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Abstract
Monogenetic volcanoes can yield eruptive suites displaying substantial complexity in compositional characteristics. The 
Bahariya monogenetic volcanoes (BMV) in the Western Desert, Egypt are a good example. They comprise complex strati-
graphic deposits involving scoria cone, lava flows, and subvolcanic sills and dikes related to diverse eruptive styles. Whole-
rock and mineral chemistry and 40Ar–39Ar geochronology are used here to document the petrogenesis, source character-
istics, and evolution of the Bahariya volcanoes. The architecture of the BMV is the product of two alkali magma batches: 
pyroclastics and lava flows forming explosive scoria cone (batch 1) and subvolcanic sills (batch 2). The two batches show 
contrast in the concentrations of incompatible trace elements and REE as well as element ratios such as Nb/Yb, Gd/Yb, 
Nb/U, and Ce/Pb (36, 5.0, 44, 30 vs. 17, 4.0, 39, 24 for batch 1 and 2, respectively). New whole-rock 40Ar/39Ar dating dis-
plays consistent age of 23.71 ± 0.06 and 23.73 ± 0.01 Ma for magma emplacement of batch 2. Batches 1 and 2 share com-
mon LILE and LREE enrichments and HFSE depletions, analogous to a HIMU-like, mantle-derived OIB source described 
from other Paleogene–Oligocene intraplate magmatic provinces in North Africa and worldwide. Trace element modeling 
proposes a derivation of the Bahariya volcanoes from parental melts generated by 8–12% partial melting of garnet lherzolite 
and amphibole-bearing garnet lherzolite at 2.18 ± 0.33 and 1.77 ± 0.33 GPa for batch 1 and batch 2, respectively, across the 
lithosphere–asthenosphere boundary at c. 70–90 km depth (2.14–2.76 GPa). These sources had been earlier metasomatized 
by volatile-, LILE- and HFSE-rich fluid(s) originating from Neoproterozoic subduction or a Phanerozoic plume. Fractional 
crystallization involved olivine + clinopyroxene in both batches followed by Fe–Ti oxides + apatite in batch 2. Furthermore, 
crust contamination/assimilation was an irrelevant process at crustal level during magma ascend to the surface. Data results 
of the geo-barometric computations disclose two magma storage levels involving intermediate to lower crustal levels at c. 
35 km (1.05 GPa) for batch 1 and mid-crustal level at c. 25 km depth (0.75 GPa) for batch 2. This study delivers proof that 
magmas emitted at Bahariya depression can undergo complex polymagmatic processes during their storage and passage in 
the crust, mainly due to the existence of a multilevel plumbing system. The origin of the BMV, as with other within-plate 
volcanoes in North Egypt, appears to be allied to extension-induced asthenosphere upwelling activated by limited exclusion 
of thickened lithospheric root under a passive rift tectonic regime coupled with the development of lithospheric thinning 
and continental breakup in North Africa.

Keywords Monogenetic Bahariya volcanism · Intraplate polymagmatic basalts · Fractional crystallization · Source 
heterogeneity

Introduction

Monogenetic volcanoes are well-known landforms of con-
tinental low-volume, mantle-derived basaltic volcanism on 
Earth (Walker 1993). They are normally short-lived erup-
tions, generating scoria cones, tuff rings and maars as a 
portion of monogenetic volcanic fields or as complex cent-
ers linked with greater polygenetic systems (Valentine and 
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Gregg 2008; Németh 2010). Their eruptive products extend 
from days to months to several years under miscellaneous 
tectonic regimes including subduction zones, continental rift 
zones and at some central volcanoes (Cañón-Tapia 2016). 
Nevertheless, detailed studies of monogenetic systems have 
revealed extensive complexity. The occurrence of their prod-
ucts may be related to diverse eruption episodes (Valentine 
et al. 2007; Clarke et al. 2009; Van Otterloo et al. 2014), 
fractionating magma compositions (Smith et al. 2008a, b; 
McGee et al. 2013), and/or mingling of magmas derived 
from dissimilar sources (Reiners 2002; Nemeth et al. 2003; 
McGee et al. 2013). Brenna et al. (2010) introduced the term 
"polymagmatic monogenetic volcanism" for some monoge-
netic centers which involve multiple batches during various 
eruptive events, similar to well-known monogenetic volcanic 
fields everywhere (Luhr 2001; Nemeth et al. 2003; Valen-
tine and Perry 2007; Brenna et al. 2010, 2011; Van Otterloo 
et al. 2014), such as Udo Volcano, South Korea and Mount 
Mt Gambier Volcanic Complex, SE Australia. The eruptive 
products of the earlier involve explosive alkali basalts fol-
lowed by sub-alkaline effusive eruption (Brenna et al. 2010), 
but the rock types of the latter comprise two alkali basal-
tic magma batches linked to fluctuating eruptive styles and 
eruption frequencies from complex plumbing system (Van 
Otterloo et al. 2014).

Volcanic activity associated with extensional rifting is a 
global phenomenon that helps the crust shape of our planet. 
The Red Sea and neighboring areas are characterized by 
various phases of igneous activity associated with different 
tectonic regimes (e.g., northeast Africa, at ca. 30 Ma), that 
are sometimes accompanied by mantle upwelling, volumi-
nous volcanic eruptions, and crustal doming as seen in the 
southern Red Sea region including the Afar triple connec-
tion and areas of Yemen and Saudi Arabia (Harret volcanic 
fields), Jordan, and Syria (Fig. 1a/b) (e.g., Bosworth et al. 
2005; Rooney et al. 2011, 2012). Three phases of volcanism 
belonging to the East African Rift System (EARS) (Ebinger 
2005) have occurred in the Red Sea system and its environs 
(Bosworth and Stockli 2016) namely: (i) pre-rift volcanism 
(46–34 Ma); (ii) syn-rift volcanism (30–25 Ma), and (iii) 
post-rift volcanism (< 20 Ma) (Fig. 1b). The formal phase 
is linked with the presence of the mantle plume, currently 
best recognized in the South Ethiopia and the middle phase 
represents a great extrusive episode in northern Egypt and 
the Harrat volcanic field, whereas the post-rift phase denotes 
continued volcanism within Afar and the Harrat ranging in 
age from ~ 17 Ma to Present-day. The dispersal patterns of 
these volcanoes propose a shift from plume-derived volcan-
ism below the Afar and Arabian plates (North Arabia/Jordan 
plume) (Ilani et al. 2001) to an inhomogeneous upper mantle 
(i.e., seafloor spreading) (Schilling et al. 1992; Volker et al. 
1993, 1997).

Spatial and chronological distributions of volcanic 
rocks in the Northern Red Sea province (i.e., magma-poor 
margins) that precedes the breakup processes and mantle 
lithospheric characteristics are poorly understood. In this 
circumstance, low-volume mafic volcanoes represent a 
significant key in accomplishment of understanding of the 
character of the curst–mantle interface processes. Because 
the low-volume mafic volcanoes are not formed by subduc-
tion or mantle plume, the growth of its melting episode is 
mysterious (Pang et al. 2012). Then, detailed investigations 
involving petrological and geochemical studies are required 
to compel the source features of intraplate mafic Bahariya 
volcanoes, which expelled synchronously with the evolution 
of continental rifting along the Red Sea (Baldridge et al. 
1991). In this paper, we present 40Ar/39 Ar geochronology, 
mineral chemistry, and whole major-trace elemental data for 
the Bahariya volcanoes. The goals of this paper are: (1) to 
clarify exactly the eruption ages; (2) to recognize the rock 
petrogenesis involving the source characteristics, fractional 
crystallization and crustal contamination and the magma 
plumbing system underlying the Bahariya depression, and 
(3) to explore feasible geodynamic implication in relation to 
the timing and evolution of Red Sea rifting.

Geological setting

The low-volume igneous products of North Egypt’s Baha-
riya depression (BD), Cairo-Suez District, and Sinai Pen-
insula occupying widespread regions (15,000–25,000 km2) 
underneath the Nile Delta (Fig. 1c, d) include cinder cones, 
sheets, plugs, dikes, and sills that fluctuate in age between 
27 and 20 Ma (Fig. 1e) (Meneisy 1990; Baldridge et al. 
1991; Endress et al. 2009, 2011). The BD is situated in the 
northern Western Desert about 320 km southwest of Cairo, 
Egypt. This depression (1800 km2) is delineated between 
latitudes 27°48ʹN and 28°30ʹN and longitudes 28°35ʹE and 
29°10ʹE (Fig. 2). It has a northeast–southwest-trending ellip-
tical shape approximately 94 km long and 42 km wide. The 
excavation of the BD was ascribed to aeolian and karst sys-
tems endorsed by the old structural alignments (El Aref et al. 
1987). The BD includes assorted lithofacies that fluctuate 
from fluviolacustrine rocks of upper Cretaceous to Eocene 
carbonate rocks capped by Recent deposits (Fig. 2). These 
rocks are deformed by Late Cretaceous to Late Eocene 
deformational style involving double-plunging folds and 
northeast dextral wrench faults (Sehim 1993; Moustafa et al. 
2003). These deformational configurations are well exposed 
within three main ENE-trending faults involving Northern, 
Mid and Southern Bahariya faults through the BD (Fig. 2). 
Large concentric structures (CS) have been described in 
the Cenomanian Bahariya Formation along the Mid Baha-
riya fault (Fig. 2) (Mazzini et al. 2019). There are abundant 
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Fig. 1  a Landsat image showing Red Sea rift system and its envi-
rons. b Map showing the distribution of northeast Africa and Arabia 
Cenozoic volcanism (modified after Chazot et al. 1998 and Stern and 
Johnson 2010). The ages of the volcanic successions are from Camp 
and Roobol (1992), Chazot et al. (1998), Ilani et al. (2001), and Szy-

manski (2013). c Sketch map showing the distributions of the Oligo-
Miocence igneous activity in Egypt. d Map showing set of NW–SE-
trending faults and related volcanism in northern Egypt (Bosworth 
et  al. 2015). (e) 40Ar/39 Ar dates for the Tertiary magmatism in the 
Red Sea basins (Kappelman et al. 1992; Kenea et al. 2001)
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inselbergs (Fig. 2) involving Cenomanian units with ferri-
crete upper crusts forming Black Desert, karstified Campa-
nian and Eocene carbonates, and Miocene mafic volcanoes 
(Fig. 2) which have been recognized within the BD (El Aref 
et al. 1991, 2017; Khalaf and Hammed 2016).

The Bahariya volcanoes (BV) are part of the EARS over-
lying Neoproterozoic rocks formed during Red Sea rifting 
(Camp and Roobol 1992). They are short-lived Neogene 
continental monogenetic volcanoes that are approximately 
distributed in Western Desert, North Egypt. The latter was 
affected by piercing deformation and volcanism during 
Oligocene–Miocene period (Baldridge et al. 1991; Bos-
worth et al. 2015). The BV are appeared within the Mid 
Bahariya footwall fault forming the hills of El Mandisha, 
El Mayesra, El Agoz, El Hefhuf, and El Marssous (Fig. 2) 
(Khalaf and Hammed 2016). These hills are characterized 
by a wide variety of facies having different eruptive styles. 
Their rock lithofacies encompass pyroclastic scoria ejecta, 
lava flows, and subvolcanic intrusions (Khalaf et al. 2019). 
The pyroclastics and lava flows forming scoria cone are well 
exposed in Marssous hill, whereas the subvolcanic intrusions 

Fig. 2  a/b The geological map and the stratigraphic section of the Bahariya depression (after Said 1962; El Aref et al. 2006)

Fig. 3  a El Marssous hill with asymmentrical crescent landform. A 
fan-shaped morphology characterizes the northeastern part com-
pared with circular outline in the southwestern part displaying cone 
segmentation. b Scoria cone succession involves mafic pyroclastic 
deposits that are sandwiched between two stratigraphic intervals of 
basaltic lava flows overlying the Bahariya formation. Notice NW-
trending dip-slip normal faults crosscutting the cone succession. c 
The scoria cone is bounded by NW and NE-trending dip-slip normal 
faults forming ring structural framework. d Scoria cone of El Mars-
sous hill is composed of ferrogineous pyroclastic scoria deposits (Py) 
and vesicles-rich basaltic lava flow with distinctive two joint tieres 
involving rosette and colonnade types. e Massive lava flows show 
colonnade joints overlying pyroclastic deposits (Py). f Crude bed-
ding in tuff–lapilli deposits marked by alternating coarse/fine tuff-rich 
alternated with lapilli-rich levels with flattened lapilli-sized tephra. g 
Crude bedding in lapilli–bomb deposit mainly marked by differences 
in clast sizes (bomb-rich vs. lapilli-rich levels). h The subvolcanic 
sills form an elliptical/ semicircular landform with convex-upward 
sheet injections having positive relief. i Subhorizontal sill sheet with 
colonnade joints cap well-bedded sediments of Upper Cretaceous 
belonging to Bahariya formation. j Inclined sill sheet with character-
istic colonnade joints covering Bahariya formation. k A transitional 
zone of peperitic breccia between overlying Bahariya Fm (BF) and 
underlying subvolcanic sill. l NW-trending subvertical dike cross-cuts 
the Bahariya formation

▸
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are the prevailing lithofacies in the hills of El Mandisha, El 
Mayesra, El Agoz, and El Hefhuf. The 40Ar/39Ar age dating 
is assigned as 23–20 Ma for the BV (Bosworth et al. 2015). 

These volcanic protrusions display field relations only with 
the sedimentary rocks belonging to El Bahariya, El Heiz, 
and El Hefhuf Formations of the Upper Cretaceous.

Fig. 3  (continued)
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The scoria cone of El Marssous hill is located at the 
southwestern side of BD, about 5 km south of the Bawiti 
city in the north. It settled at the border of Eocene plateau 
high inside the main Bahariya depression (Fig. 2). Its main 
outcrop displays a crescent shape within an incomplete 
ring having bumpy topography (Fig. 3a). The solitary cone 
is asymmetrically stretched in NW–SE, ~ 2300 m long, 
500 m wide covering an area of about 3.0 km2 and rises 
100 m above the adjacent lava overlying Bahariya forma-
tion (Fig. 3b). A fan-shaped morphology characterizes the 
northeastern flank, compared with circular-shaped outline in 
the southwestern part of the scoria cone (Fig. 3b). The rock 
outcrops of El Marssous cone are dissected by abundant of 
NW and NE-trending dip-slip normal faults forming a ring 
structure (Fig. 3b, c). They involve prime mafic pyroclas-
tic deposits, together with voluminous lava flows forming 
two stratigraphic intervals. These lava flows have a com-
plex stratigraphic relationship with the pyroclastic facies as 
they can be found both under- and overlaying it (Fig. 3b). 
They vary in thickness between 3 and 10 m in thickness. 
The lava flows show a planar, transitional diffuse contact 
parallel to underlying pyroclastic deposits. The latter contact 
is brecciated, clast-supported zone, up to 60 cm in thick-
ness and comprises clasts from both pyroclastic beds and 
lava flows set in schistose matrix. These flows are coherent, 
massive greyish black, aphanitic to porphyritic, and vesi-
cles-rich varieties displaying remarkable rosette (fan) and 
colonnade joints (Fig. 3d, e). The pyroclastics rocks, up to 
60 m thick, are well exposed through the entire of the Mars-
sous cone. They are heterogeneous, poorly to moderately 
sorted, weakly to strongly oxidized, and semi-consolidated 
to consolidated deposits. Their clasts vary in size from lapilli 
to bombs that become coarser near the top. Three facies 
intervals have been identified from base to top: cross bed-
ded ash and lapilli tuff, crude bedded tuff–lapilli beds, and 
lapilli–bomb beds (Fig. 3f, g). The latter are characterized by 
highly oxidized reddish-colored vesicles-rich bomb/lapilli-
sized clasts exhibiting cauliflower texture. Petrographically, 
they are composed of sideromelane, tachylite, and accidental 
lapilli-sized clasts suffering different degrees of palagoniza-
tion (Khalaf et al. 2019). This variation in pyroclastic facies 
reflects fluctuation in fragmentation from phreatomagmatic 
and Strombolian to Hawaiian eruptive style (Khalaf et al. 
2019). The absence of any reworking or symbols of weather-
ing between these stratigraphic units propose continuity of 
magma supply without any substantial time break.

The subvolcanic intrusive rocks occupy the central and 
northern part of the BD. They are well exposed in El Hefhuf 
(7.4 km2), Mandisha (5.0 km2), El Agouz (0.5 km2), and El 
Mayesra hills (2.8 km2). The former region is aligned along 
the central Bahariya segment, whereas the other areas are situ-
ated along the north and northeast part of the Mid Bahariya 
fault (Fig. 2). The subvolcanic protrusions comprise a stacked 

thick suite of sills, inclined sheets, and dikes, spreading over 
~ 12 km2. The subvolcanic sills occur either as semicircular 
landform with convex-upward sheets (Fig. 3h) or a series of 
regularly horizontal intrusions having sharp contact and some-
times baking with the underlying Bahariya formation (Fig. 3i). 
They oscillate in thickness from 20 m in the El Hehfuf to nearly 
7 m in other hills and 20–30 m in height. The subvolcanic sills 
are massive, coherent, black in color, a phaneritic, medium-
grained size, and sometimes display porphyritic texture. The 
inclined sheets spread for many meters in outcrop with variation 
in dip from 30° to 50° towards NE, whereas its thickness var-
ies from 50 cm to 2 m (Fig. 3j). Blocky and columnar jointing 
can be observed in the outer portions of the sheets. Most of 
these rocks are weathered and covered by wind-blown sand. 
Sporadically, irregular pockets of peperitic breccias of variable 
thickness have been observed along the contacts between the 
Bahariya formation and coherent mafic sills especially at Man-
disha and Mayesra hills (Fig. 3k). A set of NW-trending feeder 
mafic dike dissected the Bahariya formation (Fig. 3l).

Analytical techniques

Whole-rock major and trace element contents of 25 samples 
collected in the northern and the southern BV in 25 samples 
(Table 1) were determined by X-ray fluorescence(XRF) anal-
ysis (Rigaku ZSX Primus II type), following the methods of 
Sano et al. (2011). The values of volatiles were obtained by 
heating the rock powders at 1000 °C in alumina crucibles, 
after overnight drying in an oven at 110 °C to drive away 
adsorbed moisture  (H2O). Whole-rock samples were also 
analyzed for a set of trace and rare earth elements (REE) 
using a quadrupole Agilent 7700 × inductively coupled 
plasma mass spectrometer (ICP-MS), following method of 
Sano et al. (2016). Whole-rock powders were digested using 
a HF–HClO4–HNO3 with final dissolution in 2%  HNO3 plus 
0.1% HF spiked with 115 In and 2092 Bi. Analytical accu-
racy was evaluated using the JB2 and JB2-recom as stand-
ard. Mineral compositions in polished sections were detected 
using a JEOL electron microprobe using 15 kV accelerating 
voltage, 15 nA beam current and an analytical spot size of 
~ 1 μm. All these analyses were carried out at the National 
Museum of Nature and Science, Japan (Sano et al. 2011). 

Two samples were dated using 40Ar–39Ar methods at 
Geochronology Research Laboratory (GRL), New Mexico, 
USA. Groundmass concentrates and plagioclase separates 
were prepared by crushing, treating with dilute HF, density 
separation in lithium metatungstate heavy liquid, and hand 
picking. Groundmass concentrates, plagioclase separates, 
and monitors (Fish Canyon Tuff sanidine, 28.20 Ma) (Kui-
per et al. 2008) were loaded into aluminum discs and irradi-
ated for 16 h at the United States Geological Survey TRIGA 
reactor in Denver Colorado. Samples were step-heated with 
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Table 1  Major–trace elements of Neogene Bahariya volcanoes, Western Desert, Egypt

Element Batch 1 Batch 2

MBB1 MBB2 MBB3 MBB4 MBB5 HB1 HB2 HB3 HB4 HB5 BM1 BM2 BM3

SiO2 48.82 48.77 48.86 48.84 49.02 49.73 49.09 50.34 50.28 50.50 49.99 49.96 49.96
TiO2 2.13 2.12 2.11 2.12 2.14 2.02 1.96 1.89 1.95 1.95 1.95 1.95 1.92
Al2O3 13.72 13.58 13.54 13.60 13.78 13.29 13.32 13.47 13.41 13.40 13.59 13.58 13.45
FeO 11.12 11.26 11.23 11.33 11.19 10.87 10.95 10.81 10.92 10.85 10.80 10.81 10.95
MnO 0.137 0.139 0.140 0.140 0.138 0.135 0.134 0.133 0.133 0.133 0.132 0.133 0.136
MgO 8.25 8.34 8.37 8.31 8.10 7.85 7.89 8.46 8.42 8.42 7.81 7.89 8.04
CaO 8.83 8.74 8.80 8.81 8.84 8.53 8.50 8.61 8.65 8.65 8.44 8.25 8.38
Na2O 3.70 3.84 3.78 3.89 3.87 4.06 4.02 3.62 3.70 3.68 3.86 4.03 3.85
K2O 1.54 1.57 1.54 1.60 1.58 1.38 1.35 1.36 1.32 1.35 1.45 1.56 1.48
P2O5 0.61 0.60 0.60 0.61 0.61 0.50 0.50 0.42 0.43 0.45 0.43 0.44 0.44
L.O.I. 1.65 1.50 1.58 1.31 1.34 2.03 2.48 1.58 1.23 1.23 1.86 1.91 1.80
Total 100.5 100.5 100.5 100.5 100.6 100.4 100.2 100.7 100.4 100.6 100.3 100.5 100.4
Mg# 58 57 58 57 58 56 56 58 58 58 58 57 57
V 157 155 157 155 155 154 152 148 146 148 143 144 138
Cr 121 128 132 130 134 147 128 177 159 153 148 150 150
Co 43 44 44 44 44 43 45 44 43 42 42 43 42
Ni 175 177 179 178 173 159 167 173 167 163 162 167 163
Rb 21 24 24 24 24 21 21 20 19 19 20 20 21
Sr 636 615 619 625 629 497 484 583 556 555 497 459 486
Ba 286 258 263 260 262 230 247 221 221 231 255 241 240
Y 18.2 17.5 17.4 17.7 17.6 18.3 18 17.5 17.8 18 18 17.8 18
Zr 155 151 151 153 154 123 121 126 124 125 120 116 118
Nb 31 30 35.5 36 31 22 22 19.5 19.7 20 20 20 19.7
La – – 20.61 21.13 – – 15.48 15.88 – – 15.74 – –
Ce 49 47 43 46 49 46 42 37 38 41 40 38 38
Pr – – 4.98 5.04 – – 3.87 3.95 – – 3.95 – –
Nd – – 21.10 21.46 – – 16.88 17.35 – – 17.16 – –
Sm – – 5.04 5.14 – – 4.30 4.36 – – 4.38 – –
Eu – – 1.74 1.76 – – 1.53 1.55 – – 1.53 – –
Gd – – 4.9 4.94 – – 4.39 4.52 – – 4.40 – –
Tb – – 0.70 0.70 – – 0.64 0.65 – – 0.65 – –
Dy – – 3.55 3.58 – – 3.36 3.45 – – 3.45 – –
Ho – – 0.59 0.61 – – 0.58 0.59 – – 0.60 – –
Er – – 1.47 1.48 – – 1.47 1.50 – – 1.54 – –
Tm – – 0.17 0.17 – – 0.18 0.18 – – 0.18 – –
Yb – – 0.98 1.00 – – 1.06 1.09 – – 1.10 – –
Lu – – 0.13 0.13 – – 0.14 0.14 – – 0.14 – –
Hf – – 3.22 3.23 – – 2.74 2.78 – – 2.39 – –
Ta – – 1.58 1.61 – – 1.05 1.09 – – 1.13 – –
Pb 1.80 2.20 1.90 1.60 1.40 2.00 1.70 1.50 1.20 1.70 1.40 1.70 1.80
Th 2.60 2.60 2.70 2.67 2.60 2.50 2.30 1.80 2.10 2.10 2.00 2.40 2.70
U – – 0.81 0.81 – – 0.55 0.57 – – 0.59 – –
Rb/Sr 0.03 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.04
Ba/Rb 13.62 10.75 10.96 10.83 10.92 10.95 11.76 11.05 11.63 12.16 12.75 12.05 12.00
Tb/Yb – – 3.40 3.40 – – 2.88 2.84 – – 2.81 – –
Ce/Y 2.64 2.69 2.47 2.59 2.61 2.51 2.33 2.11 2.13 2.28 2.22 2.13 2.11
La/Ta – – 13.00 13.00 – – 14.74 14.57 – – 13.93 – –
Ba/La – – 12.76 12.30 – – 14.28 13.92 – – 16.20 – –
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Table 1  (continued)

Element Batch 1 Batch 2

MBB1 MBB2 MBB3 MBB4 MBB5 HB1 HB2 HB3 HB4 HB5 BM1 BM2 BM3

Ba/Nb 9.23 8.60 7.41 7.22 8.45 10.45 11.23 11.33 11.22 11.55 12.75 12.05 12.18
Nb/U – – 43.83 44.44 – – 35.45 34.56 – – 33.89 – –
Ce/Pb 27.22 21.36 22.63 28.75 35.00 23.00 24.71 24.67 31.67 24.12 28.57 22.35 21.11
Lu/Yb – – 0.13 0.13 – – 0.13 0.13 – – 0.13 – –
La/Nb – – 0.58 0.60 – – 0.79 0.81 – – 0.79 – –
Rb/Nb 0.68 0.80 0.68 0.67 0.77 0.95 0.95 1.03 0.96 0.95 1.00 1.00 1.07
Th/Nb 0.08 0.09 0.08 0.07 0.08 0.11 0.10 0.09 0.11 0.11 0.10 0.12 0.14
Th/La – – 0.13 0.13 – – 0.12 0.13 – – 0.13 – –
Dy/Yb – – 3.62 3.58 – – 3.20 3.17 – – 3.14 – –
Gd/Yb – – 5.00 4.94 – – 4.14 4.15 – – 4.00 – –
Nb/Yb – – 36.00 36.00 – – 18.00 18.00 – – 18.00 – –
La/Ta – – 13.04 13.12 – – 14.74 14.57 – – 13.93 – –

Element Batch 2

BM4 BM5 MB1 MB2 MB3 MB4 MB5 AG1 AG2 AG3 AG4 AG5

SiO2 50.17 50.16 49.80 49.89 49.78 49.87 49.98 50.26 50.27 50.09 50.25 50.21
TiO2 1.90 1.91 1.89 1.85 1.92 1.92 1.86 1.94 1.97 1.92 1.93 1.95
Al2O3 13.57 13.59 13.68 13.60 13.13 13.38 13.29 13.41 13.57 13.41 13.42 13.20
FeO 10.88 10.87 10.79 10.92 10.88 10.97 10.86 10.94 10.91 11.06 10.95 11.02
MnO 0.133 0.134 0.132 0.135 0.133 0.132 0.131 0.137 0.135 0.137 0.136 0.137
MgO 8.00 7.96 7.71 7.85 7.92 7.74 7.81 8.19 8.04 8.29 8.24 8.35
CaO 8.23 8.32 8.26 8.46 8.79 8.54 8.74 8.64 8.69 8.61 8.68 8.85
Na2O 3.93 3.89 4.02 3.94 3.81 3.87 3.83 3.51 3.50 3.50 3.51 3.40
K2O 1.58 1.48 1.46 1.43 1.39 1.47 1.47 1.72 1.74 1.72 1.71 1.49
P2O5 0.43 0.43 0.47 0.46 0.45 0.46 0.46 0.44 0.45 0.45 0.45 0.43
L.O.I. 1.71 1.73 2.19 2.18 2.28 2.27 2.14 1.49 1.48 1.61 1.46 1.55
Total 100.5 100.5 100.4 100.7 100.5 100.6 100.6 100.7 100.8 100.8 100.7 100.6
Mg# 58 58 56 56 56 56 56 57 57 57 57 57
V 139 140 130 129 147 138 132 145 144 144 146 145
Cr 149 146 94 109 166 120 140 158 148 142 158 162
Co 42 42 40 40 42 42 40 41 41 42 42 43
Ni 166 164 154 151 157 155 150 158 152 156 157 163
Rb 20 20 23 23 21 17.7 25 50 51 51 50 24
Sr 492 479 600 578 544 562 544 479 495 516 508 475
Ba 243 241 223 223 251 265 286 234 239 225 227 402
Y 18 18 17.7 17.5 17.8 17.7 17.7 15 14.8 14.7 15 17.4
Zr 119 117 129 125 121 124 120 118 121 122 120 116
Nb 19.8 20 19.5 14.9 18.9 18.9 14.8 19.7 20 19.4 19.6 19.3
La 15.82 – – 16.57 16.28 – 17.66 – – 16.20 – 15.92
Ce 41 39 43 42 37 40 41 40 40 40 40 39
Pr 3.95 – – 3.97 3.92 – 4.26 – – 4.05 – 3.99
Nd 17.11 – – 17.05 16.82 – 18.13 – – 17.66 – 17.44
Sm 4.32 – – 4.25 4.24 – 4.49 – – 4.44 – 4.46
Eu 1.51 – – 1.50 1.48 – 1.57 – – 1.53 – 1.52
Gd 4.35 – – 4.35 4.38 – 4.64 – – 4.49 – 4.48
Tb 0.65 – – 0.63 0.63 – 0.67 – – 0.66 – 0.66
Dy 3.39 – – 3.32 3.31 – 3.52 – – 3.47 – 3.48
Ho 0.59 – – 0.57 0.57 – 0.61 – – 0.61 – 0.60
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a Photon Machines Diode laser and analyzed with a Thermo 
Argus VI mass spectrometer.

Petrography and mineral chemistry

The Bahariya volcanoes encompass two main lava types: 
basalts and dolerites. The former characterize the lava flows 
of Marssous hill (batch 1), whereas the latter form the main 
subvolcanic intrusive sills of El Hefhufe, Mandisha, El 
Agouz, and Mayesra hills (batch 2). The basaltic samples are 
characterized by glomeroporphyritic assemblages of olivine 
(Ol) and clinopyroxene (Cpx) set in a fine-grained ground-
mass consisting primarily of plagioclase microlites and 

opaque phases, displaying intersertal, pilotaxitic, and fluidal 
texture (Fig. 4a/b). Olivine crystals occur either as highly 
fractured subhedral bipyramid or microgranular grains with 
corroded and resorbed borders lacking reaction rim (Fig. 4a). 
Clinopyroxene is colorless to pale brown under plane 
polarized light and forms subhedral crystals, with oscil-
latory zoning, or less commonly, sector zoning (Fig. 4b). 
The matrix is enriched in ilmenite/ titanomagnetite grains 
having microgranules and needle-like outlines (Fig. 5a/b). 
Rocks constituting the dolerites are holocrystalline, coher-
ent, and fine to medium-grained size with granular texture. 
They comprise olivine, clinopyroxene, and tabular plagio-
clase associated with opaque grains. Needles of apatite and 
Fe–Ti oxides are also present as microphenocrysts. Olivine 

Table 1  (continued)

Element Batch 2

BM4 BM5 MB1 MB2 MB3 MB4 MB5 AG1 AG2 AG3 AG4 AG5

Er 1.49 – – 1.42 1.45 – 1.53 – – 1.53 – 1.51
Tm 0.18 – – 0.17 0.17 – 0.18 – – 0.18 – 0.18
Yb 1.08 – – 1.04 1.03 – 1.09 – – 1.11 – 1.07
Lu 0.14 – – 0.14 0.14 – 0.15 – – 0.15 – 0.15
Hf 2.83 – – 2.70 2.69 – 2.81 – – 2.84 – 2.84
Ta 1.11 – – 0.94 0.96 – 0.98 – – 1.11 – 1.08
Pb 1.50 1.10 2.20 2.00 1.50 1.30 1.60 1.90 1.40 1.70 1.70 1.94
Th 2.20 2.20 2.80 2.70 2.10 2.30 2.10 2.30 2.70 2.20 2.10 2.30
U 0.58 – – 0.65 0.68 – 0.68 – – 0.58 – 0.59
Rb/Sr 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.10 0.10 0.10 0.10 0.05
Ba/Rb 12.15 12.05 9.70 9.70 11.95 14.97 11.44 4.68 4.69 4.41 4.54 16.75
Tb/Yb 2.28 – – 2.88 2.91 – 2.93 – – 2.83 – 2.94
Ce/Y 2.28 2.17 2.20 2.82 1.96 2.26 2.77 2.03 2.00 2.06 2.04 2.24
La/Ta 14.25 – – 17.63 16.96 – 18.02 – – 14.59 – 14.74
Ba/La 15.36 – – 13.46 15.42 – 16.19 – – 13.89 – 25.25
Ba/Nb 12.27 12.05 11.44 14.97 13.28 14.02 19.32 11.88 11.95 11.60 11.58 20.82
Nb/U 34.14 – – 22.92 27.79 – 21.76 – – 33.45 – 32.71
Ce/Pb 27.33 35.45 19.55 21.00 24.67 30.77 25.63 21.05 28.57 23.52 23.53 20.10
Lu/Yb 0.13 – – 0.13 0.14 – 0.14 – – 0.14 – 0.14
La/Nb 0.80 – – 1.11 0.86 – 1.19 – – 0.84 – 0.82
Rb/Nb 1.01 1.00 1.18 1.54 1.11 0.94 1.69 2.54 2.55 2.63 2.55 1.24
Th/Nb 0.11 0.11 0.14 0.18 0.11 0.12 0.14 0.12 0.14 0.11 0.11 0.12
Th/La 0.14 – – 0.16 0.13 – 0.12 – – 0.14 – 0.14
Dy/Yb 3.14 – – 3.19 3.21 – 3.23 – – 3.31 – 3.25
Gd/Yb 4.03 – – 4.18 4.25 – 4.26 – – 4.00 – 4.17
Nb/Yb 18 – – 14.00 18.00 – 14.00 – – 17.00 – 18
La/Ta 14.25 – – 17.63 16.96 – 18.02 – – 14.59 – 14.74

Major/Trace elements were detected by X-ray fluorescence (XRF)
Rare Earth Elements (REE) were detected by Inductive coupled plasma-mass spectrometer (ICP-MS)
Major elements in wt %; Trace elements in ppm
(-) not analysed
FeO Total iron as ferrous, L.O.I. Loss on Ignition, Mg# molar  Mg +2/(Mg+2+Fe+2), MBB Marssous Basalts → Batch 1. HB Hefhufe sill, BM May-
sera sill, MB Mandisha sill, AG Agouz sill → Batch 2
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phenocrysts commonly form either anhedral crystals with 
alteration along fractures and borders (Fig. 4c) or euhedral 
bipyramid shape with sieve interiors (Fig. 4d), especially in 
Maysera sill. Clinopyroxene crystals appear as subhedral 
phenocrysts and form ophitically and subophitically inter-
growth with plagioclase (Fig. 4e). Sometimes, they include 
minute mafic minerals exhibiting poikilitic and sieve texture 
(Fig. 4e). Clinopyroxene phenocrysts show lamellar twin-
ning (Fig. 4f) and encircle the olivine grains portraying El 
Hefhufe sill (Fig. 4g). The latter is characterized by chilled 
margin (200 µm) containing acicular grains of clinopyroxene 
(~ 1 mm) and plagioclase (Fig. 4g/h).

Major element analyses were done along core-to-rim 
profiles on olivine crystals (supplementary Table 1). The 
olivine crystals have been divided into three populations (P) 
based on their core compositions namely: (1) P1 denotes 
olivine with  Fo83 cores (Fig. 5a), (2) P2 refers to olivine 
with ~ Fo79 cores (Fig. 5c), and (3) P3 points to olivine cores 
at ~ Fo75 (Fig. 5e/g). The P1 symbolizes Marssous basalts 
(batch 1), whereas P2 and P3 represent the intrusive sills 
of Mayesra and Hehfeh/Mandisha hills (batch 2), respec-
tively. P1 olivines display almost steady compositional pro-
file from core to rim and normally zoned rims, decreasing 
to  Fo70 at the outermost rim (Fig. 5a), however, P2 and P3 
show a wide variation in  Focore–rim composition from 79 to 
55 for P2 and 74 to 55 for P3 (Fig. 5c–g). The Fo decreases 
accompanies a NiO decrease (0.3–0.12) but Ca and Mn 
increase (0.22–0.32 wt% and 0.2–0.37 wt%, respectively) ( 
Fig. 5j), comparable to the matching trend in alkali basalts 
 (Fo65–Fo85). Olivine phenocrysts are characterized by high 
CaO contents fluctuating from 0.20 to 0.32 wt% (Fig. 5J), 
which reveal their derivations from magmas rather than 
mantle xenocrysts (Foley et al. 2013). All the analyzed 
olivine phenocrysts are in equilibrium with the host rock 
(0.27–0.33) according to Fe/MgKdol-melt = 0.27 to 0.33 ± 0.03 
under pressure < 2–3 GPa (Fig. 5k) (Roeder and Emslie 
1970).

The pyroxene chemistry reflects two distinct composi-
tional series in both the basalts (batch 1) and doleritic sills 
(batch 2). The Mg# [(100 * (Mg/Fe + Mg)] varies from 74 to 
84 for batch 1 and from 71 to 82 for batch 2 (Fig. 5l). Batch 1 
clinopyroxenes (Cpx) are characterized by oscillatory core-
to-rim zoning with small oscillations of MgO, FeO, and 
 Al2O3 contents (Fig. 5b), while batch 2 crystals are virtu-
ally non-zoned with no variation in major element concen-
trations along the core–rim profiles (Fig. 5d/f/h). The Cpx 
crystals commonly lack disequilibrium textures and display 
embayment and corrosion along its borders especially for 
batch 1 Cpx (Fig. 5b). The  TiO2,  Al2O3, and  Cr2O3 contents 
of batch 1 Cpx are higher than that in batch 2 Cpx (1.0–3.4, 
3.0–7.5, 0.3–0.5 vs. 0.6–1.0, 1.5 -3.7, 0–0.2, respectively). 
Furthermore, the Cpx of batch 1 is characterized by high 
 Na2O contents (0.45–0.75) if compared with those in batch 

2 Cpx (0.3–0.5). The high  Al2O3 (as in batch 1) relative 
to the low  Na2O content in the pyroxene phenocrysts are 
matching with a deep-seated mantle-derived melt origin 
(Gao et al. 2008). The studied clinopyroxenes span a com-
positional field from diopside  (Wo50En31Fs18) for batch 1 to 
diopside–augite  (Wo46–48En37–38  Fs17) for batch 2 (Fig. 5i)

Geothermobarometry

Pyroxene melt geothermobarometry calculations were used 
to estimate the pressures, temperatures, and crystallization 
depth of the melt as well as clinopyroxene—liquid equi-
libria in the melt (Nimis 1995; Putirka et al. 1996, 2003; 
Putirka 2008). Equations in Putirka (2008) used clinopy-
roxene in anhydrous basaltic rocks between 8–30 kbar and 
1100–1475 °C. The  Kdcpx values of clinopyroxene [(FeO/
MgO)cpx/(FeO/MgO)basalt)] in the basic lavas vary from 
0.22 to 0.54 compared with the equilibrium constant Kdcpx 
ranging from 0.2 to 0.4 (Irving and Frey 1987), signify-
ing that the investigated clinopyroxenes are in equilibrium 
with the host melts. This test suggests that the geother-
mobarometry equations of Putirka (2008, Eqs. 31 and 34) 
are suitable for the application of Bahariya samples. The 
results show that batch 1 Cpx yields crystallization pres-
sures of 10.0–11.4 kbar (av. 11.2 kbar) and temperatures of 
1129–1188 °C (av. 1163 °C). On the other hand, batch 2 Cpx 
yields crystallization pressures of 4.5–9.8 kbar (av. 8.2 kbar) 
and temperatures of 995–1194 °C (av. 1094 °C). These baro-
metric calculations suggest that the magmas feeding these 
volcanoes were equilibrated with olivine/clinopyroxene at 
low temperatures (< 1200 °C) (Roeder and Emslie (1970). 
Thus, two magma storage zones underneath the BD have 
been proposed: a deep magma chamber at ~ 34 km (batch 1) 
and a shallow magma chamber at ~ 25 km (batch 2).

40Ar/39Ar geochronology

Whole 40Ar/39Ar data of the Mandisha and El Hefhufe 
samples are shown in supplementary Table 2 and Fig. 6. 
Seven successive stages having 95% of the total 39Ar 
emitted from Mandisha sample delineate a plateau age of 
23.71 ± 0.06 Ma (MSWD = 0.19) (Fig. 6a). These plateau 
stages show an inverse isochron age of 23.70 ± 0.03 Ma 
(MSWD = 0.70) (Fig. 6b) that is compatible with the pla-
teau age. Therefore, 23.71 ± 0.06 Ma is supposed to be the 
cooling age of Mandisha sample. Eight sequential phases, 
which account for 95% of the total 39Ar emanated from El 
Hefhufe, delineate 23.73 ± 0.01 Ma (MSWD = 0.71) plateau 
age (Fig. 6c). All these steps define an inverse isochron age 
of 23.75 ± 0.03 Ma (MSWD = 0.24) (Fig. 6d) that is analo-
gous to the plateau age. Then, 23.73 ± 0.01 Ma is advocated 
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to be the cooling age of Hefhufe sample. Two 40Ar/39Ar 
whole-rock ages involving 23.1 ± 0.2- 23.6 ± 0.2 Ma and 
25.0 ± 0.3- 24.2 ± 0.2 Ma have been carried out for the BV 
in the northern and southern part of BD, respectively (Bos-
worth et al. 2015) that are comparable to the ages presented 
here especially in the northern part of the BD.

Whole‑rock geochemistry

Geochemical data of the BV are shown in Table (1). Loss 
on ignition (LOI) is low (< 2 wt%) in most of the rock 
samples. All the rock samples display a restricted array 
with 48.7–50.5 wt% SiO2 and 7.71–8.37 wt% MgO and 
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have comparatively low Mg# [Mg# = molar 100*MgO/
(MgO + FeOt)] fluctuating from 56 to 58. The total alkalis 
vary between 4.90 and 5.59 wt%. The  Na2O/K2O ratios 
exceed unity (> 1), demonstrating the high sodic character 
of these volcanoes. On a TAS graph, the whole-rock data 
fall in both alkali basalt and trachybasalt field (Fig. 7a) 
that are analogous to the compositional array of intraplate 
basalts in northeast Africa. The alkaline nature of the BV 
is further elucidated in the Nb/Y vs. Zr/Ti diagram (7B). 
Pik et al. (1998) subdivided the flood basalts into high- and 
low-Ti. Nb/Y–Ti/Y plot illustrates that the BV have high 
Nb/Y and Ti/Y ratios akin to high-Ti (HT) flood basalts 
from Main Ethiopian Rift (MER) (Fig. 7c) and within-
plate basaltic volcanoes (Fig. 7d). In whole-rock chemistry 
(Table 1), the lava samples from batch 1 have high contents 
of FeO (~ 11.5 wt%), CaO (~ 9 wt%) and  P2O5 (~ 0.6 wt%), 
together with higher Ni (~ 175  ppm), Sr (~ 625  ppm), 
and HFSE values (Nb ~ 36 ppm; Zr ~ 150 ppm) than the 
batch 2 from sill samples [FeO ~ 11 wt%; CaO ~ 8 wt%; 
 P2O5~ 0.45; Ni ~ 155  ppm; Sr ~ 550  ppm; HFSE (Nb 
~ 20 ppm; Zr ~ 115 ppm)]. Compared to batch 1 lava, the 
batch 2 sills are characterized by high  SiO2 (~ 50.3 wt%) 
and  K2O contents. Both the two batches have low concen-
trations of  Al2O3 (~ 13 wt%) and CaO (~ 8.5 wt%), which 
may be ascribed to high content of clinopyroxene relative 
to plagioclase.

In chondrite-normalized REE plots (Fig.  8a, b), all 
the basalts/dolerites are enriched in LREE with virtu-
ally flat heavy REE sectors [(Tb/Yb)N = 2.81–3.40; (Dy/
Yb)N = 2.81 3.40]. Batch 1 samples have a high ratio of 
(La/Yb)N =  ~ 14, relative to batch 2 (9–10) that are mean-
ingfully high relative to the continental crust (5.3). The 
HREE are fractionated, with Tb/Lu = 5.38 for batch 1 and 
4.40–4.60 for batch 2. Batch 1 samples are enriched in REE 
(110–115 ppm) than the batch 2 samples (92–95 ppm). The 
two alkaline mafic batches display different patterns in the 
incompatible elements if compared with the preceding data 

(Fig. 8c, d) reported by Abu El Rus and Roony (2017). The 
rock samples have no noticeable Eu anomalies (av. Eu con-
tents are 1.75 and 1.52 for batches 1 and 2, respectively). 
In mantle-normalized trace element patterns (Fig. 8a, b), 
the mafic samples are too enriched in LILE [(LILE; K, Ba 
and Sr) relative to LREE (e.g., Ba/La = 12–25) and HFSE 
(HFSE; Nb and Ta, Ba/Nb = 7–21) with positive Nb–Ta 
peaks (Nb/La)N = 1.4–1.8], a typical feature in many alka-
line series lavas, e.g., ocean island basalts (OIB: Sun and 
McDonough 1989). The rock samples have increasingly 
enriched contents of LILE, HFSE, and REE from the batch 
2 to batch 1 (Fig. 8) that are reliable with gradually lower 
degrees of partial melting accompanying higher contents 
of incompatible elements towards Marssous lava (Boyce 
et al. 2015).

Discussion

The mineralogical and geochemical discrepancies between 
the two batches could have originated from various petroge-
netic processes including one or more of the following: (1) 
two distinct initial melt compositions, before reaching crus-
tal depths, giving an intricate polymagmatic character, (2) 
diverse depths of melting, (3) dissimilar fractionation histo-
ries, (4) magma mingling, and (5) different assimilation pro-
cesses. Some of these mechanisms have affected the studied 
volcanoes in various proportions, as evidenced by disparity 
in major and trace element contents between batches 1 and 2. 
Hence, we propose that these chemical variations are linked 
to a mixture of superimposed processes involving mantle 
source, partial melting, and fractionation path, therefore the 
petrogenesis of these rocks will be discussed on this basis.

Crustal assimilation

Most of the mafic rocks display porphyritic textures, assum-
ing that crustal residence and the opportunity of assimila-
tion preceding to eruption may occur. Mafic magmas that 
suffer crustal assimilation are predicted to have whole-rock 
high concentrations of LILE, Th, and LREE coupled with 
decrease in whole-rock Nb, Ta, Ti, and P contents (e.g., 
Taylor and Mclennan 1985). The positive Nb and Ta on 
mantle-normalized plots (Fig. 8a, b) do not suggest crustal 
assimilation. Nb/U and Ce/Pb ratios can furthermore be 
used to indicate crustal contamination, as these ratios are 
low in continental crust (Nb/U ~ 9 and Ce/Pb ~ 5) compared 
with those in the mantle source (Rudnick and Gao 2003). 
All the samples from BV have high Nb/U and Ce/Pb ratios 
(22–44 and 21–35, respectively) relative to continental 
crust and fall nearby the OIB field (e.g., Nb/U = 47, Ce/
Pb = 25 ± 5) (Hofmann 2003) (Fig. 9a, b) supplementary 

Fig. 4  a Olivine glemeroporphyritic crystals (Ol) with rounded mar-
gins and extensive fractures set in a matrix consisting of feldspar 
laths, mafic aggregates and microcrystalline opaque grains. b Oscil-
latory and sector zoning in clinopyroxene crystals embedded in pilo-
taxitic feldspar laths and opaque granules displaying flow texture. c 
Subhedral–anhedral glomeroporphyritic crystals of olivine (Ol) dis-
playing alteration along core and crystal borders set in acicular zoned 
plagioclase crystals. d Euhedral olivine phenocryst with bipyramid 
morphology exhibits iddingsitic alteration along core-crystal borders 
embedded in a matrix consisting of lath-shaped zoned plagioclase 
and clinopyroxene granules. e Subhedral clinopyroxene glomeropor-
phyritic crystals and interlocking plagioclase display intergranular 
texture. f Subhedral porphyritic clinopyroxene crystals displaying 
lameller twinning interstitial with zoned plagioclase grains. (g/h) 
Intergranular texture in dolerite comprising interlocking of clinopy-
roxene and zoned tabular plagioclase crystals that vary in size from 
coarse to fine-grained acicular crystals showing chilled/quenching 
margins (arrows)

◂
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ruling out an imperative crustal contamination. High ratios 
of both Lu/Yb (0.16–0.18) and La/Ta (22–40) are meas-
ured as pointers of crustal participation (Leat et al. 1988; 
Sun and McDonough 1989), although the present data from 
the BV show low ranges of 0.13–0.14 and 13–18, respec-
tively, representing negligible effects of crustal contami-
nation. This is additionally supported by the ratios of La/
Nb (0.58–1.19), Ba/Nb (7.22–20.82), Rb/Nb (0.67–2.55), 
Th/Nb (0.07–0.18), and Th/La (0.13–0.16) values which 
are closer to primitive mantle values (La/Nb = 0.94, Ba/
Nb = 9.0, Rb/Nb = 0.91, Th/Nb = 0.11, Th/La = 0.13) than 
continental crust values (La/Nb = 2.2, Ba/Nb = 54, Rb/
Nb = 4.7, Th/Nb = 0.44, Th/La = 0.2) (Hofmann et al. 1986; 
Weaver 1991). So, it is evident that the process of crustal 
contamination is insignificant in the origin of the Bahariya 
volcanoes.

Fractional crystallization

Primary magmas are those not modified by magma mingling, 
crustal contamination, and fractionation; however, such pro-
cesses may happen as the melt rises (Francis 1986; Stracke 
and Bourdon 2009). The two mafic batches have Mg# val-
ues of 56–58, Cr of 121–177 ppm and Ni of 150–179 ppm 
(Table 1), if compared with mantle-derived melts having 
Mg# of 68–72, Cr = 1000 ppm, Ni = 300–500 ppm (Frey 
et al. 1978; Niu and O’Hara 2007), demonstrating that the 
BV experienced fractional crystallization. The petrography 
and the whole-rock geochemistry show some mineral phases 
are involved in the crystallization of the studied rocks. These 
mafic lavas seem to represent melt composition without 
accumulation processes based on the mineral chemistry of 
the olivine and clinopyroxene (balanced Fe/Mgkdol-melt and 
Fe/Mgkdcpx-melt). The major or trace elements versus MgO 
plots display either scattered or linear trends (Fig. 10a, b) 
and the latter trends suggest common fractional crystalliza-
tion processes. The compatible elements (CaO, MnO, FeO, 
Cr, and Ni) correlate positively with MgO whole-rock plots, 
albeit weakly, which could indicate olivine and/or pyroxenes 
fractionation (Fig. 10). No correlation between Dy/Yb ratio 
and SiO2 content suggests clinopyroxene participation rather 
than amphibole fractionation is involved in the investigated 

mafic rocks (Fig. 9c). The lack of Eu anomalies (Fig. 8) and 
scatter relationship between MgO and Sr (Fig. 10b) suggest 
insignificant plagioclase fractionation. The elements of  P2O5 
and  TiO2 correlate negatively with MgO in the batch 2 but 
not in the batch 1, suggesting apatite and Fe–Ti oxides frac-
tionation, respectively, in the batch 2 samples compared with 
the samples from Marssous batch 1 (Fig. 10a). Fractional 
crystallization is moreover reliable with positive linear cor-
relations between Fo and CaO in olivine crystals (Fig. 5j) 
and by the normal zoning in both olivine and clinopyroxene 
phenocrysts (Fig. 5). There are decreasing whole-rock total 
alkali, Zr, and Nb content relative to MgO wt% especially in 
batch 2, which also suggest fractional crystallization path-
ways (Fig. 10b). Besides, the consistency of La/Sm ratio 
with increasing La concentrations (Fig. 9d) conforms that 
fractional crystallization plays a role to produce these mag-
matic rocks.

Marssous batch 1 shows discrepancies in the expected 
behavior of some elements, suggesting additional complex-
ity at this volcano. The relatively high proportion of ilmen-
ite/titanomagnetite grains in the fractionation history of 
batch 1 (Fig. 5a/b) helps to explain the high FeO,  TiO2, and 
V contents (Fig. 10). Density differences between ilmenite/
titanomagnetite grains and residual melt mean that these 
unequilibrated grains settle at the bottom of the magma 
chamber by gravity. This leads to outburst of the ilmenite/
titanomagnetite-rich melts from a vertically zoned magma 
chamber that created the unusual chemical associations of 
Marssous batch 1, as has been previously suggested for simi-
lar melts globally [e.g., Tellnes ilmenite deposit, southwest 
Norway (Charlier et al. 2006; Courtier et al. 2007); Comei 
Igneous Province, Tibet, China (Wang et al. 2018)]. As a 
consequence, we intend that the ilmenite/titanomagnetite 
clots in the Marssous batch 1 were most likely crystallized in 
a shallower magma chamber and then accumulated into the 
deeper level. Oxygen fugacity conditions has been chiefly 
controlling the  DK mineral/melt of V ppm between basaltic liq-
uids and iron-rich minerals (Canil 1999; Toplis and Cor-
gne 2002). A positive correlation has been shown between 
whole-rock V ppm and wt% MgO especially for batch 2 
(Fig. 10b). This reveals difference in fractional crystalliza-
tion paths for the two batches and reflects high  fO2 to equili-
brate with the high valence of V in mafic phases (Mallmann 
and O’Neill 2009, 2013).

The fractionation trends of the BV designate two mag-
mas batches having different fractionated phases during the 
evolution process. Batch 1 shows olivine + clinopyroxene 
(Al-rich), whereas batch 2 displays olivine + clinopyrox-
ene (Al-poor) + apatite ± Fe–Ti oxides fractionation. These 
two trends indicates diversity in the fractionation circum-
stances. Crystal fractionation is modeled, with the purpose 
of examining the fractionating minerals presented earlier, 
using the least evolved samples from the two batches. Based 

Fig. 5  a–h Typically zoning patterns of selected olivine and clino-
pyroxene phenocrysts from the mafic rocks. j CaO content of olivine 
versus Fo content of olivine. The solid line separates magmatic and 
xenocrystic olivine in dry mafic magmas on the basis of CaO content 
(Foley et al. 2013). k Fo content of olivine phenocrysts versus whole-
rock compositions (Mg#). The Fe/Mg exchange partition coefficient 
between olivine and basaltic liquid is taken as 0.3 ± 0.03 (Roeder and 
Emslie 1970). i Classification diagram of clinopyroxene for the Baha-
riya volcanics. l Clinopyroxene Mg# (Mg/(Mg + Fe) vs. Al2O3 (wt%) 
in clinopyroxene

◂
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on Mg# and compatible elements, the least evolved sample 
from the batch 1 is MBB3 (Mg# 58, 179 ppm Ni, 132 ppm 
Cr), while HB3 is the least evolved sample from the batch 2 
(58, 173 ppm Ni, 177 ppm Cr) (Table 1). We used the least 
squares addition–subtraction mixing mass balance calcula-
tion (Bryan et al. 1969) in the software MONA (Metzner 
and Grimmeisen 1990) with the composition of fractionat-
ing phases (olivine + clinopyroxene) from microprobe data 
reported in the MBB3 and HB3 samples (supplementary 
Table 1). The modeling adopts a consistency in composition 
of the fractionating phases and is not controlled by factors 
such as temperature, pressure and oxygen fugacity. These 
calculations permit semi-quantitative assessment of the 
fractionation procedure, particularly when the sum of the 
residual squared is less than 1 (Stormer and Nicholls 1978). 
The least squares calculations show that the most evolved 
batch 1 basalt (MBB5, MgO = 8.1 wt%) can be formed by 
the subtraction of 0.8 wt% olivine and 0.6 wt% clinopyrox-
ene from the least evolved basalt (MBB3, MgO = 8.4 wt%). 
By the same way, the most fractionated batch 2 dolerite 
(MB1, MgO = 7.7 wt%) can be produced by the removal of 
1.3 wt% olivine and 1.8 wt% clinopyroxene from the least 

evolved dolerite (HB3) (Table 2). The lower clinopyroxene 
fractionation estimates are further supported by lack of any 
correlation between whole-rock CaO/Al2O3 and wt% MgO 
(Fig. 10b).

Magma source characteristics

The Bahariya volcanoes show poorly variable low  SiO2 
(48.5–50.0 wt%) and some samples have high Ni and Cr 
elements, signifying that the effects of fractional crystalliza-
tion cannot have been the chief process producing the com-
positional discrepancies between the two batches. The lack 
of Eu anomalies and plagioclase phenocrysts also prevents 
substantial plagioclase fractionation (Fig. 8). Moreover, the 
consequence of crustal contamination is insignificant in the 
mafic samples. So, the two magmatic suites may be inherited 
from their mantle sources (s) if dissimilarities between them 
are not linked to contamination and/or crystal fractionation.

The Nb/Yb, Nb/La, and Th/Yb ratios which are independ-
ent of partial melting and fractional crystallization processes 
can be used as pointers for mantle source (Pearce 2014). The 

Fig. 6  Whole-rock 40Ar/39Ar plateau ages spectra for the two representative samples from Mandisha and El Hefhufe sill
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BV have relatively high Nb/La (1.34–1.70) and plot in OIB 
field with a HIMU-like source (Nb/La > 1) (Fig. 11a). This 
is further supported by their high values of Nb/U (22–44) 
and Ce/Pb (20–32) ratios that are comparable to the val-
ues of OIB and MORB (Fig. 9a/b), that is asymptomatic of 
an asthenospheric-enriched source. The BV display a wide 
range of Nb/Yb ratio, discriminating into batch 1 (~ 36) 
and batch 2 (14–18), but nearly similar in Th/Yb values 
(1.70–2.0) through the relation between the Th/Yb vs. Nb/
Yb ratio (Fig. 11b). Smith et al. (1999) propose that low 
Nb/La ratios portray lithospheric mantle source, however, 
their high values designate asthenospheric mantle source 
for the mafic magma. As demonstrated in the Nb/La versus 
La/Yb plot (Fig. 11c), the batch 1 falls in the field of asthe-
nospheric mantle, but the samples from batch 2 plot fall in 
the lithosphere–asthenosphere interaction field. Hence, we 
suggest that there is gradual change from asthenospheric 

mantle source for batch 1 to lithospheric mantle source for 
batch 2 with time from 25 to 23 Ma, respectively.

The mineralogical composition and melting degree of 
the source of BV can be modeled using the melting equa-
tions of Shaw (1970) on REE ratio plots. Both garnet and 
spinel lherzolite melt compositions can be plotted for com-
parison. High Ce/Yb ratio is a sign of garnet in the source 
rock because garnet has low partition coefficients for Ce but 
high Yb coefficients (McKenzie and O’Nions 1991; Ellam 
1992; Johnson 1994; Gaetani et al. 2003). Ce/Yb versus La/
Ta values verify that the Bahariya magmas were derived 
from garnet peridotite sources in the asthenospheric mantle 
(Fig. 9e). The record of garnet in the BV source is confirmed 
by high Dy/Yb ratio (3.14–3.58), which is an indication of 
garnet-derived melt (Dy/Yb > 2.5) compared to spinel-bear-
ing sources (< 1.5; Yang et al. 2012) and the steep slope of 
the chondrite-normalized REE arrays with HREE (Fig. 8). 

Fig. 7  a TAS (total alkali–silica) classification diagram (Le Bas et al. 
1986) for the Bahariya volcanics. The division between alkaline and 
sub-alkaline rocks (thick dashed line) is from Irvine and Baragar 
(1971). For comparison, we also show data for continental intraplate 
basalts from Egypt and north Sudan (data from Baldridge et al. 1991; 
Moghazi 2003; Lucassen et  al. 2008; Endress et  al. 2011; Shallaly 

et  al. 2013). b Zr/Ti vs. Nb/Y diagram (after Winchester and Floyd 
1976). c Nb/Y vs. Ti/Y plot adapted from Pik et  al. (1998). Fields 
for Pliocene to Quaternary alkali mafic lavas from the southern Afar 
and northern Main Ethiopian Rift (Ayalew et al. 2016; Rooney et al. 
2007, 2014a). d Th/Ta vs. Yb (Gorton and Schandl 2000)
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Fig. 8  a/b Chondrite normalized rare earth element and multi-ele-
ment patterns for batches 1 and 2 from the Bahariya depression. The 
averages of N- and E-type MORB and oceanic alkali basalts (OIB) 
are involved for comparison (after Sun and McDonough 1989). Nor-
malization values are those of McDonough and Sun (1995). In addi-

tion, the melts from hornblendite and hornblendite + peridotite (Pilet 
et al. 2008). For comparison, subalkali basalt from Wadi Samalut © 
and alkali basalts from Bahariya depression (d) (data from Abu Rus 
and Roony 2017)
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The garnet-bearing mantle source is further supported by 
fairly high [(Tb/Yb)N (> 2)}, [Ce/Yb (37–46)], and [(Sm/
Yb)N (> 1)] ratios for the studied volcanoes (Bloomer et al. 
1989; Wang et al. 2009; Humphreys and Niu, 2009). Spinel-
bearing and garnet-bearing lherzolite sources were modeled 
through the plot of a Dy/Yb versus ppm Yb (Fig. 11d). The 
rock samples plot between 8% and 10–12% partial melting of 
garnet lherzolite for both batch 1 and batch 2, respectively.

Pearce (2008) observed that Th/Yb values decrease with 
increasing quantities of melt. The variation in Th/Yb ratio 
from 2.7 (batch 1) to 1.9 (batch 2) supports increased par-
tial melting for the latter accompanied by LREE enrichment 
(Fig. 11b). The lower partial melt fraction is evidenced by 
high Gd/Yb values (~ 4.97) for batch 1, relative to higher 
partial melt fraction for batch 2 where Gd/Yb ratio is equal 
to ~ 4.13 (Fig. 12a) (Song et al. 2009). Generally, these mod-
els show that batch 2 melts were created by higher degrees 
of partial melting (10–12%), while the batch 1 melts were 
produced by a lower degree of melting (< 10%) at deeper 
depths from garnet-bearing OIB mantle source. Mantle 

melts displaying a low degree of partial melting have high 
 K2O,  TiO2, and  P2O5 but low in La/Sm ratio and  SiO2 con-
tent if compared to high-degree melts and this can explain 
the different trends for the two batches as shown in Figs. 8 
and 10.

The high LREE/HREE ratios [(La/Yb)N = 9–10)], the 
Nb–Ta enrichment compared with La, Dy and Lu on mantle-
normalized extended element plots (Fig. 8), and the high 
contents of Sr for the BV are compatible with amphibole 
and/or phlogopite-rich mantle sources within the gar-
net field (e.g., Lustrino et al. 2012; Melluso et al. 2016). 
Any melts having lower Rb/Sr (< 0.1) and higher Ba/Rb 
ratios (> 20) are in equilibrium with amphibole (Furman 
and Graham 1999). As the amphibole has a higher parti-
tion coefficient for Ba rather than Rb  (DBa = 0.5;  DRb = 0.3: 
Le Roex and Watkins, 1990; Adam et al. 1993), phlogo-
pite has reverse partition coefficients for these elements 
 (DRb = 5.8: Adam et al. 1993; Green 1994). The low Rb/Sr 
ratios (0.05–0.1) and high Ba/Rb ratios (5–17) for the BV 
reflect the prevalence of amphibole in their melting source. 

Fig. 9  a Ce/Pb vs. Ce (ppm), (b) Nb/Uvs. Nb (ppm). The shaded 
field represents the range of oceanic basalts (Ce/Pb = 25 ± 5; 
Nb/U = 47 ± 10; Hofmann et al. 1986). The average value of continen-

tal crust (Rudnick and Gao 2003) is also included for comparison. c 
SiO2 vs. Dy/Yb diagram. d La (ppm) vs. La/Sm ratio (e) La/Ta vs. 
Ce/Yb binary diagram (after Dorais et al. 2017)
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The presence of amphibole-bearing Bahariya mantle source 
is further supported by high  Na2O/K2O (> 1) (Foley et al. 
1999; Rosenthal et al. 2009), LILE/HFSE enrichment (e.g., 
Ba, Nb and Ta) (Pilet et al. 2008; Dai et al. 2014), and the 
resemblance in incompatible configurations between the 
BV and melts generated from melting of ultramafic rocks 
(Fig. 8b). The appearance of hydrous phases on the mantle 

melting circumstances has been broadly documented in sev-
eral rift-related monogenetic volcanic fields as the Baha-
riya volcanoes (e.g., Strong and Wolff 2003; Brenna et al. 
2012; McGee et al. 2013). In the Dy/Yb vs. K/(Yb*1000) 
diagram (Fig. 12b), samples from batch 1 are plotted near 
the garnet lherzolite curve in contrast to mafic rocks from 
batch 2 which fall close to the garnet facies amphibole 

Fig. 10  MgO wt% vs. major and trace elements for the Bahariya mafic rocks
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lherzolite curves. The presence of an amphibole-bearing 
source was superfluous modeled on a La/Yb versus Dy/Yb 
plot (Fig. 12c) using fractional melt curves from 5 to 25% 
melt bunches derived from an amphibole garnet and spinel 
lherzolite melting model (McCoy-West et al. 2010, 2016). 
Batch 1 data are reliable with low-degree melting of a gar-
net-bearing pyroxenite source, while batch 2 data suggest a 

high degree of melting from an amphibole-bearing source, 
akin to interpretations of the source characteristics of Ceno-
zoic Arabian basalts (Stein and Goldstein 1996; Weinstein 
et al. 2006).

The identification of amphibole-bearing source for the 
BV infers the occurrence of metasomatism by fluids which is 
liable for the enriched mantle preceding to melting (Ma et al. 

Fig. 10  (continued)
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2014). As earlier described, the enrichment in fluid-mobile 
LILE (e.g., Rb, Ba, Th, and U) relative to HFSE (e.g., Nb 
and Ta) in the BV is generally attributed to subduction-
related metasomatism during Neoproterozoic/or Mesozoic 
Era (see Abu El Rus and Roony 2017) or from Phanero-
zoic plume (Stein and Hofmann 1992). Because HFSE are 
typically engaged in the subducted slab, whereas LILE and 
LREE move upward in slab-derived fluids or melts (e.g., 
Tatsumi 1989). As presented in Fig. 12d, the fluid-related 
rather than melt-related subduction and carbonatite metaso-
matism are responsible for metasomatism process. The pres-
ence of fluids from subduction is evidenced by the inverse 
relations between Th/Nd vs. Ba/Th and Sr/Th vs. Ba/La (not 
shown) (Zhang et al. 2015). High Ce/Pb (19–30) and low Th/
La (0.06–0.14) too suggest a role of subduction-derived fluid 
during the evolution of the BV (Miller et al. 1994; Chauvel 
et al. 1995; Plank 2005). Regarding the nature of the fluids, 
the mafic volcanoes in the BD have variable Ba/La (12–25), 
signifying a slab-derived fluid contribution in their source 
(Woodhead et al. 2001).

Primary melt compositions

The Mg# values for the batch 1 (57–58) and the batch 2 
(56–58) are not reliable with primary melts that are in equi-
librium with mantle source having olivine of Fo 90 (Price 
et  al. 1997; Wood 2004). The compositions of primary 
mantle-derived magma must have a minimum Mg# of 70 
to deduce temperature and pressure of the parent melts. 
Parent magma compositions were computed by extrapolat-
ing major element abundances to a primary magma hav-
ing Mg# of 72 using linear regression lines according to 
the procedures of Smith et al. (2008a, b). The results are 
normalized to 100% and are shown in Table 3. Using the 
equations of Wood (2004) for pressure and temperature 
calculations, batch 1 was projected to have form at a pres-
sure of 2.18 ± 0.33 GPa (~ 75 km) and a temperature of 
1403 ± 30 °C, whereas batch 2 was estimated to have gener-
ated at a pressure of 1.77 ± 0.33 GPa (~ 62 km) and a tem-
perature of 1359 ± 30 °C (Table 3). The variances in melting 
pressure between the two batches are further maintained by 
low whole-rock Ba/La (= 12) for magma resulted from deep 

Table 2  Least squares mass 
balance calculations for the 
Bahariya volcanoes using the 
equations of Bryan et al. (1969)

FC minerals of crystal fraction removed from the parent or starting melt in weight %, R2 sum of squares of 
erros of residual, P parent or starting melt, D daughter or residual melt, CD calculated daughter or residual 
melt, R = D-CD, Ol & Cpx mineral chemistry of olivine and clinopyroxene, respectively (see supplemen-
tary Table 1)

FC % R2 Element P D CD R Ol Cpx
MBB3→ MBB5 (Batch1)

SiO2 49.37 49.38 49.48 − 0.1 39.494 50.784
TiO2 2.12 2.15 2.15 0.00 0.00 1.656
Al2O3 13.68 13.88 13.84 0.04 0.022 4.181
FeO 11.35 11.27 11.31 − 0.04 17.962 7.034
MnO 0.14 0.14 0.14 0.00 0.257 0.125

Ol 0.8% 0.0056 MgO 8.46 8.16 8.13 0.03 42.041 14.254
Cpx 0.6% CaO 8.89 8.91 8.89 0.01 0.220 21.437

Na2O 3.82 3.90 3.87 0.03 0.00 0.525
K2O 1.55 1.59 1.57 0.02 0.00 0.00
P2O5 0.61 0.62 0.62 0.00 0.00 0.00

100 100 100

HB3→ MB1 (Batch2)

SiO2 50.79 50.99 50.80 0.19 39.49 50.78
TiO2 1.91 1.95 1.98 -0.03 0.00 1.65
Al2O3 13.59 13.79 13.80 − 0.01 0.022 4.18
FeO 10.91 10.90 10.97 − 0.07 17.96 7.03
MnO 0.13 0.13 0.13 0.00 0.25 1.25

Ol 1.3% 0.0056 MgO 8.54 7.81 7.93 − 0.12 42.04 14.25
Cpx 1.8% CaO 8.68 8.54 8.57 − 0.03 0.22 21.43

Na2O 3.65 3.86 3.92 − 0.06 0.00 0.525
K2O 1.37 1.59 1.47 0.12 0.00 0.00
P2O5 0.42 0.43 0.43 0.00 0.00 0.00

100 100 100
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level (e.g., batch 1) if compared with high whole-rock Ba/
La ratios of 15 (12–21) for magma derived from shallow 
depth (e.g., batch 2) (Gazel et al. 2012). The major element 
contents of these hypothesized primary magmas are nearly 
analogous to parent melts produced by partial melting of 
anhydrous fertile peridotite at virtually 2.20 ± 0·33 GPa and 
1382 ± 30 °C (Wood 2004). Many authors concluded that 
alkali basalts having trace element patterns similar to BV 
can generate at pressures between 2.5 and 3.0 GPa via < 2 
to ~ 15% melting of a garnet peridotite source (e.g., Hirose 
and Kawamoto 1995; Falloon et al. 2001).

Comparative to the probable primary liquid with Mg# 
72, the quantity of olivine and pyroxene crystallization 
required to yield the least evolved rocks is 25–30% by mass 
balance calculations to produce the most evolved rocks in 
two batches (MBB3 and HB3 samples). These extracted 

minerals are assuming to occur by deep-seated crystal liq-
uid fractionation in the mantle within the garnet field before 
magmas eruption. It is appraised that garnet in peridotite 
is stable at > 70–80 km depth, matching with the depth of 
the spinel–garnet transition zone at ~ 75–85 km (McKenzie 
and O’Nions 1991; Robinson and Wood 1998; Duggen et al. 
2005). Since amphibole become unbalanced at < 70–100 km 
depth, garnet-rich amphibole peridotite can occur between 
85 and 100 km, possibly near the lithosphere–asthenosphere 
boundary (Chen 2009; Zhu et al. 2011). In summary, we con-
clude that the Bahariya magma batches were perhaps origi-
nated from diverse sources via low degrees of partial melting 
of an enriched mantle. The inhomogeneity in source compo-
sition between the Bahariya batches reflects heterogeneous 
source under the control of increasing metasomatism with 
depth. The source heterogeneity is an auxiliary supported 

Fig. 11  a Nb/La vs. La/Yb. plots of the mafic rocks (Gorton and 
Schandl 2000). b Th/Yb vs. Nb/Yb (Pearce 2008). c. Nb/La vs. La/
Yb (Smith et  al. 1999). d Yb vs. Dy/Yb diagram for the studied 
rocks. Partial melting lines are drawn for garnet and spinel-bearing 
lherzolite sources, starting from a primitive mantle (PM) material. 
Mineral and melt modes for spinel and garnet lherzolite source are 
reported here: Ol0.58(0.10) + Opx0.27(0.27) + Cpx0.12(0.50) + Sp0.0

3(0.13) (Kinzler 1997) and Ol0.60(0.05) + Opx0.21(0.20) + Cpx0.08(
0.30) + Gt0.12(0.45) (Walter 1998), respectively, in which the mem-
bers in parentheses indicate the percentages of each mineral entering 
the liquid. Crosses along the melting trajectories represent the per-
centage of melting for spinel and garnet peridotite sources, respec-
tively. Partition coefficients are from McKenzie and O’Nions (1991)
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by contrast in the trace elements ratios such as Nb/U, Ce/Pb, 
and Ba/Th (44, 30, 97 vs. 39, 24, 115 for batch 1 and batch 2, 
respectively), as these ratios are not affected by mantle melt-
ing, considering as source reflectors (e.g., Hofmann 2014). 
Compositional dissimilarities between parental melts of the 
two batches could be created by deep-seated differentiation 
(Smith et al. 2008a, b), discrepancies in source composition 
(Nemeth et al. 2003; Brenna et al. 2010) or a grouping of the 
two (McGee et al. 2013) as at Bahariya volcanoes.

Complex magmatic plumbing system 
underneath the Bahariya depression

Petrological remarks and thermodynamic modeling out-
comes propose a multi-stage plumbing system beneath the 
BD (Fig. 13). Two eruptive products have been observed: 

southern explosive scoria cone involving pyroclastics and 
basaltic lava forming batch 1 and the northern subvolcanic 
sills generating the batch 2. The discrepancy in their trace 
elements contents suggests the presence of two mantle 
sources modified by metasomatic agents involving garnet 
lherzolite for batch 1 and amphibole-bearing garnet lherzo-
lite garnet for batch 2. The deviation in Tb/Yb values from 
~ 3.4 for batch 1 to ~ 2.88 for the batch 2 (Table 1) requires 
various parental magmas for the BV and a decrease in the 
HREE fractionation (e.g., Tb/Yb) as garnet becomes less 
abundant in the melt source of batch 2 (see Rooney et al. 
2011). This conclusion is in contract with current protests 
that comparable alkaline and transitional basalts have diverse 
lines of descent on most variation diagrams (e.g., Natali 
et al. 2011) as the BV. The parental melts of the two batches 
initiate within the asthenospheric and lithospheric mantle 
at a depth of ~ 75 and 62 km (2.18 ± 0.33–1.77 ± 0.33 GPa). 

Fig. 12  a Gd/Yb vs. La/Lu showing decreased partial melting with 
increasing depth of melt in Bahariya mafic rocks (after Boyce et al. 
2015). b K/Yb vs. Dy/Yb diagrams for the Bahariya volcanics. Melt-
ing curves for garnet lherzolite, spinel lherzolite, garnet facies phlo-
gopite lherzolite, garnet facies amphibole lherzolite and spinel facies 
amphibole lherzolite are after (Duggen et al. 2005). © La/Yb vs. Dy/
Yb ratio showing the fractionation-corrected melts of alkaline basalts 

in Bahariya depression compared to the non-modal fractional melting 
trajectories of an amphibole garnet lherzolite (8% modal abundance 
of amphibole), garnet lherzolite, garnet pyroxenite and spinel lher-
zolite (melting trajectories are from McCoy-West et al. 2010). Ticks 
represent the degree of partial melting. d (Hf/Sm)N vs. (Ta/La)N (La 
Flèche et al. 1998) diagram
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Table 3  The reconstracted 
compositions of the primary 
melts for the two Bahariya 
magmatic batches

P(GPa) = [(MgO − 11.14 + 1.262AlK)/(2.765 + 0.0945AlK)]
T  (Co) = [(1.230–23.75 AlK + (98 + 5.6 AlK)]
Equations formulated by Wood (2004) for pressure and temperature calculations of primary melts

Element Batch1 Batch2

R2 Slope Intercept Mg72 R2 Slope Intercept Mg72

SiO2 0.0410 0.1780 39.584 48.845 0.867 0.352 30.504 49.965
TiO2 0.5590 0.0540 1.190 2.078 0.0018 0.0055 1.689 1.949
Al2O3 0.0018 0.0140 14.214 11.402 0.2725 0.0966 8.079 12.114
FeO 0.3870 0.0920 5.824 10.679 0.0003 0.0045 10.737 10.361
MnO 0.7440 0.0038 0.0838 0.167 0.0012 0.0001 0.1429 0.163
MgO 0.8370 0.4160 15.906 13.413 0.2470 0.1587 1.0587 12.614
CaO 0.1735 0.1360 1.056 9.277 0.0954 0.0892 3.5405 9.252
Na2O 0.9177 0.4300 27.430 2.099 0.6070 0.1405 12.054 1.685
K2O 0.7353 0.2320 11.520 1.456 0.0011 0.0045 1.2237 1.446
P2O5 0.0006 0.0026 0.6537 0.587 0.5517 0.016 1.570 0.452
Total 100 100
P (Gpa) 2.18 ± 0.33 1.77 ± 0.33
T  (Co) 1403 ± 30 1359 ± 30

Fig. 13  a Clinopyroxene equilibration pressures and temperatures 
calculated by chemical thermobarometry. b Histogram pressure esti-
mates for the analyzed clinopyroxenes. A multi-stage model for the 

magmatic plumbing system beneath the Marssous volcano (batch 1) 
© and El Hefhufe/Mandisha/Mayesra/Agouz sills (batch 2) (d)
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Geochemical results have been shown that the batch 1 
magma was produced by a low degree of partial melting 
(< 8%) if compared with the batch 2 magma (10–12%), as 
evidenced by Gd/Yb ratio (~ 5 for the former but ~ 4 for 
the latter) (Fig. 12b). The initiation of the partial melting 
beneath BD occurred across the lithosphere–asthenosphere 
boundary (LAB), which lies at ~ 70–90 km depth (Pilet 
et al.,2008, 2011). These melts undergo deep-seated differ-
entiation by fractionation of pyroxene + olivine ± amphibole 
at an approximately  Mg72.

After the initial partial melting, the evolved melts pass 
through the lithosphere towards the crust. Within the lat-
ter, the magma batches have further fractionated to Mg# of 
56–58. Equivalent results from clinopyroxene thermobarom-
etry and olivine composition  (Fo83 vs.Fo79-75) have been 
presented that the BV magmas pond and fractionate at two 
levels of magma storage within the crust. Batch 1 magmas 
formed at 34 km depth relative to batch 2 magmas at 25 km 
depth, matching to the top of the deep reaching conductive 
zone defined by Budach et al. (2013), close to Moho discon-
tinuity located at 30–25 km depth (Horspool et al. 2006). 
The geochemical differences of the BV are best interpreted 
by the increased elimination of clinopyroxene over plagi-
oclase during fractionation at mid to lower crustal levels. 
Nixon et al. (2011) proposed that fractional crystallization 
of the Al Haruj alkali volcanic province, analogous to BV, 
established at temperatures and depths of 1215–1360 °C and 
25–39 km, respectively, close to the Moho discontinuity at 
24–36 km below Libya (Lemnifi et al. 2017). It appears from 
the pressure estimations of clinopyroxene crystals that the 
two volcanic batches (1 and 2) have an intricate fractionation 
scheme at 35–25 km depth that is consistent widely with 
the mid-lower crust (Rooney et al. 2017), as the suggested 
models in central Libya (Ghanoush et al. 2014) and other 
volcanic fields, for example. in Iceland (Hermance 1981; 
Schmeling 1985; Gudmundsson, 1987). This hypothesis is 
reliable with seismic and geochemical studies showing shal-
low or mid-crust levels under these volcanic provinces (e.g., 
Klügel et al. 2005; Lemnifi et al. 2017).

Geodynamic implication

Many hypotheses for the dynamic forces which control the 
growth of continental rift systems have been suggested (e.g., 
Keen 1985; Bache et al. 2010). Active and passive rifting 
have been documented (Sengor and Burke 1978). Diverse 
processes involving lithosphere thinning, asthenosphere 
ascent, and decompression accompanying active or passive 
continental rifting have been described. The debate concerns 
rifts as either active zones involving outpouring mantle 
along flaw zones or passive zones implying mantle rising in 
an extensional regime (Spohn and Schubert 1982). Active 

rifting is commonly related with mantle flowing, regional 
crustal doming, and melt generation, while passive rifting 
is associated with lithosphere thinning and igneous activity 
from extension-induced asthenospheric upwelling preceding 
rifting (Ruppel 1995; Schmeling 2010).

During mid-Tertiary period, the North Egypt includ-
ing Cairo–Suez district, Gulf of Suez, Sinai, and Western 
Desert suffered magmatism and deformation (Bosworth 
et al. 2015). Extension under North Egypt is evidenced by 
numerous proofs, involving a chain of fault-bounded sedi-
mentary basins, plenty of detachment faults, and associated 
voluminous magmatism. NNE-trending strike-slip and E–W/ 
NW-trending normal faults are attended with these basins 
(Fig. 1c) (Bruce and Hotzl 1988). Most of the Bahariya vol-
canic occurrences show NE trends which are subparallel to 
the strike of the Mid Bahariya fault (Fig. 2). The latter is 
considered as portion of a substantial trans-African crustal 
suture and structural configuration (Nagy et al. 1976) which 
facilitates melt focusing. The melt focusing mechanism is 
obvious elsewhere in East Africa, where magmas are emit-
ted along volcanotectonic lineaments (Abebe 2014; Rooney 
et al. 2014a). Furthermore, deformational shear is another 
mechanism that permits magma intrusion generated in the 
lithosphere (Havlin et al. 2013). All these lists advocate a 
nearby link between magmatism and extensional tectonics 
throughout Red Sea rifting (Baldridge et al. 1991).

Two basaltic flows involving alkaline to sub-alkaline 
flows (Fig. 8c/d) have been recognized beneath the Nile 
Delta, Egypt (Endress et al. 2009; Abu El Rus and Roony 
2017). The latter authors concluded that amphibole-bear-
ing clinopyroxenite cumulates and pyroxenite-rich mantle 
source at the LAB are responsible for creation of alkaline 
and sub-alkaline basalts, respectively. This is disparity with 
the present work which has been allocated with two alkaline 
mafic pulses (Fig. 8a, b) derived from different sources that 
are further supported by paleomagnetic studies (Salah et al. 
1999) at the BD. The intraplate alkaline Tertiary basalts at 
the study area show broad similarities to others of intraplate 
alkaline Neogene–Quaternary volcanism in North Africa, 
northeast Arabian shield (Harret volcanic fields), and Cir-
cum Mediterranean Province (e.g., Massif Central Volcanic 
Field, France; Eifel volcanoes, Germany, Cartagena vol-
canic district in SE Spain) (see Lustrino and Wilson 2007). 
Their petrological characters may be attributed to a deep 
enriched asthenospheric mantle source having HIMU, DM 
and EM1 (mantle-derived sources) (e.g., Cebrià et al. 2000; 
Hofmann 2003). The mantle underneath these provinces is 
categorized by low velocity seismic waves which may be 
from either phlogopite/amphibole or  CO2-rich fluids and a 
high-temperature mantle plume (e.g., Goes et al. 1999; Piro-
mallo et al. 2008). This is in agreement with the occurrence 
of amphibole-bearing mantle xenoliths with HIMU com-
positions collected in Neogene Arabian basalts (Stein and 
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Goldstein 1996; Weinstein et al. 2006).These volcanoes have 
high patterns of LILE/HFSE, HFSE/LREE, LREE/LILE, 
and LREE/HREE which reflect their derivation from meta-
somatic ultramafics-rich source or metasomatised veins (Ma 
et al. 2011; Pilet et al. 2011). Several authors have endorsed 
that the ultramafic rock types are predominately associated 
with metasomatism and their melting contribute to the gen-
esis of alkali mafic rocks as the Bahariya volcanoes (e.g., 
Pilet et al. 2008; Li et al. 2016; Rooney et al. 2017).

The noticeable increase in plume constituent (astheno-
sphere source) and decrease in lithospheric mantle elements 
within the BV from batch 2 to batch 1 volcanoes, respec-
tively, reflect a deep dialogue of the melting and delicate 
interactions between melts and both the fertile asthenosphere 
and lithosphere. So, Marrsous batch 1 is more metasoma-
tised than magma from batch 2, because the batch 1 suf-
fered deeper partial melting (Fig. 12a) accompanying a 
high degree of metasomatism according to criteria of Boyce 
et al. (2015). Lucassen et al. (2008) interpreted that Tertiary 
volcanoes at the Western Desert are derived from metaso-
matized lithospheric mantle based on isotope geochemis-
try. The existence of such metasomatism within the mantle 
source may produce magma with meaningfully lithosphere 
thinning.

The BV have distinct geochemical characteristics [Nb 
enrichment relative to REE (Nb/Yb = 19–36) and high Ce/
Pb (19–30) and Ti/Y (600–750) ratios] like OIB which 
erupted in an intraplate plume-derived setting (Niu et al. 
2012; Simonov et al. 2015). However, in the case of the Neo-
gene intraplate low-volume volcanoes in North Egypt, no 
agreement has been reached about the significance of ther-
mal instabilities (i.e., existence of a deep mantle plume) as 
recorded by many people ( e.g., Khalaf 2012; Shallay et al. 

2013; Bosworth et al. 2015; Abu El Rus and Roony 2017). 
The presence or absence of mantle plume(s) beneath North 
Africa has been a subject of debate among several authors. 
The lack of plume evidence including radial dike swarms, 
regional crustal uplift with doming structures, are incon-
sistent with large igneous province (LIP) events and mantle 
plume hypothesis (Anderson and Natland 2005; Bryan and 
Ernst 2008; Shellnutt 2014). Furthermore, the relatively low 
mantle potential temperature (TP, 1336–1449 °C) for the 
Bahariya volcanoes (Abu El Rus and Roony 2017) is incom-
patible with the typical mantle temperatures, as a thermal 
plume may increase the TP above 1500 °C ± 50 °C (Cour-
tier et al. 2007; Herzberg et al. 2007). Therefore, it is very 
unlikely that the Neogene volcanoes at North Egypt were 
generated by a mantle plume compared with plume-related 
Ethiopian–Arabian flood basalts, (e.g., Shaw et al. 2007; 
Rooney et al. 2014b). This conclusion is well matched with 
the northern Red Sea which has less voluminous volcanism 
(magma poor) and less evidence for doming as well as no 
proof of plume manifestation (Camp and Roobol 1992; Shaw 
et al. 2003).

Upwelling of asthenosphere via decompression melting 
and lithospheric thinning is a conceivable tool to explicate 
the melt generation of the volcanics having low-volume 
products (McCoy-West et  al. 2016; Wang et  al. 2019). 
Recently, many experiments have been shown that the 
anorogenic alkaline rocks can originate from volatile- and 
amphibole-rich veins in the lithospheric mantle, as the result 
of decompression melting of asthenospheric source (Adam 
and Green 2006, 2011). In the light of lithospheric thin-
ning interpretation, the BV was erupted in Miocene period 
following subduction metasomatism of the mantle source. 
Density contrast can be created if the lower lithospheric 

Fig. 14  Lithospheric removal/delamination model (modified after 
Wang et  al. 2019) for explaining Neogene intraplate volcanism in 
North African Terrane. Small-scale removal of the thickened lower 
lithosphere is the result of gravitational instabilities which developed 

along the lithospheric–asthenospheric boundary. Then, upwelling 
asthenosphere via decompression melting prompted by lithospheric 
thinning would create the Neogene basalt melts
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mantle is affected by fluid-related previous subduction (Jull 
and Kelemen 2001). The mafic lithosphere may descend 
into the underlying hot asthenosphere (i.e., delamination 
model), resulting in asthenospheric passive upwelling via 
diapiric mantle because of density contrast (Ruppel 1995; 
Nixon et al. 2011) and then melting via decompression to 
form the Bahariya parent melts (Fig. 14). The occurrence of 
the rift-related fault networks including NE–SW-trending 
strike-slip (parallel to the East African rift) (Fig. 2) and NE 
structural elements (parallel to the Red Sea) (Fig. 1d) facili-
tated magma eruption, analogous to passive rift elsewhere 
(e.g., Mazzarini et al. 2013; Rooney et al. 2014a). Crust thin-
ning may develop from delamination of mafic lower crust 
undergoing extension (Zhai et al. 2007; Wang et al. 2018). 
The mantle thinning under middle Egypt was associated 
with asthenosphere perturbation, resulting in magma pro-
duction from mantle metasomatism (Abu El Rus and Ronny 
2017). Seismic studies also support crustal thinning from 
38 to 35 km underneath the Red Sea (Hosny and Nyblade 
2014, 2016). In the Bahariya depression, the co-occurrence 
of lithospheric and asthenospheric mantle reflects a rapid 
change from asthenospheric to lithospheric mantle source 
for the two batches at ~ 25–23 Ma, as reflection at the end of 
lithosphere thinning by the delamination model at BD (Ma 
et al. 2014, 2016). This conclusion is consistent with the 
eruptive mechanisms including convective destabilization, 
mechanical–chemical erosion, and continental delamination 
for the intraplate low-volume sodic alkaline volcanoes in 
northern Africa (Nixon et al. 2011). Many researchers (e.g., 
Liégeois et al. 2005; Bardintzeff et al. 2012) concluded that 
the intraplate alkaline Cenozoic Libyan volcanics as the 
BV were formed by lithospheric delamination and astheno-
spheric upwelling via pre-existence megastructures. These 
lavas resulted from a garnet- and amphibole-bearing mantle 
source via different melting degrees between 80 and 150 km, 
followed by metasomatised magmatism derived from the 
Africa–Europe convergence, comparable with warm mantle 
magmas.

Summary and conclusion

The research presented here amplifies significant under-
standing that short-lived monogenetic volcanic systems can 
reveal polymagmatic characters having great complexities 
in their petrogenesis. Two distinct alkali magma batches, 
derived from discrete mantle sources at different depths, 
were included in the production of the Bahariya volcanoes. 
The explosive scoria cone consisted of pyroclastics and lava 
flows generate Marssous batch 1, whereas the subvolcanic 
sills generate the Hefhufe/Mandisha/Mayesra/Agouz hills 
forming batch 2. These mafic volcanoes display an enrich-
ment in LILE (e.g., K, Sr and Ba), HFSE (e.g., Nb and Ta) 

and LREE, but trivial depletion in HREE, similar to OIB. 
Their chemical compositions suggest variable paths of frac-
tional crystallization having negligible crustal contamina-
tion. The two magma batches have been produced from a 
metasomatized garnet-rich mantle source, with a pyroxenite 
at ~ 2.18 ± 0.33 GPa for batch 1 melts and an amphibole-
bearing pyroxenite at ~ 1.77 ± 0.33 GPa for batch 2 via 
8–12% partial melting across the LAB at ~ 70–90 km depth. 
These mafic melts experienced deep-seated fractionation of 
pyroxene + olivine ± amphibole at ~ Mg72 during their pas-
sage from the mantle to the crust. Geochemical and thermo-
dynamic results have been shown to indicate the existence 
of two levels of magma storage experienced limited crystal 
fractionation at Mg# of 56–58 within the crust before their 
eruptions. Batch 1 magmas can be evolved by the frac-
tional crystallization of olivine + clinopyroxene (Al-rich) at 
1.05 GPa (~ 34 km), whilst batch 2 melts can be modeled by 
olivine + clinopyroxene (Al-poor) + Fe–Ti oxides + apatite at 
0.77 GPa (~ 25 km) close to the Moho discontinuity.

The Miocene low-volume mafic volcanoes at the BD can 
be elucidated by asthenospheric upwelling via lithospheric 
delamination. Their derivations reveal different geochemi-
cal patterns resulting principally from exchanges between 
source heterogeneity, fluctuation in depth of partial melt-
ing, and different fractional crystallization pathways, all of 
which have been correlated to the regional dynamic setting 
of extension and lithospheric thinning. Although the Baha-
riya volcanoes are small volcanic region and our data lack 
isotope analyses, our outputs give some novel visions into 
the petrogenesis of the intraplate volcanoes. Supplementary 
work involving geophysics, isotope geochemical analyses, 
and stratigraphy should be done for further investigations on 
the progress of low-volume mafic volcanoes.
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