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Abstract Harrat Al-Birk volcanics are products of the Red
Sea rift in southwest Saudi Arabia that started in the Ter-
tiary and reached its climax at ~5 Ma. This volcanic field
is almost monotonous and is dominated by basalts that
include mafic—ultramafic mantle xenoliths (gabbro, web-
sterite, and garnet-clinopyroxenite). The present work
presents the first detailed petrographic and geochemical
notes about the basalts. They comprise vesicular basalt,
porphyritic basalt, and flow-textured basalt, in addition to
red and black scoria. Geochemically, the volcanic rock
varieties of the Harrat Al-Birk are low- to medium-Ti,
sodic-alkaline olivine basalts with an enriched oceanic
island signature but extruded in a within-plate environ-
ment. There is evidence of formation by partial melting
with a sort of crystal fractionation dominated by clinopy-
roxene and Fe-Ti oxides. The latter have abundant
titanomagnetite and lesser ilmenite. There is a remarkable
enrichment of light rare earth elements and depletion in Ba,
Th and K, Ta, and Ti. The geochemical data in this work
suggest Harrat Al-Birk basalts represent products of water-
saturated melt that was silica undersaturated. This melt was
brought to the surface through partial melting of astheno-
spheric upper mantle that produced enriched oceanic island
basalts. Such partial melting is the result of subducted
continental mantle lithosphere with considerable mantle
metasomatism of subducted oceanic lithosphere that might
contain hydrous phases in its peridotites. The fractional
crystallization process was controlled by significant
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separation of clinopyroxene followed by amphiboles and
Fe-Ti oxides, particularly ilmenite. Accordingly, the Har-
rat Al-Birk alkali basalts underwent crystal fractionation
that is completely absent in the exotic mantle xenoliths
(e.g. Nemeth et al. in The Pleistocene Jabal Akwa Al
Yamaniah maar/tuff ring-scoria cone complex as an anal-
ogy for future phreatomagmatic to magmatic explosive
eruption scenarios in the Jizan Region, SW Saudi Arabia
2014).

Keywords Harrat Al-Birk - Alkaline basalt - Red Sea
rifting - Hydrous mantle - Reworked oceanic crust

1 Introduction

The Phanerozoic volcanic rocks of the Saudi Harrats were
generated by the Oligo-Miocene initiation of the Red Sea
that produced large amounts of lithospheric melts, includ-
ing various lava flows of olivine basalt and hawaiite, in
addition to mugearite, trachyte, and benmorite (Healy et al.
1982; Coleman et al. 1983; Brown et al. 1989).

Various studies have been conducted on different
aspects of the volcanic rocks of the Saudi Harrats,
including their origin. According to Moufti et al. (2011 and
2012), the magmas of the Saudi Harrats were possibly
generated by partial melting provoked by lithospheric
thinning caused by Red Sea rift tectonics. Recently, Surour
and Moufti (2013) used opaque minerals, particularly spi-
nel, to trace the magmatic history of the Saudi Harrats
volcanics, assessing volcanic hazards (Moufti and Hashad
2005) and establishing a geoparks grouping system to
increase awareness of the hazards (Moufti et al. 2013).
Studies have also been conducted on the rocks’ petrogen-
esis (e.g. Coleman et al. 1977). The mantle xenoliths for
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(Nemeth et al. 2014), and display irregular elongate flows
that cover nearly 1800 km?, and are up to 150 m high and

800 m in diameter (Coleman et al. 1983).

the latest rocks are mainly spinel peridotite and spinel
pyroxenite, while the mantle xenoliths of the first type are
mainly composed of websterites, garnet clinopyroxenites,

The present paper focuses on the classification of the
poorly studied basaltic flows of the Harrat Al-Birk in terms

of mineralogy and geochemistry. These basaltic flows con-

and pyroxene gabbros. Mantle xenoliths indicate a different

tectonic environment for the origin of the western Arabian
lower crust (generated from a convergent plate margin)

tain fine-grained spinel, a significant indicator of the magma
source. Our detailed geochemical and petrological analyses

compared to the eastern (originated from a hotspot) (Nasir

and Stern 2012).

were conducted with the goals of (1) identifying petro-

The post-Miocene Phanerozoic volcanic rocks at Harrat
Al-Birk (Fig. 1) are on the southwestern part of the Ara-

bian Shield

graphic varieties in different Harrat Al-Birk basaltic flows,
(2) determining the main mineralogical and geochemical

characteristics of the basaltic rocks, and (3) precisely

between Wadi Hali and Wadi Nahb, parallel to

]

the Red Sea coastal plain. They are characterized by cir-
cular feeder pipes and deeply dissected small cinder cones,

and are dominantly north

determining the magma source. Our findings illuminate the

processes and conditions of formation of the area of interest,

-trending (Coleman et al. 1983),

and contribute to an improved understanding of the litho-

spheric evolution beneath the Arabian shield.

extending along the Red Sea shore north of the Ad Darb

fault and north Jizan. The rocks overlay Precambrian crust

Fig. 1 Harrat Al-Birk

geological map (modified after

Nemeth et al. 2014)
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Fig. 2 Rock types, structures, and rock relationships

2 Methodology

Our work included an extensive literature review, field
observations, and sample location identification using topo-
graphic sheets and modern satellite images. Fieldwork
included sampling basaltic flows and other rock varieties.
Transmitted- and reflected-light microscopy was used for
identification of minerals, textures, and microfabrics. Whole-
rock geochemistry was analyzed in the context of its signif-
icance for the petrogenesis of the studied volcanic and the
implication on mafic magmatism during rift of the southern
Red Sea. Geochemical analyses were performed at the
ACME Analytical Laboratories Ltd., Canada. Major

@ Springer

elements, Sc, Ba, and Ni concentrations were determined by
inductively coupled plasma-atomic emission spectrometry
(ICP-AEYS) after fusing 0.2 g of sample powder using LiBO,.
Other trace elements including rare earth elements (REEs)
were determined by inductively coupled plasma-mass spec-
trometry (ICP-MS).

3 Geologic set up and field observations

The Harrat Al-Birk post-Miocene volcanics are represented
by circular feeder pipes and deeply dissected small cinder
cones (Coleman et al. 1983). They extend along the Red
Sea coast on Precambrian crust (Nemeth et al. 2014). The
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Fig. 3 Photomicrographs
showing mineral assemblages
and textures a vesicles filled by
quartz and carbonate,
amygdaloidal texture (CN),

b olivine crystal partially
corroding and/or replacing
plagioclase (PPL), ¢ olivine
phenocrysts altered to iddingsite
along peripheries and cracks
(CN), d porphyritic texture
showing Y-shaped cracks in
olivine phenocrysts that enclose
fine crystals of quartz and iron
oxides in PPL, e zoned
plagioclase phenocryst
surrounded by altered olivine in
XPL, f empty vesicles, vesicular
texture (PPL)

Precambrian basement at the eastern side of the north part
of the area is invaded by Tertiary diabase dikes that
underlie the Harrat Al-Birk flows to the south with a dis-
tinct unconformable relationship. The Harrat Al-Birk vol-
canics cap the Jabal at Tirf dike swarm and Wajid
Sandstone to the west where the volcanics flowed over
exhumed coral reefs (Coleman et al. 1983). Some recent
studies (e.g. Nemeth et al. 2014) attribute the Harrat Al-
Birk volcanics to the Tertiary-to-recent continental axial
rifting in the Red Sea axial trough, which is believed to
have an active status. This type of recent rift-related mafic
magmatism (~35 Ma) also includes subalkaline oceanic
tholeiites (Ross et al. 1973). There is a dissimilarity to
volcanism in the majority of the Arabian Shield, Ethiopia,
and Yemen. Such Tertiary volcanics are characterized by
accumulations of undersaturated alkali basalts (Baker et al.
1973).

According to Coleman et al. (1983), the Harrat Al-Birk
flows are mostly blocky on their upper surfaces and
interbedded with pyroclastics, columnar in the lower part but
knobby in the upper part. The Harrat Al-Birk ultramafic and
mafic xenoliths provide significant clues of the formational
processes of the Red Sea margin (McGuire 1988). The
xenoliths are mainly composed of websterites (spinel-pla-
gioclase-amphibole-olivine assemblages), garnet clinopy-
roxenite, and two-pyroxene gabbro (olivine). The mafic and
ultramafic inclusions of Harrat Al-Birk represent two epi-
sodes of volcanism: the Miocene eruption which is charac-
terized by only harzburgite inclusions; and the Precambrian
eruption which, in contrast, has a variety of inclusions,
namely harzburgites, cumulate gabbro, and websterite,
associated with glassy alumina-rich clinopyroxene, plagio-
clase, and spinel phenocrysts, which originated from thicker
crust than the younger eruption (Nemeth et al. 2014). Exotic
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xenoliths in the Harrat Al-Birk mafic volcanics have been
reported in various studies (Ghent et al. 1979; Healy et al.
1982). Nemeth et al. (2014) subdivided the Precambrian
inclusions of the Harrat Al-Birk into two phases of
emplacement: the Clinopyroxene and plagioclase mega-
crysts young phase that formed at shallower depth
(<35 km), and the old phase of layered websterites and
gabbros associated with cumulate plagioclase and clinopy-
roxene that formed deep in the lower crust. McGuire (1988)
found the garnet clinopyroxenite is characterized by Fe—Al-
rich rims on the clinopyroxene and reaction rims on the
garnet which they attributed to formation under elevated
temperature.

Urban development has limited the number of accessible
locations in the Harrat Al-Birk volcanics. However, field
observations support the established finding that the vol-
canic activity of the Harrat Al-Birk includes both volcanic
flows and pyroclastics.

The basaltic flows include various textures (Fig. 2):
vesicular, blocky, sheet-like, knobby-like, columnar, and
bedded, while the pyroclastics are dominated by almond-
form bombs, welded fragments and agglomerate, stretched
pebbles, and irregular lightweight reddish scoria. The field
relationships (Fig. 2) indicate that the basaltic blocky form
is found at the highest part of the flows that are sometimes
interbedded with pyroclastic products, and overlies sedi-
mentary rocks. Columnar joints are exposed in a few val-
leys, with an upper zone of knobby rock. Nearby, fractured
volcanics with clear graded bedding were traced, but
showed no clear relationship with other rock types. The
pyroclastics were sometimes observed in carbonates asso-
ciated with coral reefs.

Although a large number of scoria cones were observed,
few were accessible because they are mostly in the inner
part of the Harrat Al-Birk, surrounded by fence panels.

4 Petrography

This section is devoted to the petrographic characterization
of the studied basaltic rocks from the Harrat Al-Birk
(Fig. 3). Differences in mineralogy and textural varieties
are presented. Petrographic descriptions of each variety
follow.

4.1 Vesicular basalt

Voids in sampled vesicular basalt amount to up to ~25 %
of total volume, and the vesicles attain a diameter as wide
as 2500 pm. The rock consists of olivine, plagioclase,
clinopyroxene, and Fe-Ti oxides. Sometimes vesicles are
filled by calcite, forming a diagnostic amygdaloidal tex-
ture. This basaltic variety is characterized by remarkably
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coarse olivine phenocrysts up to ~300 um long. These
olivine crystals have a common skeletal nature and are
arrow-headed. Along outer peripheries, olivine is altered to
iddingsite, forming rim placement texture at places where
pervasive alteration has proceeded inwards. Finer olivine
crystals are occasionally gathered to form a micro-glom-
eroporphyritic texture. Brown spinel inclusions are com-
monly encountered in the olivine crystals, especially at the
cores of coarse phenocrysts. Plagioclase occurs as micro-
lites that are interstitial to olivine and vesicles. The extre-
mely fine plagioclase lathes are up to 160 pm long and as
little as ~ 10 pm wide and display flow texture in some
instances.

4.2 Black and red scoria

The scoriaceous basalts in the area of study are charac-
terized by abundant vesicles (~65 %). The vesicles are
almost equant and rounded but occasional lenticular ones
were also recorded. Occasional amygdules are present with
the vesicles filled by calcite and to lesser extent by silica.
The size of vesicles varies greatly with a range of
50-1300 pm. Plagioclase in the samples is microlitic and
its length averages ~200 pm with some up to 1200 pm
long. The plagioclase/olivine ratio is about 1.5. Olivine
crystals are fine and they are mostly subhedral with fre-
quent bi-pyramidal terminations and partial replacement to
iddingsite along cracks and peripheries. Magnetite (the
only Fe-Ti oxide observed) is extremely fine and amounts
to ~10 %—12 % of total rock volume. In some weathered
samples, the magnetite is replaced by Fe-oxyhydroxide in
the form of possible goethite and limonite.

4.3 Porphyritic basalt

The most characteristic feature in sampled porphyritic
basalt is the abundant occurrence of olivine and plagio-
clase phenocrysts that give the rock a very distinct por-
phyritic nature. Recognition of that porphyritic nature is
not observed microscopically only but by the naked eye as
well. Olivine phenocrysts (up to 850 um along and
~400 um wide) are mostly fresh, but are partially
replaced by iddingsite in a way similar to the previously
described basaltic varieties. In some instances, coarse
olivine phenocrysts engulf plagioclase due to peripheral
embayment. Some samples contain shattered olivine
crystals that might represent xenocrystic mantle phases.
These never possess straight or subhedral outlines as the
other olivine phenocrysts do. Sometimes, the plagioclase
phenocrysts are zoned and equant (~470 um wide). In
addition to coarse plagioclase phenocrysts, microlitic
plagioclase is also seen. Optically, both plagioclase phe-
nocrysts and microlites are anorthitic to andesine, though
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Table 1 Chemical analyses of the major oxides (in wt%) and the trace and rare earth elements (in ppm) of the Harrat Al-Birk volcanic rocks

Sample ~ BPor-B1 ~ BPor-B2  BPor-B3  BPor-B4  BPor-B5 BPor-B6 BF-tBl  BF-tB2 BF-tB3 BF-tB4 BF-tBS5

Major oxides

SiO, 43.66 45.07 43.84 45.17 44.68 44.67 43.89 47.08 47.39 43.73 44.42
TiO, 2.84 2.02 2.88 2.03 2.08 2.19 3.49 222 2.22 3.49 2.83
AlL,O; 14.48 14.62 15.58 14.68 14.69 14.43 16.45 16.36 16.54 16.31 15.88
Fe,0;  12.62 11.72 13.09 13.04 11.48 12.7 13.75 9.9 9.76 14.05 12.53
MnO 0.18 0.18 0.19 0.22 0.18 0.2 0.21 0.17 0.16 0.21 0.19
MgO 10.24 8.7 6.86 7.82 8.05 9.15 5.8 7.72 6.48 5.41 6.99
CaO 10.17 10.8 10.56 9.09 11.77 9.43 9.3 8.95 9.22 9.24 10.16
Na,O 3.03 3.03 2.36 3.37 2.98 3.14 3.34 3.76 3.87 3.56 3.04
K,O 0.45 0.77 0.82 1.08 0.86 1.01 1.14 1.37 1.62 1.14 1
P,05 0.46 0.38 0.5 0.78 0.42 0.64 0.77 0.61 0.61 0.81 0.66
LOI 1.34 1.69 2.65 2.12 2.45 1.96 1.01 1.17 1.74 1.25 1.46
Total 99.58 99.13 99.45 99.51 99.75 99.64 99.22 99.42 99.69 99.3 99.26
Trace elements
Ba 332 800 751 530 352 411 632 608 414 416 453
Hf 3.9 39 5 4.9 4.6 4.8 5.5 53 5.4 5.2 4.8
Nb 35.1 30.1 39.7 40.8 335 39.7 48.1 53.3 52 48.4 41
Rb 6.6 15 15.8 20.9 17.2 18.8 17.1 28.4 32.8 17.9 17.3
Sr 632.7 697.1 784.9 817.1 549.5 757.3 980 824.9 760 910.7 750.9
Ta 2.2 1.9 24 2.5 2.3 2.2 2.8 33 3.1 3 2.1
Th 2.4 3 3 2.8 3.1 3.1 3.1 5.1 4.5 3 3.1
U 0.6 0.7 1.1 0.9 0.9 0.8 0.8 1.9 1.3 0.9 0.8
v 299 267 301 170 248 197 267 226 211 234 242
Zr 173.8 161.7 213.6 231.8 181.8 204.7 229 257.4 248.1 224.1 186.9
Y 25.4 24.9 29.4 25.7 24.3 26.5 33.1 27.1 26.4 30.7 26.7
Ni 208 198.4 159.6 158.4 195.5 187.9 37.3 111.4 95.5 33.1 112.3
Cu 71.5 73.3 68.9 64.6 63.5 58.4 45.5 50.2 46.4 52.4 58.4
As 0.5 1 0.7 0.6 0.8 0.6 1 1.6 1.2 0.7 1
Rare earths
La 26.2 24.1 33.7 36.3 28.7 334 35.6 40.2 38.9 34.6 33.6
Ce 59.8 52 65.8 74.9 57.2 68.5 79.1 82.6 78.8 78.1 67.5
Pr 7.1 6.18 8 8.59 6.67 8.23 9.66 9.01 8.69 9.32 8.26
Nd 29.7 24.9 354 33.9 26 33.6 40.7 32.6 33.9 394 345
Sm 5.88 5.23 7.33 6.69 5.32 6.61 8.52 6.86 6.57 8.16 7.22
Eu 1.98 1.83 2.31 2.31 1.87 2.2 291 2.26 2.08 2.73 2.28
Gd 6.08 5.37 6.87 6.47 5.21 6.35 8.07 6.19 6.22 7.88 6.75
Tb 0.9 0.8 1.02 0.92 0.83 0.95 1.2 0.89 0.91 1.23 0.98
Dy 5.08 4.59 5.77 5.13 4.53 5.36 6.28 5.52 5.16 6.29 5.46
Ho 0.96 0.86 1.14 0.95 0.95 0.99 1.24 0.97 0.96 1.19 1.07
Er 2.62 2.4 2.88 2.63 2.46 2.94 3.33 2.8 2.8 3.31 2.65
Tm 0.33 0.35 0.39 0.37 0.35 0.41 0.46 0.39 0.4 0.44 0.38
Yb 2.13 2.21 2.36 2.3 2.28 2.49 2.71 2.31 2.74 2.77 2.4
Lu 0.32 0.35 0.36 0.37 0.33 0.36 0.42 0.4 0.38 0.39 0.38
Sample BVBI1 BVB2 BVB3 BRS BAB

Major oxides

Si0O, 44.18 44.57 44.33 43.31 45.56
TiO, 2.15 2.55 3.43 2.77 3.35
ALO; 14.89 15.58 16.63 16.07 16.78
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Table 1 continued

Sample BVBI1 BVB2 BVB3 BRS BAB
Fe,04 12.64 12.05 14.27 13.51 13.87
MnO 0.21 0.23 0.22 0.2 0.21
MgO 6.39 6.75 4.8 7.26 4.05
CaO 9.72 9.94 8.3 7.77 7.89
Na,O 3.29 2.76 3.71 2.14 4.25
K,O 1.09 0.87 1.31 0.88 1.49
P,05 0.65 0.63 0.67 0.64 0.57
LOI 4.1 2.94 1.27 491 1.07
Total 99.44 99.23 99 99.55 99.19

Trace elements
Ba 458 2945 658 340 711
Hf 5 5 5.8 54 6.4
Nb 38.8 44.6 51.5 48.8 57.3
Rb 18.1 13.2 21.5 6.1 253
Sr 658.6 812 907.8 571.7 936
Ta 2.3 2.9 32 32 33
Th 3.1 3.7 3.6 39 3.8
U 0.5 0.7 1.1 0.5 1.2
v 155 231 223 233 200
Zr 207.5 222.5 250 243.9 272.7
Y 27.2 27.1 34.7 30.3 344
Ni 152.1 133.3 29.9 131.9 10.1
Cu 90.5 66.6 41.8 88.8 36.9
As <0.5 1 1.4 0.9 1.1

Rare earths
La 343 37.6 39 38.3 41.5
Ce 71 76.4 79.7 78.6 87.5
Pr 8.53 8.76 10.23 9.1 10.7
Nd 323 34.8 41.3 38.3 44.8
Sm 6.87 7.04 8.63 7.6 8.79
Eu 2.14 2.34 291 245 2.95
Gd 6.28 6.62 8.03 7.07 8.61
Tb 0.94 1.02 1.2 1.08 1.2
Dy 5.69 5.33 6.67 5.31 6.87
Ho 091 1.03 1.28 1.11 1.37
Er 2.53 2.65 3.49 2.95 3.72
Tm 0.38 0.37 0.48 0.43 0.48
Yb 2.35 242 2.92 247 3.37
Lu 0.36 0.35 0.44 0.4 0.51

Major elements, Ba, and Ni concentrations determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) after fusing
0.2 g of sample powder using LiBO,

Other trace elements including REE were determined by inductively coupled plasma-mass spectrometry (ICP-MS)

Explanation for the symbols: BPor-B1 to BPor-B6 porphyritic basalt, BF-t Bl to BF-t B5 flow-textured basalt, BVBI to BVB3 Vesicular basalt,
BRS red scoria

this should be verified by electron microprobe spot anal- 4.4 Flow-textured basalt

yses. Occasional augite occurs in the porphyritic basalt;

some stout crystals attain the size of a phenocryst and  Flow texture is the basis of this rock variety’s nomen-
display zoning and to a lesser extent lamellar twinning. clature. It can be easily identified by the perfect alignment

@ Springer



Acta Geochim (2017) 36(1):74-88 81
Fig. 4 Major oxides and some v 16
trace oxides versus SiO, (wt%) N * *
for the Harrat Al-Birk volcanics * ¢ 1
©
60 16 * ®
a" * S“ 12
[
15
*
'Y 10
. L4
14 g
42 “ rs 48 42 4 46 48
5 18
4
o]
o~
o
7.
3
2
42 48
14 12
12 . ¢
® : &
(<] * . % 8 * *
T e S E M e 3 Y
*»* * * N o
8 * *
* 4 *
6 2
) u“ 4% 4 42 m 4 48
02s 4
. AadiR 2 *
* * 3
[} A d ON PS *
; 02 * =} *
3 . o @
2 3 *»
< o0
*
@
01S 1
) 4“4 46 48 2 4 6 48
100 2
* *
.
80 *
z . . . /0
€0 <! * /’
4
N LI
40
0 <
) 46 48 a2 4 4 48
Si0, Si0y

of plagioclase lathes. On a microscopic scale only, the
rock can be considered porphyritic. The size of olivine
micro-phenocrysts is noticeably greater than that of pla-
gioclase (up to 950 and 270 um long, respectively).
Amygdules (carbonate-bearing) are very few but dis-
tinctly wide (up to ~3200 pum). Interstitial carbonate
(calcite) was also recorded. Olivine is mostly skeletal
with abundant spinel inclusions. Another finer and

younger generation of olivine as a groundmass component
is also present, with complete replacement by iddingsite.
Augite is the sole clinopyroxene phase that occurs as a
groundmass component. It is commonly altered to acti-
nolite and chlorite, but some fresh relics survive. Few
zoned plagioclase crystals are present; frequent Fe-Ti
oxides (magnetite + ilmenite) display a distinct skeletal
habit and high degree of freshness.
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Fig. 5 Major oxides versus MgO (wt%) for the Harrat Al-Birk volcanic rocks. The fields of Ethiopian (red line-dashed area) and Saudi Arabian
(green line-dashed area) basalts are shown for comparison (Mattasah et al. 2013)

5 Geochemistry

The major, trace, and rare earth elements of the Harrat Al-
Birk are shown in Table 1. Generally, the concentrations of
the major elements in the Harrat Al-Birk volcanics show
some variability (Table 1). There is a range of silica con-
tent (from 43.31 % to 47.39 %) which indicates more or
less a fractional character. The variability in chemistry is
clear in analyses of Fe,O; (9.76 %—14.27 %), MgO
(4.05 %—10.24 %), and CaO (7.71 %—11.77 %), while less
variability was observed in TiO, (2.14 %-3.32 %), Na,O
(2.14 %—4.25), K,0 (0.45 %—1.49 %), and P,O5 (0.38 %—
0.81 %). The LOI values of the Harrat Al-Birk basalts
range from 1.01 % to 4.91 %. Such a wide range is thought
to be due to carbonate minerals in the vesicular samples. In
order to demonstrate general trends of composition with
respect to these elements, some diagrams (Figs. 4, 5) were
constructed of major oxides and trace elements plotted
against SiO, and MgO. The plots of major and trace ele-
ments versus SiO; (Fig. 4) show clear negative correlations
of silica against ferric Fe, Ti, and Cu, and show a clear
positive correlation against Na, K, and As. The fig-
ures show no distinct correlation in the cases of both Ca
and Mg. The Harrat Al-Birk basalts are comparable to
intra-plate basalts in Ethiopia in terms of the plot of MgO
versus some major oxides and also display similarity to the
rest of Saudi Harrat volcanic fields (Mattasah et al. 2013)
as shown in Fig. 5.

For the purpose of rock classification, the following
diagrams were created: the Na,O + K,O versus SiO,
(TAS) diagram of Le Bas et al. (1986) (Fig. 6a), the Zr/
TiO*0.0001 versus Nb/Y diagram of Winchester and Floyd
(1977) (Fig. 6b). For chemical characterization, the SiO,
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versus TiO, diagram after Ulrych et al. (2010) (Fig. 7a),
the K,O versus Na,O diagram after Middlemost (1975)
(Fig. 7b), and the alkali versus silica diagram after Murcia
et al. (2013) (Fig. 7c) were constructed. In Fig. 4b, the
variation of Ti is a function of the primary melt from which
basalt is derived and of the amount of the element incor-
porated in Fe-Ti oxides and in clinopyroxene (titanaugite).
The characterization (Figs. 6, 7) indicates that the studied
volcanic rocks are low- to medium-Ti, sodic-AOB. The
studied AOBs show a differentiation trend (Fig. 6a, b).

For tectonomagmatic determination, the TiO,-MnO*10-
P,05*10 diagram (after Mullen 1983) (Fig. 8a), the Zr/4-
Y-Nb*2 diagram of Meschede (1986) (Fig. 8b), the Z
versus Zr/Y diagram of Pearce and Norry (1979) (Fig. 8c),
and the TiO, versus Y/Nb diagram (after Floyd and
Winchester 1975) (Fig. 8d) were used. Figure 8a—d sug-
gests a within-plate environment for the basalts of the
Harrat Al-Birk. In Fig. 8d, although the samples of basalt
fit well with the continental alkali basalt field, they also
plot along the boundaries between oceanic alkali and the
continental tholeiitic basalt fields, and within the oceanic
alkali basalt field, which accommodate the highest Zr/Y
ratios of Pearce and Norry (1979) (Fig. 8c). The Harrat Al-
Birk basalts are thus proposed to have formed in an intra-
plate setting rather than in mid-ocean ridge basalt (MORB)
or Island Arc settings. The same conclusion was reached
using the Floyd and Winchester (1975) diagram, which is
used to differentiate various tectonic settings: the Harrat
Al-Birk basalt samples are confined to the continental
alkali basalt field (Fig. 8d).

For comparison, various diagrams, namely Na,
O + K,O versus SiO, (Fig. 9), Nb/Y versus Zr/Y, vari-
ability displayed by the studied basalts, and reference
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distinct Iceland array (Fig. 10a). Further, a Ce/U versus
Nb/U diagram (Fig. 10b) shows a comparison with an
average MORB crust (Hofmann et al. 1986; Ito et al. 1987)
and ocean island basalt (OIB) (Hofmann et al. 1986;
Davies et al. 1989), and a primitive mantle-normalized
traces diagram with normalization after Sun and McDo-
nough (1989) (Fig. 10c). Other comparisons used were (1)
chondrite-normalized REE-incompatible REE element
values of the studied basalts and those of the average OIB
(Sun and McDonough 1989), (2) average N-type MORB
(Sun and McDonough 1989), (3) OIB and AOB analyses
from Camp and Roobol (1989) (Fig. 10d), (4) Sr versus Zr
(Fig. 10e) and Ni versus V (Fig. 10f) for possible partial
melting and fractionation paths (from Camp and Roobol
1989), and (5) Th/Yb versus SiO, (Fig. 10g) and Th/Yb
versus Nb/Yb (Fig. 10h) after Pearce and Peate (1995) to

Fig. 7 Rock characterization diagrams a SiO, versus TiO, after
Ulrych et al. (2010), b K,O versus Na,O after Middlemost (1975),
¢ Alkali vs. Silica after Murcia et al. (2013). The symbols in the
diagrams represent the basalts of the Harrat Al-Birk

identify any possible crustal contamination and fractiona-
tion effects.

Petrogenetically, the characterization of the source and
the possible processes of formation were identified by
implementing a comparison between certain element ratios
and well-known sources (Fig. 10a, b). The chondrite-nor-
malized rare earth diagram (Fig. 10d) clearly shows light
REE/heavy REE enrichment with a consistent slope, absent
the Eu anomaly and slight anomalies for Dy and Sm.
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Fig. 8 Tectonomagmatic a TiO,
discrimination diagrams a TiO,-
MnO*10-P,05*10 (after Mullen
1983), b Zr/4-Y-Nb*2 diagram
of Meschede (1986), ¢ Z versus
Zr/Y diagram of Pearce and
Norry (1979), d TiO, versus
Y/Nb (after Floyd and
Winchester 1975). Explanation:
OIT Oceanic Island Tholeiite,
OIA, Oceanic Island Alkalic,
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Fig. 9 Binary diagram of Na,O + K,O versus SiO, (After Irvine and
Baragar 1971). Explanation of the symbols given in Fig. 1. The
dashed area of the Miocene-to-recent alkaline (East-of-Aden) Yemen
Volcanic Series hosts the alkali basalt (blue diamond) of the Harrat
Al-Birk

6 Discussion
6.1 Magmatic affinity and tectonic environment

Figure 10d introduces the Zr/Y ratio relative to Zr, as a
fractionation index. In this diagram, the Harrat Al-Birk
basalts plot in the intra-plate field, with remarkably higher
Zr/Y ratios than MORB and island arc basalts (El-Akhal
2004). This characterization supports the alkaline nature of
all samples and the comparability with most intra-plate
basalts (Pearce and Cann 1973; Floyd and Winchester
1975). Figure 9 displays the patterns of the studied basalt
and of the East of Aden alkaline Yemen Volcanic Series
(YVS), which consists of mafic litho-types only with
alkaline connotation, and does not show a transitional
character like the West of Aden—East of Aden alkaline
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YVS. Both types of the alkaline YVS are characterized by
a within-plate continental setting which is identical to the
studied basalts. Thus, a within-plate setting seems to be
more reasonable regardless of the source of magma, as will
be shown in the next section.

6.2 Fractionation, magma type and its source

The negative correlations between SiO, and CaO, TiO,
(Fig. 4) may suggest that the fractionation of clinopyrox-
ene and ilmenite played a significant role in the process of
formation (El-Hasan and Al-Malabeh 2008; Mao et al.
2014). Figure 5 shows positive correlation only of CaO
against MgO, while the rest (Al,05, Na,0, K,0, P,Os, and
TiO, against MgO) are negatively correlated. This follows
the other Saudi Arabian alkaline basalts in tracing the post-
rift Miocene-to-recent YVS distribution pattern (Fig. 9;
Mattash et al. 2013). This consequently indicates olivine
and plagioclase fractionation that yields a consistent
decline in CaO and Al,O3 with the decrease of MgO, and
also the CaO decline indicates clinopyroxene fractionation
in the most evolved basalts. The distribution of trace ele-
ments (Table 1) in the primary magma might be generated
by partial melting of upper-mantle material, with possible
involvement of crystallization processes that yield olivine
and pyroxene (BanyYaseen et al. 2010).

Highly crustal-contaminated basalts are indicated by
strong enrichment of alkali elements and result in high
alkali/Nb ratios (Meshesha and Shinjo 2007), but this is not
observed in the alkali basalt from the Harrat Al-Birk.
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Fig. 10 Petrogenesis diagrams of the Harrat Al-Birk volcanic a Nb/Y versus Zr/Y variation diagram showing that the studied basalts plot in the
ocean island basalt (OIB) field (dashed-red line); OIB field from Fitton and James (1986) and N-MORB from Fitton et al. (1997, 2003). The
+symbol represents an estimate of primitive mantle composition (McDonough and Sun 1995). Average crust composition is from Rudnick and
Fountain (1995) and Barth et al. (2000). b Ce/U versus Nb/U (after Moghazi 2003) compared with MORB average crust (Ito et al. 1987;
Hofmann et al. 1986) and OIB (Hofmann et al. 1986; Davies et al. 1989). ¢ Primitive mantle-normalized trace element diagram (normalization
values from Sun and McDonough 1989). Source of the Iranian Cenozoic continental collision basalts of Nayband/Neh data (light gray area) and
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Roobol (1989). e Sr versus Zr and f Ni versus V for Possible partial melting and fractionation paths (from Camp and Roobol 1989). g Th/Yb
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Therefore, it is suggested that there is no crustal contami-  attributed to low melting degrees of the peridotite source

nation effect on the original evolved magma. The studied  rock (Shehata and Theodoros 2011). K,O-poor magma
alkaline basalt shows Ti enrichment which could be  from a water-saturated melting (e.g. Beard and Lofgren
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1989; Thy et al. 1990; Beard and Lofgren 1991) is con-
sistent with the Harrat Al-Birk volcanics, and therefore a
water-saturated melt origin cannot be discarded in the
petrogenesis of rift-related volcanics in the western Ara-
bian Peninsula. From the comparison shown in Fig. 10d,
the Harrat Al-Birk basalts have REE patterns similar to
those of AOB (Camp and Roobol 1989) and OIB (Sun and
McDonough 1989).

The trace elements diagram for the primitive mantle—
normalized basalts shows that the Harrat Al-Birk basalts
have very distinct negative anomalies of K, Ta, and Ti, and
very small positive ones for Nb and Zr; this is characteristic
of the Tertiary-to-recent continental alkali basalts (Norry
and Fitton 1983) that are derived from asthenospheric
materials (Thompson 1986; Wilson 1989). For comparison,
some reference data are used, namely the primitive mantle—
normalized traces of the studied basalts and the average of
Iranian Cenozoic continental collision basalts (Kheirkhah
et al. 2015); the average of African basalts (Camp and
Roobol 1989) and the pattern of the oceanic island basalts;
and the alkali olivine basalts (Kheirkhah et al. 2015) and
the olivine tholeiitic basalts (Camp and Roobol 1989). The
comparison reveals that the trend of the studied basalts
follows well that of the OIBs and is very similar to that of
the AOBs, but differs from the transitional tholeiite basalts.
According to Meshesha and Shinjo (2007), the latter is
characterized by flat patterns with small negative anoma-
lies of Th and Nb-T, and positive anomalies of Ba and Pb.
Strong depletion in Ti may indicate fractional crystalliza-
tion of ilmenite, and the depletion in Ti and K indicates
fractionation that most likely involves ilmenite-magnetite
and feldspar minerals with almost no crustal addition due
to the absence of any negative anomalies of Nb and Ta
(Ahmad and Chaudhry 2008). The K depletion may also
suggest the occurrence of residual amphibole £ phlogopite
in the mantle source of basalts (Ulrych et al. 2010). The
ratios of Ce/U and Rb/Sr are very useful as they can assist
in distinguishing mantle sources from crustal ones (Hof-
mann et al. 1986; McDonough 1990). The Harrat Al-Birk
basalts show a relatively lower Ce/U as compared to
MORB, and samples mostly plot in the OIB field in
Fig. 10b, h, in addition to fitting well with Fig. 10a, c. This
strongly suggests an oceanic island mantle source for the
studied basalts. In Fig. 10d, the REE pattern of these
basalts seems to be very similar to that of OIBs and AOBs.
Also, in Fig. 10d, it appears that the fractionation process is
not extensive. The effect of such a process appears in
Fig. 10f, where some samples follow the clinopy-
roxen = titanomagnetite fractionation trend and do not
show clear compatibility with the olivine trend. The pet-
rogenesis diagrams also indicate that the source of the
studied basalts was not modified by any contamination or
assimilation (Fig. 10g, h). The source of the Harrat Al-Birk
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basalts is then an enriched oceanic island basaltic melt
(Fig. 10g) that resulted from either subducted continental
mantle lithosphere or a mantle metasomatism of subducted
oceanic lithosphere (Niu et al. 2012).

7 Conclusions

Geochemical analysis indicated that the studied rocks of
the Harrat Al-Birk are low- to medium-Ti, sodic-AOB with
an enriched oceanic island signature but extruded in a
within-plate environment. The rocks mainly formed by
partial melting with a slight effect of crystal fractionation,
which was most likely dominated by clinopyroxene and
iron oxides (titanomagnetite, ilmenite).

The studied basalts are characterized by enrichment of
light REEs and depletion in Ba, Th and K, Ta, and Ti. It is
suggested that the magma source that generated the vol-
canic rocks of Harrat Al-Birk was a silica under-saturated
water-saturated melt origin, dominantly evolved by partial
melting of asthenospheric upper mantle in the form of an
enriched oceanic island source (either subducted conti-
nental mantle lithosphere or a mantle metasomatism of
subducted oceanic lithosphere, possibly peridotite with
some hydrous silicates), involving some fractional crys-
tallization yielding olivine, pyroxene (significant affect of
clinopyroxene fractionation in basalts), amphiboles, ilme-
nite, and plagioclase.
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