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Alkaline Magmatism in Southern Eurasia
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Abstract: The alkalic basalts of the SCO opluolite are made up of olivine, clinopyroxene (salite), plagioclase and
Fe-Ti oxides. They show a narrow range of Si0, (45.2-48.85 wt. %) and MgO (3.59-4.85 wt. %) and are relatively
enriched in TiO, (3.13-3.82 wt. %). The rocks are enriched in incompatible trace elements such as Zr, Nband Y.
There 1s no evidence of significant crustal contamination; this may be related to the rapid ascent of the parental

magma. Normalized trace element patterns and diagnostic elemental ratio are very simailar to those of modem
Ocean-Island Basalts (OIB) a feature which suggests that the mantle source region was the asthenosphere.
Comparison with the different types of OIB indicates that the basalts may be derived from a high U/Pb (HIMLT)
source with slightly elevated K and Ba contents. The overall chemical characteristics suggest that the alkali
basalts of the SCO were derived from a fertile mantle source and suggest that the magma was produced by a
small-degree partial melting of a gamet lherzolite source. As inferred from geochemical and tectonic data, alkali
rocks of the SCO were generated from a plume in a local extension regime.
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INTRODUCTION

Tt is now well established that ophiclites represent
preserved sections of oceanic crust that have been
tectonically emplaced into thrust mountain belts during
ocean closure, plate collision and orogenesis. Iranian
ophuolites are part of the Tethyan ophiolites of the Middle
East (Shojaat et al., 2003), that have been tectonically
emplaced mto the thrust mountain belts of Tran. Tethyan
evolution in Iran and neighboring Turkey, Oman and
Baluchistan 1s very complex and hard to work out
(Khalatbari-Jafari et al., 2004). The main tectonic elements
of Tran and the locations of the major Tranian ophiolites
are shown m Fig. 1.

The ophiolite complexes are generally dominated
by tholeiitic basalts of either mid-ocean ridge or, more
commonly suprasubduction zone affinities. The results
of most of the petrological and geochemical studies on
the Iraman ophiolites show Mid-Ocean Ridge Basalt
(MORB) and TIsland Arc Tholeiite (TAT) affinities
(Rahgoshay et al., 2007, Shahabpour, 2005, Ghazi et al,,
2004; Shojaat et al, 2003, Ghazi et al, 2003;
Hassanipak and Ghazi, 2000). Recently suprasubduction
ophiolites were reported from the Khoy ophiolite
(Khalatbari-Jafari et al., 2003, 2004, 2006) and the Anarak,
Jandag and Posht-e-Badam complexes (Bagheri and
Stampftli, 2007).

In a number of the better studied examples of phiclite
complexes there is recognition that the tholeiitic rocks are
tectonically associated with alkalic volcamc rocks which
exhibit within-plate characteristics (Aldanmaz et af., 2008).
In Tran both alkali and tholeiitic rocks were recognized
from some ophiolites. Both MORB- and within plate-type
basalts in the lavas from the Baft ophiolite were
recognized (Ghasemi and Talbot, 2005). Ghazi and
Hassanipak (1999) recognized two distinct types of
basalts (alkaline and subalkaline extrusives) in the
Kermanshah ophiolite.

In this study an ophiolite was studied which 15 a new
ophiolite complex that was reported by Salavati (2000) and
was called The Southern Caspian Sea Ophiolite (SCQ).
This ophuelite 15 located in the Alborz Range m Northern
Iran and was generated m the Upper Cretaceous and can
be compared with other Tranian Mesozoic ophiolites
(Salavati, 2000).

The Alborz range of the Northern Iran 1s a region of
actively deformed region within the broad Arabia-Furasia
collision zone (Allen et al., 2003; Zanchi et al., 2006). The
Alborz range is an active orogenic belt that contains a
number of ophiolites, which during the continental
collision between Arabia and Eurasia occeurred along the
Alborz Suture 7.one, have been tectonically emplaced into
Alborz mountain belts.

The SCO ophiolite 15 exposed to an area that is
located m the Southemn Amlash city, in Guilan province,
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North of Iran. The geology of the area is still poorly
known, because of its location in rain forest and dense
topography.

Both tholeiitic and alkalic suites have been reported
from the Southern Caspian Sea ophiolite (Salavati, 2000,
Salavati et al., 2008). Although the greater part of this
ophiolite is volcanic, minor plutonic rocks occur in both
suites.

The petrology and geochemistry of the SCO alkali
basalts have not been investigated in any detail and the
tectonic setting of the magmatism 1s yet to be determined.
The purpose of this contribution is to present a detailed
mineralogical and chemical study of the SCO alkali
basalts, to assess the tectonic setting of magma
generation.

MATERIALS AND METHODS

Field mapping and systematic rock sampling in the
SCO were conducted during two field seasons in 2006 and
2007. Almost 150 samples of the SCO alkali extrusive rocks
have been collected. After petrographic studies, some
samples were selected and prepared for chemical
analyses.

Seven samples from alkali extrusive rocks were
selected for major and trace element analyses. Two
samples were performed by inductively coupled plasma
atomic emission spectrometry (ICP-AES, analyst: J.
Cotten) at the Université Bretagne Occidentale, Brest,
France. Rock powders were dissolved into solution in
closed flasks by acid attack (HF and HNO,) and
redissolution by an aqueous solution of boric acid. The
detection limits are discussed in Cotten et al. (1995). In
addition, Rb contents were determined by AAS. Five
samples were analysed in ALS Chemex in Canada by
lithium fusion and a combination of ICP-MS (Table 3).

Mineral phases were analyzed for major and minor
elements on polished thin sections by
microprobe at the Microsonde e’lectronique de 1’ouest
(Centre Ifremer de Brest, France), with a Camebax SX-50.

electron

RESULTS

Geological setting: The Southern Caspian Sea ophiolite
complex is a dismembered ophiolite complex and 1s located
in the north part of the Iranian Guilan Province. The SCO
occurs as the lense body that has NNW-SSE trend and is
one of the best-preserved oceanic crustal remnants of the
Mesozoic Iranian ophiolites (Fig. 1).

The study of different parts of the SCO ophiolite was
difficult because of poor accessibility and dense rain
forest. The full suite of ophiolite lithologies is present

Fig. 1: Distribution of the ophiolite belts in Iran after
Emami ez al. (1993) and location of the SCO area.
Main Iranian ophiolite complexes: BZ: Band-e-
Ziyarat (also called Kahnuj complex). KR:
Kermanshah, NA: Nain, NY: Neyriz, SB: Sabzevar,
TK: Tchehel Kureh, RS: Rasht, MS: Mshhad, KH:
Khoy, BF: Baft, ES: Esfandegheh, (SCO: Southern
Caspian Sea Ophiolite)

only on the shores of the Caspian in the East Guilan
(Salavati and Soofi, 2007).

The study of schematic stratigraphic columns of the
SCO show that, the SCO is almost a complete oceanic
lithospheric section including, from bottom to top (east to
west): layered ultramafic cumulates, layered gabbros,
isotropic gabbros, sheeted dike complex and extrusive
rocks (Fig. 3) covered by Campanian-Maestrichtian
limestone bearing fossils of Globotruncana (Salavati,
2000; Salavati and Soofi, 2003; Kananian ef al., 2005).

Volcanic rocks are the most widespread rock-type in
the SCO ophiolite (Fig. 2). The alkali volcanic rocks occur
as pillow lava and massive lava and the pillow forms are
dominant and are more abundant than the other forms.
Pillows show complete zonation from surface to core
generally with a clear chilled margin. In the bottom of
extrusive unite a transitional zone between diabase dikes
and pillow lavas are observed that gradually convert to
pillow lava units. The SCO dike complex shows primary
contact a relationship with the isotropic gabbro at it’s
top. Furthermore, alkali gabbro is found in this area
(Salavati, 2000).

Petrography: Almost 150 samples of the SCO alkali
extrusive rocks have been collected. After petrographic
studies, some samples were selected and prepared for
chemical analysis.
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Fig. 2: The geological map of Southern Caspian Sea ophiolite complex, showing the main geological unite of SCO
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Fig. 3: (A), (B) Composition of the clinopyroxenes from Southern Caspian Sea ophiolite are depicted on the En-Wo-Fs
clinopyroxene classification diagram after Morimoto (1988). (C): TiO, v. A1,0, binary diagram after Le Bas (1962);
(D): Tiv. total Al and (E) Ti v. Ca+Na binary diagrams from Leterrier ef al. (1982)

Petrographically, the alkali basalts are predominantly clinopyroxene with some rocks also containing olivine

phyric, with phenocrysts forming 18 to 40 vol. % of the =~ microphenocrysts. The phenocryst phases are embedded
rock. The major phenocryst phases are plagioclase and in a microcrystalline to cryptocrystalline groundmass,
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consisting primarily of plagioclase laths, small grains of
clinopyroxene, olivine and opadque iron oxides, in addition
to minor amounts of alteration products. The basaltic
rocks exhibit a variety of textures including porphyritic,
glomeroporphyritic, ophitic, subophitic, intersertal,
pilotaxitic and rarely aphyric. Clinopyroxene (24-30 vol. %
of the rock) 1s also abundant both as a phenocryst and as
a groundmass phase. The clinopyroxenes are similar to
titanaugite and have a clear high Ti rim. The olivine
microphenocrysts (5-25 vol. % of the rock) are altered to
iddingsite. Plagioclase makes up about 15 to 45 vol. % of
the rock, occurring mostly as groundmass material (0.1 to
0.4 mm long microlaths) and rarely as microphenocrysts or
phenocrysts (0.6 to 1 mm leng). The Fe-Ti oxides are the
abundant phase i groundmass.

Mineral chemistry

Clinopyroxene: The end-member composition for
clinopyroxenes from the alkali basaltic rocks 18 Wou;, 4345
Eng 5 4700F8 1557155 (Table 1). The clinopyroxenes on the
Q = CatMgtFe” v. J = 2Na diagram plot in Ca-Mg-Fe
pyroxene field (Fig. 3b) and are mainly plotted in the salite
field on the En-WO-Fs diagram (Morunoto, 1988; Fig. 34,
its Mg-number (Mg/(Mg+Fe™)) ranges from 0.72 to 0.77
and CaO content from 19.6 to 22.2 wt. % (Table 1). The
salite is relatively enriched in Ti (1.07-2.82 wt. % Ti0O,) and
m Al (1.93-51 wt % ALO;). This 18 typical of
clinopyroxene m alkali basaltic lavas (Abdel Fattah et al.,

2004). Na,O contents are generally low (0.25-0.83 wt. %);
this low Na,0O content indicates low pressure of
crystallization (p<5 Kbar (Kananian et af., 2005)). On the
ALO; v. Ti0, binary diagram (Fig. 3B) of Le Bas (1962),
the analysed clinopyroxcnes fall in the alkaline field.
Furthermore, on the total Cat+Na v. Ti plot (Fig. 3C);
most clinopyroxenes fall m the alkaline basalt field of
Letterrier et al. (1982). Most clinopyroxenes on the Ca-T1
discrimination diagram (Fig. 3D) fall in the non-orogenic
field. The clinopyroxenes show temperature ranges from
603 to 831°C (Kananian et al., 2005).

Plagioclase: Plagioclase compositions occupy a range of
Ang,, (Fig. 4). Plagioclase phenocrysts have a range of
compositions (Table 2), from Ang, -, in core to Ang g, in
rim. In general, plagioclases have common normally
zohing type, calcic core to sodic rim. The plagioclases
have a very small Or-component (0.1 K ions per formula
urut), but a somewhat high iron content (0.46 to 0.82 wt. %
FeO as total irom).

Major-element geochemistry: Table 3 contains major and
trace element data for 7 reprehensive samples of the alkali
basaltic rocks of the SCO. They have narrow major
element compositional ranges, which vary from 45.2 to
48.85 wt. % Si0,, 13.35-18.45 wt. % Al,O,, 3.2-4.85 wt. %
MgO, 9.68-14.75 wt. % Fe,0, (as total wwomn), 8.05-9.7 wt. %
CaQ and 2.79-382wt % TiO, (Table 3). They are

Table 1: Results of microprobe analysis and number of cations per formula unit of clinopyroxene based on 6 oxygen

Sample No. 1 2 3 4 3 6 7 8 9 10 11 12 13 14 15

Si0, (wt%o) 5070 5050 5225 5143 5057 5162 5144 5112 4911 4735 48.58 50.70 4877 51.83  49.85
Ti0, 1ol 141 1.07 1.40 1.71 1.43 1.45 1.50 2.52 2.82 2.53 1.49 2.23 1.60 1.72
ALOs 315 280 1.93 2.77 3.29 2.57 2.76 2.70 4.55 5.10 4.70 2.52 4.01 2.59 3.69
FeOy, 840 8355 9.86 877 8.88 8.57 8.09 7.84 8.62 8.80 819 9.00 879 8.08 8.45
MnO 013 031 0.19 0.12 0.24 0.07 0.10 0.20 0.27 0.12 0.06 0.48 0.10 0.15 0.12
MgO 1470 1470 1578 15.02 1446 1469 1501 1427 1324 12.83 13.37 13.67 13.46 1415 13.43
CaO 20070 2070 19.63 2078 2034 2132 2130 2170 2207 2222 21.67 21.80 2219 21.98 2222
Na,O 0.37 028 0.25 0.37 0.35 0.37 0.33 0.28 0.45 0.43 0.40 0.31 0.34 0.31 0.83
K0 0.00  0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Cr,O; 0.20  0.00 0.00 0.12 0.20 0.07 0.19 0.00 0.02 0.00 0.03 0.00 0.06 0.00 0.00
NiQ 0.00  0.00 0.26 0.00 0.00 0.15 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.07 0.06
Total 100,00 9920 101.20 100.77 100.04 100.86¢ 100.66 100.06 100.84  99.67 99.52 100.05 99.99 100.75  99.92
Si 1.88 1.89 1.92 1.89 1.88 1.90 1.89 1.89 1.82 1.77 1.82 1.89 1.82 1.92 1.86
Ti 0.4 0.4 0.03 0.04 0.05 0.04 0.04 0.04 0.07 0.08 0.07 0.04 0.06 0.04 0.05
AlV 012 011 0.08 0.11 0.12 0.10 0.11 0.11 0.18 0.23 0.18 0.11 0.18 0.08 0.14
Al 0.02 001 0.00 0.01 0.03 0.01 0.01 0.01 0.02 0.00 0.03 0.00 0.00 0.03 0.02
Fei* 0.03 004 0.04 0.04 0.02 0.03 0.03 0.03 0.06 0.10 0.04 0.04 0.08 0.01 0.05
Fe 0.23 023 0.26 0.23 0.26 0.23 0.22 0.21 0.21 0.18 0.21 0.24 0.19 0.26 0.21
Mn 0.00 001 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00
Mg 0.81 0.82 0.86 0.82 0.80 0.81 0.82 0.81 0.73 0.72 0.75 0.76 0.75 0.78 0.75
Ca 0.83 083 0.77 0.82 0.81 0.84 0.84 0.86 0.88 0.89 0.87 0.88 0.89 0.87 0.89
Na 0.03 002 0.02 0.03 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.03
K 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00  0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Me# 7570 7520 7414 7523 7407 7570 Te.ed 7714 73.00 72.00 75.00 73.08  73.53 7573 74.20
Wo 43.68 43.23 3990 4293 4286 4398 4398 4241 3883 3810 4011 39.58  39.27 41.05  39.47
En 42,63 4271 4456 4293 4233 4221 4293 4503 4681 47.09 4652 45.83 46.60 4579  40.84
Fs 13.69 1406 1554 1414 1481 13.61 13.09 12,57 1436 1481 13.37 14.58 14.14 13.16  13.68
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Table 2: Representative results of microprobe analysis and number of cations per formula unit of plagioclase based on 8 oxygen

Sample No. SM1 SM2 SM3 SM4  SMS SMe SM7 SM8 SMo SM10 SmMil  SM12  SMI3  SMI4 SMIS
Si0; (wt. %0)  52.64 5244 5015 5289 5240 5245 5336 51.95 50.97 53337 53.01 53.49 50.82 5317 54.60

ALO; 28.08 27.88 2894 2857 2878 2018 2753 28.93 2892 2928 2935 2837 3045 2871 28.78
FeO 071 070 052 082 0.80 0.67 0.71 0.46 0.47 0.69 0.79 0.68 0.77 0.48 0.72
CaO 13.13  13.21 1398 1247 1270 13.17 1283 13.64 1466 1298 1337  12.60 1486 12.68 12.22
Na,O 380 379 331 410 3.98 377 4.08 3.57 3.34 391 372 4.22 2.99 4.15 4.66
K0 032 031 034 032 0.32 0.32 0.35 0.32 0.30 0.35 0.37 0.36 0.26 0.45 0.39
BaO 0.00 000 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 08.68 9833 9724 09917 9898 99.56 9886 98.87 98.66 100.58  100.61 99.72 100,15 99.64 101.37
Si 971 971 942  9.69 9.63 9.59 9.81 9.57 9.45 9.64 9.59 9.75 9.28 9.70 9.78
Al 6.10 608 640 617 6.23 6.28 5.97 6.28 6.31 6.23 6.26 6.09 6.55 6.17 6.07
Fe(ii) 010 010 008 012 0.12 0.10 0.10 0.07 0.07 0.10 0.11 0.10 0.11 0.07 0.10
Ca 259 262 281 244 2.50 2.57 252 2.69 29 2.51 2.59 2.46 2.90 247 2.34
Na 135 136 120 145 1.41 1.33 145 1.27 1.20 1.37 130 1.49 1.05 146 1.61
K 0.07 007 008 007 0.07 0.07 0.08 0.07 0.07 0.08 0.08 0.08 0.06 0.10 0.08
Ba 0.00 000 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
An 64.40 6463 6861 61.51 62.61 o464 6219 66.59 69.60  63.40 65.08  60.97 7220 6118 57.86
Ab 33.72 3355 2939 3660 3550 3348 3578 31.54 28.69  34.56 3277 3695 2629 36.23 39.93
Or 186 1.80 198 1.87 1.87 1.87 202 1.86 1.69 2.03 214 2.07 1.50 2.58 2.19

Table 3: Representative major oxide and trace element data from the Southern Caspian Sea alkali basalts

Sample No. sM21 SM22 SM23 SM24 SM25 SM26 SM27
Si0, (wt2%) 48.10 48.85 46.50 46.50 48.70 45.90 45.20
Ti0, 3.37 3.37 3.44 313 316 3.75 3.82
ALO, 15.15 15.10 13.65 13.35 14.70 15.50 14.80
FeyOs 12.98 12.36 14.75 13.70 12.20 13.30 12.90
MnO 0.18 0.18 0.25 0.22 0.13 0.16 0.18
MgO 3.94 3.59 4.73 4.85 3.41 4.27 4.21
Ca0 8.92 8.05 9.70 0.58 8.64 8.8 8.50
Na;0 2.98 3.04 2.68 2.57 2.92 3.88 4.03
K0 1.48 1.73 1.22 1.22 1.60 1.32 149
Cr,0; 0.00 0.00 0.00 0.01 0.01 0.009 0.01
P,0, 0.56 0.59 0.59 0.56 0.56 0.57 0.61
LOI 2.06 2.64 2.26 2.24 2.05 3.23 3.08
Total 99,62 99.50 99.77 98.00 98.20 100.25 99,90
Ba (ppm) 485.00 460.00 348.00 333.00 456.00 448,00 471.00
Ce 68.00 69.00 64.80 62.10 65.90 58.90 60.50
Co 33.00 37.00 42.00 42.70 35.10 39,50 36.00
Cr 50.00 27.00 30.00 40.00 50.00 30.00 40,00
Dy 5.85 .05 6.20 6.90 630 5.30 515
Er 2.80 2.90 3.05 3.19 2.93 2.43 231
Eu 2.75 2.80 2.70 2.95 2.91 2.57 248
Gd 7.65 7.90 7.77 8.56 835 6.45 717
La 33.50 36.00 30.50 30.10 31.60 27.80 30.70
Nb 46.00 47.00 42.30 41.40 45.30 43.50 43.60
Nd 38,50 40.00 34.60 34.10 36.80 30,90 3110
Ni 21.00 24.00 48.00 46.00 22.00 40.00 29.00
Rb 18.00 32.00 22.40 23.90 26.70 23.50 26.70
Sm 8.30 8.50 7.82 8.17 821 6.97 6.93
Sr 700.00 £90.00 553.00 536.00 662.00 882.00 917.00
Th 3.60 3.75 284 2.90 3.76 2.70 2.9
v 240.00 250.00 266.00 251.00 224.00 270.00 251.00
Y 28.00 30.00 28.20 27.60 25.80 23.00 22.90
Yb 2.21 2.30 2.16 2.30 2.25 1.66 1.70
Zr 200.00 200.00 183.00 187.00 194.00 176.00 180.00
Zn _ B 154.00 160.00 150.00 131.00 148,00
W B B 1.00 5.00 2.00 7.00 3.00
u B B 0.71 0.71 0.92 0.66 0.65
TI B B 0.40 <0.50 <0.50 0.40 <0.50
Tm B B 0.35 0390 037 0.30 0.28
Ta B B 2.50 2.60 2.70 2.60 2.50
Th B B 118 1.21 1.13 0.97 0.00
Sn B B 2.00 2.00 2.00 2.00 2.00
Pb B B 4,99 <5.00 5.00 4.00 <5.00
Pr B B 7.96 8.00 846 7.55 7.36
Lu B B 0.30 033 031 0.24 0.24
Mo B B 2.00 2.00 2.00 2.00 <2.00
Hf 5.60 530 5.40 4.50 4.90
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Table 3: Continued

Sample No. SM21 SM22 SM23 S™M24 SM25 SM26 SM27
Ho _ _ 1.10 1.20 1.09 0.86 0.90
Ga _ _ 25.70 23.40 2290 21.90 21.70
Cs _ _ 0.13 0.15 0.09 0.48 0.65
Cu _ _ 109.00 105.00 44.00 71.00 66.00
Mgt 22.82 22.50 24.28 26.14 21.84 24.30 24.60

Fe, O is total iron; Mg# = (Mg/Mg+Fe*))*100

Kf

o T e\
An

Fig. 4: Feldspar compositions from the SCO alkali basalts

characterized by high Na,O+K,0 contents. In the
classification diagram of Le Bas and Streckeisen (1991),
the basalt samples are restricted in composition and
mostly fall in alkali basalt field and overlap with the field
of basalt (Fig. 5a). The alkaline nature of the mvestigated
rocks 15 also mdicated in the (Nb/Y)-(Z1/T1) diagram
(Winchester and Floyed, 1977; Fig. 5b). The SCO alkali
basalts have moderately low MgO (3.2-4.85 wt. %) and the
Mg numbers (=molar Mg/(Mg+Fe™), are generally low,
ranging from 0.32 to 0.49 (with an average of 0.23). Such
values indicate that the rocks do not represent primary
magmas, but may have experienced some degree of olivine
and clinopyroxene fractionation.

Trace-element geochemistry: Although an attempt has
been made to minimize the effect of alteration by
screemng the samples for primary volcanic features, such
as pillow structures and for absence of secondary
mineralization, relatively high loss-on-ignition values
(2.05-3.98 wt. %) for most of the basaltic rocks imply a
possible sea-floor alteration. Previous works indicate that
the transition metals (V, Cr, Mn, Fe, Co, N1, Zn), Mg, Y
and the High Field Strength (HFS) elements (Zr, Nb, Ti,
Hf, P and REE) are relatively immobile and largely reflect
magmatic abundances. By contrast, Large Ion Lithoplule
(LIL) elements (Ba, Rb, K and Sr) have generally
experienced metasomatic and hydrothermal mobilization
in most of the samples (Saccani and Photiades, 2004;
Parlak etal, 2004, Farahat et al, 2004; Knenitz ef ai.,

Fig. 5: (A) Geochemical classification of SCO basalts
using (B) TAS diagram (Le Bas ef al., 1986) and
(B) Zr/T1 V. Nb/Y diagram (Winchester and
Floyd, 1977)

2006; Dawoud et al., 2006, Manikyamba et al., 2004;
Kadarusman et al., 2004; Yibas et al., 2003). Thus, we
consider it unlikely that the measured mobile element
abundances are pristine and we based our modelling and
interpretation largely on immobile HFSE, REE and Th.
The alkali basalts of the SCO exhibit a relatively
narrow trace element compositional range: Cr = 27-50 ppm,
V = 224-270 pprn, St = 536-917 ppm, Ba = 333-485 ppm and
Rb = 18-32 ppm. The alkali basalts of the SCO are
generally enriched in the High Field Strength Elements
(HFSE) such as Zr (176-200 ppm), Y (23-30 ppm) and
Nb (41.4-47 ppm; Table 3). The investigated alkali basalts
have elemental ratios, such as La/Nb and Zi/Nb (averages
of 0.71 and 4.3, respectively), similar to the average
of HIMU-OIB (La/Nb = 0.72 and Zr/Nb = 4.1; Moghaz,
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Fig. 6: (A) Chondrite-normalized REE patterns for basalts, (B) Incompatible element patterns of basalts normalized to
primitive mantle;, Normalizing values of chonderite and primitive are from Sun and McDonough (1989)

2003a), (HIMU refer to high **U/"Pb mantle and member
and has the lowest “Sr/**Sr of OIB; Abdel Fattah et 4.,
2004).

Conderite-normalized REE patterns for alkali basalts
of the SCO are illustrated in Fig. 6A. Total REE contents
of the alkali volcanic rocks have range from 9 to 110 times
chondrite. They have an LREE enriched pattern with
(Lay/Yb,)=5.5-7.9. REE profiles are linear and
homogeneous with a moderate positive slope from
HREE to LREE and overall, the REE patterns are
subparallel (Fig. 6). In general, enrichment in the LREE 1s
a characteristic feature of OIB- type alkali basalts (Sun
and McDonough, 1989, Abdel Fattah et al., 2004). The
primitive mantle-normalized incompatible element patterns
of the rocks (Fig. 6B) indicate that the investigated rocks
are generally enriched in the mcompatible element
compared to primitive mantle abundances with peaks at
Nb, Pb, Nd, T1, Ba and Sr, with relative depletion in LILE
(Rb, Th, U, Zr). In contrast, despite there being no
petrographic evidence for plagioclase accumulation, most
of the sample are characterized by positive Sr anomalies.
Thus, the relatively high Sr content in these basalts is a
feature inherited from the mantle source.

Characterization of the magma source region: The REE
data (Table 3) of the investigated alkali basaltic rocks
show the source region of the rocks should be located in
the gamnet-lherzolite zone (Moghazi, 2003a). The most
diagnostic feature of residual garnet is the fractionation of
Heavy Rare-Earth Elements (HREE) because of their
strong partitioning mto garnet (Abdel Fattah ef af., 2004).
The presence of garnet as a residual phase in the melt
source region is inferred from the (Th/Yb), ratio (Abdel
Fattah et al, 2004; Moghazi, 2003a). The investigated
rocks have (Th/Yb), ratio ranging between 2.12 to 2.47,
which 1s comparable to those of the alkali basalts of

Hawaii ((Th/Yb),=1.89-2.45; Abdel Fattah et al, 2004,
Moghazi, 2003a) and which are considered to have been
generated mn a garnet-bearing lherzolitic mantle source
{(Moghazi, 2003a). This means a depth of at least 80 lan
(Moghazi, 2003a), indicating that magma generation
should have occurred well within the asthenosphere.

In order to explore the source characteristics of the
investigated alkali basalts based on their geochemical
characteristics, critical trace element ratios are compared
with those of well-known OIB occurrences. Based on Sr,
Nd and Pb 1sotopes, the asthenospheric sources of OIB
may be divided into four reservoirs, two reflect enrichment
mantle type of OTB, EMI and EMII that may represent the
addition of small amounts of subducted sediments:
pelagic in the case of EMI and terrigenous in the case of
EMII, one refers to a subduction component with high
AP (HIMU) and one is a depleted MORB mantle
(DMORB) (Abdel Fattah et af., 2004; Moghazi, 2003a).
These types may also be identified using element ratios
(Moghazi, 2003a). Ce/U, Th/Nb, Rb/Sr, Zr, Nb and Y
compositions are among the most useful ratio that can be
effective in distinguishing between mantle and crustal
magma sources (Moghazi, 2003a; Abdel Fattah et al,
2004). The Zr, Nb and Y compositions of the mvestigated
alkali basaltic rocks resemble HIMU-OIB, as they exhibit
relatively higher concentrations of Y than transitional- or
normal-MORB (T-MORB or N-MORB; Menzies and Kyle,
1990). The mvestigated basalts have elemental ratios
(Zr/Nb=4.27, La/Nb =0.71 and Rb/Nb = 0.56, on average)
similar to those characteristic of HIMU-OIB (Moghazi,
2003a).

Some high field strength (HFS) elements, such as Nb,
are found to be highly variable in lithospheric mantle
melts. Therefore, the variations in the La/Nb ratio have
been mnterpreted by some authors to reflect the style of
metasomatic enrichment (Abdel Fattah ef of., 2004). HFS
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elements (such as Nb) are depleted in the lithospheric
mantle relative to the light REE (La) high Nb/La ratio
(approximately>1) mndicate an OIB-like asthenospheric
mantle source for basaltic magmas and the lower ratio
(approximately<10.5) indicate a lithospheric mantle source
(Abdel Fattah et ai., 2004). The Nb/La and La/Yb ratio in
basalts of the SCO (averages of 1.4 and 15.19,
respectively) are consistent with an astenospheric mantle
(OIB-like) source (Fig. 7D); the investigated basalts also

plot within the field of HIMU-OIB that can be observed in
Fig. 7b. Furthermore, the alkali basalts of the SCO havea
Ce/U ratio lower then N-MORB and mostly plot within the
OIB field (Fig. 7a). They also fall within the range of OIB
field in Rb/Sr v. Si0, diagram (Fitton et al., 1991, Fig. 7C).
Comparison of the element ratio with values for different
types of OIB (Table 4) shows that the alkali basalts of the
SCO may be derived from a HIMU-OIB source with high
Ba content.

Table 4: Incompatible element ratios of the SCO alkali basalts compared to different types of OIB

SCO alkali basalts HIMU OIB EMI OIB EMII OIB PM N-MORB

Range Mean Mean Mean Mean Mean Mean
ZrMNb 4.05-4.51 4.27 4.10 6.90 6.10 14.80 30.00
La/Nb 0.63-0.76 0.71 0.72 0.94 0.98 0.94 1.07
RaMNb 8.04-10.5 9.68 5.60 13.20 .70 2.00 4.30
Ba‘'Th 121.27-165.92 134.21 &1.00 128.00 74.00 TT0.00 60.00
Rb/Nb 0.39-0.68 0.56 0.37 1.01 0.73 0.91 0.36
K/Nb 239.00-293 269.00 139.00 301.00 293.00 323.00 296.00
Th/Nb 0.06-0.08 0.072 0.09 0.112 0.134 0.117 0.071
Th'La 0.09-0.11 0.10 0.12 0.115 0.137 0.125 0.067
BRal.a 11.06-15.34 13.65 7.80 14.10 8.20 2.60 4.00

Values of OTB (HIMU, EMI, EMIT), primodial mantle (PM) and mid-ocean ridge basalt (N-MORB) are from Weaver (1991)

1000+
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Fig. 7: Binary diagrams of (A) Nb/U v. Ce/U for the SCO basalts, compared with MORB, average crust (Hofmann et af.,
1986) and OTB ( Hofmann et al., 1986), (B) Z+/Y v. Z1/Nb diagram showing that the studied samples plot mostly
near the T-MORB field. The field of OIB is from Abdel-Rahman and Nadaer (2002) and the other fields are
transitional MORB (T-MORB) and normal MORB (N-MORB) and are taken from Menzes and Kyle (1990), (C) 510,
v. Rb/Sr for the mvestigated alkali basalts compared with OIB (Fitton ef al., 1991) and upper and lower crust
(Taylor and McLennan, 1983), (D) Nb/La v. La/Yb variation diagram. The composition of the SCO  alkaline basalts.
Average OIB is after Fitton et al. (1991) and average lower crust representing average of six lower crustal
granulite xenoliths) 13 after Chen and Arculus (1995)
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Thus, trace element data of the alkali basalts of the
SCO  suggest that these
characteristics similar to HIMU-OIB and providing an
addition argument for their derivaton from the
asthenospheric mantle source. They are distinctly from
the lower and upper crust.

rocks have chemical

Role of crustal contamination: Magma differentiation is
related to three main processes: fractional crystallisation,
magma mixing and contamination (Gourgaud and Vincent,
2004). Alteration and crustal contamination are secondary
processes, which may have contributed to the chemical
composition of the SCO alkali basalts suite.

Certain chemical parameters can be used to assess
the degree of contamination. For example, basaltic rocks
affected by crustal contamination, extubit K/P ratio=7,
La/Ta>22 and La/Nb> 1.5 (Abel-Fattah ef al., 2004). The
low values of such elemental ratio m the basaltic
rocks of the SCO (K/P = 3.8-5.3; La/Ta = 10.62-12.28;
La/Nb = 0.63-0.76) suggest that the role of crustal
contamination during magma evolution has been minimal.

In addition, incompatible trace elements such as Th,
Ta and Yb will be considered to determine crustal
contamination. Crustal contamination affects Th more
than Ta and Yb so which the samples have crustal
contamination show high Th/Yb values (Moghazi, 2003a).
Ytterbium 18 used as a normalizing factor to mimimize the
effects of fractional crystallization and crystal
accurnulation (Pearce, 2005, Aldanmaz et al., 2008). In the
diagram that shows the variation of Th/Yb v. Ta/Yb
(Pearce, 1983), the investigated basalts plot mside the
mantle array field (Fig. 8) suggesting minimal crustal
contamination. The OIB-type alkalme rocks are
characterized by strong enrichments m  lughly
incompatible elements relative to less incompatible
elements (higher LREE/HREE ratios than that of MORB).
They plot on the MORB-OIB mantle trend on a Th/Ybv.
Ta/Yb diagram, mdicating that their mantle source had no
subduction mfluence and the resulting magmas were not
affected by any sigmficant contamination of lithospheric
material. Higher ratios of both Ta/Yb and Th/Yb relative
to MORB compositions, however, may be explained by a
number of processes mcluding magma generation by: (1)
small degrees of melting of a convectively homogenized
source that is enriched in incompatible elements relative
to depleted MORB source; or (2) small degrees of partial
melting of a mantle source that leaves garnet-bearing
residue (Aldanmaz et al., 2000); or (3) systematic mixing
between
compositionally umiform source by variable degrees of
melting (Aldanmaz et af., 2005, 2006).

increments of melt derived from a

0.01 T T 1
0.01 0.1 1 10

Fig. 8 Ta/Yb v. Th/'Yb diagram after Pearce (1983);
vectors show trends produced by subductionzone
enrichment (S), crustal contamination (C), within-
plate enrichment (w) and fractional crystallization

(F)

Despite the lack of isotopic data, some trace elements
enable the possible role of crustal contamination in
SCO magma petrogenesis to be evaluated. High Th/Yb
ratios would be mdicative of crustal contamination
(Gourgaud and Vincent, 2004).

All geochemical characteristics imply that crustal
contamination did not play a major rele in the magma
evolution of the SCO alkali basalts.

Negligible crustal contamination shows that magma
ascent may have been rapid enough from the site of
partial melting to the surface to escape contamination.

Petrogenetic considerations: role of partial melting:
Alkali basaltic rocks are known to be extremely diverse
geochemically and derive from diverse mantle sources
(Frey et al., 2000, Abdel Fattah et al., 2004). The nature of
the mantle source material, whether it is dominanted by
recycled oceanic or continental crust, or by recycled
sedimentary components and the processes associated
with melting and migration of melt, determine the
composition of the basaltic lavas. Abdel Fattah et al.
(2004) displayed that a number of geochemical parameters
have been used 1 order to assess the role of petrogenetic
processes such as fractional crystallization and partial
melting the evolution of mafic lavas. During the partial
melting processes, the highly/moderately incompatible
element ratios (such as Ba/Zr, Ba/Zr and P,O;) are known
decrease with the increasing degree of partial melting
(Abdel Fattah et al., 2004). Tt has been that partial melting
is still by far the most efficient process for fractionating
highly/moderately incompatible element ratios (Abdel
Fattah efal, 2004). Figure 9A, Cshows a linear positive
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trend between the Ba/Y and Ba/Zr ratio and Ba, the
observed relative fractionation in such a ratio is a function
of partial melting degree. The ratio of an mcompatible
element dunng melting to Al,O, (which 1s usually buffered
by residual garnet) typically decreases systematically with
increasing degree of partial melting (Abdel Fattah ef al.,
2004). The linear positive trends between Z1/AlL,O, and
Nb/ALO,v. PO /ALD, (Fig. 9B, D) 1s indicative of the
significant role of partial melting processes (Abdel
Fattah et al., 2004) in the production of magma chemistry
observed in the SCO alkali basalts.

Relative fractionation of HFSE is a common feature in
both continental and oceamic basalts (Hawan: Scotland,
Atlantic OTB, North Sea, Antarctica, Moghazi, 2003a).
Such 1s considered to be a function of the amount of

residual garnet and clinopyroxene in the mantle source as
a result of different degree of partial melting (Moghazi,
2003a). Smce Y 18 retained in gamet (K, = 1.083), the
negative correlation of partial melting such as Ce/Y and
NbW/Y ratios (Moghazi, 2003a) v. Z1/Nb in the investigated
rocks (Fig. 10 A, B) suggest that partial melting may
explain the variation in the alkali basaltic rocks of the SCO.
Samples with the highest Ce/Y and Nb/Y and lowest
Zr/Nb show a smaller degree of partial melt.

Thus the observed data from the alkali basalts of the
SCO show that the source of these rocks was fertile,
garnet-bearing asthenospheric mantle.

Tectonic setting: Various investigators have used
immobile trace elements (Zr, Y, T1, REE etc.) to deduce
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Fig. 9. (A,C) plots showing high/moderately incompatible element ratios v. highly incompatible element concentration
for the SCO alkali basalts. Z1/Al,0, and Nb/AL O, v. P,O/ALQ, diagrams (B, D) for the investigated basalts
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Fig. 10: Binary diagrams of Zr/Nb v. (A) Ce/Y and (B) Nb/Y for alkali samples. The vectors labeled CPX represent

fractional removal of clinopyroxene
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Nb*2

1B:Overlap between 1A and 1B
1C:Volcanic arc tholeimtes
2:Continental basalts
2A:Continendal basalts
2B:Back arc basalts

3:Oceanic basalts

3A:Alkaline basalts
3B,C:E-MORB

3D:N-MORB

Fig. 11: Geochemical discrimination diagram of basalt of SCO in, (A) Nb-Zr-Y diagram (Meshede, 1986), (B) Th-Hf/3-Ta
diagram developed by Wood (1980), (C) Zt/Y versus Zr diagram (Pearce and Norry, 1979), (D) T1/Y verses Nb/Y
diagram (Pearce, 1982) and (E) Ternary plot of La-Y-Nb (after Cabanis and Lecolle, 1989) used to discriminate
further between volcame arc basalts, oceamec basalts and continental basalts

tectonic environments for volcanics and have developed
a variety of discriminate diagrams (Pearce and Cann, 1973;
Pearce and Norry, 1979; Pearce, 1982; Moghazi, 2003b;
Manav et al., 2004).

In a Zr-Nb-Y discrimination diagram (Meschede,
1986), the investigated basaltic rocks plot in within-plate
basalts (Fig. 11A). In Th-Hf/3-Ta diagram developed by
Wood (1980), all of the samples also fall mto the within
plate field (Fig.11B). In the Zr/Y-Zr (Pearce and Norry,
1979) (Fig. 11C), samples plot in the within plate basalts
and shows a within plate nature and shows an enriched
mantle source for the alkalic rocks. In T1/Y versus Nb/Y
diagram (Pearce, 1982) (Fig. 11D) samples fall in within-
plate basalts in alkali field. In the ternary plot of Y/15-
La/10-Nd/® (11E; after Cabanis and Lecolle, 1989), the
mvestigated rocks fall in the alkaline basalt field in
oceanic environment.

DISCUSSION

Alkalic rocks make up a minor component of some
ophiolites (Cyprus, Oman and Newfoundland) and are
also known from present-day oceanic crust (Hawaii,
Tceland and volcanic chains in the South Pacific;
Thompson et al., 1997). Their relationship with dominant
tholeutic rocks varies. In the SCO ophiolite there are
significant quantities of alkalic rocks, both volcanic and
plutonic, which form an integral part of the ophiolite. The
age relationship between the tholeiitic and alkalic basalts
1s equivocal, with some massifs having field relationships
consistently indicating that the alkalic rocks are younger
than the tholeiites (Salavati, 2000). The calc-alkaline rocks
of the SCO ophiolite have subtle but distinct negative Nb
anomalies indicating a supra-subduction environment of
formation (Salavati, 2000). The association of alkalic rocks
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lacking the subduction signature with these tholeiites
suggests a variety of potential sources in a back arc
environment. Thus, from the evidence of the normalized
mcompatible trace element diagram and the discrimmation
plots, it appears that the alkalic rocks of the SCO have
WPB signatures. Furthermore o the investigated alkali
rocks display OIB (HIMTUI-OIB) affinities.

In some, ophiolite was proposed the presence of
deep mantle plumes to account for the enriched chemical
nature of the rocks observed at the surface, such mantle
plumes are unlikely to exist in a subduction setting
(Thompsoen et al., 1997). Some theories (Thompson ef al.,
1997) on the mechanisms of subduction suggest that slab
sink rather than pushes through the mantle and migrates
oceanward through the rollback effect. The effect is to
create a flow of undepleted mantle material into the
expanded supra-subduction wedge (Fig. 11). A small
amount of melting of this mantle produces alkalic magmas.
The REE patterns of the alkalic rocks suggest that melt
generation occurs within the gamet stability field. If
these magmas erupt close to or at the spreading centre,
tholeiitic and alkalic rocks will spatially overlap (The
North Philippine Sea and The Northland ophiolite;
Thompson et al., 1997). Alkalic rocks erupting off axis will
be slightly younger than the tholeiilic rocks (e.g. the
Salahi lavas in the Oman ophiolite and the crust of the
Tapan Sea). Based on this theory we thus suggest that the
alkali rocks of the SCO were generated from a plume m a
local extension regime.

CONCLUSIONS

The Southern Caspian Sea ophiolite of Northern Iran
consists mainly of tholeiitic basalts with subordinate
alkalic volcanic rocks. The alkalic rocks oceur together
with, but are generally younger than the tholeiites.

The alkali basalts of the SCO are mostly phyric and
consist of about 5-20 vol. % olivine, 24-30%
clinopyroxene (salite), 15-45 % plagioclase (labradorite)
and 5% opaque Fe-Ti oxide phases.

Geochemically, the mvestigated rocks have a
narrow range of major element compositions (SiO,,
45.2-48 85 wt. %, Mg O, 3.59-4.85 wt. %) and are alkaline in
nature. These rocks are enriched in Ti (3.13-3.82 wt. %
Ti0,), Zr (176200 ppm), Nb (41.4-47 ppm) and
Y (23-30 ppm). These features reflect strong affinities to
OIB. The prinitive mantle-normalized pattern are
fractionated ((La/Yh), = 10.15-14.55).

Elemental ratios (such as K/P, La/Nb, Nb/Y and
Th/Nb) suggest that crustal contamination did not play a
significant role during magma evolution. There i1s no
evidence of significant c¢rustal contamination or
mnteraction with the subcontinental lithosphere.

All chemical composition of the alkali basalts of the
SCO 1s sumilar to those of HIMU-OIB.

The overall chemical characteristics suggest that the
allcali basalt of the SCO were derived from a fertile mantle
source and suggest that the magma was produced by a
small-degree partial melting of a garnet lherzolite source.
Variation in the basalt compositions arise from different
degrees of partial melting.

The alkal basalts of the SCO show the geochemical
characteristics of within-plate lavas. As mferred from
geochemical and tectonic data, alkali volcanism is
interpreted to have been associated with a localized
tensional regime.
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