratios ranging from 
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1.70 to 4.18, progressively increasing at increasing REE absolute concentration 

(Supplementary Table S1). 

 

5.2. Mineral major and trace element compositions 

 

Clinopyroxenes from the Tihama Asir gabbros (Supplementary Table S2) show Mg-numbers 

ranging from 57.7 to 78.0, variable TiO2 (0.48-0.92 wt%; Fig. 6a) and Cr2O3 (0.01-0.30 wt%; 

Fig. 6b), following the compositional trend of clinopyroxene from the mid-ocean ridge 

gabbros from the Atlantis Massif (Miller et al., 2009). Clinopyroxene incompatible trace 

element contents show negative correlations with Mg-numbers. Clinopyroxenes from the 

olivine gabbros show more primitive compositions than the clinopyroxenes from the cpx-

gabbros, which in turn show very strong compositional variability (Fig. 7,8). Notably, most 

clinopyroxenes show chemical zoning defined by primitive crystal cores and gradually 

evolved crystal rims. The whole range of trace element variability defined by a given 

lithotype can be found within a single sample (Fig. 7; Fig. 8a, b; Supplementary Table S2). 

At increasing YbN, clinopyroxenes from all lithologies show a progressive increase in LaN 

(0.58-7.13 times Primitive Mantle; Fig. 7a), LREE/HREE-Y (LaN/YN = 0.17-0.78; Fig. 7b; 

Fig. 8b) and LREE/MREE ratios (LaN/SmN = 0.17-0.64; Fig. 7c; Fig. 8a, b). These increases 

are coupled with selective enrichments in highly incompatible elements (e.g., ThN/YN = 0.04-

0.97; Fig. 7d; Fig. 8b). Clinopyroxene REE patterns also show progressive increase of the Eu 

and Sr negative anomalies at increasing YbN (Eu/Eu* = 0.51-1.19; Sr/Sr* = 0.05-0.38; Fig. 

8a). 

Plagioclases from the Tihama Asir gabbros (Supplementary Table S3) show anorthite 

contents ranging from 44.7 to 65.1 mol%; the latter are positively correlated with the Mg-

number in coexisting clinopyroxenes (Fig. 6c), following the compositional trend defined by 

the Mid-Atlantic ridge gabbros (Miller et al., 2009). Plagioclase REE and incompatible trace 

element patterns show selective enrichments in LREE and highly incompatible elements 

(e.g., Rb, Ba, Th, U, Ta, K) with respect to HREE concentrations (Fig. 8c, d). Similar to 

clinopyroxene, the plagioclase LREE/HREE fractionation increases at increasing HREE 

absolute concentrations (LaN/YN = 6.7-180.5; Fig. 8c, d; Supplementary Table S3). 

Plagioclases within the oxide gabbro show the highest concentrations of LREE and highly 

incompatible elements (e.g., LaN = 4.94-19.05 times CI chondrite; Fig. 8c, d), and the most 

fractionated REE patterns (LaN/YN = 20.5-180.5; Fig. 8c, d). Similar to clinopyroxene, strong 

geochemical zoning is observed between plagioclase cores and rims, which in a single sample 
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can cover most of the trace element compositional variability observed in plagioclases from a 

given lithotype of the Tihama Asir gabbros (Supplementary Table S3). 

Brown amphiboles from the Tihama Asir olivine and cpx-gabbros (Supplementary Table 

S4) show Ti-pargasitic compositions (following classification from Leake et al., 1997). Major 

element compositions are rather uniform between the different lithologies (SiO2 = 42.42-

44.19 wt%; TiO2 = 2.80-3.64 wt%; Al2O3 = 9.35-10.29 wt%; Na2O = 2.44-2.54 wt%; K2O = 

0.60-0.86 wt%). Amphiboles are characterized by high REE and trace element contents (LaN 

= 9.2-44.9 times Primitive Mantle; YN = 10.0-26.5 times Primitive Mantle; Fig. 8e,f), and 

relatively flat REE-Y patterns (LaN/YN = 0.9-2.5; Fig. 8e,f). Similar to clinopyroxene and 

plagioclase, the amphibole shows an increase in LREE/M-HREE fractionation and negative 

Eu and Sr anomalies (Eu/Eu* = 0.40-0.95; Sr/Sr* = 0.04-0.28; Fig. 8f) at increasing REE 

concentrations. In addition, brown amphiboles show high Nb absolute concentrations (NbN = 

19.6-28.1 times Primitive Mantle; Fig. 8f), consistent with a magmatic origin (Coogan et al., 

2001). 

Olivines from the Tihama Asir olivine and cpx-gabbros (Supplementary Table S5) show 

forsterite contents (Fo = Mg/[Mg+Fe]) ranging from 56.5 to 68.5, positively correlated with 

olivine NiO compositions (NiO = 0.028-0.057 wt%; Fig. 6d) and clinopyroxene Mg-

numbers. 

Dark micas from the oxide gabbro (Supplementary Table S6) are characterized by 

phlogopitic compositions (Al2O3 = 13.45-13.83 wt%; TiO2 = 5.85-5.87 wt%; FeO = 13.70-

13.89 wt%; MgO = 15.08-15.21 wt%; K2O = 8.73-8.77 wt%; e.g., Fleet, 2003; Nachit et al., 

2005). 

 

6. DISCUSSION 

 

The Tihama Asir igneous complex is arguably one of the best exposed examples of a syn-rift 

crustal sequence in the western Arabian margin (Fig. 1a; e.g., Bosworth & Stockli, 2016; 

Stern & Johnson, 2019). However, since the pioneering works of Coleman & McGuire 

(1986) and McGuire & Coleman (1986), no detailed petrological investigation of this 

magmatic complex has been conducted. In this framework, this study provides a thorough 

petrological investigation of the Tihama Asir igneous complex and allows for a detailed 

assessment of the previously inferred and alternative magmatic processes, as well as their 

implication on the geodynamic evolution of the Red Sea rift system.  
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The melts erupted in the Arabian peninsula during Cenozoic times are characterized by 

variable geochemical affinities spanning from (high-Na) alkaline to tholeiitic (e.g., Amalki et 

al., 2015; Bosworth & Stockli, 2016; Sanfilippo et al., 2019; Stern & Johnson, 2019). Thus, 

before making any inference on the magmatic processes that led to the formation of the 

studied gabbroic bodies, we will first define the affinity of the melts parental to the Tihama 

Asir igneous complex. 

 

6.1. Geochemical affinity of the Tihama Asir igneous complex parental melts 

 

In their pioneering studies, Coleman & McGuire (1986) and McGuire & Coleman (1986) 

used petrological and chemical data of granophyres and layered gabbros from Jabal al Tirf to 

argue that the Tihama Asir igneous complex formed from parental magmas with a tholeiitic 

affinity, akin to modern MORB. They inferred that the granophyres formed after a process of 

continental crust assimilation that triggered chemical differentiation of basaltic magmas 

towards granitic compositions. Consistently, geochemical investigations of syn-rift gabbroic 

bodies from the northern Red Sea argued that the emplacement of mafic complexes with a 

tholeiitic affinity anticipated continental break-up and the onset of seafloor spreading (e.g., 

Ligi et al., 2018). They suggested that MORB-type melts intruded the thinned continental 

crust already during initial stages of the Red Sea rift extension (e.g., Bonatti & Seyler, 1987; 

Bonatti et al., 2015; Ligi et al., 2012, 2018, 2019). Ligi et al. (2018) documented that the 

syn-rift MORB-type intrusions in the northern Red Sea (~22 Ma) occurred at variable depths 

within the continental crust; they reported deep gabbroic intrusions (emplaced at 8-9 kbar) in 

the Zabargad Island gabbros and shallower gabbroic intrusions (2.5-3.5 kbar) in the QUSEIR 

B-1X oil well and in the Brothers Islands (see Fig. 1a). Additionally, MORB-type gabbros 

have been recently documented along the Red Sea axis at Discovery Deep (21°N) and show 

undistinguishable compositions from abyssal gabbros recovered in the Atlantic and Indian 

oceans (Follmann et al., 2021). Consistent with a tholeiitic affinity of the parental melts to the 

Tihama Asir igneous complex, the most primitive olivine gabbros from our sample suite 

show bulk-rock major and trace element compositions that fall within the compositional field 

of mid-Atlantic ridge gabbros (Fig. 4; Godard et al., 2009). We note that E-MORB to OIB-

type incompatible trace element patterns are locally found in MORB glasses sampled at 17°N 

along the Red Sea axis and possibly related to the influence of enriched material from the 

Afar plume in their mantle source (e.g., van der Zwan et al., 2015). Yet, although enriched 

material from the Afar might have influenced the asthenospheric source at these latitude, this 
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does not preclude the tholeiitic affinity of the parental melts of the Tihama Asir gabbros (see 

further discussion in Section 6.3). Isotopic data on our sample suite will shed light on the 

possible role of the Afar in their mantle source and will be detailed in a separate contribution. 

The most primitive olivine gabbros also show REE and trace element patterns similar to the 

Brothers and QUSEIR gabbros (Fig. 5a,b; referred to as “Red Sea gabbros” in the figures and 

in the following), sustaining the idea that all the syn-rift gabbroic intrusions in the Red Sea 

rift system formed from tholeiitic parental melts produced by an asthenospheric mantle 

source (see also Ligi et al., 2018, 2019). Considering all the studied gabbroic samples, the 

bulk composition of olivine gabbros, cpx-gabbros, porphyric gabbros and oxide gabbro from 

the Tihama Asir igneous complex show a progressive increase in incompatible trace element 

contents (i.e., La, Y, Sr, Nb, U; Fig. 4) at decreasing Mg-numbers. The studied gabbros 

thereby depict a single crystal line of descent tracing a process of magmatic differentiation 

from primitive compositions in olivine gabbros to evolved compositions in oxide gabbros 

(Fig. 4; Fig. 5).  

However, despite the primitive olivine gabbros from the Tihama Asir suggest 

crystallization from melts having a MORB-type affinity, the bulk-rock compositions of the 

more evolved gabbroic lithologies (i.e., cpx-gabbros, porphyric gabbros and the oxide 

gabbro) diverge from the compositional trend defined by the lower oceanic crust formed at 

mid-ocean ridges. The Tihama Asir evolved gabbros show selective enrichments in highly 

incompatible elements (e.g., K2O, Sr, Nb, U; Fig. 4) and a progressive increase in 

LREE/HREE-Y fractionation, ranging from LaN/YN = 0.71-0.93 in olivine gabbros to LaN/YN 

= 1.03-1.77 in the porphyric gabbros (Fig. 5a, b). Enrichments in highly incompatible 

elements are also observed in clinopyroxene and plagioclase compositions (e.g., Rb, Ba, Th, 

U, LREE; Fig. 8b, d). These selective enrichments lead to a progressive increase in 

LREE/HREE fractionation, from LaN/YN = 0.17 in the most primitive clinopyroxene to 

LaN/YN = 0.61 in the most evolved ones, with a large range of variability locally found within 

a single sample (Fig. 7; Fig. 8a, b). Given small differences in the bulk partition coefficients 

of REE and Y in a gabbroic mineral association (i.e., olivine, plagioclase and clinopyroxene), 

such gradual variations in LaN/YN are not expected during a simple process of fractional 

crystallization. Rather, additional processes need to be invoked to explain such enrichments, 

with profoundly different implications for the evolution of the magmatic system: i) diffusive 

reequilibration at sub-solidus conditions (e.g., Coogan & O’Hara, 2015); ii) in situ 

crystallization (e.g., Langmuir, 1989; Jenner & O’Neill, 2012; Coogan & Dosso, 2016); iii) 

mixing of different melt compositions (e.g., Coogan et al., 2000; Cashman et al., 2017; 
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Edmonds et al., 2019), and iv) reactive crystallization (e.g., Sanfilippo et al., 2014, 2020; 

Fischer et al., 2016; Basch et al., 2018; Ferrando et al., 2018; Leuthold et al., 2018; 

Lissenberg et al., 2019; Rampone et al., 2020). In the following, we assess these different 

processes and their ability to reproduce the incompatible trace element composition of the 

Tihama Asir gabbros. 

 

6.2. Origin of the selective enrichments in highly incompatible elements  

 

6.2.1. Diffusive reequilibration 

 

Diffusive reequilibration has been documented as a process capable of significantly 

modifying mineral trace element compositions by element redistribution during progressive 

cooling (i.e., sub-solidus conditions). Moreover, since elements with different 

incompatibilities can migrate at different rates during cooling of a magmatic system, 

diffusion can generate significant changes in trace element compositions of minerals (i.e., 

chromatographic separation; Coogan & O’Hara, 2015). Such a process of intra- and inter-

mineral elemental diffusion during sub-solidus reequilibration could lead to compositional 

zoning in minerals and to changes in the element ratios as a function of temperature. In order 

to assess the role of diffusive reequilibration in creating the trace element enrichments 

observed in minerals from the Tihama Asir gabbros, we computed the equilibrium 

temperature of the clinopyroxene-plagioclase mineral couples, using the REE 

geothermometer from Sun & Liang (2017). Couples of average clinopyroxene-plagioclase 

cores and rims within all lithologies yield equilibrium temperatures ranging from 1048°C to 

1180°C (Fig. 9a), with rim couples showing slightly lower equilibrium temperatures than 

clinopyroxene-plagioclase cores (up to 50°C difference). This suggests that equilibration 

occurred at magmatic temperatures. In addition, diffusion is expected to cause a flux of 

HREE-Y from plagioclase into adjacent clinopyroxene, in turn generating a gradual 

modification in HREE-Y concentrations at decreasing temperature (Coogan & O’Hara, 

2015). Figure 9a shows that the YN concentrations in both plagioclase and clinopyroxene are 

nearly constant at decreasing equilibrium temperatures, implying that subsolidus diffusion of 

REE-Y between coexisting clinopyroxene and plagioclase did not substantially modify the 

trace element patterns of these minerals. Finally, subsolidus diffusion in a closed system 

cannot explain the gradual and selective enrichments in highly incompatible elements of the 

bulk-rock compositions, which rather require an open-system process. On this basis, we can 
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reasonably discard diffusive reequilibration as the driving process causing the selective bulk-

rock and mineral enrichments in highly incompatible elements in the Tihama Asir gabbros.  

 

6.2.2. In situ crystallization 

 

In situ crystallization has been invoked to explain enrichments in incompatible elements in 

minerals from continental layered intrusions (Langmuir, 1989) as well as in mid-ocean ridge 

basalts (Coogan & O’Hara, 2015). In situ crystallization involves crystallization at the 

margins of a magma chamber and subsequent return of the residual melt within the magma 

chamber interior, where it is mixed with new incoming melt. To assess the ability of this 

process to explain the incompatible trace element enrichments observed in the Tihama Asir 

minerals, we performed a model of “in situ crystallization” using the equation given by 

Langmuir (1989). We considered different amounts of residual melt returning into the magma 

chamber interior, from f = 0.1 (strongly fractionated melt is mixed back into the magma 

chamber) to f = 1 (corresponding to fractional crystallization). The starting melt composition 

has been computed in equilibrium with a clinopyroxene core from the most primitive olivine 

gabbro from the Tihama Asir, and partition coefficients have been taken from the compilation 

given by Basch et al. (2018). The modal composition of fractionated minerals has been 

computed at each step of 5°C cooling using the MELTS thermodynamic software (Ghiorso & 

Sack, 1995). 

Figure 9b shows the composition of the clinopyroxene in equilibrium with the melt at 

variable f, considering a melt crystallizing from F = 1 to F = 0.2 (i.e., 20% of initial melt 

mass). The clinopyroxene in equilibrium with the computed melt shows progressive 

enrichments in highly incompatible elements at decreasing f, in turn leading to increasing 

LREE/HREE fractionation (i.e., LaN/YN; Fig. 9b). Regardless of the amount of residual melt 

returning into the magma chamber interior, the modeled incompatible trace element 

enrichments can reproduce only part of the clinopyroxene compositions analysed in the 

Tihama Asir gabbros (LaN/YN <0.4), failing to explain the enriched compositions 

characterizing the most evolved lithologies. 

 

6.2.3. Magma mixing 
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Mixing processes are part of the fundamental processes driving the dynamics of magma 

chambers (e.g., Coogan & Dosso, 2016; Cashman et al., 2017). Mixing between different 

melts (i.e. variably evolved melts or melts with different magmatic affinities) within a magma 

chamber can lead to drastic modifications in the composition of the crystallized mineral 

phases (e.g., Anderson, 1976; Cashman et al., 2017; Edmonds et al., 2019). Given that the 

Cenozoic magmatism in the western Arabian margin ranged from high-Na alkaline to 

tholeiitic (e.g., Sanfilippo et al., 2019; Stern & Johnson, 2019), one could argue that mixing 

between parental melts with different trace element compositions might have produced the 

variations documented in the Tihama Asir gabbros. However, mixing of different parental 

melts would have caused a random distribution of enriched and depleted trace element 

signatures in the different lithologies, contrasting with the observation that the bulk-rock 

enrichments in elements with crustal affinity are more accentuated in the most evolved 

Tihama Asir gabbros. 

Moreover, in-situ analyses of mineral phases reveal that such enrichments characterize 

preferentially the evolved clinopyroxene rims, with clinopyroxene in single samples locally 

spanning the entire geochemical variability of all gabbros in a single lithology (Fig. 7; Fig. 

8a, b). These features indicate that the process responsible for the enrichments in highly 

incompatible trace elements was progressive, synchronous to the magmatic evolution and 

associated to the crystallization of the main minerals. On these bases, we can exclude mixing 

of different parental magmas as the primary process responsible for the selective enrichments 

documented in the gabbros from the Tihama Asir igneous complex. 

 

 6.2.4. Reactive crystallization 

 

Reactive crystallization i.e., assimilation of mineral matrix and synchronous fractional 

crystallization at decreasing temperatures (Collier & Kelemen, 2010), has been extensively 

invoked to explain textural observations (e.g., dissolution microstructures) and trace element 

enrichments in the continental (e.g., De Paolo, 1981; Bohrson & Spera, 2001; Andrews et al., 

2008; Antonicelli et al., 2020) and oceanic lithosphere (e.g., Kelemen et al., 1995; Lissenberg 

& Dick, 2008; Lissenberg et al., 2013; Leuthold et al., 2018; Basch, 2018; Basch et al., 

2019a; Ferrando et al., 2021b). The assimilation of a pre-existing mineral matrix is driven by 

chemical disequilibrium between the intruding melt and the host rock and causes the 

modification and hybridization of the melt composition (e.g., De Paolo, 1981; Natland & 

Dick, 2002; France et al., 2009; Koepke et al., 2011; Leuthold et al., 2014; Sparks et al., 
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2019; Antonicelli et al., 2020). This modification in melt composition can in turn lead to the 

anticipation and/or saturation of mineral phases not expected from the fractional 

crystallization of the primary melt composition (e.g., Dick & Natland, 1996; Collier & 

Kelemen, 2010; Sanfilippo et al., 2016; Basch et al., 2019b; Brunelli et al., 2020). 

Consistently, the oxide gabbro from the Tihama Asir contains discrete quantities of 

interstitial phlogopite (4 vol%; Fig. 3e). In oceanic settings, dark mica has only been 

documented as an accessory phase in felsic veins formed from extremely fractionated MORB 

melts (e.g., Nguyen et al., 2018). The crystallization of substantial quantities of such a 

potassium-rich mineral is not predicted upon simple fractional crystallization of MORB-type 

melts (e.g., Botcharnikov et al., 2008; Koepke et al., 2018), but rather requires addition of K-

rich material. On the same line of evidence, bulk-rock enrichments in Rb, Ba, Th, U and 

LREE require the assimilation of material with crustal affinity. Given that the Tihama Asir 

gabbros are in primary contact with the Arabian continental crust, we argue that continental 

material from the extended Arabian margin was assimilated into the crystal mush during the 

formation of the gabbroic intrusion.  

To assess whether assimilation of continental crust and hybridization of a MORB-type 

melt can explain the composition of the Tihama Asir gabbros, we opted for a model of 

Assimilation-Fractional Crystallization process (AFC) using the equation of De Paolo (1981), 

originally designed to compute the geochemical impact of processes of crustal assimilation. 

Considering that our aim is to mathematically reproduce the analyzed enrichments in highly 

incompatible elements during a well-constrained petrological process, we preferred this 

simple approach to more realistic and complex geochemical and thermodynamic models 

available in literature (e.g., Magma Chamber Simulator, see Bohrson et al., 2014, 2020; 

Heinonen et al., 2020). 

 

6.3. Continental crust assimilation: geochemical modeling 

 

Our geochemical model is designed to reproduce the enrichments in highly incompatible 

elements within the minerals of the Tihama Asir gabbros. To do so, we first computed the 

melts in equilibrium with clinopyroxene cores and rims, using the cpx/melt partition 

coefficients from the compilation by Basch et al., (2018). Equilibrium melts are given in 

Supplementary Table S7 and are plotted in Figure 10a, b.  

The computed equilibrium melt compositions show a large range of trace element absolute 

concentrations, with lower REE concentrations in the melts that formed the clinopyroxene 
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cores (YbN = 19.6-75.1 times CI) with respect to the melts that formed the clinopyroxene 

rims (YbN = 23.5-96.0 times CI), regardless of the lithology considered. Melts in equilibrium 

with clinopyroxene cores also show lower LREE/HREE fractionation (LaN/YN = 1.42-4.35) 

than melts in equilibrium with clinopyroxene rims (LaN/YN = 2.07-5.17). All computed melts 

show negative Eu, Sr and Ti anomalies (Fig. 10b), consistent with the fractionation of 

plagioclase and Fe-Ti oxides upon progressive crystallization of oxide-bearing gabbros (Dick 

et al., 2000; Botcharnikov et al., 2008). The enriched character of highly incompatible 

elements (e.g., Rb, Ba, Th, U, Zr, Hf; Fig. 10b) and the positive LREE/HREE fractionation 

characterizing the melts in equilibrium with the Tihama Asir clinopyroxenes from the 

evolved gabbroic samples do not fit with the Mid-Atlantic ridge basalts compositional field 

and support the involvement of crustal assimilation and hybridization of the parental MORB-

type melts towards granitic compositions (see Coleman & McGuire, 1986).  

To quantify the modification of the parental melt composition during progressive 

assimilation of continental crust, we perform an Assimilation-Fractional Crystallization 

(AFC) model (De Paolo, 1981). To account for the variability of tholeiitic melt compositions 

in the Red Sea setting and in correspondence with the nearby Afar plume (e.g., van der Zwan 

et al., 2015), we compute AFC models using different starting melts, namely N-MORB and 

E-MORB compositions (after Sun & McDonough, 1989). Additionally, we performed an 

AFC model using the composition of a basaltic dike crosscutting the layered gabbro unit 

(TA01-Tlg1b; Table 1) as starting melt. This basaltic dike shows trace element compositions 

(LaN/SmN = 1.08) similar to E-MORB melts. Given the structural relationships with the 

gabbroic body and the difference with the Quaternary basalts outcropping nearby, we infer 

that this dike likely formed soon after the solidification of the gabbros and may thereby be 

representative of the parental melt composition of the igneous complex. Our AFC models 

simulate the assimilation of two different crustal components, namely the average Upper 

Continental Crust (UCC) and the average Lower Continental Crust (LCC) as estimated by 

McLennan (2001). In these AFC models, we simulate the progressive crystallization of a 

MORB-type melt at decreasing melt mass; accordingly, we computed the process of reactive 

crystallization assuming progressive changes in the saturated phases at decreasing melt mass. 

We modelled the crystallization of a primitive olivine gabbro (ol:pl:cpx = 20:50:30 vol%) 

from F = 1 (100% melt mass) to F = 0.8, followed by the crystallization of a gabbro (pl:cpx = 

50:50 vol%) from F = 0.8 to F = 0.4 and the crystallization of an oxide gabbro (pl:cpx:ilm = 

48:47:5 vol%) from F = 0.4 to F = 0.1. The considered mass assimilated/mass crystallized 

(Ma/Mc) ranges from 0.1 to 0.9 and the partition coefficients are after Bédard (1994) and 
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Basch et al. (2018). Model parameters and results of the AFC models are given in 

Supplementary Table S8. To best visualize the progressive trace element variations, we did 

not represent the variation of single elemental ratios but modeled the evolution of the whole 

melt REE and trace element patterns.  

Figure 11 shows the comparison between the Tihama Asir equilibrium melt compositions 

and the modeled evolution of an N-MORB melt composition during progressive fractionation 

and assimilation of UCC (Ma/Mc = 0.5; Fig. 11a, b) and LCC (Ma/Mc = 0.8; Fig. 11c, d) at 

decreasing melt mass (F decreasing from 1 to 0.1). The result of the models using the E-

MORB and the crosscutting basaltic dike as starting melt composition are given in 

Supplementary Figure S1 and Supplementary Figure S2, respectively. In all AFC models, the 

residual melt composition shows a progressive increase in REE absolute concentrations and 

LREE/HREE fractionation upon fractionation and concomitant assimilation of crustal 

material (Fig. 11). This increase in REE absolute concentrations, LaN/SmN and LaN/YN ratios 

is accompanied by enrichments in highly incompatible elements (Rb, Ba, Th, U, Nb, Zr, Hf) 

and development of negative anomalies in Ba, Nb, Sr and Eu (Fig. 11b, d) that fit well the 

compositions from the Tihama Asir igneous complex. 

Figure 12 shows clinopyroxene compositions modeled after the assimilation of UCC (Fig. 

12a-d) and LCC (Fig. 12e-h) by a melt with N-MORB starting compositions, at different 

assimilation rates (0.1 < Ma/Mc < 0.9). Notably, the model successfully reproduces the 

change in compositions of the studied samples even if an E-MORB or the crosscutting 

basaltic dike are used as starting melt compositions (Supplementary Figure S3 and 

Supplementary Figure S4, respectively). However, using an E-MORB as starting 

composition, the AFC model yields initial LaN/SmN and ThN/YN ratios slightly higher than 

the clinopyroxenes analysed in the olivine gabbros (Fig. S3, Fig. S4). Hence, although we 

cannot exclude that the mantle asthenosphere was somehow polluted by material deriving 

from the Afar plume (van der Zwan et al., 2015), the parental melts of the Tihama Asir 

gabbros had a MORB-like trace element signature (Fig. 12). More importantly, our AFC 

model demonstrates that high rates of continental crust assimilation are required (Ma/Mc = 

0.3-0.6 for UCC assimilation, Ma/Mc = 0.6-0.9 for LCC assimilation) to reproduce the 

Tihama Asir gabbro absolute concentrations (LaN; Fig. 12a, e) and REE fractionation 

(LaN/YN, Fig. 12b, f; LaN/SmN, Fig. 12c, g; ThN/YN; Fig. 12d, h). The higher assimilation 

rates required while considering LCC assimilation result from lower trace element absolute 

concentrations within the assimilated continental material (see inserts in Fig. 11). 
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In summary, our models suggest that the process of continental crust assimilation 

previously inferred by Coleman & McGuire (1986) and McGuire & Coleman (1986) 

successfully reproduces the large geochemical variability of the different lithologies forming 

the Tihama Asir gabbros. The modeled hybridization process involves progressive 

crystallization of a MORB-type melt during concomitant assimilation of the host continental 

crust at relatively elevated assimilation rates (Ma/Mc = 0.3-0.9; Fig. 12; Fig. S3; Fig. S4). 

The modeled enrichments in LREE and highly incompatible elements cover the whole range 

of compositions reported in the Tihama Asir olivine gabbros, cpx-gabbros and oxide gabbro 

(Fig. 11, Fig. 12; Fig. S1; Fig. S2; Fig. S3; Fig. S4). Assimilation of either UCC or LCC 

allows us to reproduce the compositions of the Tihama Asir gabbros; discerning the 

assimilated portion of continental crust requires detailed isotopic analyses of the Tihama Asir 

gabbros and is beyond the scope of this study. A detailed quantification of the continental 

crust assimilation process will be provided in a separate study. 

 

6.4. Extraction of hybridized melts and formation of basalt dike swarms 

 

The Tihama Asir gabbroic bodies are associated with coeval basaltic intrusions (20-24 Ma; 

e.g., Stern & Johnson, 2019), forming crosscutting dikes and dike swarms that increase in 

density from the east to the west, towards the Red Sea. These dikes are characterized by 

decimetre- to metre-size thickness (Fig. 2c, d) and chilled margins at the contact with their 

host gabbroic and continental rocks. These chilled margins are indicative of fast cooling and 

thus emplacement of the intrusion into a cold environment (e.g., Huppert & Sparks, 1989; 

Hayman et al., 2009). Figure 13 shows the bulk-rock REE composition of the Tihama Asir 

basalts (see also Supplementary Table S1). We distinguish two families of dikes on the basis 

of their field relationships and major and trace element compositions: i) the Jabal Sawdah 

dike swarm intruded into continental basement and, ii) the Masliyah basalts crosscutting the 

layered gabbros.  

The Jabal Sawdah basalts show a large range of major and trace element compositions and 

show enrichments in the most incompatible elements with respect to the HREE (Fig. 4e, f, g, 

h). The LREE-enriched patterns of the basalts are similar to the melts computed in 

equilibrium with clinopyroxene cores in the Tihama Asir gabbros, both in terms of absolute 

concentrations and LREE/HREE fractionation (Fig. 13). Therefore, we infer that the melts 

that intruded the continental basement and formed the dike swarm presented the same 

hybridized character as the melts forming the most evolved gabbros. This implies that hybrid 
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melts were extracted from the uppermost portions of the gabbroic crystal mush (e.g., Coogan 

& Dosso, 2016). Moreover, our AFC models demonstrate that most of the Tihama Asir 

clinopyroxene compositions require high assimilation rates, but with a remaining melt mass 

of at least 30% (indicated as F > 0.3 in Fig. 11c, d; Fig. 12). This suggests that the initial 

process of reactive crystallization occurred within a crustal magma chamber, followed by the 

extraction of the hybridized melt to form the overlying dike swarm (Fig. 14). 

Notably, the Jabal Sawdah basalts show bulk-rock REE compositions similar to the melt 

in equilibrium with the clinopyroxene cores, instead of the clinopyroxene rims (Fig. 13). This 

suggests that melt extraction occurred prior to the crystallization of the late-stage melts 

forming the clinopyroxene rims. The extraction from the gabbroic crystal mush was likely 

relatively scarce, since the presence of poikilitic clinopyroxenes and oxides, associated with 

interstitial amphibole (Fig. 3b, c) and millimetre-size gabbronoritic aggregates (Fig. 3d) are 

evidence of late-stage crystallization during closure of the magmatic system (i.e., after partial 

extraction; Lissenberg & Dick, 2008; Leuthold et al., 2018). Microstructural evidence 

consistent with our scenario of partial melt extraction from a gabbroic crystal mush can be 

found in the Tihama Asir olivine- and cpx-gabbros. Indeed, elongated plagioclase crystals 

form weak foliations and show diffuse occurrence of bending and mechanical twins (Fig. 3b, 

c). These characteristics have been reported in microstructural studies of crystal mush 

compaction (Meurer & Boudreau, 1998; Namur et al., 2015; Cheadle & Gee, 2017; Bertolett 

et al., 2019; Ferrando et al., 2021a), in which the latter process leads to deformation and 

physical reorganization of the crystals according to their morphology. Therefore, based on 

combined microstructural and geochemical evidence in the Tihama Asir gabbros and dike 

swarm, we infer that after partial reactive crystallization of the gabbroic bodies, the 

hybridized melt was in part extracted from the gabbroic crystal mush and intruded into cold 

continental crust to ultimately form dike swarms presenting chilled margins, similar to the 

Jabal Sawdah basalts (Fig. 14). The interstitial melt that remained in the compacted crystal 

mush then crystallized poikilitic clinopyroxenes and gabbronoritic aggregates during late-

stage crystallization at decreasing temperature (e.g., Meurer & Boudreau, 1998; Namur et al., 

2015; Ferrando et al., 2021b). 

Conversely to the Jabal Sawdah dike swarm, the dikes crosscutting the Masliyah layered 

gabbro show relatively flat REE patterns (LaN/YN = 1.05-1.26; Fig. 13; Supplementary Table 

S1). The latter suggest little or no continental crust assimilation and hybridization (Fig. 11a, 

b; Fig. 12). Given that assimilation of the host rock occurs mainly within magma chambers 

and crystal mushes (e.g., Coogan & Dosso, 2016), we infer that the crosscutting basalts 
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experienced rapid extraction from deep magma chambers towards colder levels through an 

already cooled gabbroic body, thus allowing for brittle fracturing and for the formation of 

chilled margins. 

 

6.5. Implications on the geodynamic evolution of the Red Sea rift system 

 

The western Arabian plate exposes a Cenozoic volcanic province formed during the 

emplacement of the Afar plume and lithospheric thinning related to the Red Sea rifting (e.g., 

Bosworth & Stockli, 2016; Sanfilippo et al., 2019; Stern & Johnson, 2019). Yet, it remains 

unclear if the syn-rift magmatism influenced the rift-to-drift transition and breakup of the 

Arabian-Nubian Shield (ANS) (e.g., Bialas et al., 2010; Ligi et al., 2015; Stern & Johnson, 

2019). Based on the abundant Cenozoic volcanism along the Arabian margin, Stern & 

Johnson (2019) recently proposed to define the Red Sea as a volcanic rifted margin. Volcanic 

rifted margins, of which the Greenland-Norway margins are the prime examples (e.g., 

Hopper et al., 2003; Voss & Jokat 2007; Franke, 2013), are characterized by extensive syn-

rift magmatism leading to the formation of seaward dipping reflectors, considered evidence 

of a rapid transition from rifting to oceanic spreading (e.g., Bialas et al., 2010). In the same 

line of evidence, the rifting and break-up of the South China Sea has recently been re-

evaluated based on seismic data and IODP sampling of MORB-type pillow basalts in the 

distal margin (IODP Expedition 367/368; Larsen et al., 2018 and references within). There, 

fast rift-to-drift transition is thought to have been induced by strong and focused syn-rift 

magmatism that accompanied lithospheric thermal weakening and thinning.  

Although the opening of the Red Sea was accompanied by numerous intrusions within the 

rifted ANS (Keranen et al., 2004; Kendall et al., 2005) and is considered a volcanic rifted 

margin, most studies concur that the rifting phase was protracted over at least ⁓7 Ma (e.g., 

Amalki et al., 2015; Ligi et al., 2015; Augustin et al., 2021). Conversely to the focused 

magmatism documented in the Greenland-Norway and South China Sea margins, it appears 

that the magmatism in the Red Sea rift system did not allow for immediate continental break-

up and led to a long-lived rifting process of the ANS, before the localization of magmatism 

and deformation drove continental breakup and onset of oceanic spreading delayed of at least 

⁓7 Ma (El Khrepy et al., 2021). 

In the studied area, the Tihama Asir igneous complex is closely associated to numerous 

basaltic dikes intruded within the continental crust and formed as part of the extensive 

magmatism associated with the initial Red Sea rifting phase (⁓24.3-20.0 Ma; Bosworth & 
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Stockli, 2016). Our study documents that the emplacement of MORB-type gabbroic plutons 

was accompanied by extensive assimilation of the host continental crust (Fig. 11; Fig. 12), 

and that the melt hybridized within the gabbroic crystal mush was extracted and formed dike 

swarms intruded within the upper continental crust (Fig. 13; Fig. 14). The formation of the 

Tihama Asir therefore fits well into the context of volcanic rifted margins, in which the 

thinned continental crust is intruded and partially replaced by hybridized oceanic crust. 

Notably, as it is documented in natural settings and modeled numerically, the addition of 

mafic material into rifted margins can have contrasting effects on rifting and break-up 

processes, namely: i) focused magmatism can lead to rapid continental break-up and onset of 

seafloor spreading (e.g., Bialas et al., 2010; Larsen et al., 2018), ii) magma-compensated 

crustal thinning, although involving sustained magmatism, prevents continental break-up 

(e.g., Thybo & Nielsen, 2009; Bastow & Keir, 2011; Chenin et al., 2019), and iii) the 

widening of the deformed zone, with extensive but diffuse melt addition within the rifted 

continental crust, leads to a delay in continental rupture (e.g., El Khrepy et al., 2021). Given 

that the Red Sea rifting was protracted over more than 7 Ma, we suggest that the two latter 

hypotheses are more likely to have driven the tectonic evolution of the Red Sea rift system 

and emphasize that the timing and distribution of magmatism during extension are critical 

factors in the development of a rift system. 

 

7. CONCLUSIONS 

 

The Tihama Asir igneous complex formed as part of the extensive magmatism that occurred 

during the early phase of the Red Sea continental rifting (25-20 Ma). It represents a key 

location to study the initial phase of syn-rift magmatism and its influence on the geodynamic 

evolution of the Red Sea rift system. The Tihama Asir plutons are composed of gabbros 

ranging in composition from MORB-type olivine gabbros to oxide gabbros showing the 

discrete occurrence of dark mica and enrichments in highly incompatible trace elements (e.g., 

Rb, Ba, Th, U, Sr, LREE). The modal, bulk and mineral compositions of the gabbroic bodies 

indicate that a process of progressive crustal assimilation during concomitant crystallization 

drove the chemical evolution of the MORB-type gabbroic crystal mush. The melts hybridized 

by crustal contamination were subsequently extracted and intruded into the Arabian Shield 

continental crust, forming the dike swarms exposed along the western Arabian margin. Our 

results confirm that syn-rift magmatism led to the partial replacement of the thinned 
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continental crust by MORB-type gabbroic bodies, in turn suggesting that oceanic magmatism 

started prior to continental break-up. Extensive syn-rift magmatism is consistent with the 

interpretation of the Red Sea rift system as a volcanic rifted margin, in which the extensive 

but diffuse syn-rift magmatism possibly hampered continental break-up and led to the 

protracted rifting documented for the Red Sea system. 
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Table 1: Studied samples, sample location, lithotype and modal compositions 

Por. gabbro: Porphyric gabbro; Plg: plagioclase; Cpx: clinopyroxene; Ol: olivine; Ox: Fe-Ti oxide; Amph: 

amphibole; Bt: biotite; Opx: orthopyroxene; Matrix: microcrystalline matrix. 

 

 

 

 

 

          Modal composition (vol%) 

Sample Location Latitude Longitude Lithotype Plg Cpx Ol Ox Amph Bt Opx Matrix 

TA01-Tlg1 Masliyah 17°26'10'' N 42°35'57'' E Por. gabbro 45 0 0 0 0 0 0 55 

TA02-Tlg3 Masliyah 17°26'10'' N 42°35'57'' E Por. gabbro 40 0 0 0 0 0 0 60 

TA02-Tlg5 Masliyah 17°26'10'' N 42°35'57'' E Cpx-gabbro 63 25 0 10 2 0 0 0 

TA02/Dy-1  Masliyah 17°26'10'' N 42°35'57'' E Basalt 12 4 0 1 0 0 0 83 

TA03-Tgg1 Masliyah 17°26'20'' N 42°36'52'' E Cpx-gabbro 69 20 0 5 1 0 5 0 

TA03-Tgg3 Masliyah 17°26'20'' N 42°36'52'' E Por. gabbro 40 0 0 0 0 0 0 60 

TA03-Tgg4 Masliyah 17°26'20'' N 42°36'52'' E Cpx-gabbro 72 20 0 7 1 0 0 0 

TA04-Tgg1 Masliyah 17°26'20'' N 42°37'24'' E Oxide gabbro 40 35 4 16 1 4 0 0 

TA05-Tgg1 Masliyah 17°26'23'' N 42°37'40'' E Ol-gabbro 55 24 20 1 0 0 0 0 

TA05-Tgg3 Masliyah 17°26'23'' N 42°37'40'' E Ol-gabbro 50 25 24 1 0 0 0 0 

TA06-Tlg1 Masliyah 17°26'29'' N 42°35'49'' E Por. gabbro 40 0 0 0 0 0 0 60 

TA-06/Dy-1  Masliyah 17°26'29'' N 42°35'49'' E Basalt 9 2 0 1 0 0 0 88 

TA07-Tlg2 Jabal al Tirf 16°59'23'' N 42°57'20'' E Cpx-gabbro 55 35 2 6 2 0 0 0 

TA07-Tlg3 Jabal al Tirf 16°59'23'' N 42°57'20'' E Ol-gabbro 50 35 10 3 1 0 1 0 

TA08-Tlg1 Jabal al Tirf 16°59'19'' N 42°57'23'' E Ol-gabbro 55 30 8 5 2 0 0 0 

TA08-Tlg3 Jabal al Tirf 16°59'19'' N 42°57'23'' E Cpx-gabbro 52 40 0 7 1 0 0 0 

TA09-Tlg1 Jabal al Tirf 16°59'21'' N 42°57'22'' E Ol-gabbro 50 30 10 7 3 0 0 0 

TA-15/Tgb-1  Jabal Sawdah 17°30'42'' N 42°28'33'' E Basalt 9 3 0 1 0 0 0 87 

TA-16/Tgb-1  Jabal Sawdah 17°30'42'' N 42°28'33'' E Basalt 11 4 0 1 0 0 0 84 

TA-16/Tgb-3  Jabal Sawdah 17°30'42'' N 42°28'33'' E Basalt 14 5 0 1 0 0 0 80 

TA-16/Tgb-5  Jabal Sawdah 17°30'42'' N 42°28'33'' E Basalt 12 3 0 1 0 0 0 84 

TA-17/Tgb-2  Jabal Sawdah 17°31'21'' N 42°30'32'' E Basalt 6 2 0 1 0 0 0 91 

TA-17/Tgb-3  Jabal Sawdah 17°31'21'' N 42°30'32'' E Basalt 7 2 0 1 0 0 0 90 

TA-18/Tgb-2  Jabal Sawdah 17°31'21'' N 42°30'32'' E Basalt 11 3 0 1 0 0 0 85 

TA-18/Tgb-4  Jabal Sawdah 17°31'21'' N 42°30'32'' E Basalt 10 2 0 1 0 0 0 87 

TA-19/Tgb-1  Jabal Sawdah 17°31'27'' N 42°28'54'' E Basalt 11 4 0 1 0 0 0 84 

TA-20/Tgb-1  Jabal Sawdah 17°31'27'' N 42°28'54'' E Basalt 8 3 0 1 0 0 0 88 

TA-20/Tgb-3  Jabal Sawdah 17°31'27'' N 42°28'54'' E Basalt 10 2 0 1 0 0 0 87 

TA-20/Tgb-5  Jabal Sawdah 17°31'27'' N 42°28'54'' E Basalt 11 4 0 1 0 0 0 84 
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Figure captions: 

Figure 1: a) Distribution of Cenozoic to Quaternary volcanism in the Red Sea rift system. 

The top right inset presents a simplified plate tectonic framework of the Red Sea/Gulf of 

Aden area, in which green lines are oceanic spreading centers. Redrawn after Ligi et al. 

(2012) and Stern & Johnson (2019). The red box locates the Tihama Asir igneous complex; 

b) Geological map of the Tihama Asir igneous complex. The studied samples were collected 

in the Jabal al Tirf and Masliyah plutons, and in the Jabal Sawdah dike swarm. Redrawn after 

Stern & Johnson (2019). 

Figure 2: a) Detailed geological map of the Jabal al Tirf pluton in the Tihama Asir igneous 

complex. The location of the ENE-WSW cross section, showing field relationships of the 

different igneous units in the Jabal al Tirf pluton, is indicated by the A-B line. Redrawn after 

McGuire & Coleman (1986); b) Photograph of the contact between layered gabbros and 

crosscutting granophyre body; c) Contact between layered gabbro and porphyric gabbro, 

crosscut by basaltic dike; d) Basaltic intrusion within metamorphic continental host rock. The 

rim of the basaltic intrusion is characterized by chilled margins. 

Figure 3: Representative photomicrographs of the studied lithologies; a) Olivine gabbro 

showing compositional layering between olivine-rich layer and clinopyroxene-oxide-rich 

layer; b) Olivine gabbro showing a weak foliation defined by the elongation of plagioclase 

crystals and intra-crystalline deformation features in plagioclase; Crossed-nicols polarized 

light photomicrograph; c) Cpx-gabbro showing a weak layering defined by the elongation of 

plagioclase crystals and oxide oikocryst including plagioclase and clinopyroxene chadacrysts 

associated with interstitial amphibole; d) Gabbronoritic aggregate (clinopyroxene, 

orthopyroxene, plagioclase) in cpx-gabbro; Crossed-nicols polarized light photomicrograph; 

e) Oxide gabbro characterized by the occurrence of millimetre-size interstitial biotite 

associated with interstitial oxides; f) Porphyric gabbro showing centimetre-size plagioclase 

phenocrysts embedded in clinopyroxene + plagioclase + oxide microcrystalline matrix. The 

porphyric shows an irregular straight contact with a basaltic dike. The bottom right inset 

shows the sample macroscopic porphyric texture. Abbreviations are after Whitney & Evans 

(2010).  

Figure 4: Whole rock compositions of the Tihama Asir gabbros and basaltic intrusions; Mg# 

(mol%) vs. a) CaO (wt%); b) K2O (wt%); c) La (ppm); d) Y (ppm); e) LaN/YN, Primitive 

Mantle normalisation values after Sun & McDonough (1989); f) Sr (ppm); g) Nb (ppm); U 
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(ppm). Also shown for comparison are the bulk-rock compositions of the Red Sea gabbros 

(after Ligi et al., 2018), Tihama Asir igneous complex (McGuire & Coleman, 1986) and the 

bulk-rock compositions of Mid-Atlantic ridge gabbros (after Godard et al., 2009).  

Figure 5: Bulk-rock trace element patterns of the Tihama Asir gabbros; a) CI-chondrite-

normalised bulk-rock REE patterns; b) Primitive Mantle-normalised bulk-rock trace element 

patterns. Also shown for comparison are the bulk-rock compositions of the Red Sea gabbros 

(after Ligi et al., 2018). Normalisation values are after Sun & McDonough (1989). 

Figure 6: Average clinopyroxene, plagioclase and olivine major element compositions and 

covariations; a) Mg# cpx vs. a) TiO2 cpx (wt%); b) Cr2O3 cpx (wt%); c) Mg# cpx vs. An plagio; d) 

Fo ol (mol%) vs. NiO ol (wt%). Mineral compositions from the Red Sea gabbros (Ligi et al., 

2018) and the Mid-Atlantic ridge gabbros (Miller et al., 2009) are shown as reference. 

Figure 7: Trace element compositions of clinopyroxene in the Tihama Asir gabbroic 

samples.; YbN vs. a) LaN; b) LaN/YN; c) LaN/SmN; d) ThN/YN. Mineral compositions from the 

Red Sea gabbros (Ligi et al., 2018) and the Mid-Atlantic ridge gabbros and troctolites 

(Drouin et al., 2009; Ferrando et al., 2020) are shown as reference. Normalisation values are 

after Sun & McDonough (1989). 

Figure 8: CI-chondrite normalised REE patterns and Primitive Mantle-normalised trace 

element patterns of: a-b) clinopyroxene; c-d) plagioclase; and e-f) amphibole. Mineral 

compositions from the Red Sea gabbros (Ligi et al., 2018) and the Mid-Atlantic ridge 

gabbros and troctolites (Drouin et al., 2009; Ferrando et al., 2020) are shown as reference. 

Normalisation values are after Sun & McDonough (1989). 

Figure 9: a) Computed equilibrium temperature of clinopyroxene-plagioclase couples using 

the REE thermometer after Sun & Liang (2017), plotted against the clinopyroxene and 

plagioclase Y contents normalised to Primitive Mantle; b) clinopyroxene compositions from 

Figure 7, compared with the computed patterns of in situ crystallization, assuming different 

amounts of melt mass returned into the magma chamber after fractionation (Langmuir, 1989). 

Mineral/melt partition coefficients and normalisation values are after Basch et al. (2018) and 

Sun & McDonough (1989), respectively. 

Figure 10: Melt compositions computed in equilibrium with clinopyroxene cores and rims 

from the Tihama Asir gabbroic samples. The compositional field of Mid-Atlantic ridge 

basalts and Red Sea basalts are shown for reference (Godard et al., 2009; van der Zwan et al., 
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2015). Mineral/melt partition coefficients and normalisation values are after Basch et al. 

(2018) and Sun & McDonough (1989), respectively. 

Figure 11: CI-normalised REE and Primitive Mantle-normalised trace element patterns of 

melt compositions in equilibrium with clinopyroxenes from Figure 9, compared with the 

patterns of Assimilation-Fractional Crystallization (after De Paolo, 1981) of an N-MORB 

parental composition (Table S8) assimilating average Upper Continental Crust (a, b) and 

Lower Continental Crust (c, d) compositions (after McLennan, 2001). The top right insets 

display the starting melt composition and assimilated material. The assimilation ratio 

(assimilated mass/crystallized mass) is fixed at Ma/Mc = 0.5 for assimilation of UCC and at 

Ma/Mc = 0.8 for assimilation of LCC. Melt fraction F decreases from 1 to 0.1. Mineral/melt 

partition coefficients and normalisation values are after Bédard (1994) and Basch et al. 

(2018), and Sun & McDonough (1989), respectively. 

Figure 12: Modeling of clinopyroxene trace element compositions computed in equilibrium 

with the reacted melt during Assimilation-Fractional Crystallization (after De Paolo, 1981) of 

an N-MORB parental composition (Table S8) assimilating average Upper Continental Crust 

and Lower Continental Crust compositions (after McLennan, 2001), at variable assimilation 

rates (0.1 < Ma/Mc < 0.95). a,e) LaN; b, f) LaN/YN; c,g) LaN/SmN; d, h) ThN/YN. 

Clinopyroxene compositions from the Red Sea gabbros (Ligi et al., 2018) and the Mid-

Atlantic ridge gabbros and troctolites (Drouin et al., 2009; Ferrando et al., 2020) are shown 

as reference. Mineral/melt partition coefficients and normalisation values are after Bédard 

(1994) and Basch et al. (2018), and Sun & McDonough (1989), respectively. 

Figure 13: CI-normalised bulk-rock REE compositions of the Jabal Sawdah and Masliyah 

extrusives, compared to the melts in equilibrium with the Tihama Asir gabbro clinopyroxene 

cores. Diabase dikes from the Jabal al Tirf are shown for comparison (Coleman & McGuire, 

1986) and N-MORB, E-MORB, OIB compositions and normalisation values are after Sun & 

McDonough (1989). 

Figure 14: Representative sketch of the geodynamic environment of formation of the Tihama 

Asir gabbroic bodies and dike swarm. The concomitant crystallization of the gabbroic crystal 

mush and assimilation of the host continental crust produces hybridized melts that were 

ultimately extracted and formed the dike swarm.  
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