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Abstract

The Cenozoic (mostly Neogene) volcanic activity in Syria is part of the extensive magmatism that took place in the Mashrek
Region, Middle East, from upper Eocene to Holocene (~40-0.0005 Ma). Samples in western Syria are mostly high TiO, (TiO,
~1.8-3.7 wt.%) alkaline mafic rocks (basanites, hawaiites and alkali basalts) plus rare transitional/tholeiitic basalts and basaltic
andesites) with within-plate-like trace element signature.

On the basis of incompatible trace element content, the volcanic activity in Syria has been divided into two stages: the first lasting
from ~25 to ~5Ma and the second from ~5 to recent times. Indeed, the Syrian lavas show incompatible trace element content
increasing with decreasing age from ~25 to ~5 Ma, followed by an abrupt decrease to low values roughly at the Miocene—Pliocene
boundary. This temporal shift in composition is related to major tectonic re-organization occurred during upper Miocene.

The proposed petrogenetic model invokes three steps: (a) passive upwelling of the shallow asthenosphere during the development
of the Dead Sea transform fault system. Different degrees of partial melting were followed by variable extents of fractional
crystallization and limited upper crustal contamination; (b) the Miocene—Pliocene boundary tectonic change enhanced passive
decompression of the same sources and a consequent increase in degree of partial melting resulting in low incompatible trace
element content of the relatively high-volume liquids; (c) after this phase, the incompatible trace element content in the basaltic
magmas increased as consequence of fractional crystallization processes.

Major and trace element content similarities with the rest of the circum-Mediterranean igneous rocks are consistent with acommon
relatively shallow origin for the Cenozoic anorogenic magmatism of the entire circum-Mediterranean area (the so-called Common
Magmatic Reservoir). Because much of the igneous activity in the studied area is concentrated near the Dead Sea fault, the origin
of Cenozoic magmatism in Syria (and in the rest of the circum-Mediterranean area) reflects a strong lithospheric control on the loci
of partial melting. Mantle plumes from lower mantle and/or north-westward channelling of the Afar mantle plume is not needed to
explain volcanic activity in Syria and the Mashrek area.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Circum-Mediterranean Cenozoic igneous rocks comprise an extremely wide range of chemical compositions
(e.g., Lustrino, 2000, 2003; Wilson and Bianchini, 1999; Lustrino and Wilson, in press; Beccaluva et al., in
press) with “anorogenic” and “orogenic” geochemical characteristics (see Lustrino and Wilson, in press for a
proposed definition of “anorogenic” and “orogenic”). Amongst these products, the volcanic rocks of Syria have
not been thoroughly studied. Indeed, with the exception of few geochronological studies (e.g., Mouty et al.,
1992; Sharkov et al., 1994, 1998), a geochemical and petrological modelling for the Cenozoic igneous rocks of
Syria is lacking. Recently, the scientific community has shown some interest on the Cenozoic volcanic rocks
of Mashrek (Middle East), however confined to areas surrounding Syria (e.g., SE Turkey, Jordan, Lebanon,
Israel; Stein and Hofmann, 1992; Polat et al., 1997; Weinstein, 2000; Alici et al., 2001; Ilani et al., 2001;
Bertrand et al., 2003; Ibrahim et al., 2003; Shaw et al., 2003; Abdel-Rahman and Nassa, 2004; Weinstein et al.,
2006).

Syrian Cenozoic volcanic rocks are important for several reasons: (a) Cenozoic volcanism in Syria occurs in a
complex geodynamic setting, near a continental margin (easternmost Mediterranean Sea) between the Levantine sub-
plate (part of the African Plate) and the Arabian Plate, separated by a major strike-slip fault (the Dead Sea Transform;
hereafter DST); (b) in the Mashrek, important volcanic activity developed during the Cenozoic, with huge plateaux
of basaltic lava whose origin has been related to mantle plumes (active upwelling of sub-lithospheric mantle) or to
lithospheric—asthenospheric passive upwelling (see discussion in Lustrino and Wilson, in press); (c) the igneous activity
in Syria and neighbouring areas is associated with asymmetric uplift of the DST, with the eastern continental shoulder
about 1 km more elevated than the western counterpart. This asymmetry, continuing southward to the Red Sea, has
been related to channelling of the Afar mantle plume from the south (e.g., Sobolev et al., 2005); (d) mantle xenoliths
associated with Syrian alkaline lavas provide direct evidence about the nature of the subcontinental lithospheric mantle;
(e) together with Hyblean Mts. in Sicily, Mashrek is the only place in the circum-Mediterranean area characterized
by a very prolonged igneous activity dating back at least to Jurassic times with relatively homogeneous geochemical
composition (e.g., mildly alkaline sodic basalts to tholeiitic basalts with “anorogenic” geochemical characteristics; see
discussion in Lustrino and Wilson, in press).

The aims of this paper are: (1) to characterize representative volcanic rocks from Syria; (2) to evaluate variation
in composition of basaltic melts with age during the Cenozoic; (3) compare these products with other Cenozoic vol-
canic rocks from Mashrek area and with the “anorogenic” volcanic rocks from the rest of the circum-Mediterranean
area; (4) to place constraints on the relative role of lithospheric and sub-lithospheric mantle sources; (5) to deci-
pher the main causes for the origin of the volcanic activity in this area (e.g., passive or active upwelling of
mantle).

The Syrian Cenozoic volcanic rocks are here modelled as the products of partial melting of shallow mantle (low-
ermost lithospheric mantle or shallow asthenosphere) with a variable spinel/garnet ratio without influence from the
nearby Afar mantle plume. The absence of strong uplift (doming), the low heat flow measured in the area, the absence
of age progression of magmatism and some subtle geochemical differences between Mashrek and Afar plume-related
volcanic rocks are inconsistent with a model involving any role of the Afar plume. A major change in plate kinematics
is believed to be the cause of an abrupt increase of partial melting at the Miocene—Pliocene boundary. The relative
constancy of incompatible trace element ratios (but associated with relatively large differences in incompatible trace
element abundance) in lavas emplaced during the last ~25 Ma can be interpreted as an evidence for common mantle
sources and relatively minor upper crustal contamination processes.

2. Geological background

The Levantine Basin represents the south easternmost sector of the Mediterranean Sea (Fig. 1). Its origin has
been related to the opening of the Neo-Tethys and its composition is now considered to be thinned continental crust
(e.g., Netzeband et al., 2006). Geological and geophysical data show that the Levantine crust is mostly made up of
~10 km thick Phanerozoic sedimentary successions (mostly carbonates) overlying a transitional igneous—metamorphic
basement ~12 km thick (e.g., Ben-Avraham and Ginzburg, 1990; Khair and Tsokas, 1999; Aksu et al., 2005; Netzeband
et al., 2006). During the Mesozoic, passive continental margin-related igneous activity occurred at several localities
(e.g., Mouty et al., 1992; Stein and Hofmann, 1992; Abdel-Rahman, 2002). Picritic to alkali basalts occur between
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Fig. 1. (A) Main outcrops of Cenozoic volcanic rocks of the Arabian Plate (modified from Garfunkel, 1989). (B) Simplified geological sketch map of
Syria (modified from Sharkov et al., 1994, 1998). 1 =late Cenozoic volcanic rocks; 2 =relatively stable platforms (A = Aleppo Platform; R = Rutbah
Platform); 3 = molasse basins (D = Damascus Basin; AD = Ad-Daw Basin); 4 = dome-shaped uplifts and horsts; 5 = southern Palmyrides; 6 = northern
Palmyrides; 7 = El-Ghab Plio-Quaternary Graben; 8 = platform margins, including Alpine allochnonous masses (B = Bassit-Latakia; K = Kourdag);
9 =Miocene Graben (AK = Al Kebir Graben); 10 =main faults. DST = Dead Sea Transform. Black circles = sample locality (see Table 1).

the Mediterranean coast and the DST from middle Jurassic (~170? Ma) to middle Cretaceous (~148-90 Ma; Mouty
et al., 1992; Laws and Wilson, 1997 and references therein).

The Mashrek area (Middle East; SE Turkey, Syria, Lebanon, Jordan, Israel, Palestine and Saudi Arabia) has been the
locus of an extensive volcanic activity developed mostly during the last 20 Ma (Fig. 1; Capan et al., 1987; Giannérini et
al., 1988; Garfunkel, 1989; Heimann and Ron, 1993; Mor, 1993; Ilani et al., 2001), post-dating the break-up of Africa
and Arabia, opening of the Red Sea and Oligocene flood volcanism in Yemen and Ethiopia (e.g., Baker et al., 1997;
Rukieh et al., 2005).
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During the Cenozoic, the northward drift of the Arabian plate caused tectonic reorganization, more or less contem-
poraneous with igneous activity (Giannérini et al., 1988; Zanchi et al., 2002; Rukieh et al., 2005). The main stages
are: (a) the development of the DST (also known as the Levantine fault system), a sinistral strike-slip fault with a total
length of about 1000 km and a total displacement of about 105 km (e.g., Garfunkel, 1981; LePichon and Gaulier, 1988;
Heimann and Ron, 1993; Sobolev et al., 2005; Fig. 1). This fault system accommodated the differential motion between
the African plate (moving in a N-NE direction relative to the Eurasian Plate at a rate of ~10 mm/year) and the Arabian
micro-plate (moving in a N-NW direction at a rate of ~18-25 mm/year; McClusky et al., 2003); (b) the formation of the
upper Oligocene—Miocene Palmyrides fold-and-thrust belt, made up of deformed Cretaceous—Paleogene formations,
aligned along NE-SW directed anticlinals and synclinals in the western Arabian plate, east of the DST (e.g., Al-Saad
et al., 1992; Salel and Seguret, 1994; Litak et al., 1997; Rukieh et al., 2005; Fig. 1) and (c) major Cenozoic (mostly
Neogene) volcanic activity (e.g., Mouty et al., 1992; Heimann and Ron, 1993; Sharkov et al., 1998; Bertrand et al.,
2003; Shaw et al., 2003; Abdel-Rahman and Nassa, 2004; Fig. 1).

Neogene basaltic magmatism is absent from the deformed zone of the Palmyrides belt, with the exception of the
Damascus region, where rare Miocene lavas from the north—westernmost Haurun—Druze plateau are deformed, and
from the Ad Daw Basin in central Palmyrides (Giannérini et al., 1988; Sharkov et al., 1994; Rukieh et al., 2005).
The Palmyrides belt is a NE-SW oriented chain that can be traced for a total length of about 350 km between the
coastal massifs on the left (anti-Lebanon chain) and the Euphrates river on the right (Al-Saad et al., 1992; Fig. 1). This
sequence of parallel anticlines separates Syria in two regions (the northern and the southern), both of which have been
characterized by volcanic activity during Neogene. The northern sector (the Aleppo Plateau Province, according to the
neotectonic map of Rukieh et al., 2005) comprises the Taurus and the Bilas—Bouieda Mts. Volcanic rocks in this sector
of Syria outcrop near the coast-line (Aleppo plateau, Shin plateau-Homs area, El Ghab depression and Mt. Saphita;
Sharkov et al., 1998) and along the NE continuation of the Palmyrides belt, along the Euphrates river (Deir-ez-Zor
locality; NE Syria; the Mesopotamian Basin Province of Rukieh et al., 2005). Rare Paleogene (lower Eocene) tuffs
and altered basalts have been observed near the Aafrine Valley (NW from Aleppo; Mouty et al., 1992). South of the
Palmyrides, a huge basaltic plateau known as the Harrat Ash Shaam volcanic area (the Jebel Arab Volcanic Province
of Rukieh et al., 2005) covers an area larger than 50,000 km? (Giannérini et al., 1988; Ilani et al., 2001; Ibrahim et
al., 2003; Shaw et al., 2003; Weinstein et al., 2006; Fig. 1). The northernmost sector of this huge plateau rests on
Syrian territory and here it assumes the name of Haurun—Druze plateau (Sharkov et al., 1994). The total thickness
of lavas reaches 1-1.5 km with dozens of lava flows emanating from several NW-SE oriented vents (Sharkov et al.,
1994; Ibrahim et al., 2003). Cinder-pyroclastic cones often contain ultramafic mantle xenoliths (commonly spinel
lherzolite, harzburgites, websterites, garnet-pyroxenites and hornblendites; Mittlefehldt, 1984; Sharkov et al., 1996;
Nasir and Safarjalani, 2000; Bilal and Touret, 2001). The south—eastern part of Syria (the Rutbah Province of Rukieh et
al., 2005) is represented by thick undeformed Phanerozoic sedimentary rocks. Differences in Bouguer gravity values
between Aleppo plateau and Rutbah uplift allowed some authors to propose for these regions two different origins as
two independent micro-plates amalgamated during late Proterozoic along a suture or a shear zone (now represented
by the Palmyrides belt; Best et al., 1990; Litak et al., 1997). According to this view, the Palmyrides belt would have
developed in correspondence of an ancient mobile belt, a feature observed also in many other places (e.g., Doglioni,
1995; Vauchez et al., 1997).

During the last few years geochronological and geochemical/petrological studies on the Jordanian and Israeli
sectors of the Harrat Ash Shaam have been carried out (e.g., Weinstein, 2000; Ilani et al., 2001; Bertrand et al., 2003;
Ibrahim et al., 2003; Shaw et al., 2003; Weinstein et al., 2006) but little attention has been paid on the Syrian volcanic
rocks.

3. K/Ar geochronology

During the Miocene, extensive volcanic activity in Syria covers Oligocene and upper Eocene sediments in the
Palmyrides and Damascus area (Mouty et al., 1992) and is more or less contemporaneous with, or slightly post-dates
the late stages of continent—continent collision between the Arabian and the Eurasian plate (along the Bitlis—Zagros
suture zone) and the opening of the Aden-Red Searift system (~26 Ma; Omar and Steckler, 1995). The Arabia—Eurasia
collision, characterized by development of nappes and ophiolitic melanges, started in the Maastrichtian with the closure
of the Neo-Tethys and continued until lower Miocene (a.o., Litak et al., 1997; Aksu et al., 2005; Rukieh et al., 2005).
During upper Oligocene-lower Miocene, the NW propagation of the Aden Sea rift system caused deformation in the
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north—westernmost sector of the Arabian plate; the following spreading of Red Sea caused the plate to move to the NE
with the final collision along the Zagros line (e.g., Zanchi et al., 2002).

Mouty et al. (1992) proposed a magmatic gap between ~16 and ~8 Ma, but more recent K/Ar investigations show
virtually continuous igneous activity in the Syrian sector (Sharkov et al., 1994, 1998). According to Rukieh et al.
(2005), a decrease in the volcanic activity is notable during the first phase of neotectonic deformation in Syria (during
Burdigalian-Langhian). However, these conclusions are based on the assumption that the K/Ar dates are proportional to
the intensity of volcanism. The upper Cenozoic basaltic plateau magmatism of Syria is grouped into three major phases,
slightly modifying the scheme proposed by Sharkov et al. (1998): (1) late Oligocene-middle Miocene (726—16 Ma).
K/Ar ages of Syrian basalts evidence that volcanism started ~24—26 Ma ago in the Haurun—Druze plateau but probably
it can be dated back to Rupelian (i.e., >28 Ma) in the Palmyrides belt and in the Shin plateau (Mouty et al., 1992;
Sharkov et al., 1998); near Aleppo, plateaux lavas are interbedded with Helvetian marine sediments (middle Miocene).
The beginning of igneous activity is in concordance with the first stages of spreading of the Red Sea (~30 Ma; Camp
and Roobol, 1989). (2) Middle Miocene—Pleistocene (~14-0.8 Ma). During this phase, basaltic magmatism took place
both north (Aleppo and Shin Pleateux) and south of the Palmyrides belt (Korazim block, the western sector of the
Haurun-Druze plateau and western side of the Jordan River; Heimann and Ron, 1993; Sharkov et al., 1998). A rare
occurrence of upper Miocene (~7 Ma) phonolite outcrops near El Kafr (southern Syria; Bilal and Touret, 2001). The
few K/Ar data available for the southernmost outcrops of the Aleppo plateau show late Miocene ages (~12-7.8 Ma;
Sharkov et al., 1998). Near the Mediterranean Sea coast the small lava fields in the Tartus area (Banias) yield an age of
~4.35 Ma (Sharkov et al., 1998). Early Pliocene—Pleistocene (~5.1-0.8 Ma) basalts are from Haurun—Druze plateau,
Korazim block, Jordan River valley, Al Ghab Basin and from the Euphrates River valley. At the northernmost end of
the DST, Plio-Pleistocene (~2-0.4 Ma) volcanic activity (alkali basalts to quartz-tholeiites) is recorded in SE Turkey
(Capan et al., 1987). (3) Holocene. The last igneous activity is recorded in SW Syria along the coastal range and in
the Haurun—Druze plateau during Quaternary up to historical times (Capan et al., 1987; Mouty et al., 1992; Sharkov
et al., 1998).

The Golan Heights, formely part of Syria but now occupied by Israel, are mostly Plio-Pleistocene (5.2-0.2 Ma)
plateaux basalts, up to 1.5 km thick, and cinder cones, whose age roughly decrease from south to north (Heimann and
Steinitz, 1988; Garfunkel, 1989; Heimann and Ron, 1993; Mor, 1993; Weinstein et al., 1994, 2006).

4. Analytical techniques

Twenty-five major and trace element whole rock analyses have been carried out at Activation laboratories (Ontario,
Canada) according to Code 4Litho package following lithium metaborate/tetraborate fusion ICP and ICP-MS. Loss
On Ignition (LOI) measured according standard gravitative methods.

Four Sr and Nd isotopic ratios have been measured at Activation laboratories dissolving samples in a mixture of
HF, HNO3; and HCIO4. Rb and Sr were separated using conventional cation-exchange techniques. Sm and Nd were
separated by extraction chromatography on HDEHP covered Teflon powder. The analyses were performed on Finnigan
MAT 261 8-collector mass-spectrometer in static mode. During the period of work the weighted average of 15 SRM-
987 Sr-standard runs yielded 0.710262 & 11 (2¢) for 87 Sr/36Sr. 1*3Nd/'**Nd ratios are relative to the value of 0.511860
for the La Jolla standard. During the period of work the weighted average of 10 La Jolla Nd-standard runs yielded
0.511850 + 4 (20) for '*3Nd/'"**Nd. Data are corrected for '**Nd/!*Nd = 0.511860. 87Sr/30Sr isotopic ratios have been
measured on un-leached samples and on samples leached with 6 M HCI at ~150 °C for about 1 h and then repeatedly
rinsed with MQ H,O.

5. Major elements

The samples are mostly high TiO, (TiO, ~1.8-3.7 wt.%) alkaline mafic rocks with SiO, content ranging from
~44.3 to ~52.5 wt.%. On the basis of TAS classification scheme (Le Bas et al., 1986), the upper Cenozoic volcanic
rocks of Syria can be classified as alkali basalts and basanites (CIPW normative olivine >10%) plus minor hawai-
ites and rare tholeiitic basalts (Fig. 2). As a function of MgO content, major elements, recalculated on LOI-free
basis and listed in Table 1, show good negative correlation (Al,O3 ~11.4-17.6 wt.%), scattered positive correlation
(Ca0=8.1-11.0 wt.%; CaO/Al,0O3 =0.48-0.92) or no correlation (Fey O3yt =10.6-14.6 wt.%, NayO =2.3-4.2 wt.%,
K>20=0.6-2.2 wt.%, P,05 =0.3-1.6 wt.%; Fig. 3). Na O/K;O ratios vary from ~1.5 to ~5.6 and show no correlation



Table 1

Major (wt.%) and trace elements (ppm) content as well as Sr—Nd isotopic ratios of Neogene volcanic rocks from Syria. Numbers in the second column indicate the samples in Fig. 1. K/Ar ages from
Sharkov et al. (1994, 1998). Total iron expressed as Fe;O3or. Mg# calculated assuming Fe;O3/FeO=0.15. bdl =below detection limits. Quality control = detection limit wt.% (major elements)
and ppm (trace elements). Reference method =1 (lithium metaborate/tetraborate fusion ICP); 2 (ICP-MS). Cert = certified values; Meas = Measured values. 87S1/80Sr (unl) = unleached sample;
878r/80Sr (leach) = leached sample

Sample ID No. in Fig. 1 Locality Rock Type Age (K/Ar)  SiO, TiO, ALO; Fe;O; MnO MgO CaO Na,O K,O0 P,05 L.O.L Total Mg# Rb Sr Ba S¢ V Cr Co Ni Y
808 1 Aleppo Plateau Alkali basalt 10.8 4456 248 13.17 13.02 0.16 798 9.58 2.86 1.01 0.58 3.40 98.80 0.58 11 1961 238 18 215 190 48 170 22
809 2 Aleppo Plateau Alkali basalt 7.8 4572 246 13.67 13.02 0.17 839 9.12 3.55 124 0.64 1.52 99.49 0.59 18 743 269 18 213 190 47 180 23
808-2 3 Aleppo Plateau Alkali basalt 12.0 4636 2.06 14.18 1239 0.15 6.76 10.04 3.27 0.84 041 2.64 99.10 0.55 10 569 318 19 203 200 44 170 20
9237/1 4 Euphrates River valley Alkali basalt 0.9 4432 262 1125 1298 0.16 11.87 989 326 139 0.61 0.84 99.19 0.67 17 748 245 20 240 300 57 310 23
9237/1-A 5 Euphrates River valley Basanite 1.0 44.11 261 11.17 13.17 0.17 11.70 1025 320 136 0.62 0.99 99.35 0.67 16 777 244 20 241 340 61 280 21
9239/1 6 Euphrates River valley Basanite 2.8 43.86 3.28 12.56 13.77 0.17 942 10.75 326 124 0.59 0.61 99.51 0.61 13 794 227 22 282 320 56 220 20
9530/1 7 Euphrates River valley Basanite 29 43.62 3.01 11.87 14.14 0.17 10.57 10.00 2.57 1.09 0.50 1.18 98.72 0.63 11 1010 193 21 264 340 64 280 19
9531/1 8 Euphrates River valley Alkali basalt 1.5 4470 281 12.14 1276  0.16 9.57 1080 3.21 1.53 0.64 1.00 99.33 0.63 16 887 303 22 252 270 49 210 25
9213/1 9 El-Ghab depression Basanite 2.0 4421 3.5 1434 1197 017 734 972 389 214 1.07 1359935 0.58 36 1343 961 17 202 120 26 80 29
9215/1 10 El-Ghab depression Alkali basalt 1.5 46.58 2.86 1692 1288 0.16 4.09 8.14 3.07 0.73 047 3.59 99.49 0.42 3 706 387 20 197 120 32 60 23
9212/1 11 El-Ghab depression Alkali basalt 1.7 46.81 252 1442 1242 0.17 693 927 3.64 1.16 0.63 0.58 98.55 0.56 14 763 322 19 201 210 41 90 22
811 12 Shin Plateau (Homs area)  Alkali basalt 12.8 45.54 220 13.06 13.03 0.15 7.82 9.64 330 0.76 0.48 3.06 99.04 0.57 9 609 197 18 203 250 51 210 19
812 13 Shin Plateau (Homs area)  Basaltic andesite 17.3 50.59 1.75 1446 1022 0.14 588 922 3.18 0.73 0.25 2.65 99.06 0.56 5 408 259 20 209 240 34 130 20
128-3 14 Shin Plateau (Homs area)  Alkali basalt 53 4323 348 14.64 1283 0.17 823 895 2.17 141 0.63 3.40 99.14 0.59 13 1062 360 19 229 130 40 110 25
148-1 15 Shin Plateau (Homs area)  Alkali basalt 4.9 4515 264 1466 1320 0.17 839 897 3.09 1.13 0.69 1.02 99.11 0.59 8 716 269 22 232 220 51 160 27
9208/1 16 Shin Plateau (Homs area)  Hawaiite 5.5 4834 256 1598 12.16 0.18 473 7.88 4.05 132 0.50 1.18 98.88 0.47 11 632 215 17 184 30 26 30 28
9206/1 17 Mt. Saphita area Hawaiite 5.4 46.48 290 1521 13.59 0.18 458 9.64 3.62 1.59 0.85 0.77 99.41 0.43 18 724 381 20 222 80 38 50 33
9207/1 18  Mt. Saphita area Alkali basalt 4.8 46.85 194 1520 1284 0.16 7.87 9.15 3.07 055 029 131 99.23 0.58 6 474 115 24 216 370 44 120 22
815 19 Haurun-Druze Plateau Alkali basalt 2.2 46.75 275 1534 12,60 0.17 6.63 10.12 3.69 1.15 0.57 0.07 99.84 0.54 11 654 306 23 246 160 43 100 26
818 20  Haurun-Druze Plateau Basanite 1.1 4538 251 1434 1286 0.17 8.64 8.18 4.17 1.67 0.67 0.01 98.60 0.60 22 765 393 18 180 230 47 190 24
814-2 21 Haurun-Druze Plateau Hawaiite 1.5 46.83 221 1551 11.66 0.17 832 816 4.12 1.18 0.49 0.51 99.16 0.62 7 843 287 22 178 160 36 130 24
9205/1 22 Banias area Alkali basalt 4.4 46.49 214 1464 1420 0.17 697 921 2,66 0.70 0.32 1.89 99.40 0.52 7 380 156 26 246 310 54 210 24
805 23 Jisr-Ash-Shaghour Plateau Basanite 1.3 42.06 3.00 1339 1233 0.16 7.73 9.13 343 125 1.53 5.04 99.05 0.58 15 1539 646 15 181 110 37 110 26
807 24 Jisr-Ash-Shaghour Plateau Basanite 1.1 4412 3.09 14.14 1393 0.17 7.58 838 391 1.82 0.88 1.17 99.19 0.55 27 992 414 17 190 190 44 160 24
9527/1 25 Palmyrides Tholeiitic basalt 24.7 47.94 1.85 13.68 11.67 0.14 7.11 897 2.71 056 0.26 3.99 98.88 0.58 2 434 177 22 204 230 43 200 20

Quality control

Detection Limit: 0.01 0.001 0.01 0.01 0.001 0.0 0.01 0.01 0.0 0.0 0.01 0.01 2 2 31 5 20 1 20 2
Reference Method: 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 2 2 2 1
W-2 Meas 5235 106 1527 10.69 0.162 6.32 10.77 221 0.66 0.14 20 188 175 35 263 90 43 80 22
W-2 Cert 5244  1.06 1535 10.74 0.163 6.37 10.87 2.14 0.63 0.13 21 190 182 36 262 90 43 70 24
DNC-1 Meas 47.02 0.479 18.17 9.92 0.144 10.18 11.22 193 0.32 0.07 4 139 106 31 139 260 53 250 18
DNC-1 Cert 47.04 048 183 993 0.149 10.05 1127 1.87 023 0.09 5 145 114 31 148 290 55 250 18
BIR-1 Meas 47.77  0.96 1536 1122 0.169 9.64 1315 183 0.03 0.03 bdl 105 8 44 322 390 53 180 16
BIR-1 Cert 4777 096 1535 11.26 0.171 9.68 13.24 1.75 0.03 0.05 03 108 7 44 313 380 51 170 16
NIST 1633b Meas 49.14 1.281 28 11.14 0.018 0.8 21 027 234 0.54 1010 709 40 290 92

NIST 1633b Cert 4924 132 2843 0.02 0.8 211 027 235 053 1041 709 41 296
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Table 1 (Continued)

Zr Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th Pb U Hf Ta Ga Cu Zn YSEMSE ) €sr VSIS (. Ese UNA/MNG gy,
12130 295 597 7.51 309 69 227 6.1 09 45 08 20 025 14 019 1.9 bdl 07 3.0 1.9 19 60120
156 40 31.5 619 7.56 312 69 237 63 09 46 08 2.1 026 14 020 32 bdl 1.0 3.6 27 20 60 130
123 21 197 400 509 214 5 177 49 07 38 07 18 024 14 018 1.6 5 06 27 14 17 70110
182 38 350 68.7 851 351 78 259 69 10 48 08 21 026 14 017 33 bdl 2.1 42 27 19 60 130
175 39 351 694 826 333 7.3 243 68 10 47 08 1.9 023 1.3 018 33 bdl 23 42 27 20 60110
166 36 314 632 7.82 328 72 251 63 09 41 07 18 022 13 017 27 bdl 09 40 24 21 80130
154 32279 574 684 278 62 215 57 08 39 07 17 022 12 016 25 bdl 1.0 3.7 21 20 90 120 0.70475 4.3 0.70339 -15.0  0.512911 5.3
195 42 378 742 905 36 79 263 76 1.1 51 08 21 027 15 020 3.7 bdl 1.6 45 29 20 80 90 0.70400 -6.3 0.70353 -13.1  0.512918 5.4
250 70 69.7 125.0 1440 56.1 11 358 92 13 59 1.0 25 031 1.8 022 60 6 20 40 54 20 40 60
168 39300 61.1 7.55 312 68 248 62 09 46 08 21 027 1.6 020 23 bdl 03 38 27 20 50 80
144 39 313 60.0 727 297 64 227 59 09 44 08 21 026 1.5 021 28 bdl 09 34 25 19 50 100
110 26 22.8 460 580 243 54 193 52 08 38 07 18 023 13 0.7 1.8 bdl 06 28 1.7 19 60 120
104 15 143 20.1 3.59 148 37 134 41 07 36 06 17 023 14 019 1.8 bdl 04 24 1.0 17 60 50
213 46 33.0 673 803 325 7.0 243 69 10 48 08 20 026 1.5 020 29 bdl 08 45 34 18 50 60
176 37 302 595 7.03 282 63 215 62 1.0 49 09 23 031 1.9 026 24 bdl 09 39 22 19 60 80
199 30 258 535 697 298 68 241 67 10 55 1.0 27 035 2.1 028 1.8 bdl 06 43 20 20 30 100
200 48 412 782 9.08 356 77 262 78 12 60 10 28 038 22 031 3.6 bdl 1.0 45 30 22 60 110
126 15 13.6 293 3.66 157 4 146 46 07 41 08 21 028 1.6 022 12 5 04 28 09 18 50 90
214 38 306 638 7.68 311 67 234 64 10 49 08 22 029 1.8 026 1.9 bdl 05 45 25 21 60 100
240 42 381 739 9.04 362 74 251 66 1.0 49 09 24 031 1.8 023 30 10 09 50 32 19 60120
218 30 293 576 700 28 6 211 55 08 46 08 22 031 19 025 24 bdl 08 43 24 16 40 50
93 17 151 289 398 178 47 171 51 08 46 09 24 031 18 024 15 bdl 03 26 1.1 19 70 120
259 73 65.1 123.0 13.60 51.8 9.5 3.15 84 1.1 52 08 20 024 14 018 47 bdl 14 50 46 19 40 100
275 56 412 783 933 378 7.8 281 7.0 10 48 08 20 027 1.5 018 42 14 15 52 47 21 70 150 0.70321 -17.6 0.70326 -16.9  0.512938 5.8
109 16 13.4 289 3.63 156 41 147 44 07 40 07 19 026 1.5 022 1.5 bdl 05 27 10 18 80 70 0.70485 5.7 0.70386 -84  0.512842 3.9
4 1 01 01 005 01 01 005 01 01 01 01 01 005 01 004 01 5 01 02 01 1 10 30
1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 22 22
82 7 11 232 297 126 32 115 38 07 4 08 24 034 21 031 22 8 05 24 05 18 110 80
94 8 10 23 59 13 33 1 06 36 08 25 038 21 033 24 9 05 26 05 17 110 80
33 1 36 77 101 45 13 059 1.9 04 26 06 19 028 19 028 02 bdl bdl 0.9 bdl 13 90 60
41 3 38 11 13 49 14 059 2 04 27 06 2 038 2 032 02 6 01 1 0.1 15 100 70
14 bdl 08 19 039 23 11 054 19 04 26 06 18 026 17 025 bdl bdl bdl 05 bdl 16 120 70
16 06 06 2 038 25 1.1 054 19 04 25 06 17 026 1.6 026 003 3 001 0.6 0.04 16 130 70
220
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Fig. 2. Total alkali vs. silica classification diagram (Le Bas et al., 1986). All the analyses have been recalculated to LOI-free basis. Dashed line:
alkaline—subalkaline division according to Irvine and Baragar (1971). References: SE Turkey (Capan et al., 1987); Harrat Hash Shaam (Barberi et
al., 1979; Altherr et al., 1990; Ibrahim et al., 2003; Shaw et al., 2003); Israel (Stein and Hofmann, 1992; Weinstein, 2000; Weinstein et al., 1994,
2006); Lebanon (Abdel-Fattah et al., 2004); Syria (Mouty et al., 1992; Sharkov et al., 1994, 1996; Fediuk and Al Fugha, 1999).

with MgO content but good positive correlation with SiO; (not shown). Mg# values range from composition in equilib-
rium with peridotitic assemblage (0.67 at MgO = 12.1 wt.%) to more evolved compositions (0.42 at MgO =4.3 wt.%).
LOI is mostly <2 wt.%; only few samples reach higher values up to 5 wt.%.

The analyzed samples fall well within the field described by other Neogene volcanic rocks from Mashrek (Fig. 2), in
particular those from the northernmost segment of the DST in SE Turkey (Capan et al., 1987; Polat et al., 1997; Alici et
al., 2001), the Jordanian sector of the Harrath Ash Shaam plateau (Barberi et al., 1979; Altherr et al., 1990; Ibrahim et
al., 2003; Shaw et al., 2003), Israel (Golan Heights and Galilee; Weinstein, 2000; Stein and Hofmann, 1992; Weinstein
etal., 1994, 2006), north Lebanon (Akkar Province; Abdel-Rahman and Nassa, 2004) and other Syrian volcanic rocks
(Mouty et al., 1992; Sharkov et al., 1994, 1996; Fediuk and Al Fugha, 1999).

6. Trace elements

Selected trace elements (Table 1) have been plotted against MgO in Fig. 4. Large Ion Lithophile (LIL) elements like
Rb (2-36 ppm), Sr (380-1961 ppm) and Ba (115-961 ppm) show no correlation with MgO and fully lie in the field
defined by the other Neogene volcanic rocks of Mashrek (Fig. 4). With respect to SiO;, LIL elements show variable
but negative correlation (especially for Sr; not shown). The highest LIL element concentration (e.g., Sr> 1000 ppm;
Rb>25 ppm; Ba>400 ppm) are probably the effect of post-magmatic alteration.

Transition elements, such as Sc (15-26 ppm) show no correlation with MgO content (similarly to the other volcanic
rocks of Mashrek), whereas Cr (30-370 ppm), Co (26—-64 ppm) and Ni (30-310 ppm) show positive correlation (Fig. 4).
No substantial differences can be seen between Syrian samples and the other Cenozoic volcanic rocks of Mashrek
in terms of transition elements content. An exception is V (184-282 ppm) that shows rough positive correlation with
MgO content, opposite to what seen for Mashrek volcanic rocks.

High Field Strength (HFS) elements like Zr (93-275 ppm), Nb (15-73 ppm), Hf (2.4-5.2 ppm), Ta (0.9-5.4 ppm)
and Y (19-33 ppm) fall within the field of the other Cenozoic volcanic rocks of Mashrek and show no correlation
with MgO. The same elements (with the exception of Y) show negative correlation with SiO,, a feature also observed
for “anorogenic” Plio-Quaternary volcanic rocks of Sardinia (Italy; Lustrino et al., 2002, in press). Other strongly
incompatible elements like U, Pb, Th, show the same behaviour of HFS elements (i.e., no correlation with MgO and
negative correlation with SiO,).

REE are variably fractionated with La ranging from ~60 to ~300 times chondrite CI (mostly comprised between
100 and 200 times) and HREE clustering at lower values (Lu ~7-11 times chondrite; Fig. 5); (La/Lu)y ratio ranges
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Fig. 3. Selected major elements vs. MgO diagrams. All the analyses have been recalculated to LOI-free basis. References as in Fig. 2.

from ~6 to ~38. Eu/Eu” ratios are slightly above 1 (1.03—1.15) and show no correlation with MgO or with other
differentiation indexes (e.g., SiO, and Zr content). Middle Rare Earth Elements (MREE)/Heavy REE (HREE) ratios
decrease with increasing SiO; (e.g., Gd/Yb ratio varies from 6.0 at Si0 =44.74 t0 2.9 at Si0, =52.97 wt.%; Fig. 6) but
show only slightly positive correlation with MgO (not shown). Total overlap between the Cenozoic Mashrek volcanic
rocks (Shaw et al., 2003; Weinstein et al., 2006) and the Syrian samples is evident in Fig. 5.

Incompatible-incompatible trace element diagrams show general positive correlation (e.g., LILE versus Zr, HFSE
versus Zr and LREE versus Zr; Fig. 7) even if with some scatter. Zr has been chosen as differentiation index because of
its strongly incompatible behaviour in basaltic liquids and because it is easily analyzed by XRF, ICP-MS and INAA.
Notwithstanding Zr and La abundances of the Syrian samples analyzed in this study fall well within the field of the
other volcanic rocks of Mashrek, La versus Zr diagram evidences that the Syrian samples are offset from the general
trend of the Mashrek lavas, being displaced toward higher La (and other LREE) for a given Zr. With regard to transition
elements, Sc is the only one showing rough negative correlation with Zr, whereas V, Cr and Ni show major scattering;
Y shows rough positive correlation with Zr. Key incompatible trace element ratios (e.g., Ba/Nb, Ba/La, La/Nb, Th/Ta)
remain virtually unchanged with decreasing Zr (Fig. 7).

Primitive Mantle (PM)-normalized multi-elemental diagrams for the most mafic samples (MgO >7 wt.%) from
Syria and neighbouring areas (Lebanon, Jordan, Israel) are shown in Fig. 8. The analyzed mafic rocks display typical
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Fig. 4. Selected trace elements vs. MgO diagrams. References as in Fig. 2.
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Fig. 5. Chondrite-normalized REE diagram (normalization factor from Sun and McDonough, 1989) for the most primitive (MgO >7 wt.%) lavas
from Syria and Harrat Ash Shaam.
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Fig. 6. Gd/Yb vs. SiO; diagram. References as in Fig. 2. Gd/Yb ratio reflects MREE/HREE ratio.

within-plate geochemical signatures, with Nb—Ta positive peaks (~40-150 times PM estimates), K through (~20-70
times PM) and overall bell-shaped pattern, resembling that of the less differentiated (MgO > 5 wt.%) St. Helena Island
rocks in South Atlantic (considered to be the typical HIMU-OIB; Kogarko et al., 1984; Newsom et al., 1986; Weaver et
al., 1987; Chaffey et al., 1989; Thirlwall, 1997; Willbold and Stracke, 2006). The only differences rest on the positive
Pb anomalies (~70-200 times PM) seen in the Syrian samples absent in St. Helena basalts, and in the slightly higher
Sr (~20-100 times PM) and P (~10-70 times PM) contents of the former. With regard to Pb anomalies it is to note
that they are possibly related to analytical difficulties in analyzing this element at low concentration. Anomalously low
Ce/Pb ratios (4 out 5 samples have Ce/Pb <8, compared to ~25 for oceanic basalts; Hofmann et al., 1988; Miller et
al., 1994) of Syrian lavas, coupled with “normal” Nb/U values (average Nb/U ~43 for 20 out 25 samples, compared to
values of ~45 for oceanic basalts) can be therefore interpreted as artificial Pb excess caused by analytical techniques
rather than true expression of anomalous mantle sources.

Peaks in correspondence of Ba is a typical feature of Syrian samples and in general of the volcanic rocks from
Mashrek area (Fig. 8). With few exceptions, (Ba/Nb)y and (La/Nb)y ratios are always <1. As a whole, the mafic
volcanic rocks of Mashrek indicate a relatively coherent homogeneous composition, with the exception of some
negative Pb anomalies seen for some Harrat Ash Shaam volcanic rocks (mostly from the Jordanian and Israeli sectors;
Shaw et al., 2003; Weinstein et al., 2006).

7. Sr-Nd isotopes

Four representative samples analyzed for Sr—Nd isotopic systematics are listed in Table 1 and plotted in Fig. 9.
With one exception, 37Sr/3Sr isotopic ratios measured on un-leached samples show constantly higher values
(0.70321-0.70485) compared to 8781/80Sr ratios of samples leached with HCI (0.70326-0.70386). No recalculation
to initial values was done because of the young age of the samples and/or the very low 3’Rb/%7Sr ratios. 7Sr/%0Sr
isotopic ratios of Syrian lavas show good negative correlation with '*3Nd/'"**Nd ratios (ranging from 0.512938 to
0.512842), similarly to what observed for Jordanian basalts (e.g., Shaw et al., 2003). In this case Shaw et al. (2003)
related this correlation to contamination with upper crustal lithologies. In contrast with the trend observed for Syrian
and Jordanian lavas, the Golan—Galilee (Israel) basalts show variable 87 Sr/80Sr isotopic ratios (0.70312-0.70337) with
nearly uniform *Nd/"*Nd (0.51285-0.51291; Weinstein et al., 2006). The leached samples show Sr—Nd isotopic
ratios overlapping those of the rest of the Cenozoic volcanic rocks from Mashrek (ranging from 0.51297 to 0.51262;
Capan et al., 1987; Altherr et al., 1990; Weinstein, 2000; Bertrand et al., 2003; Shaw et al., 2003; Weinstein et al.,
2006). Among Mashrek lavas, those from Israel are characterized by lower 87Sr/80Sr for a given '*3Nd/!**Nd (Stein
and Hofmann, 1992) compared to the Syrian and the Harrat Ash Shaam products.
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Fig. 7. Selected trace elements vs. Zr diagrams. References as in Fig. 2.
8. Discussion
8.1. Fractional crystallization

The Syrian samples analyzed in this study range from relatively primitive (Mg# ~0.67) to evolved compositions
(Mg# ~0.42), implying a role for fractional crystallization of high Mg# phases. This kind of process is hard to model
quantitatively because of an absence of clear correlations between major elements and the decoupled behaviour between
incompatible and compatible trace elements and major elements. Fractional crystallization of mildly alkaline basaltic
magmas with high MgO and Mg# involves almost essentially olivine and clinopyroxene removal, followed, later on, by
Fe-Ti oxides and plagioclase (by comparison, MORB liquids have generally plagioclase and olivine on the liquidus).
Olivine (Fogj.72; Sharkov et al., 1996) is the most abundant phenocrysts of Syrian rocks, followed by clinopyroxene
(Woy7.51Enyg0-32Fs17-13; Sharkov et al., 1996) and, in minor amount, by plagioclase. The groundmass is made up of
microcrystalline plagioclase = cpx =+ olivine &= Fe—Ti oxides. These petrographic features are typical also of Lebanese
(Abdel-Rahman and Nassa, 2004), Jordanian (Shaw et al., 2003) and Israeli (Weinstein, 2000; Weinstein et al., 2006)
Cenozoic volcanic rocks. Therefore, petrography indicates that the most important crystallizing phases are olivine
and clinopyroxene followed, only in rare cases (and in small amount) by plagioclase (plagioclase phenocrysts content
generally is <1%). In summary, olivine and clinopyroxene, but not plagioclase participate to fractional crystallization
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Fig. 8. Multi-elemental primitive mantle-normalized diagram (normalization factors from McDonough and Sun, 1989) for the most primitive
(MgO > 7 wt.%) lavas from Syria and neighbouring areas. Reference as in Fig. 2. The field of St. Helena basalts (Kogarko et al., 1984; Newsom et
al., 1986; Weaver etal., 1987; Chaffey etal., 1989; Thirlwall, 1997; Willbold and Stracke, 2006) has been plotted for comparison. Pb positive anomalies
of Syrian basalts are probably caused by analytical techniques rather than true expression of anomalous mantle sources (see text for more details).

processes; petrography, Al,O3, CaO/Al,O3, Sr, Sc and Ni content and variation are consistent with this, in agreement
also with the conclusions of Weinstein et al. (2006) carried out on Plio-Pleisteocene volcanic rocks of Israel.

Most correlations of major and trace elements vs. strongly incompatible elements (e.g., Zr) are poor (e.g., Fig. 7)
because of the possible existence of more than one liquid line of descent, alteration effects or phenocrysts accumulation.
This means that whole rock composition may be in part different from the original melt composition.

8.2. Upper crustal contamination

Significant upper crustal contamination is considered unlikely on the basis of several arguments. The most mafic
alkaline rocks from Syria contain often mantle xenoliths up to 30 cm in diameter (e.g., Sharkov et al., 1996; Nasir
and Safarjalani, 2000; Bilal and Touret, 2001), and this implies rapid ascent of the host magma to the surface, with
limited possibility of interaction with crustal lithologies (e.g., Spera, 1984; Lustrino et al., in press). Upper crustal
contamination would lead to a modification of canonical trace element ratios (especially HFSE/LILE ratios) that, on
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Fig. 9. (A) 3Nd/"**Nd vs. 87Sr/%0Sr isotopic ratios for Syrian lavas and neighbouring areas. Grey arrows represent correction to the 87 Sr/30Sr
ratios. Grey circles represent 87 Sr/30Sr isotopic composition of un-leached Syrian samples; black circles represent leached samples. Symbols and
references as in Fig. 2. (B) “3Nd/'*4Nd vs. 87Sr/%Sr isotopic ratios for Syrian lavas compared to the rest of the CIMACI (Circum-Mediterranean
Cenozoic Igneous) Province (Lustrino and Wilson, in press). ChUR = Chondrite Uniform Reservoir. BSE = Bulk Silicate Earth.

the other hand, remain roughly uniform in the Syrian volcanic rocks. Moreover, also Nb—Ta peaks are inconsistent with
upper crustal contamination. What is, then, the cause of Sr—Nd isotopic variability? One possibility is the presence
of limited upper crustal contamination (i.e., few percent) with ancient (i.e., Proterozoic) basement with extremely
radiogenic Sr and unradiogenic Nd isotopic compositions, as that present in the Arabian shield (e.g., Hegner and
Pallister, 1989). Another possibility is the presence of upper mantle sources that are heterogeneous in terms of Sr—Nd
isotopic ratios and less heterogeneous in terms of incompatible trace elements. This last option was considered by
Shaw et al. (2003) to explain the relative large Sr—Nd isotopic variation of Jordanian sector of the Harrat Ash Shaam
volcanic rocks. According to these authors, the major and trace element variation and the Sr—Nd—Pb isotopic range
of the Jordanian lavas cannot be explained by fractional crystallization and crustal contamination alone, but requires
polybaric melting of heterogeneous mantle sources.

8.3. Origin of Sr—Nd radiogenic variability

With one single exception, 37 Sr/80Sr values of volcanic rocks from Harrat Ash Shaam plateau are <0.70377 (Fig. 9;
Altherr et al., 1990; Weinstein, 2000; Bertrand et al., 2003; Shaw et al., 2003; Weinstein et al., 2006), envelop-
ing the 37Sr/80Sr values of Syrian lavas. Bertrand et al. (2003) reported some relatively radiogenic Sr compositions
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(®7S1/%Sr=0.70382-0.70394) for two outcrops NE of Djebel Druze plateau (the Harrat Ash Shaam plateau outcrop-
ping in the Syrian territory) and related them to source heterogeneity rather than crustal contamination or alteration
effect. The relatively radiogenic Sr and unradiogenic Nd isotopic composition of lavas emplaced along the northern-
most sector of the DST in SE Turkey (Hassa Graben and Karasu Valley; Fig. 9) are measured in quartz tholeiites whose
origin is considered to reflect variable degrees of interaction of mantle-derived melts with crustal lithologies (Capan
etal., 1987; Alici et al., 2001). Shaw et al. (2003) noted that the effect of alteration [as exemplified by iddingsitic rims
of olivine and secondary growth of carbonate material (caliche) being distributed in cavities throughout the rock] can
increase the Sr isotopic ratios, leaving virtually unchanged Nd isotopes. On the other hand, Weinstein et al. (2006)
concluded that the degree of crustal contamination of all the Phanerozoic basalts from Israel is probably small on the
basis of their Sr and Nd isotopic composition.

8.4. What did happen in lower Pliocene?

Taken as a whole, major and trace element content of Cenozoic Mashrek volcanic rocks seem not correlated with
age. However, the few Syrian samples older than 15 Ma for which K/Ar age determination and complete geochemical
data do exist (e.g., sample 9527/1 from Palmyrides and sample 812 from Aleppo plateau) are characterized by relatively
low incompatible trace elements content. Younger lavas (i.e., <15 Ma old) show a large range of incompatible trace
element content (Fig. 10).

Based on major elements (TiO5, Nay O, K> O and P, O5) and many incompatible trace elements (in particular, Rb, Sr,
Ba, Zr, Nb, REE, Th, U, Hf and Ta) content, the Syrian lavas can be divided into two groups (Fig. 10). The first group
comprises lavas emplaced between ~25 and ~5 Ma, whereas the second group comprises lavas emplaced between
~5 and ~1 Ma. Both groups show the same variation with age, i.e., increasing content of incompatible elements with
decreasing age. At ~5 Ma, a major break is seen as consequence of an abrupt change of major and incompatible trace
element content.

What can be the cause of the abrupt change of magma composition at ~5 Ma? Two possibilities have been investi-
gated: (1) upper crustal contamination of basaltic magma and (2) arrival of a new batch of mantle-derived magma with
different composition.

As a general rule, upper crustal contamination of basaltic melts leads to increase in Si0, and alkalies and a decrease
in MgO and TiO; in hybrid melts. The content of other oxides like Al,O3, Fe;O3 or CaO depends on the composition
of the starting basaltic melt and the crustal contaminant. At the Miocene—Pliocene boundary, the basaltic rocks from
Syria show an abrupt decrease in TiO;, NayO, K>O and P>Os but not an increase in SiO; or a decrease in MgO, as
it would be expected in an upper crust contamination process. Moreover, upper crust contamination would lead to
Rb and Ba increase, opposite to what seen for the oldest Syrian rocks of the second cycle. Significant upper crustal
contamination as the cause of the break in composition at ~5 Ma can be considered unlikely also because of the absence
of a drop in transition elements content like Cr, V, Sc and Ni. Lastly, important canonical rations like Nb/U, Rb/Sr,
Ce/Pb, Ba/Nb, La/Nb and Ba/LLa remain virtually unchanged at the ~5 Ma threshold, thus reinforcing the hypothesis
that upper crustal contamination cannot be the cause of the abrupt major and trace element content variation of the
Syrian lavas at ~5 Ma.

The second possibility considers the possibility that a new thermo-baric regime develops at the Miocene—Pliocene
boundary. According to this hypothesis, during the ~25-5 Ma time interval, the degree of partial melting of the upper
mantle is more or less constant and different batches of magma undergo variable degrees of fractional crystallization.
This activity is considered to be related to occasional trans-tensional movements along the DST, therefore caused
by passive upwelling of upper mantle. At ~5Ma, a larger degree of partial melting (or a shallower depth of partial
melting) would generate liquids with different contents of incompatible trace elements but with similar ratios. This
new batch of magma would have lower incompatible trace element content and lower TiO;, NayO, K70 and P,0s5
abundances, as consequence of the dilution effects of relatively larger degrees of melting. This type of basaltic magma
could have been produced by moderate to relatively high degrees of partial melting, or by partial melting of shallower
(but geochemically similar) mantle sources, coherently with their mildly alkaline, transitional to tholeiitic whole
rock composition. Substantial changes in mantle sources is considered unlikely because of the absence of variation of
canonical ratios between the two volcanic cycles. The relative constancy of strongly incompatible elements ratios speak
for a potentially similar source that has melted either at higher degrees or at shallower depths. The wide concentration
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range of incompatible elements in the Golan—Galilee (Israel) basalts was related by Weinstein et al. (2006) to mantle
source heterogeneity or to variable degree partial melting.

A recent high-resolution multi-channel seismic reflection study carried out by Hall et al. (2005) provides clues for
the geochemical change of Syrian lavas at the Miocene—Pliocene boundary. Hall et al. (2005) show that the Cenozoic
evolution of the Latakia Basin (easternmost Mediterranean Sea along the north-westernmost sector of Syria; Fig. 1) can
be described in two distinct tectonic phases. The first phase was characterized by SE-directed contraction and lasted
until the latest Miocene; the second phase started in the lower Pliocene and was characterized by extension related
to the initiation of strike-slip movements along the eastern Anatolian Transform Fault. The data of Hall et al. (2005)
evidence, thus, a net change in kinematic regime during the lower Pliocene, with the end of SE-directed thrusting and
start of trans-tension with the development of horst and graben structures, bounded by faults linked on-land with the
East Anatolian Transform Fault. A detailed paleostress structural study carried out on NW Syria outcrops by Zanchi
et al. (2002) reached similar conclusions, showing that carbonate successions of late Cretaceous and late Miocene
(Tortonian) age in the Aleppo plateau show gentle folding, whereas Pliocene sediments are generally undeformed.
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Fig. 10. (Continued).

Moreover, Zanchi et al. (2002) evidence the development of Pliocene N—S normal faults crossing the folds, testifying
to a change in plate kinematics. This change in tectonic setting may have resulted in the abrupt geochemical change in
magmas erupted at ~5 Ma.

Another possible geological solution (not alternative to the first one) is a kinematic model proposed to solve the
apparent paradox concerning the discrepancy in the amount of left-lateral offset between the southern and the northern
segment of the DST. Indeed, the amount of left-lateral offset in the southern segment of the DST (i.e., south of Syria)
is ~105 km, whereas in the northern segment of the DST (i.e., in Lebanon and Syria) the offset is only ~25km (e.g.,
Chaimov et al., 1990; Zanchi et al., 2002; Rukieh et al., 2005; Sobolev et al., 2005). Baranzangi et al. (1993) proposed a
two-step model: (1) during Miocene times (from ~20 to ~6 Ma) the southern DST segment probably continued north-
westward to the actual location of the DST, along the Roum fault in the Mediterranean (Fig. 1); (2) only at the end
of Miocene-beginning of Pliocene did the DST begin to propagate northward in Lebanon and Syria (the Yammouneh
and El Ghab faults; Zanchi et al., 2002; Rukieh et al., 2005). This model can explain the discrepancy in the amount of
left-lateral offset (together with about 20-30 km shortening occurred along the Palmyrides belt; Zanchi et al., 2002).
Similarly, the development of the northern segment of the DST at the Miocene—Pliocene boundary could be considered
the main cause of the abrupt change of composition of the Syrian lavas recorded at ~5 Ma. A change of the structural
regime at the end of Miocene is suggested by the development of pull-apart basins along the Yammouneh and El Ghab
faults (e.g., Hula, Bokaieh and El Ghab basins) and the deepening of the Galilean basin (Heimann and Ron, 1993;
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Hurwitz et al., 2002; Zanchi et al., 2002; Rukieh et al., 2005). Plio-Quaternary NW-SE oriented normal faults develop
along the northern DST segment as extensional structures related to NS lateral shearing (Zanchi et al., 2002) favouring
decompression melting of the upper mantle.

After the Arabia—Eurasia continental collision in middle—upper Miocene (e.g., Yilmaz et al., 1987), in NW Arabia a
syn-collisional trans-tensional deformation occurred, with the development of the Hassa graben and Ceyhan—Osmaniye
plain (Sengor, 1987; Polat et al., 1997).

In summary, the abrupt change in composition of the Syrian lavas at the Miocene—Pliocene boundary can be related
to major plate re-organization which led to enhanced adiabatic melting as consequence of upper mantle decompression
in a trans-tensional tectonic setting. Increasing degree of partial melting or shallower partial melting of upper mantle
can, therefore, be a consequence of lithospheric movements during upper Neogene. LREE/HREE and MREE/HREE
variation with age can be modelled according to this proposed scenario. Fig. 11 shows La/Yb and Gd/Yb ratios variation
with age. At the Miocene—Pliocene boundary (grey field in Fig. 11) both ratios abruptly decrease as consequence of
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Fig. 11. La/Yb vs. age and Gd/Yb vs. age diagrams. Black circles = Syrian samples older than ~5 Ma. Black squares = Syrian samples younger than
~5Ma. Arrow 1 = vector indicating qualitative effects of (a) increasing degree of partial melting and/or (b) increasing content of spinel in lherzolitic
source. Arrow 2 = vector indicating qualitative effects of fractional crystallization of basaltic melts. At the Miocene—Pliocene boundary (grey field)
an abrupt decrease of both LREE/HREE (La/Yb) and MREE/HREE (Gd/Yb) is evident. This change can be explained by an increasing degree of
partial melting or by partial melting of shallower sources. The increase of both La/Yb and Gd/Yb ratios with decreasing age can be explained with
fractional crystallization processes.
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Table 2

Partition coefficients used in Fig. 12 to calculate the composition of partial melts from lherzolitic sources with variable spinel/garnet ratios
Source Distribution coefficients used in Fig. 12
Lith. M. Ol Opx Cpx Gt Sp

La 2.6 0.0004% 0.002% 0.054% 0.01% 0.01%

Y 4.4 0.0125° 0.18¢ 0.467¢ 2.88 0.008!

Yb 0.26 0.0015% 0.0492 0.28? 4.03* 0.01%

Sc 12.2 0.25¢ 0.857° 3 4.7 0.0478™

Lithospheric mantle estimates of McDonough (1990). References: (a) McKenzie and O’Nions (1991); (b) Kennedy et al. (1993); (c) Beattie (1994);
(d) Green et al. (1989); (e) Colson et al. (1988), average value; (f) Hart and Dunn (1993); (g) Villemant et al. (1981); (h) Johnson (1994); (i) Jenner
et al. (1993), average value; (1) assumed; (m) Nagasawa et al. (1980).

increasing degrees of partial melting and/or shallower depths of partial melting (i.e., increasing percentage of spinel
in lherzolitic mantle).

8.5. Constraints on the mineralogy of mantle sources

It is important to constrain the paragenesis of Syrian lavas especially to identify the peridotite facies (i.e., spinel- or
garnet-bearing) for the magma source. Two petrological models for the origin of the Cenozoic volcanism in Mashrek
have been proposed: the first relates the igneous activity in this area to a north-westward channelling of the Afar
mantle plume, and thus imply deep mantle sources (i.e., garnet-bearing peridotitic source(s); Camp and Roobol, 1992;
Ilani et al., 2001; Soboleyv et al., 2005), the second model proposes that the origin of magmatism is related to passive
ascent of shallow lithospheric mantle, perhaps associated with the DST, linked with the opening of the Red Sea (i.e.,
spinel-bearing peridotitic source; Ibrahim et al., 2003; Shaw et al., 2003; Weinstein et al., 2006). Other intermediate
models like the fossil-plume head model of Stein and Hofmann (1992) or a sort of finger-like small plumes model of
Garfunkel (1989) have been proposed.

Fig. 12 shows La/Y versus Y and Sc/Yb versus Yb plots representing semi-quantitative geochemical modelling
aimed to constrain the main Al-bearing phase in the mantle sources of the more primitive (i.e., MgO > 8 wt.%) Syrian
lavas. The approach can be considered only semi-quantitative because several assumptions (e.g., the composition of
the source, the abundance of minerals in the starting assemblage and in the residuum, the type of partial melting, the
assumed partition coefficients and so on) have been chosen ad hoc and cannot be verified. In particular, the mantle
source of the Syrian lavas has been supposed to be geochemically similar to the lithospheric mantle composition
estimated by McDonough (1990). The olivine/clinopyroxene/orthopyroxene/(spinel, garnet) mode of the source is
0.60/0.09/0.25/0.06, respectively. The composition of the residual assemblage [the P value in the classical Shaw
(1970) equation] has been set equal to —0.10/0.30/0.50/0.30 for olivine/clinopyroxene/orthopyroxene/(spinel, garnet).
Partition coefficients used in the model for olivine, clinopyroxene, orthopyroxene, spinel and garnet are listed in Table 2.
The equation used is the batch melting of Shaw (1970): C; = Co/(D + F*1 — P), where (] is the concentration of element
in the liquid, Cy the concentration of the element in the starting assemblage; D the bulk distribution coefficient in the
starting assemblage and P is the bulk distribution coefficient in the residuum. The results shown in Fig. 12 indicate
that the less differentiated Syrian lavas (those with MgO >8 wt.%) can be produced by relatively high degrees of
melting ranging from ~4 to ~15% of a peridotitic assemblage with variable garnet/(spinel + garnet) ratio (ranging
from 0.1 to 0.8). If these results are considered reliable, they indicate an upper asthenosphere mantle source (or
lowermost lithospheric mantle source), since the spinel/garnet transition occurs nearly at 80-90 km depth, more or less
the transition between lithosphere and asthenosphere (~70-80 km; Hofstetter and Bock, 2004). These conclusions are
in agreement with those of other investigations that proposed for all the Phanerozoic basalts from Arabia a lithospheric
mantle source (Stein and Goldstein, 1996; Stein et al., 1997; Weinstein, 2000; Weinstein et al., 2006).

8.6. Origin of igneous activity in Syria

Several studies have proposed the existence of anomalous hot mantle beneath Mashrek to explain the volcanic
activity. Weinstein et al. (2006) proposed for the origin of Israeli basalts a lithospheric mantle melting “caused by heat
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transferred by conduction from thermally anomalous zone within the sub-lithospheric mantle”. Their model shows
some similarities with the model of Garfunkel (1989) who proposed that the Cenozoic magmatism in the Arabian
plate could be related to the existence of “several short-lived upwellings which formed intermittently beneath a wide
region”. Moreover, Garfunkel (1989) considered improbable any genetic relationship between the volcanic activity
of the Harrat Ash Shaam and that developed along the DST. The main difference between the models of Weinstein
et al. (2006) and Garfunkel (1989) is that the firsts consider only heat transfer from sub-lithospheric depths, whereas
Garfunkel (1989) proposes also mass transfer from asthenospheric or deeper sources. Stein and Hofmann (1992) linked
the relative homogeneity of Phanerozoic basalts of the Arabian plate in terms of Sr—Nd isotopic ratios to a common
mantle source, represented by a fossil plume head attached to the base of the Arabian lithosphere since the Proterozoic.
All these models are based on the assumption of the existence of a sub-lithospheric mantle hotter than normal. The
source of this hot mantle could be either a large fossil plume head or smaller, finger-like instabilities like those proposed
for other circum-Mediterranean anorogenic volcanic rocks (e.g., Wilson and Patterson, 2001; Lustrino and Wilson, in
press; Lustrino and Carminati, submitted for publication).
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Differently from the above models (that considered unlike any relation between Cenozoic volcanism in Arabia
and the Afar mantle plume), Sobolev et al. (2005) proposed for the igneous activity along the DST a direct link with
Afar. Their conclusions are based on the asymmetric topography along the DST, with the eastern shoulder being more
elevated (up to 1500 m in altitude) compared to the western shoulder (~500 m in altitude; see their Fig. 6). Sobolev et
al. (2005) related this asymmetric topography to a mechanical coupling of the western shoulder of the DST to the cold
(and therefore dense) Mediterranean (Levantine) lithosphere, whereas the eastern shoulder is uplifted as consequence
of the presence of hot (and therefore buoyant) mantle, heated by the Arabian shield mantle adjacent to the DST (i.e.,
presence of anomalously hot mantle = mantle plume).

The asymmetric topography is a main feature of the entire Dead Sea—Red Sea zone. In particular, the difference
in topography across the Read Sea (with several hundred of meters of altitude difference between the Egyptian and
the Arabian shoulder) has been elegantly modelled by Doglioni et al. (2003) as consequence of isostatic causes not
requiring anomalously hot mantle beneath the Arabian plate. The Doglioni et al. (2003) model is based on a worldwide
evidence that oceanic ridges and continental rift zones are more elevated along the eastern side. These authors explain
this asymmetry by the horizontal motion (W-directed) of the lithospheric mantle with respect to asthenospheric mantle
(with a relative E-directed motion) from which it is decoupled. As a result, during continental rift (or in trans-tensional
settings) the mantle beneath the eastern side of the rift is more depleted (and therefore less dense, having lost most
of its original Fe) than the mantle beneath the western side (still relatively “primitive”). According to this model, no
heat anomalies are required to explain the higher topography of the eastern shoulder of the Red Sea. The Doglioni et
al. (2003) model cannot be directly translated to the Dead Sea Transform zone (because along this fault the magmatic
activity is only minor) but what is important to keep in mind is that differences of altitude can be related to isostatic
causes with lithospheric mantles variably depleted (i.e., variably dense and therefore variably buoyant).

The new data on Syrian basalts presented in this paper can be used to propose a petrogenetic model for the Neogene
volcanic rocks of Syria and the entire Mashrek. Here we propose that lithospheric extension is the main cause of igneous
activity in Syria. The role of deep-rooted mantle plumes is considered inconsistent with several lines of evidence: (a)
most of the magmatism in northern Mashrek segment is concentrated along the DST and generally post-dates the
development of the fault (e.g., Garfunkel, 1989). Moreover, Litak et al. (1997) noted that most of the Neogene volcanic
activity on the northern Arabian plate shows north-westerly striking volcanic vents aligned along the Najd fault system
(a Pan-African orogeny-related strike-slip fault zone; e.g., Beydoun, 1991). These observations may be interpreted as
a strong structural control by lithospheric discontinuities representing preferential pathways for uprising magmas; (b)
the composition of the most primitive magmas is thought to be in equilibrium with a spinel-bearing or spinel-garnet-
bearing lherzolitic assemblage (Fig. 12), thus constraining the depth of origin to the lowermost lithospheric mantle or
the uppermost asthenosphere (i.e., shallow mantle); (c) the heat flux in the Mashrek area is low to very low (around
1 HFU, even close to the DST; Ben-Avraham et al., 1978; Eckstein and Simmons, 1979; Forster et al., 2004), thus
arguing against anomalously hot mantle sources; (d) much of the uplift along the DST developed after the beginning
of the igneous activity (more than 70% of the uplift is younger than ~5 Ma; Ginat et al., 2000; Gomez et al., 2006);
(e) the absence of a systematic age progression of magmatic activity speaks for different igneous activity in different
places in the Mashrek, thus reinforcing the idea that this activity cannot be related neither to a deep mantle plume
neither to a mantle plume channelling coming from SE (Afar); (f) the length of the volcanic activity developed in Syria
and Mashrek (>25 Ma, probably >40Ma) is much longer than typical time intervals of volcanism in localities where
a deep mantle plume is supposed to have impinged beneath the lithosphere (e.g., <5 Ma, generally 1-2 Ma); (g) major
and trace element similarities between Cenozoic volcanic rocks from Syria and for the rest of the products related
to the circum-Mediterranean Anorogenic Cenozoic Igneous Province (Lustrino, 2003; Lustrino and Wilson, in press)
argue for a relatively common shallow mantle sources throughout the Mediterranean Sea and neighbouring areas (the
CMR, Common Magmatic Reservoir of Lustrino and Wilson, in press); (h) several petrological studies dealing with
Sr-Nd-Pb—-Hf-He isotopic considerations (e.g., Bertrand et al., 2003; Shaw et al., 2003) considered very improbable
any involvement of the Afar plume in the genesis of volcanic rocks from central-northern Arabia (i.e., Mashrek area).

9. Concluding remarks
An extensive volcanic activity developed from the Upper Eocene to Holocene (~40-0.0005 Ma) in the Mashrek

Region. The magmatism occurs along the western Arabian plate, mostly east of the Dead Sea Transform fault, a sinistral
strike-slip fault running from the Gulf of Aquaba in the Red Sea to the fold structures of Taurides (Anatolia) for a
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total length of about 1000 km and up to 105 total displacement. About 95% of the published age determinations are
<20 Ma, suggesting that most of the volcanic activity is confined to Miocene-Quaternary times.

The age of the basaltic samples from western Syria range from ~25 to ~1Ma, with 20 out 26 analyses younger
than 5.5 Ma. The samples are mostly high TiO, alkaline mafic rocks plus rare transitional/tholeiitic basalts and basaltic
andesites. Major and trace element content of the Syrian lavas plot within the field of the other Mashrek Cenozoic
igneous rocks, allowing the hypothesis of a common origin for the Cenozoic anorogenic magmatism of the entire
circum-Mediterranean area (the so-called Common Magmatic Reservoir; Lustrino and Wilson, in press). Sr and Nd
isotopes of Syrian lavas show many similarities with the rest of the Mashrek basalts, with the exception of Israeli rocks,
characterized by nearly constant lower 87 St/80Sr for a given *3Nd/'#4Nd.

Semi-quantitative geochemical modelling on the most primitive lavas of Syria evidence a composition in equilibrium
with a mixed spinel-garnet composition that has suffered variable degrees of partial melting ranging from ~6 to ~15%.

A major change in plate kinematics recorded at the Miocene—Pliocene boundary (as evidenced by structural, geolog-
ical, paleogeographic and sedimentological studies) is here considered at the base of the abrupt change in composition
of the Syrian lavas recorded at ~4.9 Ma. The transition from strongly compressive to trans-tensional stresses may have
allowed major partial melting as consequence of upper mantle decompression, mostly along the DST. Partial melts of
upper mantle followed minor fractionation at mantle levels.

Several considerations allow an interpretation of the origin of the igneous activity in Syria (as well as in other
Mashrek localities) being unrelated to local deep mantle plumes or to the Afar plume: (1) most of the magmatism
is concentrated along the DST, therefore it implies a strong lithospheric control on the locus of upper mantle partial
melting; (2) the spinel/garnet-bearing lherzolitic source evidenced by semi-quantitative geochemical modelling can
be related only to relatively shallow sources (i.e., generally <90 km in depth); (3) the low heat flux measured in the
north Arabian plate is in contrast with the presence of heat anomaly as instead requested by the mantle plume model;
(4) most of the magmatism post-dates the development of the DST and the relatively strong uplift develops after or
during the last stages of magmatism; (5) no age progression of magmatic activity has been recorded in Syria and
the entire Mashrek; (6) the long time span of volcanic activity in Syria and in Mashrek in general (~20-40 Ma) is
distinct from the length of volcanic activities believed related to deep mantle plumes (~1-2 Ma); (7) the gross major
and trace element similarity, as well as Nd isotopic ratios, with the other circum-Mediterranean Anorogenic Cenozoic
Igneous Province can be interpreted as a feature related to a relatively common shallow mantle (upper asthenosphere)
origin, without requiring any presence of deeply rooted mantle plumes; (8) subtle but clear geochemical differences,
in particular in Sr and Pb isotopic ratios, between Afar plume-related magmas (e.g., Cenozoic volcanic rocks from
Djibuti, Yemen and Ethiopia) and the rest of the volcanic rocks from central-northern Arabia argue against any direct
or indirect derivation of the volcanism in Mashrek from the Afar plume.
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