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ABSTRACT

22

Siverek plateau basalts represent the Neogene activity of the Karacadağ Volcanic

23

Complex in southeast Turkey and can be divided into two groups based on

24

incompatible element concentrations. Group 1 is largely basaltic, containing some

25

alkali basalts, while Group 2 consists of alkali basalts, trachybasalts and tephrites.

26

The lavas display a range in major element concentrations that are consistent with

27

restricted amounts of differentiation in the crust. Melts from both groups have

28

experienced variable, small amounts of interaction with crustal rocks, which is

29

responsible for most of the isotopic heterogeneity and caused significant Ba-

30

enrichment. Neither fractional crystallisation nor crustal contamination can account

31

for the differences in trace element enrichment observed between the two groups.

32

Group 1 are derived mainly from the spinel lherzolite field by >1% partial melting.

33

Group 2 lavas were derived from very similar mantle but by smaller degrees of

34

melting and contain a larger relative contribution from garnet-lherzolite. The Siverek

35

plateau lavas are indistinguishable from contemporaneous magmatism in the Karasu

36

Valley of southern Turkey and in northernmost Syria. Together, these plateau basalt

37

fields represent mantle upwelling and melting beneath the thinned and/or weakened

38

Arabian Plate as is migrated northwards during the Neogene.

39

Keywords: Karacadağ Volcanic Complex, plateau basalt, southern Turkey, intraplate,

40

Arabian Plate

41
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1. Introduction

43

The Arabian Plate hosts several intraplate basaltic fields and so provides a valuable

44

natural laboratory to explore how this style of magmatism occurs (Camp and Robool

45

1992; Ilani et al., 2001; Shaw et al., 2003; Krientiz et al., 2006, 2007 and 2009; Ma et

46

al., 2011). The Karacadağ Volcanic Complex in southeast Turkey, sometimes

47

referred to as Karacalıdağ, is one of a number of such fields distributed along the

48

northern edge of the Arabian Plate, where it is in collision with the Anatolian and

49

Eurasian plates (Allen et al., 2004). Until recently, magmatism from this complex was

50

reported to be, exclusively, very young (Pearce et al., 1990; Sen et al., 2004).

51

Petrogenetic models for Karacadağ, and other intraplate fields in northernmost

52

Arabia, have tended to concentrate on the proximity of the Arabian – Anatolian

53

collision in seeking a geodynamic context for melting (e.g. Keskin, 2003; Krientiz et

54

al., 2006). New geochronological data indicate that the Siverek plateau lavas, which

55

constitute the earliest Karacadağ Volcanic Complex activity, extend back into the

56

Middle Miocene, at least (Ekici et al., submitted).

57

Plateau basalt fields elsewhere in southern Turkey, such as Gaziantep, Kilis and

58

Karacadağ (Gürsoy et al., 2009), in northern Syria (Krienitz et al., 2006), in the

59

Syrian Dead Sea Fault (Ma et al., 2011) and in the Harrat Ash Shaam (Shaw et al.,

60

2003; Krientiz et al., 2007) show two modes in measured ages; earlier magmatism

61

from 30 to 16 Ma and/or 13 to 8 Ma, and then a significant increase in activity since

62

the Pliocene (Ilani et al., 2001). Most of this activity occurred close and parallel to,

63

although not always within, tectonic structures such as the Dead Sea Fault Zone,

64

Euphrates Graben, Sirhan Graben, Karak Graben and Esdraelon Valley (Fig. 1a).

65

Some of these structures, such as the Euphrates Graben, were not tectonically

66

active during magmatism. Therefore, it is important to explore the sources

67

contributing to this type of magmatism and to determine what other factors might

68

cause its association with such structures. In this contribution we focus on the
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Siverek lavas of the Karacadağ Volcanic Complex to understand interaction with the

70

crust and the mantle sources of the early activity and to examine relationships to

71

contemporaneous intraplate magmatism elsewhere in Arabia.

72

2. Geological Setting

73

The Karacadağ Volcanic Complex, in southeast Turkey, lies immediately south of the

74

Arabian – Anatolian Collision Zone (Fig. 1). The collision is the result of northward

75

motion of the Arabian Plate, with respect to Eurasia and the Anatolian Plate. During

76

the Palaeocene this caused subduction of Neo-Tethyan oceanic lithosphere beneath

77

Anatolia, which terminated with collision and the formation of the Bitlis Suture (Fig.

78

1a). Continued convergence between Arabia and Eurasia led to westward extrusion

79

of the Anatolian Plate along the Northern- and Eastern Anatolian faults during the

80

Late Miocene (Şengör et al., 2008).

81

The Karacadağ Volcanic Complex is known to have produced Late Miocene to

82

Quaternary products, possibly with a lithospheric source (Pearce et al., 1990; Ercan

83

et al., 1990; Adiyaman and Chorowicz, 2002; Keskin, 2003; Sen et al., 2004;

84

Brigland et al., 2007; Demir et al., 2007; Lustrino et al., 2010). Ercan et al., (1990)

85

identified three distinct phases; (1) Siverek plateau basalts, (2) alkali basaltic and

86

basanitic lavas flows at Mt. Karacadağ, and (3) young alkali basalts at Ovabağ. New

87

Ar-Ar geochronology confirms the existence of Late Miocene lavas at Siverek but

88

extends the range back to the Middle, and possibly Early, Miocene (Ekici et al.,

89

submitted). The Siverek lavas were erupted from ENE-WSW fissure systems at the

90

northern edge of the Karacadağ Volcanic Complex and flowed south. These eruption

91

sites lie south of, but sub-parallel to, the trace of the Bitlis Suture and along the trace

92

of the axis of the Lice Basin (Fig. 1b; Karig and Kozlu, 1990). They are flat-lying

93

plateau basalts, suggesting negligible post eruption deformation at this site.
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3. Analytical Methods

95

Twenty seven samples were analysed for major and trace element concentrations at

96

ACME laboratories (Canada; Table 1). Major element analyses were conducted by

97

X-ray fluorescence upon fused discs prepared by using six parts of lithium

98

tetraborate and one part of rock powder. The mixture was fused in crucibles of 95%

99

Pt and 5% Au at 1050°C for 60 minutes to form a homogeneous melt that was cast

100

into a thick glass disc. Trace element concentrations were analysed by ICP-MS

101

using a fusion method with precision better than ±3% (Online Appendix 2).

102

Pb, Sr, and Nd isotopes were measured on splits separated from the same 0.2 g

103

aliquots at the University of Geneva using a 7-collector Finnigan MAT 262 thermal

104

ionisation mass spectrometer during December 2008. Samples were processed

105

using procedures described in Chiaradia et al. (2011). The 90° magnetic sector mass

106

analyser has an extended geometry with stigmatic focusing.

107

143

108

Pb isotopic ratios were obtained in dynamic mode with a single Re filament. 88Sr/86Sr

109

= 8.375209 was used to correct the mass fractionation of

110

compared to the NIST-SRM987

111

0.710240 ± 0.000012 (2 S.E.), n = 31).

112

relative to a

113

value of 0.511835 (143Nd/144Ndmesured = 0.511845 ± 0.000004 (2 S.E.), n = 26). Pb

114

isotope data were corrected for instrumental mass fractionation and machine bias by

115

applying a discrimination factor determined by multiple analyses of NBS SRM981,

116

using the reference value of Todt et al. (1984). The discrimination factor averaged

117

0.00082 +/- 0.00005 (2SE, n=132) per mass unit. These standard analyses were

118

performed over a 6-month period during which the Siverek basalts were analysed.

119

Pb, Sr and Nd blanks were all below their respective detection limits.

87

Sr/86Sr and

Nd/144Nd ratios were measured in semi-dynamic mode, using double Re filaments.

146

87

87

Sr/86Sr, which was

Sr/86Sr value of 0.710240 (87Sr/86Srmesured =
143

Nd/144Nd was mass fractionation corrected

Nd/144Nd = 0.721903 and normalized to the Nd La Jolla standard
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4. Results

121

Precise locations from which samples were collected are provided in Online

122

Appendix 1.

123

4.1 Petrography

124

Siverek lavas are olivine-, plagioclase- and augite-phyric basalts, trachybasalts and

125

tephrites with high MgO contents and are dominantly alkaline in character.

126

Generally, they are fresh with little visible sign of alteration other than the presence

127

of minor iddingsite in some olivine crystals. Loss on ignition values are generally low

128

with only a small number in excess of 2 wt.% and all less than 3 wt.% (Table 1).

129

Siverek lavas are fine-grained and contain less than 25 modal % phenocrysts.

130

Olivine and plagioclase are ubiquitous and are the most abundant phenocrysts with

131

smaller quantities of clinopyroxene present in many lavas. No xenoliths or xenocrysts

132

were identified either in hand sample or during microscopic examination.

133

4.2 Major and trace elements

134

Silica contents of Siverek lavas range from 43.57 to 49.63 wt.% while MgO contents

135

vary between 12.12 and 3.97 wt.%. Based on their major and trace element

136

compositions two groups of Siverek lavas can be recognised (Fig. 2). Compared to

137

Group 1, Group 2 lavas have relatively high concentrations of incompatible

138

elements, notably K2O, TiO2, and P2O5 and most incompatible trace elements. While

139

there is less distinction between the groups for the compatible elements it is still

140

possible to recognise differences between them. In Group 1 MgO correlates

141

negatively with Al2O3. There are weaker, negative correlations of MgO with SiO2 and

142

CaO, and a positive correlation with Fe2O3. Group 2 also shows a strong negative

143

correlation with Al2O3 while the remaining major elements display more scatter but

144

are generally displaced to lower SiO2 than Group 1.
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145

Several incompatible trace elements are relatively invariant in Group 1 lavas (Fig. 3).

146

The high field strength elements, light rare earth elements and Sr show negligible

147

variation across the range of MgO contents. Ba is a notable exception with three

148

lavas being enriched by a factor of two compared to the rest of this group. Rb also

149

shows a significant amount of scatter while the heavy rare earth elements increase

150

with decreasing MgO. Group 2 lavas also show behaviour consistent with that

151

observed for their major elements being displaced to higher concentrations and,

152

although more variable than Group 1, several elements e.g. Sr, Zr and Nb, display

153

restricted variation with MgO in Group 2 samples. Two exceptions to this are DS48

154

and DS49, which possess significantly higher concentrations of several, but not all,

155

incompatible elements than the rest of Group 2.

156

Normalised incompatible element diagrams show inter-element ratios to be similar in

157

the two groups (Fig. 4). Group 1 lavas show moderate degrees of enrichment of the

158

most incompatible elements relative to primitive mantle with pronounced negative

159

anomalies in Pb and, to lesser extent P, whilst the heavy rare earth elements and Y

160

are also relatively depleted. Overall, Group 2 lavas show similar patterns but with

161

greater enrichment in all elements except the heavy rare earth elements and Y,

162

which have similar concentrations to Group 1 (Fig. 4). However, the Group 2 lavas

163

do possess even greater enrichment in Rb and Ba than Group 1. Lustrino et al.

164

(2010) did not differentiate two groups in their Siverek Plateau Series but the range

165

of compositions presented are similar to our overall data without showing a clear

166

distinction into either group that we have recognised. Alkali basalt from NW Syria

167

that has escaped crustal contamination (Krienitz et al., 2006) displays very similar

168

trace element ratios to Siverek Group 2 lavas (Fig. 4b), which also resembles

169

patterns for Harrat Ash Shaam (Shaw et al., 2003). The Siverek lavas lack the K-

170

depletion of, and are more P-depleted than, Late Neogene lavas from the Syrian

171

sector of the Dead Sea Fault (Ma et al., 2011).
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4.3 Sr-Nd-Pb isotope ratios

173

Samples representing the range of chemical characteristics of Groups 1 and 2 were

174

chosen for isotopic analysis. Ranges for isotopic ratios in the Siverek lavas are

175

87

176

18.830 to 19.016,

177

(Table 2). These are wider ranges than those previously observed for most Arabian

178

intra-plate magmatic sites (Shaw et al., 2003; Krienitz et al., 2009; Ma et al., 2011)

179

and previously determined for the Siverek lavas by Lustrino et al. (2010). The lowest

180

87

181

determined for Neogene magmatism at Siverek and for NW Syria (Fig. 5).

182

5. Discussion

183

In this section we will evaluate the processes that have modified Siverek magma

184

subsequent to its generation in the mantle, then determine the mantle sources and

185

compare these to other Arabian intraplate magmatic suites.

186

5.1 Fractional Crystallisation

187

Several Siverek lavas possess relatively evolved compositions (e.g. MgO < 6wt. %)

188

suggesting that they have experienced some degree of fractional crystallisation. This

189

is consistent with the ubiquitous presence of olivine and plagioclase, and common

190

clinopyroxene, as phenocryst phases in the rocks. However, the relatively restricted

191

range of major element contents in most of the lavas indicate that this process has

192

exerted little influence on the compositions. In particular, the incompatible elements

193

display little absolute variation across the range of MgO and SiO2 contents.

194

Specifically, incompatible elements that would be expected to increase in

195

concentration during fractional crystallisation of the phenocryst assemblage, such as

196

Nb, Zr and La, show no significant variation across either group (Fig. 3). The lack of

197

Sr enrichment might be attributed to plagioclase crystallisation, although the increase

Sr/86Sr; 0.703724 to 0.705651,
207

Sr/86Sr and highest

143

Nd/144Nd; 0.512836 to 0.512539,

Pb/204Pb; 15.59 to 15.68; and

143

208

206

Pb/204Pb;

Pb/204Pb; 38.739 to 39.517

Nd/144Nd ratios, however, are similar to values previously
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198

in Al2O3 with decreasing MgO would indicate that this is unlikely to be the case (Fig.

199

2). Fractional crystallisation may have caused relatively small changes in the

200

concentrations of major elements, for example producing some of the most evolved

201

lavas with MgO < 6 wt.%. But we conclude that fractional crystallisation is not

202

responsible for differences in concentrations of most elements between Groups 1

203

and 2 and has done little to modify most element - element ratios.

204

5.2 Crustal contamination

205

Interaction between intraplate magma and Arabian crust has been recognised at

206

several localities through the use of various isotopic and trace element indicators

207

(Baker et al., 2000; Shaw et al., 2003; Krienitz et al., 2009; Ma et al., 2011). No

208

crustal xenoliths have been found in the Siverek plateau lavas. Similarly, microscopic

209

examination has revealed no evidence for crustal fragments or xenocrysts in the

210

rocks. However, the range of Sr, Nd and Pb isotopic ratios determined in this work is

211

greater than that previously proposed for mantle sources beneath several north

212

Arabian intraplate magmatic fields. Lustrino et al. (2010) claimed that interaction

213

between melt and crust should produce correlations between isotopic ratios and

214

SiO2. They interpreted the absence of such relationships in Siverek lavas as

215

evidence that there had been little crustal contamination. However, this reasoning

216

assumes negligible SiO2 variation amongst parental magma batches and, so,

217

ignores the potential of different depths and degrees of partial melting to influence

218

initial silica content of basaltic melt (Shaw et al., 2003; Krientiz et al., 2006 and 2009;

219

Ma et al., 2011).

220

The crust beneath southeast Turkey, and other parts of the northern Arabian Plate,

221

is not well known. This complicates the task of trying to identify the influence of

222

crustal contamination upon the geochemical variation in lavas. Isotopic variation in

223

basaltic rocks from Harrat Ash Shaam and the Northern Dead Sea Fault has

224

previously been attributed to crustal interaction (Shaw et al., 2003; Krienitz et al.,
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225

2009; Ma et al., 2011). Therefore, our approach is to try and indentify chemical

226

variation within the Siverek suite that might result from such processes.

227

Isotopic indicators of crustal contamination are not preferentially associated with

228

Group 1 or 2. Instead, the lowest

229

both Groups 1 and 2 are virtually indistinguishable from the respective equivalents in

230

the dataset of Lustrino et al. (2010). Higher

231

both Group 1 and Group 2 rocks. Thus, if melt – crust interaction is responsible for

232

the isotopic heterogeneity then it has affected both groups and is not responsible for

233

the differences in trace element concentrations between the two groups. A role for

234

crustal contamination is also suggested by Pb isotopic ratios which for any given

235

206

236

Northern Hemisphere Reference Line (Fig. 7). The extent of this displacement, as

237

demonstrated by plots of Δ7/4 versus Δ8/4, are similar to that observed for Miocene

238

to Quaternary volcanics from NW Syria and the Karasu Valley in southern Turkey,

239

and slightly greater than that for Harrat Ash Shaam (Fig. 7).

240

Few trace element ratios in the Siverek volcanics display strong correlations with

241

isotopic ratios, but Ba enrichment is associated with more radiogenic Sr in our

242

dataset (Fig. 6a) and less radiogenic Nd isotopic ratios. Ba contents are also more

243

scattered than those of most other trace elements (Fig. 3). Specifically, high 87Sr/86Sr

244

is found in rocks with high Ba/Yb ratios and Ba-enrichment shows far greater scatter

245

than other trace element ratios when plotted against indices of chemical enrichment

246

(Fig. 6b). This Ba-enrichment is unlikely to result from the presence of caliche as

247

identified in some Harrat Ash Shaam lavas (Shaw et al., 2003) because (1) the

248

enrichment of Ba over other incompatible trace elements is not in excess of crustal

249

values, and (2) Ba-rich samples show no concomitant increase in Sr concentrations.

250

Nb/U ratios are displaced to lower values than expected for mantle derived melts and

251

may also indicate addition of a crustal component (Krienitz et al., 2006).

87

Sr/86Sr and highest

87

143

Nd/144Nd measured for

Sr/86Sr and lower

143

Nd/144Nd occur in

Pb/204Pb are displaced to higher 207Pb/204Pb (Δ7/4) and 208Pb/204Pb (Δ8/4) than the

Ekici et al.

Petrogenesis of Siverek Volcanic Group

252

Prior studies of northern Arabian magmatism have attributed contamination to upper

253

crustal materials but have recognised the lack of data for suitable crustal rocks with

254

which to make such comparisons (Shaw et al., 2003; Krienitz et al., 2006 and 2009;

255

Ma et al., 2011). We have chosen to model contamination by upper and lower crustal

256

rocks from northeast Africa (Sudan) because these offer trace element and Sr, Nd

257

and Pb isotopic compositions with which to constrain the role of crust. We

258

emphasise that we are not trying to advocate any shared provenance between

259

Sudanese and Turkish basement but to test the potential of upper versus lower

260

crustal rocks as contaminants within the same lithospheric block from which the

261

Arabian Plate originated.

262

The models illustrated in Fig. 7a demonstrate that the array of Sr-Nd isotopic ratios

263

at Siverek can be produced by less than 10% differentiation for either a Group 1 or

264

Group 2 initial melt. For an assimilation to crystallisation ratio of c. 0.75 this equates

265

to <5% addition of contaminant to the initial melts. The Pb isotopic variation in the

266

model requires even less addition of crust (Fig. 7b & c), although the exact amount is

267

highly dependent on the ratio of Pb concentrations in the melt and contaminant,

268

which is very poorly constrained. Such restricted amounts of contamination are likely

269

to have relatively little impact on the major element concentrations in the melts.

270

It is possible to produce the range of isotopic compositions observed at Siverek with

271

relatively small amounts of contamination by either upper or lower crust (Fig. 7).

272

Successful models can be achieved because of the significant heterogeneity in the

273

contaminant dataset we have chosen but such heterogeneity is likely to be a real

274

feature of any crustal terrane with which melts interact. The isotopic data for most

275

Siverek (and other southern Turkish, Syrian, Lebanese and Jordanian) lavas are

276

consistent with upper or lower crust as the contaminant (Fig. 7a-c). However, the

277

most contaminated Siverek rock (DS-34) has extremely elevated Δ7/4 and Δ8/4,

278

which might be interpreted as a lower crustal contaminant (Fig. 7d). Furthermore, the

279

upper crustal rocks have relatively modest enrichment in Ba, relative to other trace

Ekici et al.

Petrogenesis of Siverek Volcanic Group

280

elements (Davidson and Wilson, 1989). Notwithstanding the fractionation that might

281

occur during anatexis of crustal rocks, they provide significantly less leverage for Ba

282

enrichment than the lower crustal lithologies from Sudan, which possess Ba/Yb

283

ratios of 4500 - 5200. Thus, while the Sr and Nd isotopic data are readily explained

284

by upper crustal contamination, the Pb isotope ratios and Ba enrichment suggest

285

that lower crustal rocks may also have interacted with the melts.

286

Isotopic variation in Siverek lavas suggest that crustal Sr, Nd and Pb has been

287

acquired by Siverek magmas during passage through the Arabian lithosphere. Ba

288

enrichment is associated with increased

289

suggesting that this process has also added significant amounts of Ba to the magma.

290

Thus, we conclude that there was a restricted amount of contamination of Siverek

291

magma by upper, and possibly some lower, crust that exerted the principle control

292

on the isotopic variation at Siverek. The coincidence of lowest

293

143

294

to conclude that these values are representative of the mantle beneath the northern-

295

most Arabian plate during the Siverek magmatism. However, with the exception of

296

Ba-enrichment, crustal contamination has had negligible influence upon other major

297

and trace element characteristics of the Siverek lavas.

298

5.3 Mantle Sources

299

Constraints from trace elements and isotopic data indicate that magma differentiation

300

and crustal contamination have caused little perturbation of the initial composition of

301

Siverek magma. Thus, variations of incompatible trace element ratios can be used to

302

investigate what was responsible for the range of melt compositions generated in the

303

mantle beneath the northern Arabian Plate during the Neogene.

304

Siverek lavas display a more restricted range of silica contents that those found in

305

Harrat Ash Shaam or in the northern Dead Sea Fault (Shaw et al., 2003; Krienitz et

306

al., 2009; Ma et al., 2011). This is due to the absence of very silica poor (< 43 wt.%

87

Sr/86Sr and decreased

87

143

Nd/144Nd (Fig. 6)

Sr/86Sr and highest

Nd/144Nd in our Group 1 and 2 samples with those of Lustrino et al. (2010) lead us
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307

SiO2) basanites discovered at those other sites. As such, there is no need to invoke

308

mafic components, such as pyroxenite or hornblendite veins, in the source of Siverek

309

lavas, as has been done for Late Neogene magmatism in and around the Dead Sea

310

Fault (Weinstein et al., 2006; Ma et al., 2011). The lack of pronounced K-depletion at

311

Siverek, where all lavas posses values for (K/La)n > 0.73, and the absence of a

312

negative correlation between SiO2 and (Sm/Zr)n, for which all values are less than <

313

0.95, are also consistent with a peridotitic, not a mafic, source. K-depletion is present

314

in some primitive, Middle Miocene lavas from Harrat Ash Shaam (Shaw et al., 2003;

315

Krienitz et al., 2007) suggesting that mafic components may have melted in the

316

Arabian mantle at that time. However, the Siverek plateau basalt field has been

317

intensively sampled (Lustrino et al., 2010; this work) so we regard it as unlikely that

318

low-silica lavas were erupted at Siverek. Therefore, we proceed on the assumption

319

that any mafic reservoir was not involved in petrogenesis of Siverek plateau basalts

320

and that melting was restricted to the peridotitic mantle beneath this part of the

321

Arabian Plate.

322

Group 1 and Group 2 lavas display clear distinctions in rare earth element

323

fractionation. Fig. 8a compares primitive mantle-normalised La/Yb and Dy/Yb ratios

324

of all Siverek lavas with the results of non-modal fractional melting models for

325

primitive and enriched spinel- and garnet lherzolite. While La/Yb is most sensitive to

326

the degree of partial melting, Dy/Yb responds to the presence or absence garnet in

327

the melt residue and, thus, allows relative contributions from deep and shallow melt

328

fractions to be estimated (Shaw et al., 2003). Group 1 lavas possess a restricted

329

range of low La/Yb and Dy/Yb ratios. For a primitive mantle source, these melts are

330

not consistent with melts derived purely from spinel- or garnet-bearing lherzolite (Fig.

331

8a). Instead, the Dy/Yb ratios require mixtures derived from both shallow and deep

332

lithologies. The Group 2 lavas extend to significantly higher La/Yb and Dy/Yb values

333

indicating greater contributions from the deeper, garnet lherzolite source. Mixed

334

deep and shallow melts are also consistent with the major element systematic of the
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Siverek lavas. Group 1 composition vary between a deep, low-SiO2 and a shallow,

336

high-SiO2 endmember (Fig. 2). Fractional crystallisation and crustal contamination

337

can explain some of the scatter in the major element arrays. Group 2 lavas show

338

more scatter which may be as a result of the smaller degrees of partial melting

339

involved.

340

Fig. 8b plots only those Siverek lavas that we are most confident have escaped any

341

crustal contamination. The criterion was to use only samples with low Ba/Yb relative

342

to other trace element ratios; e.g. those samples with the lowest Ba/Yb for any given

343

La/Yb (Fig. 6b). These samples are compared with a model for melting of peridotite

344

enriched in trace elements as described by Shaw et al. (2003). While the most

345

elevated Dy/Yb ratios for Siverek lavas do not require an enriched mantle source

346

they do plot close to the Harrat Ash Shaam data, suggesting similar degrees of

347

melting of similar sources. The Group 1 and Group 2 lavas still fall between the

348

spinel- and garnet-lherzoilte melting curves but the Group 1 lavas are now consistent

349

with derivation almost exclusively from the lower-pressure source. The Group 1 lavas

350

are displaced to lower La/Yb than Group 2 indicating greater degrees of partial

351

melting, which is consistent with the concentrations of incompatible elements in the

352

two groups. The same conclusion is reached when the unfiltered Siverek dataset is

353

considered (Fig. 8a) re-enforcing our contention that crustal contamination has had a

354

negligible influence on most incompatible trace element ratios. The degrees of partial

355

melting inferred for Group 1 are similar to those estimated from Harrat Ash Shaam

356

(Fig. 8b) while Group 2 indicate lower degrees of partial melting.

357

Siverek lavas are mixtures of melts derived from spinel- and garnet-peridotite. Group

358

1 lavas were produced by higher degrees of partial melting than those of Group 2.

359

Both groups were derived by melting over a range of depths, the lower degree melts

360

of Group 2 containing more significant input from deeper mantle. We detect no

361

isotopic distinction between Group 1 and 2 for Sr and Nd isotopic ratios. The data

362

indicate some variation in initial Pb isotopic compositions, as previously observed for
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Syrian and Jordanian magmatism (Shaw et al., 2003; Krienitz et al., 2009; Ma et al.,

364

2011). This probably reflects long-term heterogeneity in U/Th ratios of the source.

365

The majority of variation in Δ7/4 and Δ8/4 at Siverek, and probably other Turkish and

366

Syrian localities, reflects crustal contamination (Fig. 7). The low Δ8/4 relative to Δ7/4

367

of the least contaminated Siverek lavas indicate that this source is distinct from that

368

of magmatism attributed to the Afar plume. This trait is shared by the vast bulk of

369

Neogene to recent magmatism in southern Turkey, Syria, Jordan and Lebanon, with

370

only a couple of exceptions from the Northern Dead Sea Fault in Syria (Fig. 7d).

371

Therefore, we conclude that there has been negligible involvement of mantle derived

372

from the Afar region in northern Arabia.

373

5.4 Mantle Melting

374

Previous attempts to understand the origin of the Karacadağ Volcanic Complex and

375

magmatism elsewhere in the northernmost Arabian plate have generally focussed on

376

the proximity of this site to the Arabian – Anatolian plate boundary. Mechanisms

377

have been sought that advocate geodynamic forces generated by the collision

378

between these plate and/or deformation of the subducted Neo-Tethyan lithosphere

379

that formerly separated them (Keskin, 2003; Krienitz et al., 2006 and 2009). Some

380

studies have also proposed a role for mantle derived from the Afar plume (Camp and

381

Roobol, 1992; Ilani et al., 2001; Krientiz et al., 2009). As demonstrated above, the Pb

382

isotope composition of northern Arabian magmatism is not consistent with a

383

contribution from Afar.

384

In the absence of evidence for anomalously hot mantle derived from Afar, or of

385

lithosphere-hosted enrichments, such as mafic veins (Ma et al., 2011), Siverek

386

magmatism must be the product of upwelling of asthenospheric mantle. Extension is

387

the most commonly proposed mechanism for facilitating mantle upwelling and has

388

been advocated for intraplate magmatism in some parts of the Arabian Plate (Shaw

389

et al., 2003; Tatar et al., 2004). However, Krienitz et al. (2006) claim that there was
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insufficient lithospheric stretching across the Sirhan Graben, or other sites of Arabian

391

intraplate magmatism e.g. Euphrates Graben, to cause basaltic petrogenesis by

392

extension alone. Furthermore, the ENE - WSW fissure system from which Siverek

393

lavas were erupted is not consistent with tension resulting from the north-easterly to

394

northward motion of the Arabian plate since the Oligocene (McQuarrie et al., 2003).

395

King and Anderson (1988) proposed that upwelling adjacent to continental edges

396

may drive melting. Siverek magmas were erupted towards the northern edge of the

397

northward migrating Arabian plate while the oceanic lithosphere to the north was

398

being subducted. If the margin thinned significantly towards the adjacent oceanic

399

lithosphere to the north then this could have been a location for density driven

400

upwelling at a continental edge. Alternatively, Conrad et al. (2011) propose that

401

intraplate magmatism around the globe over the last 10 million years has occurred at

402

sites of high asthenospheric shear. This could reflect melting as mantle upwells into

403

thinspots or low viscosity cavities at the base of the lithosphere (Conrad et al., 2010).

404

Such upwelling will occur wherever cavities exist, regardless of whether the

405

lithosphere is deforming at that time. Thus, melting might occur beneath thinspots or

406

weakspots that are inactive, or at least not stretching enough to generate

407

magmatism through extension alone (Macpherson et al., 2010). Furthermore,

408

magmatism will reflect upwelling into relief at the base of the mantle, which may not

409

be exactly vertically contiguous with surface expressions of lithospheric weakness or

410

deformation. Surface structures, active or otherwise, associated with relief on the

411

lithospheric base will have the potential to influence local distribution of volcanism at

412

the surface but will not always be exactly coincident with it.

413

Prior to collision, the Arabian Plate would have thinned towards the Neo-Tethyan

414

oceanic crust that was subducted beneath Anatolia. Deformation of the northern

415

plate margin would have occurred due to (i) forces generated within the Arabian

416

Plate by the collision, (ii) tension exerted on the continent margin by the ongoing

417

subduction of the Neo-Tethyan slab, and (iii) resistance of the Anatolian Plate. Thus,
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the lithosphere beneath southern Turkey is likely to display physical and rheological

419

contrast with the lithosphere to both north and south. The forces generated during

420

the collision are thought to be responsible for formation of the Lice Basin, which has

421

been interpreted as either a flexural response of the Arabian Plate to loading by the

422

Bitlis Massif or as a transtensional feature produced by the collision (Karig and

423

Kozlu, 1990; Robertson, 2000). There was little stretching perpendicular to the length

424

of this feature but Early Miocene sedimentation and tectonism records significant

425

lithospheric deformation as the collision between Arabian and Anatolian plates

426

culminated. Siverek magmatism was erupted from ENE-WSW striking fissures that

427

are sub-parallel to the fabric produced by the Arabian – Anatolian collision and that

428

lie close to the axis of the Lice Basin. Therefore, we interpret the Siverek phase of

429

the Karacadağ Volcanic Complex as melting that occurred below Arabian lithosphere

430

that was inherently thin and was possibly further weakened as a result of the collision

431

with the Anatolian Plate. Northward migration of the Arabian Plate allowed the

432

mantle to upwell and melt where the Plate was thin and/or weak(Conrad et al.,

433

2011).

434

6. Conclusions

435

Siverek plateau basalts were derived solely from peridotitic mantle, with no

436

contribution from mafic (hornblendite or amphibole-garnet-pyroxenite) veins in the

437

lithospheric mantle. The two groups with different trace element concentrations were

438

derived from isotopically similar sources and their distinction can be explained by

439

different degrees of partial melting across a range of depths. Group 1 lavas are

440

dominated by melt produced from spinel-lherzolite, while Group 2 are smaller degree

441

partial melts of the same mantle containing a greater relative contribution from

442

garnet-lherzolite. We find no evidence for isotopic heterogeneity between deep and

443

shallow sources, as proposed for Harrat Ash Shaam (Shaw et al., 2011) or for

444

melting of mafic enrichments in the lithospheric mantle (Ma et al., 2011). Mantle

445

derived from the Afar Triple Junction was not involved in genesis of the Siverek
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lavas. Instead, mantle upwelled as the thin, and possibly weakened, lithosphere of

447

the northern Arabian margin migrated northwards.

448
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Figure Captions

598

Figure 1. (a) Map of Northern Arabia showing the location of Neogene to Recent

599

volcanic fields and major tectonic elements. (b) Map of southeast Turkey showing

600

the location of the Siverek volcanic within the Karacadağ Volcanic Complex. Maps

601

modified from Ilani et al (2001), Gürsoy et al. (2009) and Krienitz et al. (2009).

602

Figure 2. Plots of selected major elements versus MgO for Siverek lavas from

603

Karacadağ Volcanic Complex. Data from Lustrino et al (2010) included for

604

comparison.

605

Figure 3. Plots of selected trace elements versus MgO for Siverek lavas from

606

Karacadağ Volcanic Complex. Data from Lustrino et al (2010) included for

607

comparison.

608

Figure 4. Incompatible trace element concentrations of lavas normalised to primitive

609

mantle (McDonough and Sun, 1995). (a) Range of values for Siverek Group 1 lavas.

610

(b) Range of values for Siverek Group 2 and NW Syrian alkali basalt with minimal

611

crustal contamination (Krientiz et al., 2006). (c) Siverek plateau stage lavas from

612

Lustrino et al. (2010).

613

Figure 5. (a)

614

206

615

Volcanic Complex. Previously published data for Siverek lavas from Lustrino et al

87

Sr/86Sr versus

Pb/204Pb versus

208

143

Nd/144Nd, (b)

206

Pb/204Pb versus

207

Pb/204Pb, and (c)

Pb/204Pb for lavas from the Siverek phase of the Karacadağ
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616

(2010) included for comparison with data from Karasu Valley (Çapan et al., 1987)

617

and NW Syria (Krienitz et al., 2006).

618

Figure 6. (a) Ba/Yb versus

619

Siverek phase of the Karacadağ Volcanic Complex. Data from Lustrino et al (2010)

620

included for comparison.

621

Figure 7. (a)

622

206

623

Siverek lavas from Lustrino et al (2010) included for comparison with data from

624

Karasu Valley (Çapan et al., 1987), NW Syria (Krienitz et al., 2006), the Northern

625

Dead Sea Fault (Ma et al., 2011), Harrat Ash Shaam (Shaw et al., 2003) and lavas

626

attributed to the Afar plume (Deniel et al., 1994; Pik et al., 1999). Northern

627

Hemisphere Reference Line in (b) and (c) from Hart (1984). Crustal contamination

628

models show effect of fractional crystallisation of DS38 with assimilation of upper

629

crustal (UC; Sr = 69 ppm, Nd = 18.5 ppm, Pb = 48 ppm,

630

143

631

39.746) and lower crustal (UC; Sr = 814 ppm, Nd = 29.94 ppm, Pb = 30 ppm,

632

87

633

15.622,

634

represent F (fraction of melt remaining) of 0.1%, 0.5%, 1%, 2%, 3%, 4%, 5%.

635

Figure 8. Primitive mantle normalised La/Yb versus Dy/Yb for lavas from the Siverek

636

phase of the Karacadağ Volcanic Complex. (a) All Siverek phase lavas from

637

Karacadağ Volcanic Complex are compared with melting models using the modal

638

and melting proportions of Thirlwall et al. (1994), distribution coefficients from

639

McKenzie and O’Nions (1991) and initial concentrations and normalisation factors

640

from McDonough and Sun (1995). (b) Siverek data filtered for least crustal

641

contamination as indicated by Ba-enrichment relative to other trace element ratios

642

(e.g. La/Yb, Fig. 6b). The melting model is enriched in middle rare earth elements by

87

Sr/86Sr versus

Pb/204Pb versus

208

208

Sr/86Sr, (b) Ba/Yb versus La/Yb for lavas from the

143

Nd/144Nd, (b)

206

Pb/204Pb versus

207

Pb/204Pb, and (c)

Pb/204Pb for Siverek lavas. Previously published data for

Nd/144Nd = 0.511398,

Sr/86Sr = 0.709028,

87

143

206

Pb/204Pb = 18.598,

Nd/144Nd = 0.511270,

207

206

87

Sr/86Sr = 0.764478,

Pb/204Pb = 16.026,

Pb/204Pb = 16.926,

208

207

Pb/204Pb =

Pb/204Pb =

Pb/204Pb = 37.804) rocks from Davidson and Wilson (1989). Tick marks
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643

a factor of 1.25 (see text for discussion). Harrat Ash Shaam data from Shaw et al.

644

(2003) and NW Syria data (also filtered for crustal input using Ba-enrichment) from

645

Krienitz et al. (2006). Dashed lines in (b) indicate the likely limits of mixtures

646

produced by melts derived from garnet- and spinel-lherozolite with the tick marks

647

representing gt:sp contributions in the proportions 99:1, 95:5, 90:10 and 80:20. In

648

both panels, melting models show tick marks for the total melt fraction of 0.1%,

649

0.5%, 1%, 1.5%, 2%, 3%, 4%, 5%, 10%, 15%, 20% and 25%.

