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Abstract

Ultramafic xenoliths entrained in the Late Miocene alkali basalts and basanites from NW Turkey include re-
fractory spinel-harzburgites and dunites accompanied by subordinate amount of spinel-lherzolites. Whole-rock
major element and mineral chemical characteristics indicate that the xenoliths are mostly the solid residues of
varying degrees of partial melting-@ to ~15%), but some have mineral chemical signatures reflecting processes
of melt/rock interaction. The mineral compositions of the undisturbed xenoliths have been used to estimate tem-
peratures and, where possible, pressures of equilibration, and to construct a geothermal framework to interpret the
thermal structure of the upper mantle beneath the region at the time of basaltic melt extraction. Most of the peri-
dotite xenoliths have chemically homogeneous mineral phases reflecting ambient equilibrium pressure—temperature
conditions. The combination of results from Ca-in-orthopyroxene geothermometer and Ca-in-olivine geobarometer
yields pressure—temperature estimates for spinel-peridotites that fall in experimentally determined spinel-lherzolite
field in CaO—Fe—MgO-Al03—SiO—Cr,O3 (CFMASCI) system. These pressure—temperature data sets have been
used to construct the Late Cenozoic geotherm of NW Turkey, which defines a depth-temperature array from about
1.4 GPa at 810C to 2.1 GPa at 1180C. Extrapolation of this array to the adiabatic upwelling curve of normal
temperature asthenospheric mantle indicates an apparent lithospheric thickn@8%of. The geothermal gradient
of NW Turkey is only slightly higher than that of the conventional conductive mode® (W n12) and may
be interpreted as being a consequence of the thermal perturbation by the heat input into the relatively thin mantle
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lithosphere via the passage and emplacement of magmag(s). In contrast, the calculations, based on the melt produc
of experimental phase equilibria, show that the compositions of the host magmas precipitating the most magne-
sian olivine (with 88.5 to 91.4% forsterite; M8iO4) phenocrysts of alkaline melts reveal significantly higher
anhydrous liquidus temperatures that range from about 1290 to°C4IThe results are inconsistent with melt
generation by either deep-seated thermal anomalies associated with mantle Jlym&450°C) or melting of
thermally perturbed (wet) mantle lithosphere, but are consistent with the adiabatic upwelling of normal temperature
(Tp ~ 1300°C) mantle asthenosphere probably along the lithospheric scale major shear zones.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The variation in temperature with pressure in the upper mantle cannot be directly measured and, in
most cases, is to be inferred from equilibrium conditions of mantle phases. The most direct indication
of mantle temperatures is provided either by mantle-derived ultramafic nodules that were brought up
by rapidly erupted basaltic melts of mantle origin or by defining the liquidus temperatures of eruptive
products and comparing these temperatures with knowledge of the depth of origin. Ultramafic xenoliths
from basaltic extrusions in continental settings provide important information on the composition, thermal
state and evolution of the uppermost mantle, and the information deduced from the study of xenoliths can
directly be compared with the results obtained by geophysical means. Thus, ultramafic xenoliths have
been the subject of numerous mineralogical, petrological, geochemical and geothermal studies in mantle
geodynamicsKrey and Green, 1974; Frey and Prinz, 1978; Maaloe and Aoki, 1977; O'Reilly and Griffin,
1985; Werling and Altherr, 1997In recent years, lithosphere profiles have been constructed at several
localities based on thermal, geophysical and petrological data with a combination of xenolith-constrained
geothermal gradient for the lower crust and uppermost ma@tR€lly and Griffin, 1985; lonov et al.,

1998; Rudnick et al., 1998; Stern et al., 1999; Griffin et al., 2003

NW Turkey is an active continental extensional shear zone that is characterized by relatively high
surface heat flow and thermal uplift. Extension-related tectonic and magmatic activity is considered to
have taken place in relation with the lithospheric thinning and asthenospheric upwegliitzgninaz et
al., 2000. In this region, ultramafic xenoliths have been found at several localities within the alkali basalt
occurrences that document mantle melting episodes during the Late Mideignd)( Compositional
variation in basaltic lavas throughout the lava sequences is limited as the volcanic rocks are generally
alkaline basalt and basanite occurring as lava flows with OIB-type (or mid-plate) major-trace element
and radiogenic isotope signatur&dihaz and Polat, 1998; Aldanmaz et al., 2000; Aldanmaz, 2002e
xenoliths erupted in alkaline magmas include refractory spinel-harzburgites and dunites accompanied by
minor amount of relatively fertile spinel-lherzolites. As a whole these xenolith suits are considered to
represent the uppermost mantle layer (<100 km).

In this contribution we aimed to constrain, using mineral chemistry, the recent thermal evolution of
the uppermost mantle beneath NW Turkey as recorded by the equilibrium temperatures and pressure
of peridotite xenoliths and to compare these results with temperatures calculated from the steady state
mantle geotherm and also with the liquidus temperatures of mantle-derived primary melts, i.e. magmas
precipitating the most magnesian olivine (e.g. with 88.5-91.4% forsteriteSNDg) phenocrysts. Such a
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Fig. 1. (a) Map showing the plate reconstruction of eastern Mediterranean. (b) Map of NW Turkey showing the distribution of

the xenolith-bearing alkaline volcanic products and the main eruption centers.
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comparison is considered reasonable as the xenoliths are likely to reflect ambient pressure and temperatu
conditions existing in the upper mantle provided that the basaltic volcanism that brought the xenoliths to
the surface are sufficiently young (<11 Ma). An additional requirement is that the upper mantle xenoliths
be hosted in rapidly erupted magmas to prevent re-equilibration. Mantle-derived xenolith-bearing alkaline
basaltic magmas are generally believed to have erupted quickly due to rapid transport to the surface, st
that mineral composition of xenoliths probably reflect ambient pressure and temperature conditions of
the source mantle before they were entrained into the host magma. Resorbed spinel crystals within the
peridotite xenoliths from the alkaline volcanic rocks of NW Turkey may indicate a similar rapid transport
of the xenolith-bearing magmas to the surface, but there are evidences for re-equilibration between the
xenoliths and the host magmas as some of the xenoliths exhibit significant intra-grain compositional vari-
ation. We, therefore, selected samples, which are chemically homogeneous and more likely equilibratec
under ambienP-T condition within the upper mantle.

2. Geological background

The Neogene-Quaternary tectonic evolution of NW Turkey has been largely influenced by the devel-
opment of a number of strike-slip fault systems resulted from the collision of the African and Arabian
plates with the Eurasian plate. The main collision that took place between the Anatolian and Arabian
plates along the Bitlis—Zagros suture zone is assumed to cause the major shortening and uplift in Easter
Anatolia and the westward extrusion of the wedge-shaped Anatolian microplate as a buoyant continental
sliver. The internal deformation produced within the Anatolian plate as a result of this collision involved
both internal imbrication, leading to ophiolite obductions and formation of numerous strike-slip faults.
The development of the latter may have been influenced by lateral variations of lithospheric rheology and
the pre-existing structural framework.

The westward escape of the Anatolian microplate is accommodated by two major strike-slip faults:
the right-lateral strike-slip along the North Anatolian Fault (NAF) and the left-lateral strike-slip along
the East Anatolian Fault (EAF). The effect of the major, dextral, E-W trending strike-slip activity along
the NAF was that the movement of the Anatolian microplate relative to the Eurasian plate changed from
westwards to south-westwards with changing the deformation patterns of the fault from pure strike-slip
along its eastern and central segments into a combination of right lateral and extensional mechanism:
along the western segmerftig. 1a). This led to right-lateral transtensional tectonics associated with a
combination of mechanisms, including pure strike-slip along the NAF and pure extension in Greece and
western Turkey. The combined effect of these two tectonic stresses generated a number of pull-apar
basins in NW Turkey during the Late Miocene onwards.

The Thrace basin, one of the most important structural features of NW Turkey, is a large triangular-
shaped Tertiary basin located at the junction of several other basins; the Black Sea basin is located to the
northeast, the Sea of Marmara basin to the southeast, and the Aegean Basin to the sdtithvilektl{s
infill comprises sedimentary rocks of Middle Eocene to Recent age, the total thickness of which has been
estimated to be more than 9 kfufgut et al., 1991; Perjmk, 199). Sedimentary thickness variations
indicate a general N-NE thinning trend. The basin is flanked predominantly by metamorphic rocks of
the Strandja Massif in the north.

Structural data from the Thrace Basin are very limited because of an extensive Plio-Quaternary sedi-
mentary cover. Most of our knowledge on basin structure comes from seismic studies and borehole date
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(Turgut et al., 1991; Perjmd, 199). Two major dextral strike-slip fault zones in the basin have been de-
fined to form the triangular basin geometry. One of these zones extends NW-SE and borders the northern
margin of the basin, and the other extends NE-SW and borders the southern margin of the basin. Both
zones seem to converge at the eastern margin of the basin beneath the Sea of Marmara.

The northern fault zone consists of two sub-parallel segments that can only be mapped in the subsurface
through drilling and multi-channel reflection seismic dafar@ut et al., 199} The second fault zone
bordering the southern margin of the basin is considered to represent the northwestern strand of the
NAF zone. The relative right-lateral strike-slip motion along this fault has caused significant uplift and
deformation on the southern margin of the bagimgut et al. (1991)ised the sedimentary record along the
southern margin of the Thrace basin to suggest a Late Miocene to Early Pliocene age for the development
of the fault zone.

Extensive volcanic activity has characterized the Thrace region since the Early Miocene period (e.qg.
Yilmaz and Polat, 1998 This activity started with a widespread acid-intermediate, calc-alkaline vol-
canism and was followed by the late stage eruption of locally developed mafic alkaline products. The
latter activity, which is the main subject of this study, is characterized by a number of small isolated lava
flows with a 100 m of maximum thickness. The alkaline volcanic field lies mainly to the southern margin
of the Thrace basin as the eruption centers are linearly distributed along this margin. The lavas erupted
along NNE-SSW trending strike-slip faults that form the southernmost border of the triangle-shaped
Thrace basinKig. 1b). The available radiometric dates yield an Upper Miocene age (#0685 to
6.474+ 0.47 Ma) for the alkaline volcanic rocks of the regidir¢an et al., 1996 The eruptive alkaline
products from the Thrace volcanic field are mainly made up of olivine-phyric or aphyric lava flows that
contain a large amount of mantle-derived peridotite xenoliths.

Compilation of geophysical data from earthquake seismology and quarry blast experiments reveals
Pnvelocities of 7.9 and 8.0 knT3 for the uppermost mantle beneath NW Turkey and the entire Aegean
region, respectively (e.dgRanagiotopoulos and Papazacos, 1985; Horasan et al.), 2dti2h are lower
than the worldwide average continental upper maPiieelocity of 8.1 km s* (Mooney and Braile, 1989
Average heat flow density values across NW Turkey are also moderately elevated (70-90%n\ m
comparison with 40-50 mW s in the neighboring Black Sea basin and 30-40 mW m southern
Turkey (lkisik, 1995; Pfister et al., 1998; @ktlrkler et al., 2003 However, the average heat flow values,
although may locally reach up to 150 mWdue to the effects of hydrothermal fault discharge and
groundwater circulation originating in adjacent highlands, are much lower than those of many active
continental extensional settings such as Kenya and Rio Grande rifts, the Rhine graben and Basin and
Range province that typically exceed 100 mWanMagnetotelluric data in much of NW Turkey have
shown relatively low resistivity (>72 m) beneath the base of the cruBagrak et al., 200¢ This may
indicate a possible high temperature800°C) and the presence of underplated melts at crust-mantle
transition.

3. Analytical data

Only fresh xenoliths with lack signs of corrosion by host basalts were chosen for analyses. Whole-
rock major oxide analyses for both the peridotite xenoliths and the host lavas were measured at the
ACME analytical laboratories at Vancouver. Rock powders were first fused to ensure dissolution and
then dissolved in hot HF and HNQo prepare the solutions from which the element abundances were
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determined using ICP-AES. Loss on ignition (LOI) was determined by heating a separate aliquot of rock
powder. Whole-rock major element data for the mantle xenoliths are givEahie 1.

Polished thin-sections of the alkaline volcanic rocks and some peridotite xenoliths were prepared at
the University of Durham and were carbon coated at the University of Edinburgh. Analyses of constituent
mineral phases from representative samples of both xenoliths and host lavas were performed at Edinburg|
on a Cameca CAMEBAX electron microprobe using natural minerals as standards. Operating procedures
were~20 kV acceleration voltage, beam curres20 nA, 30 s. pk count, 15s. b/g count, 1 rhapot size
and a 25 mraretard beam size. The application of Ca-in-olivine geobaromktinler and Brey, 1990
requires very careful analyses of Ca of olivine as its concentration is about 0.03 wt.% CaO . The analysis
of CaO was carried out with beam current of 100 nA and counting time 100 s. The precision of analyses
was 3% relative. The detection limit was at about 0.004 wt.% Ca. All reported CaO values in olivines
determined with this special analysis are averages of 5-point analyses of several grain cores.

An additional set of samples from both the alkaline lavas and the peridotites were analyzed using a
Cameca CAMEBAX electron microprobe at the Blaise Pascal University, Clermont-Ferrand with operat-
ing conditions of 15 kV accelerating voltage, 10-12 nA current and 10 s counting time per each element.

4. Characteristics of the host lavas and peridotite xenoliths

The alkaline volcanic field of NW Turkey comprises a number of sub-horizontal lava flows lying
mostly on the localized extensional basins formed in association with the transtensional tectonic regime
of the region Fig. 1b). The lavas have an irregular base and show development of soil horizons. Lava
moraines are observed between the individual flows and well-developed columnar jointing is observed
near the eruptive centers. The volcanic rock samples are extremely fresh with only a few showing incipient
alteration of olivine phenocrysts along rims and interior cracks upon microscopic investigations. They
consist of a fine-grained to glassy matrix with small to medium-sized (<5 mm) phenocrysts of olivine
and clinopyroxene. Total phenocryst contents are variable, generally ranging from <3 (aphyric) to 15%
(weakly porphyritic), but the majority of the rocks are aphyric. The xenolith-bearing lavas are very fine-
grained alkali basalts and basanites containing phenocrysts of olivige {ff@and less clinopyroxene
(Wo43_49) in a fine-grained groundmass containing granular olivinedlg, plagioclase laths (A_73
and intersertal glass. Some of the magnesian samples have abundant equant to prismatic phenocrysts
olivine up to 2—4 mm in diameter. With declining content of MgO in the rock the phenocrysts became
smaller. In rocks with less thanl2 wt.% MgO most olivines are <1 mm in size and the rocks are olivine
microphyric or aphyric. Most glassy rocks have phenocrysts of equant to elongate-skeletal olivine with
included or attached oxide phases in a dark brown glass. Plagioclase phenocrysts are absent in all rock
from the alkaline suites.

The previously published radiometric dates (K—Ar and Ar—Ar) show that the alkaline volcanic activity
in the area lasted from 11.480.40 to 6.4A4-0.47 Ma Ercan et al., 1995 The results of geochemical
and*°Ar—3°Ar whole-rock basalt groundmass analyses in more recent studies, however, indicate that the
major volume of xenolith-bearing alkaline lavas of NW Turkey spaB3ss million year (11.68 0.25 to
8.03+ 0.19 Ma) of episodic volcanic activity and includes the entire compositional spectrum recognized
in the alkaline suiteAldanmaz et al., 20QQAldanmaz et al., submitted manuscript).

Ultramafic xenoliths and discrete megacrysts are sporadically found in alkali lava flows in a number
of localities within the Thrace volcanic fieldFig. 1b). The xenoliths are subangular to angular and have



Table 1

Petrographic and whole-rock major oxide data for the peridotite xenoliths from NW Turkey

Sample numbers XE7A XE2 XE2C XE2B XE7B XE1B XE1l1l XE1A XE14 XE2A  XE13A XE10
Rock type Lhz. Lhz. Lhz. Lhz. Lhz. Lhz. Lhz. Lhz. Lhz. Lhz. Lhz. Lhz.
Modal mineralogy
Oliv 59.1 584 592 67.3 685 693 709 713 716 702 708 727
Opx 249 257 267 205 193 203 191 194 193 207 211 212
Cpx 122 128 111 101 101 82 81 72 7.1 7.0 6.1 5.0
Sp 38 31 30 21 21 22 19 21 20 21 20 11
Major oxid
Sio, 4721 4721 4494 4441 4417 4413 4439 4449 4444 4431 4384 4344
TiO, 0.07 009 008 007 006 007 006 007 007 007 006 005
Al;05 3.85 391 367 286 266 247 250 247 248 247 231 190
Fe03 7.56 742 859 868 827 752 756 761 7.56 763 7.78 7.88
MnO 0.10 012 012 011 011 012 011 011 012 011 010 012
MgO 37.87 3611 3858 4041 4117 4179 4191 4213 4189 4183 4265 4352
CaO 301 302 281 235 231 226 225 218 224 218 205 184
Na,O 0.24 036 034 026 020 014 015 015 014 013 011 008
K,0 0.05 004 003 005 004 005 004 006 004 004 004 005
P,Os 0.01 001 001 001 001 001 001 001 001 001 001 001
L.O.L 0.63 110 009 103 068 075 115 137 080 083 074 103
Total 10060 9939 9926 10024 9969 9931 10012 10065 9978 9961 9956 9962
Mo#wr 0.909 Q906 0899 Q901 Q908 Q916 Q917 Q0916 Q916 Q917 Q916 Q916
Mag# 0.896 Q897 0898 0899 0902 Q903 Q903 Q905 Q904 Q0905 Q909 Q906
Cr, 0.126 Q128 Q130 Q0133 Q189 Q199 Q227 0238 Q0252 0263 0284 0293
Mg#s, 0.783 Q765 Q765 Q763 Q735 Q736 Q733 Q712 Q714 Q717 0696 0697
F (extent of melting) (%6 3.28 343 359 384 7.33 7.81 923 961 1019 1057 1138 1177
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Table 1 Continued)

Sample numbers XE13 XE13B XE8 XE5 XE4 XE3 XE1l XE6 XE7 XEBA XE6B
Rock type Hzb. Hzb. Hzb. Hzb. Hzb. Hzb. Hzb. Hzb. Dunite Dunite Dunite
Modal mineralogy
Oliv 738 757 775 773 768 780 788 807 953 956 957
Opx 210 184 174 174 191 169 171 162 27 24 33
Cpx 41 41 41 4.0 31 39 31 20
Sp 11 18 10 13 10 12 10 11 20 20 10
Major oxid
Sio, 44.18 4268 4187 4221 4271 4354 4238 3899 4268 4254 4239
TiO, 0.06 004 002 006 002 004 003 002 002 003 001
Al;05 1.77 149 111 124 096 091 085 083 077 078 081
Fe03 8.18 814 7.53 976 843 822 836 972 838 834 842
MnO 0.13 013 013 014 011 012 012 013 012 010 012
MgO 4341 4498 4596 4470 4496 4475 4591 4774 4601 4674 4657
CaO 178 154 117 113 089 107 093 069 078 071 076
NaO 0.14 005 001 004 002 004 001 001 001 001 001
K0 0.05 003 007 004 003 003 003 012 003 011 007
P,Os 0.02 002 002 002 001 001 001 001 001 001 001
L.O.lL 0.80 116 145 080 148 080 092 030 070 060 110
Total 10051 10025 9934 10014 9962 9953 9955 9856 9951 9997 10027
Ma#wr 0.913 Q0916 0916 Q897 0913 0915 Q915 Q907 0916 Q917 0916
Mgt 0.906 Q909 0913 Q910 Q910 Q913 0914 Q912 Q912 0914 Q913
Crikp 0.302 Q0356 0362 Q0365 Q0371 0392 Q0392 Q0394 0399 Q0394 0399
Mg#s, 0.687 0674 0644 0660 Q0673 0647 Q0650 0636 0647 0636 0667
F (extent of melting) (%6 12.04 1368 1384 1389 1409 1462 1457 1469 1482 1468 1482

Rock types are: Lherzolite (Lhz.), Harzburgite (Hzb.) and Dunite. Mineral abbreviations are conventional; WR: whole rock; ol: olivine; sp: spinel.
@ FromHellebrand et al. (2001)
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rectangular and triangular cross sections. Mineral grain boundaries vary from straight to gently curved,
and commonly form 120triple junctions. Mineral grains in some samples are typically fractured and
show dark alteration along grain boundaries and fractures. The size of xenoliths is 1-30 cm in the longest
dimensions. The boundary with the host lava is very sharp in hand specimen. The chemical modification
of xenoliths by the reaction with host magma is confined only to the outer rims of xenoliths, less than
1mm.

The xenoliths are dominantly spinel-harzburgites and dunites with minor spinel-lherzolites. They
display a remarkably variable degree of fertility with a range of MgO from 36 to 48wiébl¢ %

Fig. 2). Although there are some samples with fertile average major element compaositions, i.e. rich in
basaltic components with Ca&8%, Al,O3; ~4%, MgO <40%, the majority of the xenoliths are variably
depleted in basaltic componenfgable I Fig. 2). High contents of CaO (usually >2.2%) and,8%

(usually >2.5%) characterize some of the lherzolites as fertile and are consistent with typically high
modal percent clinopyroxendgble 1. Whole rock analyses indicate that the peridotite xenoliths as a
whole display a progressive trend of depletion in fusible elements such as Ti, Ca, Aland Nawith increasing
the MgO content of the rocks. This depletion trend is accompanied by a decrease of the modal abundances
of clinopyroxene and increase of those of olivine suggesting that the peridotites represent mantle residues
from a variable extent of melt extractioRi¢. 2). Some of the xenoliths (dunites in particular), however,
despite their depleted major element chemistry, contain modal olivine that is significantly higher than
that would be expected for residues of small to moderate degree mantle melting. We interpret these
samples as representing parts of the mantle influenced by melt/solid reactions that preferentially dissolved
pyroxenes and precipitated olivine, i.e. a mineralogic reaction defineeks Iherzolite— melt+ dunite
(e.g.Kelemen et al., 1992

Modal proportions of major phases in mantle xenoliths were determined by point counting in thin
sections and these modes are fine-tuned by geochemical mass balance using major elements (e.g. lea
squares mixing of mineral proportion$able J). The calculations were performed using the MINSQ
program ofHermann and Berry (2002l whole rock analyses used in the calculation were summed to
100% anhydrous and all Fe is reported as FeO. The typical mineral assemblage in peridotite xenoliths, as
shown inTable 1 is olivine (58 to >95 vol.%, 2—4 mm), orthopyroxene (2—27%, 2—6 mm), clinopyroxene
(2-13%, 2mm) and spine2%, 1 mm). No garnetiferous xenoliths have been found in the region.
However, the occurrences of some clusters can be interpreted as resulting from either decompression
inducing the solid-state reaction (egarnet+ olivine — orthopyroxeneé- clinopyroxene- spine) (Reid
and Dawson, 1972; Smith, 1977; Henjes-Kunst and Altherr, 188helting of garnet and subsequent
crystallization from magma pockethlicolas et al., 198/ Both interpretations may imply former sta-
bility of garnet and decompression caused by vertical mass transfer near the asthenosphere—lithosphere
boundary. All ultramafic xenoliths presented in this study are dry peridotites.

Some rare porphyroclastic types have been observed with textural characteristics of olivine and or-
thopyroxene porphyroclasts displaying moderate deformation features such as tabular sub-grains, bent
exsolution lamella and curvilinear grain boundaries. Most of the xenoliths, however, are typically medium-
to coarse-grained rocks with protogranular or mosaic equigranular texture and are similar to those com-
monly observed in worldwide spinel-peridotitédércier and Nicolas, 1935Irregularly shaped spinel
grains commonly intergrown with orthopyroxene characterize the samples with protogranular textures.
No spinel-clinopyroxene symplectite is observed and there is no preferential association of spinel and
clinopyroxene. Triple-point grain junctions are common. Some olivines in dunites show resorbed grain
boundaries reflecting partial consumption of this mineral during reactions. Although no penetrative fab-
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Fig. 2. Plots of Si@, Al,03, CaO, TiQ and NaO against MgO for xenoliths from the alkaline volcanic suites of NW Turkey.

The curves (or lines) represent the residues of incrementally isentropic polybaric batch melting calculated using the MELTS
program. Calculations use the primitive mantle compositiodlobonough and Sun (199%p a starting source and the method
described ilAsimow et al. (1997)During the calculation, all liquids have been extracted from the system each time an increment
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2.0 and 2.5 GPa, respectively.
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rics (foliations or lineations) indicative of shearing or other ductile deformation have been observed in
any of these protogranular xenoliths, deformation features such as sub-grain boundaries in olivine and
orthopyroxene are common. These features can be regarded as reflections of either thermal shock resulte
from incorporation of xenoliths into hotter basaltic melt or solid-state deformation in the mantle where
they were formed (e.dracy, 1980.

5. Mineral chemistry
5.1. Peridotite xenoliths

Mineral analyses of peridotites, unless otherwise stated, represent average mineral compositions within
each polished thin section. The mineral compositions of spinel-peridotites from NW Turkey are typical of
mantle phases, and there are no significant differences between xenoliths throughout the lava sequences
The mineral chemistry data for the peridotites are listetables 2-5

Olivine has a very restricted compositional range of Mg# [=molar Mg/(Mg + Fe)] from 0.896 to 0.914.
The range of Mg#, as well as NiO (0.24-0.42 wt.%) and MnO (0.09-0.18 wt.%), is similar to those of
olivines from mantle-derived peridotite xenoliths worldwide (é&gy and Prinz, 1978; Xu et al., 1996,
1998; lonov et al., 1998 Olivines in harzburgites have higher Mg# than in Iherzolites, consistent with
a higher degree of melt depletion of harzburgites. The CaO contents are relatively constant for most of
the samples within the range of 0.022-0.062 wt.% in harzburgite and Iherzolite and 0.024-0.092 wt.% in
dunite, but may reach up to 0.161 wt.%.

Orthopyroxenés an enstatite with a compositional range ofddo £gg.4-90.§.3-10.2 The Mg# vary
from 0.897 t0 0.915, which are similar to or slightly, but constantly, higher than those of coexisting olivines,
implying that the Fe—Mg distribution between the two phases reflects complete chemical equilibrium
(Fig. 3a). Orthopyroxenes in dunites have higher Mg# and,Siéntent, and lower A3, TiO, and
N&O than in harzburgites and Iherzolites. The@y contents increase from 0.15 to 0.76 wt.% with
increasing the refractory nature of the rocRalfle 3. Both TiO, and ALO3; decrease from 0.11 to
0.01wt.% and from 4.38 to 1.79 wt.%, respectively, with increasing the Mg# of orthopyroxene.

Clinopyroxenas a diopsite with a range of W3 48 £M7.3-53.8%.4-54 The Mg# vary from 0.900 to
0.916 and display a well-defined correlation with those of olivifég.(30). The CpO3 contents increase
significantly from 0.21 to 1.47 wt.% with increasing Mg#. The clinopyroxenes in most of the lherzolite and
harzburgite xenoliths are characterized by increasing, MO, and decreasing CaO with increasing
Al,Os. TiO, and ALO;3 of clinopyroxenes in most of the xenoliths decrease from 0.52 to 0.02 wt.% and
from 6.96 to 2.28 wt.%, respectively, but are not correlated with Mgdble 4. Non-systematic variation
of NaO and TiQ contents of clinopyroxenes with melt depletion indices such as clinopyroxene Mg#
and whole-rock Cr# indicates that some of the compositional features, including the distribution of minor
elements, for some of the samples cannot be explained solely by simple partial melting. However, Cr#
[=molar Cr/(Cr+ Al)] of clinopyroxene increases with that in coexisting spinel, which is an index of the
degree of partial melting of the protoliths of the present xenoliths (@alk and Bullen, 19841 The range
in this ratio Fig. 4a) suggests that the spinel peridotite xenoliths from NW Turkey have experienced
moderate to low degrees of partial melting. Most of the clinopyroxenes have remarkably homogeneous
intra-grain compositions. The relative proportions of tetrahedral Al and octahedral Al in clinopyroxene
are sensitive to the pressure and temperature of equilibration. According to the discrimination diagram of



Table 2

Average microprobe analyses of olivines in peridotite xenoliths from NW Turkey

Sample XE7A XE2 XE2C XE2B XE7B XE1B XE11 XE1A XE14 XE2A XE13A XE10
Sio, 40.96 4055 4Q15 4050 4097 4121 4080 4064 4045 4046 4028 4Q37
TiO, 0.01 000 000 000 001 000 000 003 003 000 002 000
Al,0O5 0.00 0.00 001 000 002 000 001 000 000 000 002 000
Cr,0s 0.05 000 0.00 000 005 001 000 000 000 000 002 000
FeO 998 1008 1007 986 943 956 947 935 940 931 882 933
MnO 0.16 015 018 011 017 013 016 013 014 015 014 015
MgO 4813 4947 4978 4914 4854 5014 4936 4985 4990 4999 4914 5037
CaO Q047 Q022 Q068 Q044 Q053 Q054 Q056 Q038 Q081 Q032 Q121 Q161
NiO 0.33 032 031 027 034 029 035 029 027 030 028 029
Total 9967 10064 9996 9996 9958 10136 10021 10030 10026 10026 9885 10067
Oxyg 4 4 4 4 4 4 4 4 4 4 4 4

Si 1.008 Q991 Q983 Q995 1007 Q996 Q998 Q992 Q989 Q989 Q996 Q984
Ti 0.000 Q000 Q000 Q000 Q000 Q000 Q000 Q000 Q000 Q000 Q000 Q000
Al 0.000 Q000 Q000 Q000 Q001 Q000 Q000 Q000 Q000 Q000 Q001 Q000
Cr 0.001 Q000 Q000 Q000 Q001 Q000 Q000 Q000 Q000 Q000 Q000 Q000
Fe Q205 Q206 Q206 Q202 Q194 Q193 Q194 Q191 Q192 Q190 Q182 Q190
Mn 0.003 Q003 Q004 Q002 Q004 Q003 Q003 Q003 Q003 Q003 Q003 Q003
Mg 1.766 1802 1817 1799 1778 1806 1799 1814 1819 1822 1811 1830
Ca Q001 Q001 Q002 Q001 Q001 Q001 Q001 Q001 Q002 Q001 Q003 Q004
Ni 0.007 Q006 Q006 Q005 Q007 Q006 Q007 Q006 Q005 Q006 Q006 Q006
Total 299 301 302 301 299 300 300 301 301 301 300 301
Fo 0896 Q897 Q898 Q899 Q902 Q903 Q903 Q905 Q904 Q905 Q909 Q906
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Table 2 Continued

Sample  XE13 XE13B XE8 XE5 XE4 XE3 XE1 XE6 XE7 XE6A XE6B
SiO, 40.68 4112 4062 4112 4064 4132 4091 4096 4075 4139 4092
TiO, 0.02 003 000 003 007 002 003 000 007 001 003
Al,0; 0.03 002 000 002 003 001 000 000 000 000 000
Cr,0; 0.03 003 000 003 005 000 000 000 001 001 003
FeO 912 891 865 891 887 868 857 869 878 839 867
MnO 011 016 011 016 017 013 013 009 013 013 013
MgO 4954 4976 5066 5086 5036 5085 5083 5075 5077 4978 5097
CaOo 0140 Q077 0031 Q029 Q016 Q033 0029 Q017 0024 Q073 Q092
NiO 0.24 033 032 033 033 028 031 030 032 042 035
Total 9991 10043 10040 10151 10055 10133 10077 10080 10084 10020 10077
Oxyg 4 4 4 4 4 4 4 4 4 4 4

Si 0.996 1000 0988 0990 0989 0995 0991 0992 0988 1006 0988
Ti 0.000 Q000 Q000 Q000 Q001 Q000 Q000 Q000 Q001 Q000 Q000
Al 0.001 Q001 Q000 Q001 Q001 Q000 Q000 Q000 Q000 Q000 Q000
Cr 0.001 Q000 Q000 Q000 Q001 Q000 Q000 Q000 Q000 Q000 Q001
Fe 0187 0181 Q176 0180 0180 Q175 Q174 Q176 Q178 0171 Q175
Mn 0.002 Q003 Q002 Q003 Q004 Q003 Q003 0002 Q003 Q003 Q003
Mg 1.808 1804 1838 1826 1826 1825 1835 1832 1834 1804 1835
Ca Q004 Q002 Q001 Q001 Q000 Q001 Q001 Q000 Q001 Q002 Q002
Ni 0.005 Q006 Q006 Q006 Q006 Q005 Q006 Q006 Q006 Q008 Q007
Total 300 300 301 301 301 300 301 301 301 299 301
Fo 0906 0909 0913 0910 0910 0913 0914 0912 0912 0914 0913
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Table 3

Average microprobe analyses of orhopyroxenes in peridotite xenoliths from NW Turkey

Sample XE7A XE2 XE2C XE2B XE7B XE1B XE1l1l XE1A XE14 XE2A XE13A XE10
SiO, 54.26 5606 5505 5555 5483 5559 5513 5546 5513 5572 5554 5557
TiO, 0.11 009 010 012 008 007 010 007 008 007 007 008
Al,O3 4.38 331 330 368 433 337 431 324 415 288 405 419
Cr,0s 0.49 015 057 043 038 044 047 048 049 046 068 078
FeO 674 653 674 6.69 646 641 6.26 640 6.25 646 578 589
MnO 0.13 019 021 019 020 014 011 016 017 015 013 013
MgO 3278 3240 3365 3378 3336 3394 3293 3427 3355 3472 3252 3223
CaO Q75 039 059 056 071 058 071 047 069 049 109 118
Na,O 0.06 002 003 001 0.05 002 010 0.00 006 001 013 016
Total 9970 9913 10024 10101 10040 10054 10012 10009 10057 10096 9999 10021
Oxyg 6 6 6 6 6 6 6 6 6 6 6 6

Si 1.887 1948 1905 1904 1891 1912 1903 1908 1896 1911 1917 1915
Ti 0.003 Q002 Q003 Q003 Q002 Q002 Q003 Q002 Q002 Q002 Q002 Q002
Al 0.180 Q136 Q134 Q149 Q176 Q137 Q175 Q131 Q168 Q116 Q165 Q170
Cr 0.013 Q004 Q016 Q012 Q010 Q012 Q013 Q013 Q013 Q012 Q019 Q021
Fe Q196 Q190 Q195 Q192 Q186 Q184 Q181 Q184 Q180 Q185 Q167 Q170
Mn 0.004 Q006 Q006 Q005 Q006 Q004 Q003 Q005 Q005 Q004 Q004 Q004
Mg 1.700 1679 1736 1727 1715 1740 1694 1758 1720 1774 1673 1656
Ca Q028 Q014 Q022 Q021 Q026 Q021 Q026 Q017 Q025 Q018 Q040 Q044
Na 0004 Q001 Q002 Q000 Q003 Q001 Q007 Q000 Q004 Q001 Q009 Q011
Total 401 399 401 401 401 401 400 401 401 401 399 399
Wo 1.45 Q77 112 106 136 110 138 088 132 091 214 233
En 8836 8915 8890 8905 8897 8943 8912 8973 8934 8972 8898 8859
Fs 1019 1008 998 989 967 948 950 939 934 937 887 908
Mg# 0.897 Q898 Q899 Q900 Q902 Q904 Q904 Q905 Q905 Q905 Q909 Q907

06¢

9T€-//2 (S002) 6€ SolweuApoas Jo feuinor / '[e 18 zewuep|y '3



Table 3 Continued

Sample  XE13 XE13B  XE8 XE5 XE4 XE3 XE1 XE6 XE7 XEGA XE6B
SiO, 55.04 5584 5613 5684 5664 5666 5623 5704 5679 5596 5602
TiO, 0.08 006 005 004 004 004 002 001 003 004 004
Al,04 4.06 277 270 200 205 222 223 179 184 318 305
Cr,05 0.79 071 029 037 027 054 053 037 035 049 076
FeO 586 591 587 574 584 598 583 588 600 547 549
MnO 013 013 012 016 015 017 010 015 013 013 014
MgO 3209 3325 3456 3332 3354 3507 3509 3516 3522 3321 3315
CaOo 114 088 038 049 040 051 048 029 035 072 097
Na,O 013 004 000 000 002 002 002 001 002 006 008
Total 9932 9959 10046 9897 10068 10020 10061 10068 10068 9926 9970
Oxyg 6 6 6 6 6 6 6 6 6 6 6

Si 1914 1935 1931 1973 1967 1932 1929 1950 1944 1938 1936
Ti 0.002 0002 Q001 Q001 Q001 Q001 Q001 Q000 Q001 Q001 Q001
Al 0.166 0113 Q109 Q082 Q084 Q089 Q090 Q072 Q074 Q130 Q124
Cr 0.022 Q019 Q008 Q010 Q007 Q015 Q014 Q010 Q009 Q013 Q021
Fe Q170 Q171 0169 Q167 0169 Q171 0167 0168 Q172 Q158 Q159
Mn 0.004 Q004 Q004 Q005 Q004 Q005 Q003 Q004 Q004 Q004 Q004
Mg 1.664 1718 1773 1724 1736 1783 1795 1792 1797 1715 1708
Ca 0042 0033 0014 Q018 Q015 Q019 Q018 Q011 0013 Q027 0036
Na 0009 Q003 Q000 Q000 Q002 Q001 Q001 Q001 Q001 Q004 Q005
Total 399 400 401 399 399 401 401 401 401 399 399
Wo 2.26 170 072 095 078 094 090 054 064 141 189
En 8865 8939 9064 9032 9039 9041 9065 9093 9069 9025 8977
Fs Q08 891 864 872 882 865 846 854 866 834 834
Mg# 0.907 0909 0913 0912 0911 0913 0915 0914 0913 0915 0915
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Table 4

Average microprobe analyses of clinopyroxenes in peridotite xenoliths from NW Turkey

Sample XE7A XE2 XE2C XE2B XE7B XE1B XE11 XE1A XE14 XE2A
SiO, 51.82 5250 5354 5201 5222 5187 5185 5078 5213 5107
TiO, 0.36 003 004 049 035 044 043 052 040 050
Al,O3 5.63 340 262 641 510 6.52 6.48 6.83 582 6.94
Cr,0s 0.43 031 021 051 063 Q75 098 082 082 078
FeO 319 313 315 295 298 281 277 287 281 280
MnO 0.07 006 0.09 0.08 009 007 005 012 006 0.09
MgO 1611 1645 1701 1560 1609 1536 1529 1608 1608 1567
CaO 2088 2237 2208 2029 2119 1998 2033 2044 2045 2025
Na,O 1.00 064 044 171 097 177 150 176 120 179
Total 9949 9889 9918 10005 9962 9957 9968 10022 9977 9989
Oxyg 6 6 6 6 6 6 6 6 6 6

Si 1.887 1930 1957 1881 1900 1883 1881 1841 1889 1854
Ti 0.010 Q001 Q001 Q013 Q010 Q012 Q012 Q014 Q011 Q014
Al 0.242 Q147 Q113 Q273 Q219 Q279 Q277 Q292 Q249 Q297
Cr 0.012 Q009 Q006 Q015 Q018 Q022 Q028 Q024 Q023 Q022
Fe Q097 Q096 Q096 Q089 Q091 Q085 Q084 Q087 Q085 Q085
Mn 0.002 Q002 Q003 Q002 Q003 Q002 Q002 Q004 Q002 Q003
Mg 0.875 Q902 Q927 Q841 Q873 Q831 Q827 Q869 Q869 0848
Ca Q815 Q881 Q865 Q786 Q826 Q777 Q790 Q794 Q794 Q788
Na 0071 Q046 Q031 Q120 Q068 Q125 Q106 Q124 Q084 Q126
Total 401 401 400 401 401 401 401 401 401 401
Wo 4560 4690 4580 4580 4616 4588 4645 4537 4543 4577
En 4896 4798 4910 4900 4877 4908 4861 4966 4970 4929
Fs 544 512 510 520 507 504 494 497 487 494
Mg# 0.900 Q904 Q906 Q904 Q906 Q907 Q908 Q909 Q911 Q909
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Table 4 Continued

Sample XE13A XE10 XE13 XE13B XE8 XE5 XE4 XE3 XE1 XE6
SiO, 5225 5183 5238 5293 5008 5352 5238 5313 5250 5174
TiO, 0.27 051 024 005 052 005 006 002 002 002
Al,04 5.79 6,69 528 313 696 256 228 249 340 289
Cr,05 1.14 109 119 115 113 120 115 111 114 129
FeO 289 312 297 299 278 288 292 264 283 293
MnO 0.09 010 008 008 007 008 007 011 007 005
MgO 1641 1730 1662 1702 1601 1701 1682 1581 1674 1754
Ca0o 1940 1862 1916 2111 2091 2281 2270 2246 2238 2336
Na,O 1.31 142 130 061 168 025 039 032 063 042
Total 9955 10068 9922 9907 10014 10036 9876 9809 9971 10024
Oxyg 6 6 6 6 6 6 6 6 6 6

Si 1894 1858 1905 1937 1823 1939 1934 1965 1916 1904
Ti 0.007 Q014 Q007 Q001 Q014 Q001 0002 Q001 Q001 Q001
Al 0.247 0283 0226 Q135 0299 Q109 Q099 Q109 0146 Q123
Cr 0.033 Q031 0034 Q033 Q033 0034 Q034 0032 0033 Q037
Fe 0088 0094 Q090 Q091 Q085 Q087 Q090 0082 0086 Q088
Mn 0.003 Q003 Q002 Q002 Q002 Q002 Q002 Q003 Q002 Q002
Mg 0.887 0925 0901 0928 0869 0919 0926 0872 0911 0944
Ca 0754 0715 0747 0828 0815 0886 0898 0890 0875 0903
Na 0092 Q099 0092 Q043 Q119 Q018 Q028 Q023 Q045 Q029
Total 400 401 400 400 401 400 401 399 401 401
Wo 4361 4126 4296 4480 4610 4681 4692 4828 4674 4667
En 5132 5334 5185 5025 4911 4857 4837 4729 4865 4876
Fs 507 540 520 495 478 461 471 443 461 457
Mg# 0910 0908 0909 0910 Q911 0913 0911 0914 0913 0914
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Fig. 3. (a and b) The relationship between Mg# of olivine and pyroxenes of the peridotite xenoliths from NW Turkey display
well-defined correlation.

Seyler and Bonatti (1994all peridotite xenoliths from NW Turkey lie in the field of continental xenoliths
(Fig. 4b).

Spinelsdisplay a remarkably large variation in spinel Cr# that range from 0.126 to 0Tz@8e( 2.
Although some spinels in Iherzolite and harzburgite samples are aluminous with Cr# <0.250 and largely
display a moderately fertile character, most samples are significantly depleted with Cr# of 0.350 to 0.399.
A great number of samples show no significant within-sample variation, as they are compositionally
homogeneous on a thin section scale. The lowsTi@ncentrations in the spinels of the xenoliths attest to
the residual nature of the samples. The Mg# of spinels range from 0.636 to 0.783, which are lower than
any silicate minerals. Spinels in dunites have lowexG3land MgO, and higher GO3; and FeO contents
than in harzburgites and Iherzolitégaple 5.

0.30 400
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Fig. 4. (a) The relationship between Cr/(Cr+ Al) ratio in clinopyroxene and spinel. (b) Tetrahedral Al and octahedral Al in
clinopyroxene from the peridotite xenoliths of NW Turkey plotted on S®yler and Bonatti (1994jiagram discriminating
pyroxene compositions from continental and oceanic peridotites.



Table 5
Average microprobe analyses of spinels in peridotite xenoliths from NW Turkey

Sample XE7A XE2 XE2C XE2B XE7B XE1B XE11l XE1A XE14 XE2A XE13A XE10
Sio, 0.04 000 005 006 004 004 004 003 006 003 001 002
TiO, 0.14 014 016 015 006 002 011 005 017 013 015 027
Al,03 54.26 5348 5381 5295 4910 4763 4677 4438 4319 4248 4270 4143
Cr,05 11.66 1167 1195 1214 1702 1769 2051 2069 2165 2264 2523 2555
FeO 1264 1333 1331 1354 1498 1470 1490 1577 1570 1566 1516 1582
MnO 0.13 016 007 017 000 014 012 012 021 012 006 007
MgO 2051 1951 1940 1959 1866 1841 1835 1748 1760 1783 1558 1636
Total 9938 9863 9907 9892 9986 9892 10080 9874 9857 9916 9889 9952
Oxyg 4 4 4 4 4 4 4 4 4 4 4 4

Si 0.001 Q000 aoo1 Q002 Q001 aoo1 aoo1 aoo1 Q002 aoo1 Q000 aoo1
Ti 0.003 Q003 Q003 Q003 Q001 Q000 Q002 Qaoo1 Q004 Q003 Q003 Q006
Al 1.691 1692 1694 1675 1569 1547 1498 1469 1434 1411 1422 1379
Cr 0.244 0248 0252 0258 Q0365 0385 0441 0459 Q0482 0504 0563 0570
Fe 0279 0299 Q0297 Q0304 Q0340 0339 Q0339 Q0370 Q370 0369 0358 Q0374
Mn 0.003 Q004 Q001 Q004 Q000 Q003 Q003 Q003 Q005 Q003 Q001 Q002
Mg 0.808 Q781 Q773 Q784 Q754 Q756 Q744 Q731 Q739 Q749 0656 0689
Total 301 301 301 301 301 301 301 301 301 301 300 302
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Table 5 Continued

Sample XE13 XE13B XE8 XES5 XE4 XE3 XE1l XE6 XE7 XEGA XEGB
SiO, 0.01 001 004 004 001 001 001 001 003 001 001
TiO; 0.21 008 011 013 004 005 005 005 005 005 013
Al,04 41.09 3585 3456 3481 3451 3306 3290 3290 3236 3286 3406
Cr,03 26.56 2959 2919 2987 3037 3172 3164 3193 3205 3179 3374
FeO 1553 1712 1859 1829 1751 1845 1831 1891 1864 1892 1597
MnO 0.06 008 010 012 016 016 023 016 018 016 007
MgO 1533 1589 1507 1592 1620 1521 1529 1481 1532 1482 1433
Total 9879 9862 9788 9939 9904 9884 9861 9892 9883 9861 9831
Oxyg 4 4 4 4 4 4 4 4 4 4 4

Si 0.000 Q000 aoo1 aoo1 Q000 Q000 Q000 Q000 aoo1 Q000 Q000
Ti 0.005 Q002 Q002 Q003 Q001 Q001 Q001 Q001 Q001 Q001 Q003
Al 1.380 1236 1215 1203 1196 1160 1157 1156 1139 1157 1187
Cr 0.598 0685 0689 0693 Q706 Q746 Q746 Q753 Q757 Q751 Q789
Fe Q370 0419 0464 Q449 0431 0459 Q457 Q471 Q0465 Q473 Q395
Mn 0.001 Q002 Q003 Q003 Q004 Q004 Q006 Q004 Q005 Q004 Q002
Mg 0.651 0693 0670 0696 Q710 Q675 0680 0658 0682 0660 0632
Total 301 301 301 301 301 301 301 301 301 301 301
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As awhole, there are consistent compositional correlations between constituent phases in the lherzolite
and harzburgite xenoliths. Mg/(Mg + Fe) ratios are broadly correlated between the constituent phases with
Mg# successively lower from clinopyroxene through orthopyroxene, olivine to spinel. Calculated Fe—-Mg
partition coefficients between coexisting silicate mineral pairs for the xenoliths lie within narrow ranges
(e.9.Kp°°PX=1.00-1.02), indicating equilibration has been attained. Cr/(Cr + Al) ratios in spinel show
positive correlations with those in coexisting clinopyroxene and orthopyroxene and with Fo in olivine.

The composition of residual phases in peridotites changes continuously during partial melting. For
example, Fe contents of silicate minerals, and Al contents of spinel decrease with increasing degree of
partial melting, whereas Mg of silicate minerals and Cr of spinel generally increase. Therefore, the Mg/Fe
ratios (or Mg#) of silicate minerals, and Cr/Al ratios (or Cr#) of spinel could be used as an indicator of
the degree of partial melting (e.§ong and Frey, 1989; Dick and Bullen, 1984; Hellebrand et al., 2001
The Mg# between pyroxenes and olivines in peridotites of NW Turkey have distinct positive correlations
(Fig. 3a and b), indicating residual character of these rocks after various degree of partial melting.
Harzburgites have higher Cr# of spinel and Mg# of silicates, and lower Mg# of spinel than Iherzolites.
This suggests that least depleted lherzolites represent relatively primitive mantle that has undergone only a
small degree of partial melting. However, harzburgites represent residual mantle following larger degrees
of partial melting compared with Iherzolites.

Variations in mineral compositions between the peridotite samples are perhaps best illustrated on the
plot of the Cr# in spinel against the forsterite content of coexisting olikige 6a), where all samples plot
within, or close to, the olivine-spinel mantle array (or residual peridotite array) definddady1992)
and are characterized by3 to ~15% melting of a source close to the primitive mantle compositions.
Linear variation of the spinel Cr# and forsterite content of olivinEign 5a is consistent with the residual
origin of the peridotites, indicating that none of the xenoliths presented in this study is of cumulate origin,
for which a marked displacement from the olivine-spinel mantle array towards lower olivine forsterite
contents would be required (eAyai, 19929. The plot of spinel Cr# against spinel Mg#hig. S further
indicates that the spinel compositions from the xenoliths of NW Turkey have fairly narrow compositional
ranges resembling those from abyssal peridotites.

5.2. Alkaline lavas

Rareolivines(<5%) in some alkali basalts and basanites have a mosaic texture and incipient undulose
extinction. These unhedral crystals have broken or ragged outlines and may be overgrown with a fringe
of small olivine crystals. They mostly display reverse compositional zoning and certainly represent en-
trained material from desintagrated peridotite xenoliths and were not considered in the present study. The
dominant olivine phenocrysts within the alkaline lavas are commonly euhedral and subhedral minerals,
2-4 mm in diameter with sharply defined crystal edges. Their abundances range between 40 and 70% of
the total phenocrysts. In some samples, olivines are more skeletal with evidence of marginal resorptions,
rapid cooling and internal cavities. Their grain size in these samples is usually less than 3mm. Rare
inclusions of spinels have been observed in both types of olivine phenocrysts. No significant systematic
compositional zoning has been observed in the olivine phenocrysts; core and rim compositiogs gge Fo
and Fa@,_g;, respectively. NiO and CaO contents of olivines range from 0.10 to 0.33 wt.% and from 0.21
to 0.30 wt.%, respectivelyTable §.

Exchange coefficientKp values) calculated for the distribution of Fe and Mg between olivine phe-
nocrysts and liquids similar in composition of host whole-rock&d&/Xmgo)ol/ (Xred Xmgo)iiq] (Xis the
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Fig. 5. (a) Plot of spinel Cr# against olivine Mg# for the ultramafic peridotite xenoliths from NW Turkey. Also plotted for
comparison are the fields of abyssal (ocean ridge) peridofdek @nd Bullen, 198} the oceanic supra-subduction zone
peridotites and passive continental margin peridotiReatce et al., 1999the olivine spinel mantle array and melting trend

(Arai, 1992. The plot shows that the xenoliths have spinel and olivine compositions resembling to those from abyssal peridotites
and passive margin peridotites. (b) Plot of spinel Cr# against spinel Mg# for the peridotite xenoliths. Spinel compositions from
abyssal peridotitesick and Bullen, 198%are shown for comparison to illustrate the fairly narrow compositional range of
plagioclase- and garnet-free peridotites. Also plotted the model partial melting trajectory for peridotite (the solid line) obtained
from the calculating the average degree of melting for each sample using the numerical expradsi@bednd et al., (2001)

Thick marks on the line correspond to degrees of partial melting after which each peridotite xenolith has been remained as a
mantle residual.

mole fraction) range between 0.24 and 0.31 for the alkaline basalt and basanites. Using the experimenta
results ofRoeder and Emslie (197ahe Mg/Fe ratios of the liquid with which the olivine composition
would have been in equilibrium can be calculated and compared with the Mg/Fe of the bulk rock, to assess
whether the olivines are in equilibrium with their host lavas. The result of such calculation is shown in
Fig. 6a, where most of the olivine phenocrysts from the alkaline lavas of NW Turkey are shown to be
within the equilibrium range with few exceptions that are only slightly out of the equilibrium range.

Clinopyroxenghenocrysts generally display glomerophyric textures, forming spherulite shapes with
clustered clinopyroxene crystals radiating outwards from early-formed olivine crystals. Almost all
clinopyroxene phenocrysts and microphenocrysts characteristically have high-Ca contents ranging be:
tween WQ3z_49 Their compositions are predominantly diopsite, titan augite and titanian augite according
to the I.M.A. classificationlorimonto, 1989. Chemical compositions of clinopyroxenes do not vary
considerably with respect to major element chemistry of the host lavas, nor can any systematic variations
be observed between core and rim composition of clinopyroxenes, although some phenocrysts display :
slight (but non-systematic) core-to rim variations4gg, AlV'/Al'Y and Al/Ti ratios.

Plagioclasedoes not occur as a phenocryst phase, but some samples contain plagioclase laths in theil
microcrystalline groundmass. Flow alignment of groundmass plagioclase imparts a weak trachytic texture
in these samples. Most of the analyzed groundmass plagioclase laths or microphenocrysts are Ca-ricl
with anortite contents ranging betweenArns



Table 6
Average microprobe analyses of olivine phenocrysts and microphenocrysts for the whole compositional range of mafic alkaline lavas from NW Turkey

Sample EA512 EA519 EA508 EA514 EA522 EA531 EA520 EA252 EA515 EA510 EA534 EAS537 EA509 EA517 EA517 EA516 EA511

SiO, 3871 3934 3842 3912 3924 3906 3721 4014 3961 4Q14 4025 4037 4019 3954 4044 4065 4112
TiO, 0.03 002 004 002 001 001 000 003 001 002 000 000 001 002 001 000 002
Al,O; 0.04 006 002 005 000 004 004 004 003 003 001 000 002 000 001 001 003
Cr,O; 0.07 004 003 002 005 008 000 004 000 004 002 000 003 000 000 001 000
FeO 1535 1467 1467 1403 1318 1297 1320 1202 1191 1146 1142 1095 1066 1029 973 918 857
MnO 023 020 031 020 014 037 043 039 059 036 023 013 028 016 015 013 010
MgO 4485 4540 4705 4616 4743 4724 4812 4715 4823 4767 4856 4892 4838 4997 5003 5009 4919
CaO 025 027 022 027 026 025 024 024 025 024 022 024 025 021 022 023 022
NiO 0.23 018 015 013 016 013 011 012 009 013 020 025 017 029 029 029 033
Na,O 002 003 002 002 003 003 002 002 000 001 001 000 001 000 000 000 000
K20 0.00 004 001 001 000 001 000 000 000 001 001 001 002 000 000 000 000

Total 9978 10023 10093 10001 10050 10017 9937 10020 10072 10012 10094 10087 10000 10048 10088 10059 9957

Oxyg 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

Si 0980 0994 (090 0994 Q976 0987 Q942 0994 (0983 Q993 0987 0988 Q991 0980 Q985 Q990 1007
Ti 0.001 QOO0 Q001 QOO0 QOO0 QOO0 QOO0 Q001 QOO0 QOO0 QOO0 QOO0 QOO0 QOO0 QOO0 QOO0 Q000
Al 0.001 Q002 Q001 Q001 QOO0 Q001 0001 Q001 QOO1 Q001 QOO0 QOO0 Q001 QOO0 QOO0 QOO0 Q001

Cr 0001 Q001 QOO0 QOO0 @001 Q002 QOO0 Q001 QOO0 Q001 QOO0 QOO0 QO0O1 QOO0 QOO0 QOO0 QOO0
Fe 0325 Q305 Q307 0291 Q274 Q267 Q0280 Q0249 0245 0237 0234 0224 0220 0210 Q198 Q187 Q176
Mn 0.005 0004 Q007 Q004 (0003 Q008 Q009 Q008 Q012 Q008 (QOO5 Q003 Q006 QOO3 Q003 Q003 Q002
Mg 1693 1686 1753 1704 1759 1736 1816 1741 1767 1757 1775 1785 1779 1815 1817 1818 1795
Ca Q007 Q007 Q006 (QOO7 Q007 Q007 QOO7 Q006 QOO7 (QO0O6 QO0O6 Q006 Q006 (QOO6 Q006 Q006 QOO06

9T€-//2 (5002) 6€ SolweuApoas Jo [euinor / ‘e 18 zewuep|y ‘3

Ni 0.005 Q004 Q003 Q003 Q003 Q003 QOO2 Q002 QOO2 QOO3 Q004 Q005 Q003 Q006 QOO6 QOO6 QOO7
Na 0001 Q002 Q001 @QO01 Q001 Q001 QOO1 Q001 QOO0 Q001 QOO0 QOO0 QOO0 QOO0 QOO0 QOO0 Q000
K 0.000 Q001 Q000 Q000 QOO0 QOO0 QOO0 QOO0 QOO0 QOO0 Q000 Q000 Q000 Q000 Q000 QOO0 Q000

Total 301 301 302 301 301 301 302 300 302 301 301 301 301 302 301 301 299
Fo 0839 (0847 0851 0854 0865 0867 0867 (0875 0878 0881 0883 0888 0890 Q896 0902 Q907 Q911

66¢
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Fig. 6. (a) EquilibriumXygo/Xreo ratio of liquid calculated from olivine compositions plotted agaXigio/Xreo ratio of host
bulk-rock from the lava flows of NW Turke¥ is the mole fraction of the oxide. Lines represent equilibrium between minerals

and bulk rock compositions. Equilibrium range was calculated using equilikfﬁWHKDmmmq values fromRoeder and Emslie,

(1970) The olivine compositions are generally in Mg—Fe exchange equilibrium with the primary melt compositions of the host
lavas at & value of 0.30. They are, therefore, thought to have formed from the melt, probably during magma transport through
the lithosphere shortly before the melt extraction. A Small number of olivine phenocrysts are not in equilibrium with their host
lavas and are believed to have either formed as accumulated xenocrysts or crystallized from relatively evolved magmas. (b)
Affinities of the olivine phenocrysts and micro-phenocrysts (shown as closed diamonds) from the alkaline lavas of NW Turkey.
The plot of olivine CaO as a function of Mg# (% forsterite) shows that the olivines crystallized from a related suite of magmas
and are not disrupted xenocrysts from mantle or other sources (see text for details). For comparison, mantle olivines (from the
peridotite xenoliths; shown as closed circles) analyzed simultaneously are also shown: in contrast to the igneous olivines the
mantle olivines have very low CaO contents.

Oxide phases ofimenite and magnetiteare present exclusively in groundmass and in interstitial
position. They form euhedral and subhedral microcrysts that range in size~fioim 0.05 mm. Modal
proportions of the oxides range from 5 to 15% by volume of phenocrysts. Magnetite shows a wide range of
composition (UNdspinel content from 28 to 87%), while ilmenite show much less solid solution (ilmenite
content from 90 to 98%), indicating weakly oxidizing conditions of formation.

6. Temperature and pressure estimates

Some of the xenoliths from the NW Turkish alkaline suite exhibit significant intra-grain composi-
tional variations reflecting partial re-equilibration due to changing thermal conditions characterizing the
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mantle environment prior to entrainment in melts. We have, therefore, excluded these samples from the
calculation, as they would give unreliable estimates of pressure and temperature. In contrast the majority
of the samples are chemically homogeneous. These xenoliths were probably equilibrated under ambient
pressure and temperature conditions within the upper mantle and escaped partial re-equilibration after
entrainment in melt. Sharp boundary of xenoliths with host basalts demonstrates that the xenoliths were
transported quickly to the surface, being captured in ascending basalt without being chemically disturbed
by the host basalt significantly. The complete homogeneity of the constituent minerals is compelling evi-
dence for complete chemical equilibration at a certain temperature. Thus, the core—core pairs of minerals
should record the final temperature and pressure at which those minerals ceases exchanging elements
prior to be incorporated into host magma.

6.1. Equilibration temperatures of the xenoliths

There are numerous published geothermometers applicable to mantle assemblages of spinel-peridotite
each with their own set of limitations and none having a particular universal application or support. In
this context, equilibrium temperatures of mantle phases can be calculated using geothermometers cal-
ibrated against: (1) enstatite component of coexisting two pyroxaftesd and Banno, 1973; Wells,

1977, Bertrand and Mercier, 1985; Brey andtier, 1990; (2) Al-solubility in orthopyroxene coexisting

with olivine and spinel $achtleben and Seck, 1981; Webb and Wood, %98% the Cr—Al partitioning
between orthopyroxene and spinel coexisting with olivint-Eickschein and Seck, 199%4) Ca com-
ponent in orthopyroxendfey and Kohler, 1990; and (5) Mg—Fé&" exchange between olivine and spinel
(Ballhaus et al., 1991 To establish the temperatures of equilibration of the xenoliths from NW Turkey,
two formulations ofBrey and Kohler (1990)based on the pyroxene solvus were used. The first, using
the distribution of the (Mg,Fe)Si§EXxomponent between coexisting orthopyroxene and clinopyroxene, is
referred to ad gk, and the second, using the Ca content of the orthopyroxene (assumed to be in equilib-
rium with clinopyroxene), is referred to d%a-in-opx Limitations of the thermometers are that they are
dependent on the pressure of formation of the xenoliths (which has to be assumed), and the first requires
knowledge of the F¥ content of the coexisting clinopyroxene, which, although likely to be very small,

is not known from microprobe analyses.

Table 7shows the temperatures obtained for the peridotite xenoliths using the above geothermometers
calculated for a pressure of equilibration of 2.0 GPa. This pressure was chosen as it falls within the
experimentally determined stability field for spinel-peridotites (@tNeill, 1981) and is commonly
used in the literature, allowing for ease of comparison with other studies. The absence of equilibrium
clinopyroxenes in some of the xenoliths (dunites in particular) negates the use of these geothermometers
to estimate their temperature of equilibrations. The range in equilibrium temperatures obtainégusing
is 811-1178, whereas that obtained usiagin-opxiS 816—1124. There is generally good agreement with
no systematic difference observed between the two thermometers for almost all of the saaipkeg (

Fig. 7a). Analytical uncertainties propagated through the thermometer equations produce temperature
uncertainties in the region of about 40 for Tegx and 15°C for Tca.in-opx

For comparison, we have also used the empirical thermometafitbEickschein and Seck (1991)
which is based on Cr—Al exchange between orthopyroxene and spinel. Temperature estimates for the
peridotites using this geothermometer give a range of between 829 anticL {Rthle 7). The agreement
among temperatures obtained using different thermometers is satisfactory and for most of the xenoliths
the differences between core temperatures obtained using the Ca-in-orthopyroxene and the other ther-
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Table 7
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Equilibrium temperatures, pressures and oxygen fugacities calculated for the peridotite xenoliths from NW Turkey

Sample numbers TCa—in-opx (Oc)a TBK (Oc)b TAI—Cr-opx (O C)C PCa—in-ol (G Pa)‘ AIogfoz
XE7A 1010 1023 972 —1.52
XE2 831 811 842 19 -127
XE2C 954 983 945 -132
XE2B 941 981 917 B2 —1.41
XE7B 995 1002 926 x8 —-115
XE1B 949 999 911 2 —0.54
XE1l1l 995 1010 985 82 —0.94
XE1lA 892 907 901 B2 —0.48
XE1l4 988 1049 964 55 —-0.79
XE2A 913 962 874 —0.95
XE13A 1103 1127 1076 .97 —-0.53
XE10 1124 1178 1129 .20 -0.78
XE13 1117 1138 1121 .82 -0.76
XE13B 1048 1059 1021 .96 -0.17
XE8 866 887 836 5
XES5 916 966 899 -0.17
XE4 878 892 851 -0.32
XE3 920 937 893 B8 008
XE1 911 921 886 B2 —0.15
XE6 816 864 829 b1 014

Temperatures were calculated using the geothermomet@&wsegfand Kohler (1990)at an assumed pressure of 2.0 GPa, and
pressures were calculated with the Ca-in-olivine geobarometédloer and Brey (1990Y0xygen fugacities calculated relative
to the FMQ buffer, using the method Béllhaus et al., (1991)singTekn and pressures set at 2.0 GPa.

a Ca-in-opx thermometeBfey and Kohler, 1990.
b Two pyroxene thermometeB(ey and Kohler, 1990.

¢ Al-Cr-opx thermometenWitt-Eickschein and Seck, 1991

4 Ca-in-olivine geobarometeK@hler and Brey, 1990
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Fig. 7. Plots of temperature estimates for mantle xenoliths of NW Turkey from the two pyroxene geothermorBeggraofd
Kohler (1990)(Tak) vs. (a) Ca-in-opx thermometer 8rey and Kohler (1990)(Tca-in-opy and (b) Al-Cr-opx thermometer of
Witt-Eickschein and Seck (1998) a—cr-opx)-
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Fig. 8. The relationship between temperature and Calcium contents in (a) olivine and (b) orthopyroxene in spinel-lherzolite
xenoliths from NW Turkey.

mometers were insignificant or even non-existed, suggesting that the xenoliths were equilibrated under
ambient pressure and temperature conditiéig. (/a and b).

6.2. Equilibration pressures of the xenoliths

For garnet peridotites, a variety of precise geobarometers have been derived based on chemical change
on coexisting minerals which are quite sensitive to pressure, and for which reliable thermodynamic data
exist Brey and kKohler, 1990and references therein). However, geobarometry of spinel peridotites is
far more difficult than that of garnet peridotite. The absence of garnet and plagioclase constrains the
equilibrium pressures of the peridotite nodules from NW Turkey to lie within the range of the spinel
stability field that was constrained by: (1) the maximum pressure limit of plagioclase-bearing peridotites
(Green and Hibberson, 1970; Obata, 1976; Herzberg, 1978; O'Neill, 1981; Gasparik, 1984ah8ig?)
the minimum pressure limit for the appearance of garnet calculated from spinel compositions according
to Webb and Wood (19867 his would approximate a pressure interval of between about 1.0 and 2.2 GPa
(e.g-Webb and Wood, 1986corresponding to depths of 30 and 60 km.

The geobarometers proposedkghler and Brey (1990andAdams and Bishop (1982, 1986)ay
also provide an approximation to estimate equilibration pressures of spinel-peridotite xenoliths as they
are based on the exchange of equilibrium Ca between olivine and clinopyroxene. Such an exchange
relationship, basically a function of pressure is, however, very sensitive with respect to temperature.
Mean values offgk and Tca-in-opx €Stimates in individual samples were used as input temperatures to
the Ca-in-olivine geobarometer in an effort to avoid the magnification of errors as a result of the large
temperature dependence of the barometer. The wide range in olivine (and orthopyroxene) CaO in our
xenolith suite shows the positive relationship between CaO and tempergigré)(as is expected as
determined from experimental studies (eégihler and Brey, 1990 For a small number of samples,
however, the calculated pressure range exceeds that for the spinel-peridotite stability field. Considering
the high diffusion velocity of Ca in olivine compared to that in pyroxenes, the reliability of this barometer
is strongly dependent on the state of equilibrium in each particular sample. Disequilibrium effects may be
responsible for unrealistically low-pressure estimates obtained from some of the mineral grains, which
are excluded from the average estimate of equilibration pressures.
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In the view of the extremely low Ca content of the olivines (<0.1wt.%), and the large influence
that variation in Ca has on the calculated pressure, careful attention was paid to determining Ca as ¢
trace element using the electron microprobe. Background and peak positions were carefully selectec
and long counting times were used to obtain counting statistic errors of 0.005 wi)%ar{@ detection
limits of 0.004 wt.% (99% confidence level). Uncertainties in calculated pressures using these estimates
of precision propagated through the pressure algorithmBrley and Kohler (1990)are the order of
0.3GPa.

For the spinel-peridotites from NW Turkey, reasonable estimates of equilibrium pressures obtained
using theKodhler and Brey (1990yeobarometer, which is a refinéddlams and Bishop (1982, 1986)
geobarometer, are reported Table 7and range from 1.49 to 2.10 GPa, corresponding to a depth of
approximately 50—73 km. The estimated pressure interval stays well within the experimentally determined
stability field for spinel-lherzolites (e.@’Neill, 1981).

6.3. Oxygen fugacity

A number of calibrations of mineral reactions have been widely applied to spinel peridotite xeno-

liths as a method to estimate the redox state of the upper mantléWead, 1990; Ballhaus et al.,

1991). We have applied the oxygen barometer formulatioBalihaus et al. (19910 calculate oxy-

gen fugacities for the peridotite xenoliths from the electron microprobe data. Although the ferric iron
content of the spinels can be determined with adequate precision from electron microprobe data by
calculation, particularly for relatively oxidized spinels, the introduction of systematic errors as a re-
sult of varying analytical routines may render these calculations unreliable in the absence of adequate
calibration or secondary standardization (&gpod, 1990. Despite the potential pitfalls, the broad el-
ements of mantlegfo, variation were established using routine electron microprobe dataBallpaus

et al., 199) and have not changed substantially with direct determinations Bfifepinel. The con-
clusions derived from microprobe data have thus proved useful in the past and are furthermore most
robust for relatively F&-rich spinels, where the effects of systematic inaccuracies are least signifi-
cant.

Calculated oxygen fugacities are givenTable 7relative to the FMQ (fayalite—magnetite-quartz)
buffer at 2.0 GPa to facilitate comparisons with previously published data. The oxygen fugacity relative
to FMQ is little affected by errors in pressure within the range of the spinel-lherzolite stability field
(Wood, 1990. Changing the pressure to 1.5 GPa causes a shift fy) of <0.001 log units. Oxygen
fugacities of the xenoliths from NW Turkey fall in a relatively narrow range straddling the FMQ buffer
(Mg fo)' @ = —0.15t0Q08). These values are within the reported range for continental xenoliths, but
for some of the samples slightly more oxidized than average. It is apparent that the fertile, unmetaso-
matized lherzolites and most harzburgites are moderately reduced with their oxidation states similar to
the values reported bgallhaus (1993jor primitive spinel peridotites from undisturbed subcontinental
lithosphere FEig. 9). The more depleted dunites, however, although recording sirfiaconditions,
are relatively more oxidized and lie slightly above this field (toward FMQ) in terms of-Citgq glv'Q
relations Fig. 9), close to a composition space represented in the literature by xenoliths from oceanic
arc and supra-subduction zone mantle. More pronounced oxidation conditions of the depleted peridotites
might be attributed to a possible melt/solid reaction associated with extensive porous flow in dunite
channels.
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Fig. 9. Plot ofAjgg CF,;V'Q against Cr# of spinel for the peridotite xenoliths from NW Turkey. The approximate fields for abyssal

peridotites, oceanic arc peridotites and peridotites from subcontinental lithospheBa(ihgus, 199Bare shown for reference.

6.4. Inferring the liquidus temperatures of the alkali primary melts

The xenolith-bearing lava flows in NW Turkey are dominantly alkali basalts, i.e. nepheline-normative
magmas, which vary from basanites with 15% modal olivine to olivine-phyric alkali basalts. The published
bulk-rock chemical data show that the erupted lavas are relatively free of the complicating effects of mantle
lithosphere or crustal interactions and several of these lavas have bulk compositions that may approximate
primitive melts Aldanmaz et al., 2000; Yilmaz and Polat, 1998lthough the occurrence of olivine-rich
basanitic rocks does not necessarily prove that Mg-rich primary melts existed because the rocks may
consist of relatively Mg-poor melt with accumulated olivine crystals, the mineral chemical data indicate
a strong correlation between the calcium content of olivine and the magma composition such that the
most magnesian samples represent the low-Ca end of the spectrum. In addition the magnesian olivines
were >Mg# g3 in all cases and reached Mgt for the most magnesian samples. It is evident from
the correlation between CaO and Mg# (e.g. contrasting with the low-Ca content in olivine of spinel-
peridotite xenoliths), and from the equilibrium between olivine phenocrysts and host Figk$d),
that the magnesian olivines are compositionally unimodal phenocrysts from a related suite of magmatic
origin, and not xenocrysts from mantle sourcé&sl{e 7. Thus,Fig. b shows that the CaO contents of
all our olivine analyses from the alkaline lavas behave as a single series, when plotted as a function of
Mg#. The slight fall in average CaO with increasing olivine Mg# fits the experimentally based model of
Libourel (1999)in that both the forsterite content of the olivine and the magma CaO content are major
controls on olivine CaO. The CaO contents of the phenocrysts from the alkaline lavas of NW Turkey are
clearly far above the range for mantle xenoliths (and also xenocrysts), because possible mantle xenocrysts
would have very low (less than 0.2%) contents of C&@.(ab).

It is possible to use the data on the compositions of alkaline rocks from NW Turkey to identify the
most primitive magmas and to determine their temperatures of eruption. In this context, for instance,
the formulation of a relationship between ‘liquidus’ temperature and the major element composition of
primary liquid (e.g. the ‘Ford’ geothermometereérd et al., 198Ballow the estimation of anhydrous
liquidus temperature for primary magmas directly from their major element compositions.

However, it should be noted that the erupted lavas have most probably been modified from their primary
compositions during their ascent to the surface. To calculate primary melts we need to correct for this mod-
ification. Fractional crystallization is probably the most important of these processes. At low pressures,
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fractionating phases from basaltic liquids are generally olivine, then plagioclase, and then clinopyrox-
ene. At higher pressures (e.g. >0.5 GPa), clinopyroxene tends to appear earlier than plagioclase, or, il
certain conditions, plagioclase does not even crystallize as a phenocryst phase. It is difficult to accurately
correct for multi-phase crystal fractionation, and it is common to apply up-temperature correction only
to MgO-rich samples by incrementally adding equilibrium olivine, assuming that olivine was the only
fractionating phase (e.§ram and Lesher, 199.7To circumvent such difficulties and be able to assess the
primary melt composition accurately, we have selected the high-MgO samples, for which olivine appears
to be the only fractionation phase. The procedure that we have used for the purpose of calculating the
primary melt compositions is to: (1) calculate olivine composition in equilibrium with liquid using an
Fe—Mg exchange coefficierp M9, and the Ni partition coefficien®/Dy;; (2) add 0.1 wt.% of the
equilibrium olivine to liquid; and (3) repeat (1) and (2) in successive steps until the equilibrium olivine
has the same composition as the mantle olivine (e.g:, Pdbarede, 1992or until the Ni content of
equilibrium olivine reaches 3500 ppm).

To apply olivine fractionation correction, we have selected the samples that are aphyric and have MgO
>8wt.%. Despite a large humber of geochemical data sets from the alkaline volcanic province of NW
Turkey, the number of samples that satisfy these conditions is limited. When a modal analysis is given,
we classified samples with less than 5% phenocrysts as aphyric. All data are normalized on an anhydrou:
basis, and F&/xFe of 0.9 is assumedHerzberg and O’Hara, 2092A constanp M9 of 0.3 is used
to calculate equilibrium olivine composition; changing this valuettty01 has only minor influence on
our results. From the Fe/Mg partitioning relationship between olivine and liquidReader and Emslie,

1970; Ulmer, 1983 it is also possible to estimate liquidus olivine composition for a particular bulk-rock
composition.

In Table § we have listed calculated primary melt compositions for the alkaline volcanic rocks from
NW Turkey along with the forsterite content of the liquidus olivine for that bulk composition. The
calculated primary or parental melts that formed the most magnesian compaosition have around 13—16 wt. %
MgO. This calculation assumes an oxidation state of FMQ + 0.5 log units and incrementally redissolves
equilibrium olivine in 0.01% increments using the PETROLOG progrBanyushevsky et al., 2000
Using the Ford geothermometer, the liquidus temperature is calculated for the most magnesian sample:
from the NW Turkish alkaline suite, which range froni330 to~1410°C (Table §.

The calculated parental melts contain MgO similar to or slightly higher than the bulk rocks. The
differences are also insignificant for elements that are incompatible during olivine fractionation, and all
ratios of such elements (e.g. CaO/B%) are preserved. The major difference between the calculated
melts and the bulk rocks lies in FeO, this being 0.5-1wt.% lower in the calculated liquid than in the
bulk rocks. The reason for this may be that the equilibrium olivines added in the calculations become
successively more Fe-poor, and in liquids with more thd2 wt.% MgO the added olivines contain less
iron than the liquid. These Mg-rich, Fe-poor olivines constitute a major part of the olivine assemblage in
the calculated liquids, whereas the olivines in the bulk rocks are more Fe-rich, with a frequency peak at
Mg#o.87-0.89

Using the major element compositions of basaltic parental primary melts, it is also possible to place
constraints on the range of pressures, at which melt segregation from the source mantle has taken plac
A considerable weight of experimental evidence demonstrates the dependence of the bulk composition o
primary mantle melts on pressure (&gshiro, 1998; Hirose and Kushiro, 19%d suggests that silica-
undersaturated alkaline magmas originate from a relatively deep source. Equations that relate bulk rock
SiO, contents to the pressure of melting based on peridotite melting experiments have been suggeste
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Table 8
Calculated compositions, temperatures and pressures of parental melts and primary melt segregations for the compositions of
mafic alkaline lavas from NW Turkey

Sample EA517 EA516 EA520 EA509 EA511 EA512 EA252
Sio, 44.847 44668 44985 46225 44614 48375 45201
TiO, 2.613 2569 2557 2654 2516 2624 2676
Al,0O5 11.487 11350 12490 11987 11301 13303 12651
Fe,0; 1.545 1559 1524 1442 1617 1564 1657
FeO 9682 9612 10039 9587 9543 9567 10700
MnO 0.157 Q156 Q158 Q147 Q155 Q145 Q161
MgO 15099 15669 12562 13817 15441 8805 11288
CaO 8992 8908 10604 8853 8601 9653 9786
Na,O 3.356 3253 3090 2987 3328 3747 3574
K,0 1243 1299 Q839 1528 2051 1559 1437
P,Os 0.881 Q86 0701 Q676 Q735 Q562 Q775
Cr,0s 0.098 Q098 Q099 Q098 Q097 Q097 Q095
Total 100000 100001 99648 100001 99999 100001 100001
Fo 9109 9147 8857 9015 9149 8499 8715
Temperatures and pressures of parental melts

T(C)P 13975 14087 13308 13669 14164 12552 13151

P (GPay 13 14 11 11 14 11 12
Temperatures and pressures of primary melt segregations

T(°C)° 14328 14484 13656 13892 14432 12870 13287

P (GPay 2.9 30 24 2.2 30 11 21

Melts calculated by addition of equilibrium olivine in 0.5% increments to the matrix compositions of the lavas. Temperature and
pressure of melt segregation have been estimated using the apprdaxid ef al. (1983andAlbaréde (1992)

a FromFord et al. (1983)

b Model dependent: assuming a pressure increase of 0.2 kbar per 0.5% olivine added.

¢ From Albarede (1992) Egs. (2) and (3).

by several researchers and applied to estimate the depth of basaltic magma souresliem.1998.
The least differentiated mafic compositions (e.g. basanites with the most magnesian olivine phenocrysts;
88.5-91.4% MgSiO,) from the alkaline volcanic suites of NW Turkey have 44-46 wt.% ,Sifd
these values correspond to pressures of 2.4—3.1 GPa using the pressure—composition regressions give
in the sources cited, although some alkaline basalt samples yield lower pressure estimates. Assuming an
average thickness of 30 km for the continental crust @aynders et al., 1998ith an average density
of 2800kg nT3, and a density of 3240 kgm for the upper mantle, estimated pressures correspond
to depths of roughly 90-118 km. Segregation pressures for the primary melts have also been estimated
using the approach byerzberg (1978andHerzberg and Zang (1996} 2.2—-3.1 GPa, based on bulk-rock
CaO/AbQOs, and at 2.1-3.0 GPa using the simple algorithmibiarede (1992)Differences between the
pressure estimates by different approaches are within error and for the relevant temperatures calculated
these estimates correspond to mantle potential temperataor38f0°C.

If the minimum pressures of melt segregation wege0-2.5 GPa, then melts segregated@d—80 km
depth, indicating a lithospheric lid thickness080 km that curtailed the melting column. The melts thus
ascended through roughly 80 km of conduit system in the lithospheric mantle and crust producing final
melts with variable amounts and compositions of olivine phenocrysts ranging fromdvlg#: At high
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magma ascent rates many olivine crystals were probably kept in suspension all the way to the surface
whereas at low ascent rates only few and small olivines were suspended and the magmas erupted &
olivine-microphyric or aphyric lavas. Pulsating magma ascent would probably lead to mixing of magma
batches in various stages of fractionation and equilibration. In stagnating magma pockets crystallization
proceeded to low Mg-olivines (Mg@#3_0.89, but the majority of the magmas passed through the crust
rapidly that equilibration was far from complete. The chemical composition of the latter may thus be used
to constrain the melting conditions of the mantle source region.

7. Thermal state of the upper mantle beneath NW Turkey

The thermal state of the upper mantle can be assessed from the application of experimentally base
thermobarometry methods to appropriate suites of xenoliths. Estimates of equilibration temperature anc
pressure for individual xenoliths can constrain local geothermal gradients at the time of eruption that
carried the xenoliths to the surface.

We have derived the—T conditions of spinel peridotites from NW Turkey using the combination of the
geothermometer @drey and Kohler (1990)and geobarometer gfohler and Brey (1990)This preferred
data set is plotted ifrig. 10, which also shows experimentally determined phase boundaries between
garnet-, spinel- and plagioclase-lherzolites in the CaO—-Fe—Mgi®:ABIO,—Cr0O3 (CFMASCT) sys-
tem with a fixed olivine composition of g@o, and Cr/(Cr + Al) ratios in spinel ranging from 0 to 0.4
(O’Neill, 1981). The spinels in the xenoliths in this study have Cr/(Cr + Al) ratios of 0.1-0.4. All of the
spinel peridotites from NW Turkey fall in the experimentally determined spinel-lherzolite field in the
CFMASCTr system.

The geotherm constructed for the NW Turkish peridotite xenoliths is showiginlQ together with
two curves of conductive geotherms in the continental lithosphere for heat flow of 60 and 90H)Vém
spectively (e.gPollack and Chapman, 19) The xenolith-derived geotherm for NW Turkey is reasonably
well constrained and passes through 8T@t~1.4 GPa and 1180 at~2.1 GPa. The temperature-depth
array recorded by the xenoliths resembles that of many similar spinel peridotite suites from continental
alkaline basalt occurrences (eldercier, 1980. If interpreted in a steady state context, the observed
pressure—temperature relations translate to the surface heat f#t85690 mW n2. The observe®-T
array suggest that the parts of lithospheric mantle has been sampled continuously from depths of 5C
to 80 km. Extrapolation of thé-T data array to the adiabatic upwelling of normal temperature as-
thenospheric mantle (e.d/cKenzie and Bickle, 1988; McKenzie and O’Nions, 199#&sults in an
apparent lithospheric thicknesse80 km at the time of basaltic melt extraction. The occurrence of high-
temperature for peridotites of spinel facies stability zon&180°C) is indicative for a high geothermal
gradient. The geothermal gradient beneath NW Turkey can thus be interpreted to be greater than tha
of conductive model for stable continents, thereby suggesting a perturbation of thermal structure of the
uppermost mantle.

8. Discussion: melting history and equilibration temperatures

Most of the compositional relationships among the minerals comprising the lherzolite and most harzbur-
gite xenoliths as well as some between minerals and whole-rocks (xenoliths) indicate that these peridotites
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Fig. 10. Observed depth and temperature for xenoliths from NW Turkey. Depth as a function of pressuredg.]/[( 0g) + Z],
where the crustal densiy. is 2800 km n3, the crustal thickness is 30 km, and the mantle densigy3400 km nT3. Squares

represent coarse, shallow xenoliths along which the inferred (and laterally averaged) regional geotherm was determined (the
dashed line). Closed diamonds represent alkaline primary melts along which the inferred ambient mantle geotherm was deter-
mined. The MORB adiabat and the plume adiabat have gradients of 0.3K&nad they have the potential temperatures of

1280 and 1540C, respectivelyTp; projected along the solid-state adiabat to one atmosphere). Plg-Lherzolite, Sp-Lherzolite and
Gt-Lherzolite denote experimentally determined stability fields for plagioclase, spinel and garnet, respectively. Dry peridotite
solidus shown as dashed curve are fidarzberg et al. (2000Conductive Continental Geotherm curves are fi@oflack and
Chapman (1977)

were sampled from parts of the mantle that underwent varying degrees of melting and basaltic melt ex-
traction. These include the general increasing of spinel Cr# with increasing silicate-phase Mg#@nd Cr
abundances. Further evidence suggesting that the xenoliths are the products of varying degrees of mantle
melting is their variable depletion in fusible elements such as Ti, Ca, Al and Na compared to the estimated
primitive mantle composition (e.¢yJcDonough and Sun, 1998-ig. 2). Although there are some samples
with fertile major element compositions, the majority of the rocks are characterized by refractory major
element chemistry (i.e. AD3, TiO, and CaO all correlate negatively with MgO) and have high Mg#
(0.910-0.915) suggesting that they are melt-depleted residues. The samples are also characterized by
near-constant CaO/AD; ratios consistent with continuous melt extraction from the source. The samples
are spinel-lherzolites, -harzburgites and -dunites with highly forsteritic olivings6E®.91). Whole rock
Mg# and spinel Cr# indicate a shift toward higher values for the harzburgites (compared to Iherzolites)
consistent with their larger degree of depletion.
The inverse correlations between $j@l,03, Ca0O, TiGQ, NaO and MgO in the peridotites are
guantitatively consistent with the variable amount of extraction of basaltic melts. As is shd&mq &
when the major element compositions of the peridotites are compared to polybaric batch melting model
trends calculated using the MELTS thermodynamic appro&ttiofso and Sack, 1995the element
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variations seem to be consistent with the calculated trends of experimental results, supporting the residua
origin for the xenoliths from partial melting of spinel-lherzolites. The increase of the refractory character
of the peridotites within the alkaline suite is accompanied by a decrease of the modal abundances of
pyroxene and increase of those of olivine and Mg# of whole rocks. Similar characteristics are generally
interpreted in terms of variable degrees of progressive partial melting of a relatively fertile upper mantle
and melt extractionBodinier et al., 1991 Application of the numerical expression (ekfellebrand et

al., 2002 based on the spinel Cr# (e.g. with increasing degree of partial melting, decreasing activity of
aluminum in peridotite leads to an increase in equilibrium Cr# in spinel) also indicates that the xenoliths
are likely to be the residual products formed after 3.2—14.8% basaltic melt extraction from a mantle source
with variable degrees of fertilityTable 8 Fig. 5a and b).

As all xenoliths within the alkaline lavas are spinel-peridotite, and because one of our main objectives
is to evaluate the thermal structure beneath the region, we can estimate a minimum gradient by first
assigning the large equilibrium temperature range as an overprint on the spinel-peridotite stability field of
the upper mantle at the time of basaltic melt extraction. There is no reliable and widely applicable method
for precise determination of equilibration pressures for spinel peridotite; the quantitative constraint of
equilibrium pressure is very much depending on the analytical uncertainty during mineral analyses. We
can, however, using both the regional heat flow and mineral stability constraints, assign the lowest equi-
librium temperatures observed as representing the uppermost part of the mantle-sampling zone within the
spinel-peridotite stability conditions and compare this result with the quantitative estimates of equilibrium
pressures by Ca-in-olivine geobarometer. A reasonable approximation of this temperaturd, @GPa,
is about 810C (Fig. 10.

Inthe absence of garnet peridotite, the high end of the equilibrium temperature taig( C) can be
assigned to represent the minimum depth for the transition of spinel-peridotite to garnet-peridotite stability
zone. Experimental determinations for the spinel to garnet phase boundary show that2hisEa (e.g.
O’Neill, 1981; Webb and Wood, 1986; Klemme and O’Neill, 2080d this resultis also consistent (within
error) with the results of pressure estimates obtained using the Ca-in-olivine geobarometer applied in this
study. Combining the-80 km depth for high equilibrium temperature xenoliths with+# km depth for
low equilibrium temperature xenoliths yields an average temperature gradient for the uppermost mantle
at the time of Cenozoic basaltic melt eruption. That is, when considering that spinel peridotite is stable
throughout an approximately 40 km zone of upper mantle, the constructed geothefm€ km.

This corresponds to about 85-90 mWma value notably grater than geotherms observed for stable
continents, which generally manifest heat flows smaller than 60 m¥V(e.g. Chapman, 1986 but
rather close to the average value of conventional conductive model (90 mfy\far areas of crustal
extension with relatively thinned lithosphere (eRgllack and Chapman, 19)7

The elevated xenolith-derived conductive geotherms are, in many cases, suggested to have resulte
from a possible thermal perturbation by deep-seated thermal anomalies associated with mantle plume
that characterize the areas with mantle potential temperafligesf(1450°C or higher. In this context,
many suggest thatimpingement of an upwelling mantle plume on the base of the lithosphere may result in
generating partial melts of mantle origin as well as in perturbing the thermal structure of the lithospheric
lid above the plume (e.g'hompson and Gibson, 200Major-trace element and isotope geochemical
signatures of the xenolith-bearing alkaline lavas in NW Turkey have been shown to be closely resemble to
those of oceanic island basalt (OIB)-type lavas (Aldanmaz et al., 20Q0vilmaz and Polat, 1999), the
formation of which is usually interpreted as sampling a hot spot source with mantle potential temperature
250-300C higher than that of normal temperature astenospheric mantleD@vges, 1999 Thus, on
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the basis of geochemical characteristics of the lavas, the main stage of alkaline magma production in the
volcanic suite of NW Turkey could be interpreted to have resulted from a plume activity.

However, there are numerous problems reconciling the observations with a plume model in NW
Turkey. Extensional stress associated with the lithospheric uplift, for instance, should be the maximum
above a plume apex, which in turn would be expected to create an uplift and doming structure as a
surface manifestation of such thermal anomaly. This is, however, not observed in the alkaline volcanic
field of NW Turkey. Pinpoint thermal and stress perturbation which would be generated by adiabatically
upwelling mantle plume is also inconsistent with linearly distributed patterns of the volcanic centers as
well as planar geometry of normal or even strike-slip faulting of NW Turkey, where the small volume
and discontinues (or episodic) alkaline magma generation is related mostly to strike-slip (or transcurrent)
deformation.

Another strong argument against a mantle plume origin for the relatively elevated thermal gradient
beneath NW Turkey is provided from the evidence by liquidus temperatures of the primary alkaline melts.
The bulk chemistry of the undifferentiated (or fractionation corrected) alkaline magma compositions
from NW Turkey provides evidence for primary melts with 11-16 wt.% MgO and liquidus temperatures
ranging from 1290 to 1410C. Combining these results with the information of the depth of melt extraction
imply that the mantle region which melted to produce the alkaline primary compositions has potential
temperature 0f~1300°C (Fig. 10), a value that is significantly lower than the suggested values for deep-
seated thermal anomalies associated with mantle pluies1450°C; McKenzie and Bickle, 1988;
Davies, 199%

An alternative, and much more likely, explanation would be that the moderately elevated xenolith-
derived conductive geotherm may have resulted from a possible thermal perturbation by the convective
heat transport related to the lithospheric thinning accompanying upwelling of hot asthenosphere. Such
a model may particularly be important in cases when the thermal structure of the mantle lithosphere
has a profile that cannot be reconciled with simple conduction models, but falls far above it even at
shallow depths. Considering the fact that the area has been influenced by active extensional forces
since at least the Middle Miocene, a likely explanation would be that the relatively high geotherm of
85-90 mW n7?, or that yielding~1180°C at~2.1 GPa, largely represents thermal perturbation by im-
pingement of hotter, upwelling asthenosphere resulted from thinning of the lithosphere during the Late
Cenozoic Fig. 11).

However, the absence of alkaline volcanic activity in many other extensional basins of western Turkey
during the Late Miocene and seismic evidence (e.g. moderately effisieptopagation,Gok et al.,

2000 suggest that the melt generation beneath the region is difficult to be explained solely by large-scale
lithospheric thinning and thermal uplift. Heat flow density measurements across the area also show that the
thermal gradientin much of NW Turkey is not anomalously high (@figter et al., 1998and only locally

reaches up to the values obtained using the xenolith-derived geotherms. It, thus, appears more plausible
that the thermal gradient provided by the xenolith-derived geotherm represents the local mantle region,
leading to the suggestion that the Late Miocene alkaline volcanism of NW Turkey is not only related to
regional extensional opening of the area but is also partly controlled by local thermal perturbations and
upwelling of shallow asthenospheric mantle materials along the lithospheric scale major shear zones.
In this context, isentropic decompression melting of mantle peridotites under dry conditions can be
considered as an efficient mechanism to produce basaltic melts along the lithospheric scale major shear
zones, where a significant component of vertical flow and instantaneous upraise of asthenospheric mantle
material would cause a part of the mantle asthenosphere exceeds itsFEglidilf. The resultant melts
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Fig. 11. Schematic diagram illustrating the magma genetic model for the Late Miocene alkaline volcanic province of NW Turkey.
The inferred model has been deduced from the petrological and geochemical data. NAF, North Anatolian Transfom Fault Zone.

would then continue their rapid assent through lithospheric fracture zones, during which they sample
parts of the lithospheric mantle from across a depth of about 80 km.

9. Concluding remarks

In NW Turkey, extension-related mafic alkaline magmas were erupted episodically during much of the
Late Miocene. Several of these magmas entrained deep-seated ultramafic xenoliths that provide importar
constraints on the composition and thermal structure of the upper mantle beneath the region. Most of the
intra-grain compositional variations reflect thermal processes characterizing ambient conditions in the
upper mantle. A large proportion of the xenoliths are characterized by homogeneous mineral compositions
and show consistent compositional correlations between constituent phases. These characteristics indica
that the xenoliths can be regarded as equilibrated under the prevailing pressure—temperature condition:
Geothermobarometric calculations on these xenoliths yielded equilibrium temperatures ranging from
about 810 to 1180C pointing to a provenance depth ranging from 45 km (1.4 GPa) to 80 km (2.1 GPa).
The later value should approximate the thickness of the lithosphere beneath the area. The results o
thermobarometry reveal a moderately hot upper mantle and are in agreement with the local surface hea
flow data.

The geothermal gradients constrained by xenoliths indicate thermal perturbations in the lithosphere
probably related to the impingement of upwelling sub-lithospheric sources. These data, however, sugges
that any asthenospheric intrusion into the lithosphere should be limited to depths greater than 70 km.
Nevertheless, the absence of alkaline volcanic activity in many of the other extensional basins of western
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Turkey during the Late Miocene period and seismic evidence is not consistent with large-scale litho-
spheric thinning and thermal uplift. It appears more plausible that the Late Miocene alkaline volcanism
of NW Turkey are not only related to regional extensional opening of the area but are also partly con-
trolled by local thermal perturbations and upwelling of shallow astenospheric mantle materials along
the lithospheric scale major shear zones (e.g. the North Anatolian Transform Fault). We thus propose
that lithospheric scale strike-slip deformation could have promoted transtension-related decompression
melting of sub-lithospheric mantle that had already been decompressed by regional extensional process.
Thermo-barometric calculations indicate that both higamd low-T xenoliths are included within a single
volcanic vent, suggesting that the xenoliths may originate in a shear zone probably due to uplift of hot
mantle material into cooler uppermost mantle.

P—T estimates on the alkaline melts from NW Turkey requires that much of the melt was last in equi-
librium with its mantle host in either the spinel stability field or near garnet-spinel transition zone. It rules
out an origin from deeper mantle sources, meaning that the melt probably comes from 80 to 100 km depth
or near the base of the lithosphere. High forsterite contents of euhedral, undeformed olivine phenocrysts
in the most primitive alkaline lavas show that their parental melts had MgO contents significantly greater
than that of the moderately evolved lavas that dominate the alkaline suite. Olivines wjdsFf «cores
dominate the phenocryst populations of the most primary compositions. Melts in equilibrium with the
forsteritic olivines in these rocks would have 11-16% MgO (assumiffEEe = 0.9Kp = 0.3), and they
would have liquidus temperatures-©f290 to 1410C. For the relevant segregation pressure estimates,
these values correspond to mantle potential temperaturd 8300°C.
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