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ABSTRACT

Pearce, J.A., Bender, J.F., De Long, S.E., Kidd, W.S.F., Low, P.J., Giiner, Y., Saroglu, F., Yilmaz, Y., Moorbath, S. and
Mitchell, J.G., 1990. Genesis of collision volcanism in Eastern Anatolia, Turkey. In: P. Le Fort, J.A. Pearce and A. Pécher
(Editors), Collision Magmatism. J. Volcanol. Geotherm. Res., 44: 184—229.

Late Cenozoic volcanism in Eastern Anatolia extends in a broad SW — NE trending belt across the Arabia— Eurasia collision
zone, from the Arabian foreland basin in the southwest and to the Kars Plateau and Lesser Caucasus in the northeast. Foreland
volcanism is dominated by basaltic shield and fissure eruptions of transitional tholeiitic — alkaline composition. Volcanism on
the thickened crust north of the Bitlis Thrust Zone varies from the mildly alkaline volcano, Nemrut, and older Mus volcanics
in the south, through the transitional calc-alkaline/alkaline volcanoes Bingél and Siiphan and the alkaline volcano Tendiirek
to the calc-alkaline volcano Ararat and older Kars plateau volcanics in the north.

Isotope (Sr, Nd) and trace element systematics indicate that the lavas from the foreland were derived from the mantle
lithosphere of the Arabian continent which had been enriched by small volumes of asthenospheric melts over a period of time;
and that lavas from the alkaline volcanic area around Mus, and the volcanoes Nemrut and Tendiirek north of the Bitlis Thrust
Zone were derived from a lithospheric source of similar composition, either from the same, underthrust, Arabian continent
or from the Bitlis Massif microcontinent. By contrast, the transitional lavas from Bing6l and Stiphan and the calc-alkaline lavas
from Ararat and Kars were derived from lithosphere carrying a distinct subduction signature inherited from pre-collision sub-
duction events. Positive correlations between ¥Sr/8Sr and Si0O, and Rb/Nb and SiO, in the alkaline and transitional lavas
suggest that combined assimilation and fractional crystallization was an important process within at least part of the thickened
crust of the collision zone. Trace element covariation diagrams such as Y —Rb indicate the importance of hornblende
crystallization at depth (and orthopyroxene at shallow levels) within the calc-alkaline provinces, in contrast to the consistently
anhydrous crystallization sequences of the alkaline lavas. Trace element diagrams, based on the covariation of compatible and
incompatible elements, point to moderate — low degrees of partial melting with residual clinopyroxene throughout, and residual
garnet in the foreland province.

Consideration of mineral stabilities, mantle solidi and geothermal gradients before and after collision suggest that
lithospheric thickening should both increase the thickness of metasomatized lithosphere and depress the metasomatized zone
to greater depths, probably beneath the amphibole and dolomite breakdown curves. Perturbation of the thickened lithosphere
by delamination of the thermal boundary layer, perhaps coupled with local stretching associated with pull-apart basins on
strike-slip fault systems, is then sufficient to generate melt, the composition of that melt being largely dependent on the enrich-
ment history of the lithosphere in question. In Eastern Anatolia, volcanism appears to have started between about 8 and 6 Ma
ago, some 5 Ma after the start of rapid uplift of the East Anatolian Plateau.

0377-0273/90/%03.50 © 1990 — Elsevier Science Publishers B.V.
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Introduction

Collision volcanism in Eastern Anatolia is
thought to have begun in the Late Miocene, as
part of a volcanic province that occupies a zone
900 km long which stretches from eastern
Turkey through Soviet Armenia into NE Iran
(Fig. 1). The province attains its maximum
width of 350 km in the study area where it ex-
tends in a SW — NE direction from the Arabian
foreland to the Kars Plateau on the Soviet
border. The large volume of young volcanic
rocks makes Eastern Anatolia one of the few
places in the world where it is possible to study
variationsinlava composition more or less con-
tinuously across most of the width of an active
continent — continent collision zone.

The aim of this study is to present new
geochemical, isotopic and isotopic age data for
the Neogene Collision volcanics of Eastern
Anatolia, extending work carried out by Lam-
bert et al. (1974), Innocenti et al. (1976, 1980,
1982a, b), and Yilmaz et al. (1987), and to use
the results to re-examine the nature and cause
of compositional variations in space and time
within the province. Having first placed the
volcanism into its neotectonic and regional
geological framework, we describe the vol-
canology and petrology of the areas sampled,
then examine in turn the major element, trace
element and isotopic characteristics of the
rocks analysed, and finally consider the
petrogenesis and tectonic significance of the
data.

Geological setting of the volcanic rocks

Neotectonics of the Eastern Anatolian
Collision Zone

The Eastern Anatolian Collision Zone
(eacz) is characterised at present by a plateau
at an elevation of about 2 —2.5 km above sea
level, a reflection of thick (¢c. 50 km) continen-
tal crust, and diffuse, shallow seismicity which
is indicative of active deformation. Tectonic
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escape of most of Anatolia is taking placeto the
west by right-lateral strike-slip along the North
Anatolian Fault (NAF) combined with left-
lateral strike-slip along the East Anatolian
Fault (eaF) (Nowroozi, 1972; McKenzie, 1972;
Rotstein and Kafka, 1982; Jackson and
McKenzie, 1984; Fig. 1). Current rates of slip
are about 0.9 cm a—! for the NaF and 0.2 ¢cm
a~ ! for the EAF; these rates combine to give a
westward escape rate for the Anatolian plate of
0.5cma~ 1. The NaAF and EaF (McKenzie, 1976)
have been active since the mid — late Miocene
(Ambraseys, 1970; Tatar, 1975; Ketin, 1976)
and show a well-developed surface expression
up to 1 km wide, with associated pull-apart
basins (Hempton, 1982; Hempton and Dewey,
1983). Tectonic escape along these faults can-
not remove much of the strain induced by the
Arabian convergence of 1.4 cm a~ ! (Dewey et
al., 1986) and other processes must therefore be
active in accommodating the crustal shorten-
ing, such as crustal thickening or diffuse, distri-
buted strike-slip faulting (Saroglu et al., 1980;
Yilmaz et al., 1987).

The EACZ region is cut by a complex of faults
(Fig. 1) which are either SE-trending with a
dominantly right-lateral, strike-slip displace-
ment (e.g., Varto Fault, Caldiran Fault, Balik
Golu Fault) or NE- to NNE-trending with
dominantly left-lateral, strike-slip displace- .
ment (e.g., Malazgirt Fault, Kagizman Fault).
Faults of either set may have subordinate ver-
tical displacements, often with a thrust sense
(e.g., the Varto fault: Tchalenko, 1977). Some
E — W trending faults with a mainly thrust dis-
placement have also been recognised, in par-
ticular the fault bounding the northern margin
of the Mus Basin, and its continuation into
Lake Van. There is relatively minor folding of
post middle Miocene strata north of the Bitlis
Thrust Zone, presumably associated with ramp
structures on thrusts. In general, however,
there is no coherent network of linked faults
and folds north of the Bitlis Thrust Zone and
no obvious direct link between the North
Anatolian Fault and the Main Recent Fault of
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the Zagros (Tchalenko, 1977).

Normal faults and fissures in the EAcz are
minor features compared with the other faults.
N — S fissures control the morphology of the
Karacalidag volcano on the Arabian foreland
and fed the youngest, post-caldera eruptions of
Nemrut, implying minimal E — W extension in
the foreland and the southern margin of the
EAcZ. Two other volcanic edifices with N—S
elongation can be seen to the east of Cildir G6lu
on the northern margin of the Kars Plateau
(Fig. 1), perhaps also indicating minor exten-
sion in this region. The Akcakale Graben, a
small rift structure with N —S normal faults,
which is located to the SW of Karacalidag, is
another indicator of E — W extension, although
this rift appears to act, at least in part, as a
transfer structure between some of the outer
thrusts of the Arabian foreland sedimentary se-
quence. The only other normal fault-dominat-
ed structure in the gAcz is the small Baskale
Graben east of Lake Van on the border between
Turkey and Iran.

Pre-collisional geology of the Eastern
Anatolian Collision Zone

The Eacz is characterized geologically by
three terranes separated by suture zones con-
taining mélanges, accretionary complexes and
flysch-molasse basins. The southernmost ter-
rane is the para-autochthonous Arabian fore-
land which is made up of an almost continuous
stratigraphic sequence of mainly shelf sedi-
ments of early Palaeozoic to Miocene age
resting on a Precambrian basement. At its nor-
thern margin, termed the Foothills Structural
Belt, the sedimentary rocks have experienced
foreland-type thrusting and folding. The cen-
tral terrane is the Bitlis Massif, an allochtho-
nous terrane of Palaeozoic metamorphic
rocks, predominantly metasediments (Hall,
1976). The northern terrane is the Pontide belt
which comprises a metamorphic basement of
Palaeozoic age overlain by Mesozoic shelf
sediments which are in turn overlain by volca-
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nosedimentary complexes of late Cretaceous
and Eocene age, assumed, on the basis of their
calc-alkaline composition and continuous, lin-
ear character, to be subduction-related (Pec-
cerillo and Taylor, 1976). The Black Sea is
thought to have formed as a marginal basin
behind this Pontide arc. The Pontide Terrane
experienced folding towards the end of the
Eocene (Brinkmann, 1976) and granitoid intru-
sion from the late Eocene to early Miocene.

Rocks of the Arabian foreland are separated
from the Bitlis Massif by a complex imbrica-
ted zone, the Bitlis Thrust (or Suture) Zone
(Fig. 1), which contains ophiolitic and island
arc assemblages of probable late Cretaceous
age (Robertson and Aktas, 1984). Mafic lavas
overlain by middle Eocene pelagic chalks with-
in this zone show that an oceanic realm existed
between Arabia and the Bitlis microcontinent
at that time, although the lavas are of transi-
tional geochemical affinity, possibly indicating
that they formed part of the crust of a small, ex-
tensional basin rather than a major ocean (Ro-
bertson and Aktas, 1984). No subduction-re-
lated volcanic rocks younger than late Creta-
ceous have yet been identified within the Bitlis
Suture Zone. Neogene strata, mainly the vol-
canic rocks that are the subject of this paper,
obscure the contact between the Bitlis Massif
and the Pontide Terrane. The limited exposure
that does exist suggests that the pre-Neogene
geology of this zone is dominated by an accre-
tionary complex of Eocene or younger age
(Sengor and Yilmaz, 1981).

The Pontide terrane is the product of north-
ward subduction from the beginning of the late
Cretaceous to the end of the Eocene. It clearly
must have accommodated a large part of the
convergence between Arabia and Eurasia dur-
ing the Palaeogene since, as discussed above,
thereis little evidence for subduction of this age
in the Bitlis Thrust Zone. Collision of the Bitlis
Massif with the Pontide Terrane to form the
Pontide Suture Zone probably took placein the
late Eocene, terminating the calc-alkaline
volcanism and causing the folding and subse-
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quent granite plutonism in the Pontide Terrane
(Sengor and Yilmaz, 1981).

Timing of the collision event

No consensus has yet been reached about the
age of the initial contact between the northern
edge of Arabia and the Anatolia— Pontide
— Caucasus margin of Eurasia. The minimum
proposed age of about 12 Ma (Sengor and
Kidd, 1979; Sengor and Yilmaz, 1981) is based
on:

(1) The age of the transition from carbonate
to flysch/molasse sedimentation seen in the
passive margin sedimentary section that is
preserved in the thrust belt south of the
ophiolites of the Bsz.

(2) The abrupt cessation of marine sedimen-
tation throughout Eastern Anatolia at this
time.

(3) The cessation at this time of subduction-
related calc-alkaline volcanism and plutonism
in the Karkas— Jebel-e-Barez region of the
Zagros to the east.

The maximum proposed age of late Eocene
(Robertson and Aktas, 1984; Michard et al.,
1984) marks the end of subduction-related calc-
alkaline volcanism in Eastern Anatolia, both in
the Pontide volcanic province in the north and
in the volcanic sequences within the BTz in the
south. It is generally agreed that an earlier, late
Cretaceous ophiolite emplacement event seen
in the foreland thrust belt south of the Bitlis
Thrust Zone (Hall, 1976), in the Southern Za-
gros (Hallam, 1976) and Oman (Gealy, 1977)
does not require that the Arabia-Eurasia colli-
sion took place at that time, although it does re-
quire collision between the Arabian margin and
an ophiolitic forearc. The resumption of carbo-
nate-dominated sedimentation over the ophio-
litic melange in the Arabian foreland south of
the Bitlis Suture shows that the passive margin
was essentialy re-established during the Paleo-
gene prior to the main collision event.

A further constraint on the age of initiation
of the collision can also be obtained from the
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amount of convergence (identation) since colli-
sion. An estimate, made on the basis of the
degree of crustal tickening (taken as 50%)
multiplied by the width of the collision zone,
yields a value of 250 —300 km. This estimate
does not take into account tectonic escape
which is assumed, from the limited total offset
on the North Anatolian Fault (about 85 + 5
km: see references in Seng6r and Kidd, 1979),
to make only a small contribution to the accom-
modation of the convergence. A similar value
for the convergence is obtained by ‘‘matching”’
the Cretaceous ophiolites of the foreland mar-
gin with the possible equivalent complexes in
the Troodos — Hatay — Baér Bassit region of
the Eastern Mediterranean that have experienc-
ed the late Cretaceous, but not the Neogene,
emplacement event. At current convergence
rates in the direction of maximum shortening
(of about 1.5cma~ 1) (Dewey et al., 1986), col-
lision would have to have started about 20 Ma
ago.

The discepancies in the estimates for the age
of initiation of collision as outlined above are
not easy to reconcile. While it is a common con-
sequence of collision for turbiditic clastics to be
deposited in a basin floored by the flexurally-
loaded continental lithosphere of the imping-
ing passive margin, it is difficult to envisage
how, at a yearly convergence rate of 1 cm or
more, the initiation of crustal thickening could
have been much older than the change from
shallow water marine to orogenic clastic sedi-
mentation (commonly with flysch at the base)
that is observed in the oldest thrust sheets
nearest to the suture. It is possible, however,
that the continents had made, or almost made,
contact at the end of the Eocene and that East-
ern Anatolia in the Oligocene and early Mio-
cene was marked by low-angle subduction that
generated little or no arc volcanism, while
steeper subduction along the same margin in
Iran continued to generate calc-alkaline mag-
matism into the Miocene. A possible analogue
may be the current configuration of the con-
vergent plate margins of the Eastern Mediterra-
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nean, where subduction volcanism is taking
placein the Aegean but not in Western Turkey.
The volcanic rocks discussed in this paper
are, with rare exceptions, no older than 6 Ma.
It is clear that they have been generated by pro-
cesses unconnected with subduction because,
at convergence rates of 1.5 cm a— !, an oceanic
slab would have sunk below the depths at which
arc magmas are generated, even if collision had
begun at the latest possible age of 12 Ma.

Evolution of collision-related volcanism

Figure 1 shows the distribution of assumed
collision volcanism in Eastern Anatolia and
the location of the main sample areas of Ka-
racalidag, the Mus basin, Nemrut, Stiphan,
Bingél, Tendiirek, Ararat and the Kars Pla-
teau.

In the southern part of the area, on the Ara-
bian foreland, post-Pliocene volcanism has
formed the complex basaltic shield of Kara-
calidag. This volcano is fed by N—S trending
fissures (Sengor, 1976) parallel to the nearby
Akcakale Graben (Fig. 1).

The central part of the area, between the
latitudes of Erzurum and the southern edge of
Lake Van, may contain the earliest collision
volcanism. Yilmaz et al. (1987) proposed a
stratigraphic age of ?middle to late Miocene
for the initiation of volcanism in the
Solhan — Mus district southwest of Erzurum,
and Innocenti et al. (1976) suggested that
volcanism began in the Upper Burdigalian
(early Miocene). However, apart from one
isolated early —middle Miocene isotopic date
(13.1 Ma) published by Innocenti et al. (1976)
from a lava near the Iranian border, the oldest
set of isotopic ages (8.3 — 6.0 Ma) has been ob-
tained by Innocenti et al. (1982b) from the Cat
area south of Erzurum. The age of initiation
of volcanism thus still requires confirmation.
Innocenti et al. (1976) proposed that an initial
calc-alkaline phase of volcanism related to
northward subduction took place before
about 6 Ma, forming a broad volcanic belt
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parallel to the Bitlis Thrust Zone. According
to their model, continued volcanism in the
same area gave more alkaline volcanic rocks
with ages of 6—0 Ma in response to exten-
sional tectonics. This concept of an early
subduction-related calc-alkaline event is, how-
ever, by nomeans a consensus view (e.g. Sengor
and Kidd, 1979).

The north of the area is dominated by the
Kars Plateau, which covers an area of approx-
imately 5000 km? with an average elevation of
about 1.5 km. The volcanic sequence has been
described by Innocenti et al. (1982b) as com-
prising lava flows with subordinate ignimbrite
units and intercalated sediments giving ages
from 6.9 + 0.9 to 1.3 + 0.3 Ma and com-
prising an ‘‘early Aras lower sequence’ (c.
7 — 4 Ma), followed by a ‘‘Plateau Sequence’’
(c. 4—2 Ma) and finally by scoriaceous spatter
cones of Pleistocene age. Most of the plateau
overlies shallow-water sediments of Oligocene
age which in turn probably overlie the Pontide
Terrane over most of its area.

Volcanic petrology

A set of 107 volcanic samples were collected
during three field seasons. The samples form
a comprehensive selection of the collision
volcanics of the Eacz, predominantly from the
volcanoes of Karacalidag, Nemrut, Siiphan,
Tendiirek, Bingdl and Ararat, and the volca-
nic areas of the Kars Plateau and the Mus
Depression, with a small sample set from
Bilican, Etrusk and Aladag (Fig. 1). Precise
sample locations are available on request.
Here we systematically describe the petrology,
petrography and volcanic facies for each of
the main volcanic regions following the trans-
ect from southwest to northeast.

Karacalidag
Karacalidag (1957 m) is a low shield volca-

no situated on the Arabian foreland, 150 km
southwest of the main frontal thrust. The vol-
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canic products are predominantly basaltic,
erupted since the Pliocene along a N —S tren-
ding set of fissures and craters, spatially asso-
ciated with the nearby Akcakale graben (Fig.
1). Dates between 1.45 Ma and 1.04 Ma have
been reported for lavas from the east of the
volcano (Sanver, 1968), and similar dates of
0.94 + 0.33 Ma and 0.83 = 0.88 Ma were
obtained for this paper on lavas from the nor-
thern margin of the volcanic complex at Di-
yarbakir (Table 1). Landsat imagery suggests
that some flows, particularly those on the
eastern flank, are likely to be much younger,
perhaps only a few thousand years old. The
samples were collected in a traverse across the
shield from 20 km southwest of Siverek to the
northern margin at Diyarbakir. The basalts
are porphyritic, fine-grained and commonly
vesicular, containing phenocrysts of olivine,
titanaugite and labradorite in a microcrystal-
line or fine-grained equigranular matrix. Few
evolved rocks are present in the sequence.

TABLE 1

195
Nemrut

Nemrut Dag (3050 m) is a polygenetic stra-
tovolcano that has experienced at least one
major episode of caldera collapse, with subse-
quent rhyolite dome formation and extrusion
of trachyandesite onto the caldera floor. On
the caldera flanks, small subsidiary domes and
cones form a NW —SE trending chain punc-
turing voluminous air-fall deposits. Mild fu-
merolic activity is still present on the north-
west flank and in the caldera, where there are
also hot pools. Nemrut is the only volcano in
this region to have a historically-recorded
eruption — in 1441 AD (Tchalenko, 1977).
Samples 2361 and 2362 come from rhyolite
and basalt flows erupted from a N—S fissure
on the north flank of the volcano during this
event. Sample2362 gaveaK — Arageof 1.18 +
0.23 Ma (Table 1), presumably due to excess
Ar. A fresh basaltic andesite from the eastern
rim of the caldera (Sample 2313) had a very

Whole-rock K — Ar ages for selected lavas from Eastern Anatolia

Sample Volcano Sio, K,O Radiogenic ¥0Ar %y atmos Age (Ma)

(wt. %) (Wt.%) (x 1074 mm3 g~ h* * +1o
1912 Karacalidag 50.2 1.00 0.303 98.5 0.94 + 0.33
1913 Karacalidag 48.8 0.90 0.24 99.2 0.83 + 0.88
2362 Nemrut 47.7 0.68 0.258 96.0 1.18 + 0.23
2313 Nemrut 64.2 5.12 < 1.1 100.0 < 0.7
2112 Mus 50.1 1.32 2.83 97.3 6.0 = 1.0
2113 Mus 47.5 1.00 1.42 96.5 44 + 0.8
2213 Bingol 55.4 2.04 2.35 97.9 3.6 + 0.6
2211 Bingol 71.1 4,32 4.32 92.1 26 =+ 0.2
2521 Siiphan 62.8 2.71 0.32 99.0 0.36 + 0.15
2531 Siiphan 63.9 2.58 0.19 99.5 0.23 + 0.19
3132 Ararat 51.4 0.86 0.420 93.3 1.51 + 0.19

A = 0.581 x 10710 a"!

N = 4.962 x 10710271

4K/K = 1.167 + 102 atom%

* Inverse variance weighted mean of two analyses.

** Higher of two measured atmospheric contamination values.
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high atmospheric Ar content indicative of a
very young age, probably less than 7 x 10° a
(Table 1), and one other flow has been dated
as Pleistocene (Sanver, 1968).

Samples for analysis were collected from
Bitlis, the northern and eastern flanks of the
volcano and from the caldera sides and floor.
The basalts are vesicular and porphyritic with
phenocrysts of plagioclase (labradorite), cli-
nopyroxene and olivine in a fine-grained
groundmass containing abundant plagioclase
feldspar and magnetite. Trachytes contain
polycrystals of andesine and zoned clino-
pyroxene and occasional resorbed sanidine.
The rhyolites have phenocrysts of sanidine
and rare clinopyroxene in a holohyaline
groundmass.

Mus

The Mus Depression is an E— W trending
basin (including the Solhan Group described
by Yilmaz et al., 1987), thought to contain
volcanics erupted during the early stages of
evolution of the province. The volcanics and
intercalated sediments form a sequence
> 1000 m thick that is dominated by lavas at
the base and by pyroclastic deposits in the up-
per part. The samples were collected from
road cuts between Mus and Solhan and in the
gorge of the Murat river at the southwest cor-
ner of the Mus Basin. We dated two basalt
samples from Solhan as 6.0 + 1.0 Ma and
4.4 + 0.8 Ma (Table 1). The early lavas are
vesicular basalts and basaltic andesites with
phenocrysts and glomerocrysts of clinopyrox-
ene and olivine and large, slightly zoned bytow-
nite — labradorite in a groundmass of plagio-
clase and clinopyroxene with accessory mag-
netite and variolitic glass.

Bingol

Bingol Daglari (3250 m) forms a half cal-
dera cut by the Varto Fault, a continuation of
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the Northern Anatolian Fault, and is
predominantly composed of basaltic andesites
and rhyolites. The samples were collected from
the southern and eastern margins of the
Bingol Caldera between Hinis, Varto and Cay-
lar. A basaltic andesite and a later stage rhyolite
gave ages of 3.6 = 0.6 Maand 2.6 = 0.2 Ma,
respectively (Table 1). The basaltic andesites
have phenocrysts of clinopyroxene and large,
zoned plagioclase {iabradorite — andesine) in a
groundmass dominated by plagioclase and
minor clinopyroxene with interstitial magne-
tite. The rhyolites have phenocrysts of sani-
dine, zoned albite and biotite in a cryptocrys-
talline groudmass.

Stiphan

Siiphan Dagi {4434 m) is a polygenetic
stratovolcano made up of a complex of
numerous eruptive domes and cones with in-
tercalated lava flows and pyroclastics. Sam-
ples were collected from the southern and
eastern margins from Adilcevas to Sarusu.
The lavas range in composition from basalt to
rhyolite but are predominantly intermediate.
Dates published by Innocenti et al. (1976)
show Siiphan to have been active from at least
0.7 Ma to 0.4 Ma and to rest locally on a 5.8
Ma volcanic basement. Two andesites dated
for this study gave slightly younger K— Ar
ages of 0.36 + 0.15 Ma and 0.23 + 0.19 Ma
(Table 1). The late-stage domes rest on these
lavas and must thus be younger than the latter
age. The domes form a complex radiating pat-
tern around the main crater. The intermediate
volcanics are commonly vesicular and contain
phenocrysts of zoned plagioclase, sanidine,
hypersthene and clinopyroxene with rare horn-
blende in a fine-grained groundmass of plagi-
oclase, pyroxene and interstitial magnetite.
The rhyolites contain phenocrysts of zoned
sodic plagioclase, K feldspar and biotite in a
cryptocrystalline groundmass.
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Tendrtirek

Tendiirek (3584 m) is a polygenetic volcano,
built by small fissure eruptions followed by
central eruptions and caldera collapse. The
caldera collapse led to late-stage volcanic ac-
tivity, which included an episode of basalt
eruption and subsequent development of pa-
rasitic cones. The oldest age determination is
2.5 Ma (Innocenti et al., 1976) and recent fu-
marolic activity has been recorded along the
Caldiran Fault (Sanver, 1968). The samples
were collected across the volcano from
Kizildiz in the north to Caldiran in the south.
The lithologies are predominantly basalts and
trachyandesites. The basiclavas contain pheno-
crysts of plagioclase and clinopyroxene and
rare olivine and opaques in a plagioclase-rich
groundmass; the intermediate lavas contain
large zoned plagioclase (oligoclase — andesine)
and glomerocrysts of clinopyroxene and mag-
netite, also in a plagioclase-rich groundmass.

Ararat

Ararat (Agri Dag) forms a polygenetic dou-
ble-peaked (5165 m and 3903 m) stratovol-
cano, covering an area of about 1000 km? and
sitting, according to Dewey et al. (1986), in a
complex, sinistral pull-apart basin. Samples
were collected from the southern and western
margins of the volcano, from Dogubayazit to
Igdir and east of Dogubayazit towards the Ira-
nian border. Ararat is predominantly compos-
ed of basic and intermediate lavas with sup-
plimentary pyroclastic products and rhyolites.
The final products were erupted from a NW —
SE aligned series of parasitic cones dated at
0.5 Ma (Sanver, 1968). An early basalt, dated
as part of this study, gave an age of 1.51 +
0.19 Ma (Table 1). The basalts are porphyritic
with zoned plagioclase and clinopyroxene and
occasional olivine phenocrysts in a fine-
grained, holocrystalline, vesicular groundmass
consisting of plagioclase, clinopyroxene and
opaques. The porphyritic andesites show zon-
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ed andesine with corroded cores and glomero-
crysts of clinopyroxene, orthopyroxene and
opaques with rare hornblende ‘‘ghosts’’ in a
fine-grained or cryptocrystalline groundmass.
The dacites contain oligoclase and clusters of
clinopyroxene in a cryptocrystalline ground-
mass, while the rhyolites contain zoned
oligoclase and biotite phenocrysts in a fine-
grained matrix of biotite, feldspar and quartz.

Kars

The Kars Plateau samples were collected
from a number of sites on a transect from
Kagizman in the south to Cildir G6élu and Ar-
dahan in the north, where a good stratigraphic
section through the (about 7—1.5 Ma) vol-
canic pile is exposed. Samples were also col-
lected from localities near Sarikamis and Oltu.
The lavas are predominantly basic and inter-
mediate. The basalts are porphyritic, rarely
vesicular, with phenocrysts of plagioclase (up
to 50%) and subordinate clinopyroxene, oli-
vine and orthopyroxene in a fine-grained
groundmass. The intermediate rocks have an
occasionally vesicular, microcrystallineto cryp-
tocrystalline matrix with disseminated pheno-
crysts commonly forming glomerocrysts of
plagioclase, clinopyroxene and orthopyroxene
and magnetite. The plagioclase phenocrysts
are typically labradorite —oligoclase in com-
position and zoned with cores exhibiting reac-
tion rims. Ignimbrite deposits, common at the
base of the sequence, typically contain pyro-
genic crystals of plagioclase, K feldspar and
pyroxenes.

Analytical techniques

A total of 105 samples from Eastern Anato-
lia were powdered using an agate ball mill. Of
these, 27 samples were analysed for major
elements by electron microprobe on fused
glasses at SUNY Stony Brook (Bender et al.,
1984) and the trace elements Zr, Nb, Sr, Rb,
Ni, Zn, Cr and V, at the University of
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TABLE 2

Major element and XRF trace element data from the Eastern Anatolia Collision Zone used in this paper

Volcano: KARA KARA KARA KARA KARA KARA KARA KARA KARA KARA BTLC
Sample no:  PL67 PL2/5 PL2/4 PL2/1 PL2/2 PL2/3 1911 1913 1912 PL66 2031
Rock type:  Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas Bas
wit. %:

Sio, 45.40 45.60 46.00 46.10 46.30 47.30 46.70 48.80 50.20 46.90 46.40

Tio, 2.88 3.44 2.88 2.04 1.84 2.83 2.50 2.39 2.62 2.46 3.39

AlLO, 14.44 13.36 15.42 13.92 15.16 15.48 13.80 14.40 15.10 13.24 16.90

Fe,0, 14.40 14.36 14.08 12.28 12.56 13.66 14.40 13.50 12.98 13.20 14,50

MnO 0.18 0.18 0.17 0.15 0.16 0.17 0.17 0.16 0.16 0.16 0.19

MgO 8.90 9.38 5.64 7.60 6.38 5.70 9.51 9.92 7.66 9.24 5.31

CaO 9.10 8.60 10.70 11.94 10.28 9.68 8.76 8.20 8.88 8.44 7.59

Na,O 3.66 3.14 3.10 2.84 3.00 3.34 2.62 2.52 3.28 3.64 3.99

K,0 1.44 1.44 0.78 0.78 0.68 1.02 0.95 0.90 1.00 0.88 1.05

P,O; 0.51 0.61 0.47 0.32 0.30 0.46 0.34 0.26 0.26 0.30 0.52

LOI -0.12 0.46 0.92 2.41 1.54 0.09 0.26 0.80 -0.47 1.31 0.39

Total 100.79 100.57 100.16 100.38 98.20 99.73 100.01 101.85 101.67 99.77 100.23
ppm:

Rb 17 13 8 11 8 10 13 15 12 9 11

Sr 827 735 660 360 409 592 544 584 514 647 614

Ba 165 104 141 158 159 134 137 103

Zr 217 259 171 111 131 160 154 141 151 154 322

Y 20 21 20 15 20 20 18 21 18

Nb 40 37 22 15 14 25 26 18 23 23 18

Th 7 4 6 7 5 2 4 4 3

Pb 2 2 n.d n.d 1 2 1 1 1

Sc 23 24 28 25

Cr 280 320 147 440 340 78 286 420 300 320 11

v 249 244 326 234 176 243 275 248 163

Ni 193 242 77 155 80 66 244 239 161 226 35

Co 53 57 46 52 48 45 56 45 53

Cu 74 62 67 122 56 60 45 50 86

Zn 140 138 120 105 109 17 98 126 125 126 90

Analysis NX,NA NX,NA,D NX,NA NX,NA,D NX,NA,D NX,NA,D M,0 NX,NA NX,NA NX,NA M,0

TABLE 2 (continued)

Volcano: MUS MUS MUS MUS MUS MUS MUS MUS MUS MUS NEM
Sample no: 2113 2112 2115 2114 2121 2111 PL2/32 2141 PL2/31 2142 2362
Rock type:  Bas TrBas TrAnd TrAnd TrAnd TrAnd TrAnd Trac Rhy Rhy Bas
wt. %:
Sio, 47.50 50.10 51.20 52.00 53.00 53.70 56.10 66.20 70.10 74.00 47.70
TiO, 2.84 2.86 2.98 3.33 2.21 1.45 1.47 0.50 0.47 0.05 3.08
AlLO, 16.50 15.56 15.36 16.30 16.90 18.20 17.04 18.00 15.28 13.70 16.66
Fe,0, 12.42 12.60 12.74 11.50 10.80 9.53 8.90 2.54 3.12 1.42 14.10
MnO 0.18 0.20 0.15 0.21 0.21 0.18 0.11 0.00 0.02 0.05 0.20
MgO 5.92 4.60 1.02 1.88 1.84 2.21 1.74 0.00 0.22 0.00 6.46
CaO 8.56 8.00 5.84 7.68 6.87 6.38 5.58 2.01 2.02 0.39 9.48
Na,O 2.86 3.92 4.40 4.36 4.92 4.90 4.58 5.52 4.24 5.06 3.54
K,O 1.00 1.32 2.40 2.00 2.64 2.21 2.04 4.32 3.84 4,37 0.68
P,Oq 0.44 0.49 1.48 0.83 0.82 0.44 0.85 0.19 0.02 0.01 0.37
LOI 2.60 1.24 3.39 1.54 2.93 1.68 1.04 1.11 0.90 0.57 -0.02
total 100.82 100.89 100.96 101.63 103.14 100.88 99.45 100.39 100.23 99.62 102.25
ppm:
Rb 22 28 68 57 79 63 61 138 140 176 7
Sr 397 393 483 375 389 422 443 242 178 1 401
Ba 153 180 361 268 184 536 409 125
Zr 211 313 397 431 646 430 358 647 237 281 200
Y 31 39 56 56 61 40 37 56 22 67 31
Nb 13 21 35 31 32 28 31 39 20 79 11
Th 3 3 7 8 12 13 16 21 26 24 2
Pb 8 6 16 10 13 7 9 20 24 30 0
Sc 31 26 13 19 24
Cr 71 99 13 41 6 12 9 n.d. 12 8 97
v 285 253 100 158 52 67 104 n.d. 51 2 250
Ni 39 23 8 6 11 21 2 11 4 7 44
Co 36 30 13 21 17 3 44
Cu 55 40 25 46 14 5 40
Zn 113 127 142 144 118 100 110 83 56 110 116

Analysis NX,NA NX,NA NX,NA NX,NA M,O,NX M,O,NX,D NX,NA,D M,O,NX NX,NA M,0,NX NX,NA
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TABLE 2 (continued)

Volcano: NEM NEM NEM NEM NEM NEM NEM NEM NEM NEM NEM
Sample no: 2411 PL52 PL5S PL54 PL63 PL51 PL56 2022 2313 2421 PL50
Rock type:  TrBas Bas TrAnd TrAnd TrAnd Trac Trac Trac Trac Trac Rhy
wt. %
SiO, 48.50 48.90 52.90 52.70 58.00 62.60 64.20 64.30 64.20 66.00 71.30
Tio, 3.12 2.00 2.60 2.44 1.38 0.52 0.58 0.55 0.48 0.42 0.43
AlLO, 15.80 16.60 16.34 16.30 15.78 17.46 17.44 15.70 15.30 16.20 10.28
Fe,O, 13.60 12.68 10.54 10.60 9.36 4.08 4.76 5.54 6.49 4.35 7.14
MnO 0.24 0.18 0.21 0.21 0.16 0.11 0.13 0.19 0.23 0.12 0.18
MgO 3.59 6.00 3.42 3.44 2.12 0.56 0.38 0.26 0.00 0.00 0.06
CaO 7.43 9.02 7.26 7.42 5.24 1.98 2.54 1.41 1.51 1.20 0.44
Na,O 4.22 3.16 4.86 4.54 4.16 6.40 6.04 6.02 6.15 6.14 6.12
Kzé 2.20 1.40 2.32 2.44 2.54 4.56 4.24 5.58 5.12 4.81 4.56
P,0; 1.24 0.36 0.86 0.91 0.51 0.13 0.13 0.10 0.07 0.07 0.02
LOI -0.13 0.81 0.00 0.37 0.26 - 0.47 0.08 0.42 0.58 0.37 0.30
Total 99.81 101.11 101.31 101.37 99.51 98.87 100.52 100.07 100.13 99.68 100.83
bpm:
Rb 59 35 63 66 90 101 81 93 87 98 190
Sr 510 456 575 566 237 168 172 19 29 94 3
Ba 470 428 1094 905 245 806
Zr 395 232 340 338 366 356 372 466 453 531 1425
Y 30 48 46 51 34 39 51 136
Nb 25 14 26 25 21 25 24 33 30 34 76
Th 6 7 7 12 8 9 9 12 33
Pb 3 8 8 15 11 10 11 33
Sc 21 15 18 21 5 5 4
Cr 2 29 21 24 74 19 40 1 n.d. 8 40
\% 69 261 111 198 149 30 39 n.d. 3 n.d. 21
Ni 5 33 7 7 9 7 4 9 10 n.d. 6
Co 45 22 21 18 n.d. n.d. n.d.
Cu 33 14 17 21 9 10 10
Zn 119 112 121 110 115 73 82 103 112 53 219
Analysis M,0 NX,NA NX,NA NX,NA NX,NA NX,NA NX,NA M,O M,0 M,0 M,O

TABLE 2 (continued)

Volcano: NEM NEM NEM NEM NEM NEM SUP SUP SUP SUP SUP
Sample no: 2351 2321 PLS53 PL57 PL65 PL59 PL2/8 PL68 PL70 PL74 PL71
Rock type:  Rhy Rhy Rhy Rhy Rhy Rhy TrBas TrAnd TrAnd TrAnd TrAnd
wt. %:
Sio, 72.40 74.20 74.50 74.90 75.00 75.40 49.00 51.50 51.50 54.90 55.70
Tio, 0.21 0.13 0.21 0.24 0.11 0.09 3.43 2.08 1.71 1.91 1.81
AlL,O, 12.50 12.80 12.80 10.24 12.48 12.98 15.32 17.90 18.44 16.04 15.56
Fe, 05 3.57 2.20 3.38 4.94 2.30 2.08 13.50 11.20 10.34 11.06 10.98
MnO 0.06 0.04 0.08 0.11 0.05 0.05 0.24 0.21 0.18 0.18 0.18
MgO 0.00 0.00 0.04 0.08 0.02 0.04 3.78 4.20 3.80 3.14 2.81
CaO 0.33 0.27 0.42 0.32 0.34 0.34 7.58 6.70 7.64 6.68 5.84
Na,O 5.45 5.08 5.28 5.28 4.80 4.80 4.04 4.96 4.98 3.68 3.62
K,O 4.65 4.65 4.80 4.40 4.48 4.60 2.20 1.58 1.84 2.00 2.16
P,0; 0.00 0.01 0.13 0.01 0.01 0.02 1.37 0.99 0.77 0.37 0.40
LOI 0.69 0.76 0.22 0.47 0.00 0.00 -0.04 0.34 -0.18 0.48 1.66
Total 99.86 100.14 101.86 100.99 99.59 100.40 100.42 101.66 101.02 100.44 100.72
ppm.
Rb 200 201 291 186 177 169 53 22 35 62 69
Sr 1 1 3 2 1 3 584 676 619 250 239
Ba 19 15 1 440 482 438 468 321 414
Zr 1321 748 1247 1272 722 609 381 393 358 356 287
Y 115 105 129 126 105 96 55 43 38 45 36
Nb 70 64 84 67 63 56 31 36 29 37 16
Th 37 31 32 31 30 27 10 10 8 10
Pb 31 27 32 31 26 26 4 39 48 13 9
Sc 1 4 4 4 16 13 26 24
Cr n.d. 2 46 56 51 41 5 28 18 16 19
v 1 1 18 21 5 34 166 163 130 293 304
Ni 9 7 6 4 7 4 7 6 9 9 9
Co n.d. n.d. n.d. n.d. 25 20 17 23 22
Cu 10 7 6 5 10 17 18 17 16
Zn 172 125 144 192 119 105 147 134 142 121 121

Analysis NX,NA NX,NA NX,NA NX,NA NX,NA NX,NA NX,NA,D NX,NA NX,NA NX,NA NX,NA
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TABLE 2 (continued)
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Volcano: SUP SUP SUp SUP SUP SuUp SUP SUP BIN BIN BIN
Sample no:  PL73 PL69 PL2/9 2521 2531 PL2/7 2541 PL72 2213 2212 2214
Rock type:  TrAnd TrAnd TrAnd Trac Trac Trac Rhy Rhy TrAnd TrAnd Rhy
wt. %:
Sio, 56.00 56.80 57.70 62.80 63.90 66.30 73.10 75.20 55.40 58.20 70.60
TiO, 1.88 1.89 1.54 1.01 0.87 0.72 0.21 0.00 1.28 1.34 0.36
Al,O, 16.04 16.32 15.92 16.10 17.30 15.52 14.20 13.66 17.98 17.90 15.30
Fe,0O, 10.54 10.90 8.64 6.38 5.90 4.38 1.76 1.24 7.36 7.69 2.30
MnO 0.18 0.18 0.14 0.11 0.11 0.08 0.05 0.05 0.16 0.17 0.04
MgO 3.04 3.02 2.70 1.45 1.33 1.14 0.16 0.04 1.72 1.37 0.24
CaO 6.70 6.20 5.64 3.94 3.80 3.08 1.41 0.57 7.20 5.94 1.56
Na,O 3.76 3.80 4.17 4.79 5.71 4.64 4.08 3.86 4.26 4.32 4.22
K,0 2.16 2.16 1.86 2.7t 2.58 3.02 4.31 4.62 2.04 2.36 4.84
P,0; 0.37 0.39 0.26 0.32 0.24 0.19 0.06 0.03 0.31 0.32 0.11
LOI 0.18 -0.18 1.07 1.05 0.46 1.73 1.70 1.41 2.52 2.12 1.89
Total 100.85 101.48 99.64 100.65 102.20 100.80 101.04 100.68 100.23 101.73 101.46
ppm.
Rb 72 74 57 82 80 89 112 160 68 75 155
Sr 245 249 253 207 200 155 96 6 460 433 155
Ba 405 351 392 388 51 135
Zr 224 333 241 364 338 349 154 86 254 306 307
Y 43 46 36 45 37 31 23 19
Nb 15 18 13 13 10 10 27 6 18 20 23
Th 11 10 12 10 13 19 8 22
Pb 11 26 8 12 14 25 12 21
Sc 23 26 5
Cr 19 22 12 3 6 8 2 59 24 2
\4 298 311 177 46 42 70 12 23 108 13
Ni 9 9 9 6 10 9 7 4 33 6
Co 25 23 22 6 n.d.
Cu 16 15 13 9 6
Zn 120 118 98 76 70 68 50 40 73 41
Analysis NA,NX NA,NX NX,NA,D M,0O,NX M,O NX,NAD M NX,NA NX M,0 M,0O,NX
TABLE 2 (continued)
Volcano: BIN ETR ALA ALA TEN TEN TEN TEN TEN TEN TEN
Sample no; 2211 2512 3211 3221 PL82 3121 PL75 PL76 PL81 PL79 PL80
Rock type:  Rhy Trac Trac Trac TepPho Trbas Bas Bas TrAnd TrAnd TrAnd
wt. %:
Sio, 71.10 66.90 66.90 67.20 48.30 48.90 49.10 50.10 51.40 52.90 56.00
TiO, 0.35 0.70 0.68 0.62 2.37 2.35 1.98 1.94 2.54 1.72 2.30
ALO, 14.90 16.40 16.20 16.30 18.40 17.00 16.94 16.42 17.48 17.76 16.24
Fe,0, 2.12 2.83 3.13 2.81 11.96 11.70 11.54 11.42 11.14 10.08 10.72
MnO 0.02 0.06 0.09 0.09 0.18 0.20 0.18 0.18 0.21 0.18 0.18
MgO 0.21 0.26 0.39 0.34 3.20 4.10 5.98 5.58 4,28 3.56 3.08
CaO 1.46 1.61 1.53 1.48 7.18 6.53 9.20 6.54 6.52 6.84 6.28
Na,O 5.41 5.64 4.40 5.55 6.28 5.38 3.90 3.98 4,98 4.88 3.84
K,0 4.32 4.80 5.35 4.82 2.00 1.56 0.94 0.86 1.62 1.70 2.02
P,0s 0.10 0.13 0.16 0.18 0.66 1.02 0.41 0.49 0.89 0.73 0.40
LOI 0.50 0.55 2.83 0.20 0.00 0.24 0.07 3.96 0.02 0.04 0.00
Total 100.49 99.88 101.66 99.59 100.53 98.98 100.24 101.47 101.08 100.39 101.06
ppm.
Rb 153 155 181 177 42 22 20 18 23 21 74
Sr 145 177 180 194 735 695 404 422 682 641 258
Ba 191 393 329 178 171 319
Zr 293 547 537 601 335 389 246 236 380 341 324
Y 21 50 35 42 36 37 43 37 46
Nb 23 38 45 48 26 34 15 14 35 30 19
Th 24 32 7 6 4 4 6 8 9
Pb 24 28 8 12 8 5 9 11 10
Se 10 28 26 16 14 24
Cr 9 3 3 3 32 n.d. 49 47 23 12 19
v 14 27 26 22 145 106 256 274 163 161 260
Ni 9 11 5 5 6 12 58 46 9 4 7
Co 27 40 37 20 21 22
Cu 17 40 39 16 17 15
Zn 53 71 71 71 135 114 106 108 130 148 122
Analysis M,ONX M,0 M,O0 M,0 NX,NA M,ONX NXNA NX,NA NX,NA NX,NA NX,NA
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TABLE 2 (continued)

Volcano: TEN TEN ARA ARA ARA ARA ARA ARA ARA ARA ARA
Sample no:  PL77 3111 PL83 3132 3071 PL2/11 3031 PL78 3051 3041 PL2/10
Rock type:  TrAnd TrAnd TrBas Bas And And And And And And And
wt. %:
Sio, 57.40 58.40 47.20 51.40 56.00 56.30 56.60 58.50 57.10 58.20 61.60
TiO, 1.30 1.24 2.44 2.08 1.08 1.54 1.35 0.80 1.11 0.97 0.78
AlO, 17.86 18.10 17.04 17.54 16.80 16.34 16.94 16.22 17.80 17.50 16.20
Fe,O, 6.48 5.98 13.76 9.88 7.80 8.46 7.60 5.84 7.21 6.37 5.36
MnO 0.16 0.14 0.19 0.15 0.12 0.15 0.11 0.10 0.11 0.09 0.08
MgO 1.68 1.34 4.70 6.68 5.00 2.50 3.16 4.08 4.01 4.08 3.54
CaO 3.64 3.56 9.22 8.42 8.00 5.76 6.08 7.16 7.21 6.57 5.92
Na,O 6.52 6.56 4.88 4.12 3.53 4.24 4.28 3.24 3.80 4.22 4.00
K,0 3.66 3.73 1.48 0.86 1.10 1.92 1.82 2.12 1.52 1.80 1.32
P,0, 0.46 0.42 0.54 0.33 0.25 0.38 0.31 0.29 0.33 0.30 0.19
LOI 0.26 0.39 —0.15 0.17 0.33 1.98 0.82 0.13 0.54 0.29 0.69
Total 99.42 99.86 101.30 101.63 100.01 99.57 99.07 98.48 100.74 100.39 99.68
pbbm.
Rb 107 95 28 11 23 45 47 4 37 46 36
Sr 292 286 579 531 378 369 463 471 435 532 388
Ba 553 538 381 221 461 430
Zr 562 475 296 187 165 262 229 174 206 203 184
Y 52 54 36 26 38 28 22 25 22 18
Nb 42 41.7 21 10.1 10.2 18.2 12.1 17 15.2 13.1 12.2
Th 10 13 6 3 8 8 8 7 9 8
Pb 18 17 S 3 6 10 12 6 8 8
Sc 1 18 28 16 20
Cr 20 11 26 298 54 6 81 120 42 103 79
\Y 69 36 233 213 141 170 191 148 135 111 106
Ni 6 7 20 100 36 9 25 53 43 67 57
Co 8 35 32 20 19 16 21
Cu 9 18 43 15 26 28 31
Zn 117 114 135 89 84 100 84 78 79 69 66
Analysis NX,NA M,O,NX NX,NA NX,NA,D M,0 NX,NA,D NX,NA NX,NA NX,NA M,O,NX NX,NX,D

TABLE 2 (continued)

Volcano: ARA ARA ARA ARA KARS KARS KARS KARS KARS KARS KARS
Sample no: 3131 PL85 PL84 3062 3011 PL88 . PL89 PL87 2821 PL2/22 3021
Rock type:  And And Dac Rhy Bas Bas Bas TrBas Bas TrAnd BasAnd
wit. %
Sio, 62.60 62.70 63.50 76.50 46.00 47.50 47.90 48.40 50.60 53.20 54.50
TiO 0.79 0.86 0.90 0.08 2.42 2.47 2.90 3.05 2.08 1.53 1.18
A1263 18.00 16.54 16.32 13.80 16.90 17.36 16.76 16.92 17.86 17.56 16.92
Fe,0O, 5.40 5.32 5.48 1.13 13.90 13.28 13.48 13.64 10.70 7.66 8.20
MnO 0.09 0.09 0.09 0.04 0.21 0.18 0.19 0.19 0.16 0.12 0.12
MgO 1.42 2.32 2.38 0.00 5.81 5.10 5.34 5.34 5.99 3.72 4.88
CaO 4.59 5.56 5.20 0.76 8.49 7.96 7.82 7.68 8.18 7.78 8.14
Na,O 4.67 4.26 4.24 4.54 4.04 4.00 4.04 4.22 3.85 4.10 3.56
K,O 1.81 2.06 2.22 3.44 0.61 0.94 0.98 1.02 0.84 1.66 1.48
P,0; 0.29 0.25 0.25 0.04 0.58 0.38 0.38 0.40 0.21 0.47 0.28
LOI 0.47 1.20 0.74 0.11 1.13 1.28 0.31 0.14 0.47 0.79 0.46
Total 100.13 101.16 101.32 100.44 100.09 100.45 100.10 101.00 100.94 98.59 99.72
ppm:
Rb- 41 60 63 88 5 12 13 14 12 35 31
Sr 379 392 389 75 518 513 496 497 367 520 426
Ba 528 526 395 244 191 351
Zr 207 237 243 89 275 199 213 212 147 268 171
Y 24 24 28 32 31 28 28 24
Nb 13 13 13 12 10 11 12 12 7 33 13
Th 7 8 9 5 1 4 4 9 5
Pb 11 9 3 4 3 6 5 6
Sc 8 15 16 15 18 33 20
Cr 5 25 50 2 22 34 53 50 125 51 180
v 56 106 120 3 120 255 251 273 258 176 188
Ni 10 15 18 6 43 29 26 27 61 37 67
Co 18 14 38 36 38 40 26 26
Cu 27 23 22 32 32 37 42 49
Zn 73 72 73 40 89 118 135 122 96 89 83

Analysis: M,0 NX,NA NX,NA M,0 M,0 NX,NA NX,NA NX,NA NX,NA NX,NA, DX NX,NA
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TABLE 2 (continued)
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Volcano: KARS KARS KARS KARS KARS KARS KARS KARS KARS KARS KARS
Sample no:  PL2/26 PL2/23 2931 PL2/19 PL2/17 2941 2921 2961 PL2/20 PL2/15 2911
Rock type:  BasAnd TrAnd BasAnd BasAnd And And And And And And And
wt. %:
Si0, 55.00 55.20 55.50 55.80 57.50 59.00 60.20 60.50 60.50 61.70 62.70
TiO, 1.09 1.85 1.25 1.24 0.81 1.01 0.90 0.87 0.93 0.88 0.79
AlLO, 16.58 16.60 17.10 17.12 16.92 16.38 16.30 17.30 16.16 16.58 16.50
Fe,0, 7.94 8.88 8.46 8.00 6.78 6.65 5.84 5.90 5.84 4.92 5.51
MnO 0.12 0.14 0.12 0.07 0.12 0.99 0.09 0.09 0.08 0.04 0.08
MgO 4.90 2.64 4.69 2.54 4.52 3.18 2.50 2.94 2.52 2.26 2.52
CaO 8.14 6.86 7.58 7.74 7.72 5.59 5.16 5.87 5.34 5.16 5.08
Na,O 3.50 4.48 3.92 3.90 3.48 3.82 3.84 4.43 3.40 4.14 3.91
K,0 1.28 1.84 1.48 1.10 1.22 2.14 2.70 1.46 2.26 1.90 2.28
P,0Oq 0.32 0.38 0.34 0.37 0.18 0.25 0.24 0.25 0.31 0.33 0.21
LOI 0.69 0.66 0.42 1.23 0.68 1.50 1.50 0.33 2.07 0.91
Total 99.56 99.53 100.86 99.11 99.93 100.51 99.27 99.94 99.41 98.82 99.58
ppm.
Rb 24 46 30 19 30 60 64 30 45 43 61
Sr 421 450 491 470 427 386 416 503 514 550 346
Ba 403 323 354 461 549 540
Zr 164 259 198 175 136 222 225 180 197 188 194
Y 22 29 23 18 24 21 17 16
Nb 12 19 14 12.8 9 15 16 10.6 14 13 13
Th 8 9 5 6 10 8 10 5 12 12
Pb 6 6 3 5 11 11 6 7
Sc 20 13
Cr 118 12 58 212 93 104 59 24 52 96 28
v 252 211 130 185 130 166 119 84 124 127 86
Ni 71 10 57 54 65 47 26 33 35 49 27
Co 28 25 18 31 17 13 17 17
Cu 40 42 47 30 34 20 30 45
Zn 84 90 73 75 76 76 67 66 82 67 61
Analysis: NX,NA,D NX,NAD M NX,NA,D NX,NA,D NX,NA NX,NA M,O NX,NA,D NX,NA,D M,O
TABLE 2 (continued)
Volcano: KARS KARS KARS KARS KARS KARS
Sample no: PL2/21 2971 PL2/18 PL2/13 PL2/14 2811
Rock type:  Dac Dac Dac Dac Rhy Rhy
wt. %:
Sio, 64.40 65.60 67.50 67.70 72.90 75.50
TiO, 0.99 0.63 0.44 0.53 0.11 0.09
ALO, 17.12 16.00 16.12 15.62 12.58 13.50
Fe,0, 4.64 4.43 3.38 2.98 1.64 0.79
MnO 0.03 0.06 0.04 0.06 0.06 0.04
MgO 0.26 2.46 1.42 0.54 0.06 0.00
CaO 4.66 4.83 3.94 2.64 0.60 0.44
Na,O 4.60 3.85 3.80 3.92 3.66 3.88
K,0 1.94 2.15 2.06 3.38 4.60 4.48
p,0; 0.35 0.20 0.17 0.24 0.02 0.01
LOI 1.17 1.44 0.97 2.74 2.97 0.64
Total 100.16 101.65 99.84 100.35 99.20 99.37
ppm:
Rb 50 59 65 80 102 137
Sr 554 449 422 245 11 23
gf ;g; 183 ?Z; g?l); 2(3)(1) 45;‘ KARA = Karacaladag; MUS = Mus district;
Y 22 17 10 13 55 24 NEM = Nemrut; BIN = Bingél; SUP =
Nb 13 12 12 21 18 14 Siiphan; BILC = Bilican; ETR = Etrusk; ALA
Th 11 8 13 14 25 = Aladag; TEN = Tendiirek; ARA = Ararat;
Pb 8 11 6 15 19 KARS = Kar Plateau. Rock types: BAS =
Se basalt; BasAnd = basaltic andesite; And =
Cr 8 66 2 6 5 16 andesite; Dac = dacite; Rhy = rhyolite; TrBas
v 126 70 61 45 21 21 = trachybasalt; TrAnd = trachyandesite; Tfac
Ni 6 40 23 6 4 6 = trachyte; TepPho = tephrophonolite.
Co 11 10 7 2 Sources of data (for analytical details, see text):
Cu 26 32 3 3 M = Massachusetts; O = Oxford; N =
7n 73 59 54 81 61 18 Newcastle; D = Durham, X = XRF; A =

Analysis: NX,NA,D M,0,NX NX,NA,D NX,NA,D NX,NA,D M,0,D

atomic absorption; n.d. = not determined.
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Massachusetts using a Siemens SRS-200
XRF spectrometer with a Au tube (Autio and
Rhodes, 1983). Eighty samples were analysed
at the University of Newcastle upon Tyne for
major elements and the trace elements, Ni,
Zn, Cr, Co, V, Sc, Cu and Ba, on a Varian
AA —575 atomic absorption spectrometer
(AAS). Also at Newcastle, 93 samples were
analysed for the trace elements Rb, Sr, Zr, Y,
Nb, Th and Pb using a Philips PW 1415 XRF
spectrometer with a Rh anode tube (Pearce et
al., 1986) and 36 samples were analysed on the
same type of spectrometer at Oxford for Rb
and Sr. A subset of these samples were also
analysed at Durnham University for Zr, Y,
Nb, Ba, Th, Pb, Cu, Zn, Cr, Ni and V using
a Philips PW 1500 spectrometer with a Rh
anode tube. Interlaboratory comparison show-
ed comparability to < 5%, except in two
cases where a 5% systematic variation between
techniques was identified and the discrepant
analyses corrected. When more than one tech-
nique has been used to analyse a given sample,
the data are presented as averages. The full
data set is presented in Table 2. Approximate
detection limit concentrations in ppm at the
95% confidence level are: Zr, Sr, Rb, Zn, Cu
and Y, 2; Nb, 1; Ni, Th, Sc and Co, 5; Cr, V
and Ba, 10.

A subset of ten rare earth element (REE)
analyses were obtained by isotope dilution at
SUNY, Stony Brook, on a 30.48 cm (12)
radius, 90-sector mass spectrometer of NBS
design (Bender et al., 1984) with precisions of
1.5% for Ce, Nd, Sm, Dy, Er and Yb and
2.5% for Gd and Eu. A further subset of 27
samples were analysed for the rare earth
elements (REE), Ta, Hf, Th and U by In-
strumental Neutron Activation Analysis (IN-
AA) at Durham University on 0.2 g of powder
irradiated for three days then counted, after 4
days for the short-lived isotopes and after 30
days for the long lived isotopes (Leat et al.,
1987). Estimated precisions for these data at 1
ppm concentration are: Nd, Eu, Tb, Yb, Lu,
Th, Ta and U 5%; La, Ce, Sm and Hf 10%.
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These data are presented in Table 3.

A total of 45 Sr isotope ratios were carried
out (some duplicated), 30 at Oxford Universi-
ty and 32 at Leeds University; the former on
a single-collector VG MM30 mass spec-
trometer, the latter on a VG MM 54 mass spec-
trometer. Seventeen Nd isotope determina-
tions were carried out at Leeds University on
a VG MM33 mass spectrometer. Sr isotope
ratios have all been normalized to 86Sr/
88Sr = 0.1194 and to the Eimer and Amend
standard SrCO; value of 87Sr/86Sr =
0.70800; analyses of the NBS 987 Sr standard
during the period of analysis at Leeds gave a
mean value of 0.71026 + 2.1. Nd isotope ra-
tios have all been normalized to 146Nd/
144Nd = 0.7219 for BCR 1 and to the La Jol-
la standard value of 143Nd/!144Nd =0.511046.
2 o errors are reported in both cases. These
data are given in Table 4.

Eleven K — Ar age determinations were car-
ried out on some key samples at the Depart-
ment of Geophysics, Newcastle University on
whole rock, crushed to between 1 mm and 355
pm, using the method described in Wilkinson
et al. (1986). These data are given in Table 1.

The accuracy and precision of the geochem-
ical data are comparable with the values given
in the references cited. In the following sec-
tions we present new geochemical data and
consider the major element, trace element,
rare earth element and radiogenic isotope geo-
chemistry of the various volcanic centres in
order to constrain the processes involved in
their genesis.

Classification of the volcanic suites using
major element geochemistry

The collision volcanics cover a broad com-
positional spectrum from basalts to phonolites
and rhyolites. The normative data for the
basalts show silica saturation ranging from
5% nepheline normative to 2% quartz nor-
mative; in general, the samples with lower K
contents are silica-oversaturated or silica-
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TABLE 3

INAA and ID data for selected lavas from Eastern Anatolia

J.A. PEARCE ET AL.

Volcano: KARA KARA KARA MUS MUS MUS MUS MUS MUS NEM NEM NEM NEM
Sample: 1911 1913 1912 2113 2112 2115 2114 2111 2141 2411 2362 2313 2022
SiOy(%e) 46.7 48.8 50.2 47.5 50.1 51.2 52.0 53.7 66.2 48.5 47.7 64.2 64.3
La 17.25 17.59 18.94 2348 28.60 54.52 41.91 3541 41.88 14.36 43.26
Ce 47.72 48.96 48.68 62.18 77.74 139.86 116.47 90.74 113.06 102.00 44.37 86.60 100.91
Nd 23.25  21.82 2695 3238 44,10 62.75 47.34 4575 57.10 55.20 23.62 40.10 47.25
Sm 5.21 5.13 4.89 7.07 8.45 1427 11.24 8.92 11.06 11.90 5.56 8.72 10.33
Eu 1.58 1.47 1.78 1.90 2.40 3.64 2.94 2.33 1.63 3.72 4.41 2.52 5.99
Gd. 11.00 7.99

Tb 0.62 0.48 0.76 0.87 1.13 1.70 1.48 1.07 1.16 0.92 1.09
Dy 10.10 8.88

Ho 0.80 0.76 0.84 1.57 1.28

Er 5.53 5.97

Yb 1.41 1.23 1.69 3.07 4.00 5.16 5.54 4.41 4.47 4.74 3.04 5.55 5.44
Lu 0.24 0.23 0.24 0.45 0.61 0.83 0.73 0.61 0.80 0.45 0.71
U 0.23 0.33 0.38 1.10 0.73 1.74 0.91 1.71 7.68 0.23 1.84
Th 2.10 2.23 2.08 3.65 3.95 9.61 8.40 8.81 17.28 1.66 8.97
Ta 1.60 1.40 1.26 1.14 1.51 2.28 2.06 1.67 3.03 0.70 1.70
Hf 4.16 4.54 4.43 6.77 8.37 1038 11.44 8.81  10.67 4.47 12.22
Volcano NEM  BIN BIN BIN BIN SUP SUP SUP TEN TEN ARA ARA ARA
Sample 2321 2213 2212 2211 2211 2521 2541 2541 3121 3111 3132 3031 3051
Si0,(%) 74.2 55.4 58.2 71.1 71.1 62.8 73.1 73.1 48.9 58.4 51.1 56.6 57.1
La 28.52 36.53 39.90 50.64 58.62 18.90 26.85  23.51
Ce 150.00 67.18 65.10 66.60 76.27 65.10 86.30 82.03 126.30 128.41 52.72 67.79 54.38
Nd 61.60 2398 2670 21.00 2522 31.00 33.10 30.74 5850 5092 26.64 29.11 22.73
Sm 13.80 4.61 5.04 3.47 3.72 6.77 5.57 6.40 10.34 8.53 5.17 5.50 4.32
Eu 0.32 1.25 1.43 0.75 0.78 1.98 1.33 0.75 2.88 2.41 1.63 1.62 1.39
Gd. 13.80 4.28 2.7 7.15 6.05

Tb 0.59 0.45 0.84 1.35 1.34 0.69 0.53 0.53
Dy 16.60 4.53 3.14 7.69 6.67

Ho 0.83

Er 11.60 2.55 1.99 4.63 4.03

Yb 11.20 2.43 2.32 2.07 2.27 4.40 3.97 3.78 4.75 5.28 2.46 2.74 2.12
Lu 0.35 0.34 0.63 0.76 0.93 0.41 0.46 0.36
8) 2.47 6.42 6.40 0.96 3.73 0.30 1.99 0.95
Th 8.86 23.33 18.37 3.79 12.20 2.07 5.78 4.76
Ta 1.07 1.66 2.16 1.47 1.63 0.43 0.67 0.75
Hf 4.77 7.25 4.19 7.56 9.79 4.23 5.40 4.05
Volcano ARA ARA ARA KARS KARS KARS KARS KARS KARS KARS KARS KARS
Sample 3041 3131 3062 3011 2821 3021 2931 2921 2961 2911 2971 2811
SiO,(%0) 58.2 62.6 76.5 46.0 50.6 54.5 55.5 59.0 60.5 62.7 65.6 75.5

La 29.64 18.01 11.20  22.31 27.10 29.20 24.08 25.21

Ce 64.07 47.30 40.15 46.40 29.57 5470 62.55 65.57 55.08 47.1 56.27 45.3
Nd 2575  20.60 16.66 27.50 15.92 2347 24.78 2320 1999 189 20.47 15.8
Sm 4.41 3.96 3.23 6.17 4.23 4.38 4.59 4.38 3.79 3.79 3.11 3.16
Eu 1.36 1.22 0.46 2.05 1.34 1.32 1.37 1.20 1.16 1.06 0.98 0.35
Gd 3.48 5.60 3.3 2.79
Tb 0.51 0.50 0.68 0.74 0.63 0.69 0.43 0.53

Dy 3.58 5.99 3.58 3.42
Ho 0.97

Er 1.96 3.50 2.14 2.27
Yb 1.88 1.95 2.43 3.29 3.03 2.33 2.37 2.26 1.83 2.09 1.45 2.49
Lu 0.34 0.43 0.40 0.37 0.32 0.34 0.29 0.26

U 2.20 2.63 0.34 0.79 0.81 2.05 1.27 2.04

Th 6.29 7.16 2.58 5.88 5.08 7.77 5.18 7.06

Ta 0.68 0.95 0.36 0.67 0.55 0.76 0.55 0.58

Hf 4.05 2.99 3.20 3.60 4.46 4.90 4.69 3.65

For analytical details, see text; for major elements and XRF/AA trace elements, see Table 2. ARA = Ararat; TEN = Tendiirek; BIN
= Bingol; SUP = Siiphan; NEM = Nemrut; KARA = Karacalidag.
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saturated, while the samples with the highest
K contents are silica-undersaturated. The
volcanics have been classified here on the basis
of their alkali and silica contents using the
total alkali versus SiO, diagram of Le Bas et
al. (1986) and the K,O versus SiO, diagram of
Peccerillo and Taylor (1976).

The total alkali versus SiO, diagram is
shown in three parts in Figure 2 (a—c). The
volcanic rocks from Nemrut, Mus and Ten-
diirek plotted in Figure 2a contain high con-
centrations of alkalis at intermediate and high
silica values and follow an alkaline trend.
However, whereas Nemrut and Mus evolve to
rhyolites and therefore lie on the silica-
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saturated side of the thermal divide, Tendurek
contains strongly silica-undersaturated sam-
ples (a basanite and tephrite) and trachyande-
sites that plot on the silica-undersaturated side
of the thermal divide. The foreland lavas of
Karacalidag, also shown on this diagram, all
classify as basalts. The Siiphan and Bingél
samples plotted in Figure 2b form a well-
defined trend from the trachybasalt to the
rhyolite field, spanning the andesite-trachy-
andesite boundary at intermediate composi-
tions and can be considered to be transitional
between sub-alkaline (calc-alkaline) and mild-
ly alkaline in character. The Kars and Ararat
lavas plotted in Figure 2c¢ fall predominantly
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Fig. 2. Total alkali versus SiO, and K,O versus SiO,; classification boundaries after Le Bas et al. (1986) and Peccerillo
and Taylor (1976), respectively; (a) highlights the alkaline character of Tendiirek, Nemrut and Mus; (b) shows the mildly
alkaline character of Stiphan and Bingdl; (c) shows the sub-alkaline character of Kars and Ararat; and (d) shows the in-
crease in potassium from the Kars — Ararat group, through the Siiphan — Bingél group to the Mus — Nemrut — Tendiirek

group.
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into the sub-alkaline basalt, andesite, dacite
and rhyolite (BADR) fields, a few samples just
falling within the trachyandesite and trachyte
fields.

The key features of the K,O versus SiO,
diagram are summarized in Figure 2d. Sam-
ples from Kars and Ararat predominantly
classify as calc-alkaline on this diagram; Bing-
6l and Siiphan are mainly high-K calc-alka-
line; and Nemrut, Mus and Tendirek plot
within the high-K calc-alkaline and shoshonite
fields. The Karacalidag volcanics form a close-
ly constrained group of basalts on the boun-
dary between the calc-alkaline and high-K
calc-alkaline fields.

Harker diagrams of major elements plotted
against silica (not shown here) also demon-
strate some significant differences between the
Nemrut, Mus, Tendiirek and Karacalidag sam-
ples on one hand and the Kars and Ararat sam-
ples on the other, with Bingol and Siiphan
showingintermediate characteristics. Although
there is some overlap at basic compositions,
the former group is generally characterized by
higher values of CaO and MgO at a given silica
value and lower values of FeO, MnO and Na,O.
These differences are illustrated in Figure 3.
Figure 3a highlights the high molar ratio of Ca
to total alkalis in the Ararat and Kars samples
at intermediate compositions (a ratio of 1 at
about 60% SiO,), confirming their calc-alka-
line character. In contrast, intermediate lavas
from Nemrut, Mus and Tendiirek and from
Bingol and Siiphan have lower ratios (a ratio of
1 at about 56% SiO,) and hence a more alka-
line character. It is beyond the scope of this
paper to discuss these variations in detail al-
though the fact that only the intermediate rocks
discriminate in this way indicates that the dif-
ferences are a function of fractionation: a great-
er proportion of clinopyroxene relative to horn-
blende as fractionating phases and greater crus-
tal assimilation in the alkali suites could both
contribute. Figure 3b shows the lower molar
Mg/(Mg + Fe) ratios of the Ararat and Kars
samples for a given silica content: the majority

J.A. PEARCE ET AL.

of data from these areas have values between
1.5 and 2.5 at 60% SiO, compared with a range
of 3—6 for Siiphan and Bing6l and 4 — 12 for
Nemrut, Mus and Tendiirek, up to SiO, values
of around 65%. None of the volcanic suites
follow Miyashiro’s (1974) tholeiitic trend. The
lower ratios in the intermediate Kars and Ara-
rat samples may reflect the greater importance
of amphibole, and lower importance of olivine
and magnetite, in the crystallization assem-
blage; crustal assimilation may also have some
effect. At higher levels of SiO,, where iron is
mainly in the trivalent state, the ratio decreases
rapidly in all samples.
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Fig. 3. Plots of calc-alkali ratio and Mg/(Mg + Fe) molar
ratio against SiO,. (a) shows the change from calc-alka-
line character in the Kars— Ararat group, through the
transitional character of the Stiphan — Bingdl group to the
alkaline character of the Mus— Nemrut — Tendiirek
group. (b) shows the absence of iron enrichment in all
three groups, as well as the high Mg/(Mg + Fe) ratio in
the calc-alkaline lava suites from Kars and Ararat.
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Major and trace element evidence for
fractional crystallization histories

Trace element fractionation trends

A subset of trace element analyses are plotted
on log—normal graphs against SiO, to
demonstrate some of the compositional dif-
ferences between the different volcanic centres
(Fig. 4). Most notably, Kars and Ararat
volcanics are in general depleted in Zr, Y, Nb,
Rb and Th and enriched in Sr, and Ni with
respect to the Nemrut, Mus and Tendiirek
volcanics for samples of equivalent silica con-
tent; Siiphan and Bing6l show features of both
groups, having the abundances of the Mus —
Nemrut — Tendiirek group but generally fol-
lowing the fractionation trends of the Kars—
Ararat group.

The behaviour of Y may be of particular
significance. Y values for the basic rocks from
all volcanoes overlap but there is a divergence
of trends at intermediate compositions. For
Kars and Ararat, Y stays broadly constant at
basic —intermediate compositions; at higher
SiO, values it either remains constant or is
depleted. Lambert et al. (1974) used this trend
to suggest amphibole + garnet fractionation
at depth beneath Ararat. They argued that Y is
partitioned moderately strongly into horn-
blende — K4 = 1.0 at basic, 2.5 at intermedi-
ate and 6.0 at acid compositions (Pearce and
Norry, 1979) — but not into other common
crystallizing phases, and that there is no evi-
dence in the behaviour of P or Zr for crystalli-
zation of the necessary proportion of minor
phases such as apatite and zircon that might
create the same effect. None of the samples
analysed for this paper shows evidence for the
fractionation of garnet (which occurs in a unit
known as the Lower Red Tuffs, analysed by
Lambert et al. (1974) but not sampled in this
study), but our additional Y analyses support
their model of amphibole fractionation, even
though hornblende phenocrysts are only pre-
sent as rare ‘‘ghosts’’. Siiphan and Bingdl also
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follow a constant Y trend similar to that of Kars
and Ararat but Nemrut, Mus, Bing6l and Ten-
diirek all show an increase in Y with fractiona-
tion, consistent with a crystallization assem-
blage that includes neither amphibole, nor gar-
net. Zr and Nb behave in a similar, though less
pronounced, way, increasing only slightly with
increasing SiO, in Kars, Ararat, Bingol and
Stiphan, while showing a constant increase for
Nemrut, Mus, and Tendiirek. This isagain con-
sistent with amphibole crystallization in the
former group as both these elements partition
into hornblende at intermediate and acid com-
positions (Pearce and Norry, 1979). Sr values
decrease slightly with fractionation to acid
compositions in response to plagioclase
crystallization, then fall rapidly probably in
response to the incoming of alkali feldspar as a
crystallizing phase. Sr decreases more rapidly
in the Nemrut—Mus— Bingdl— Tendiirek
group, indicating the greater importance of
plagioclase crystallization in the origin of these
rocks. Ni decreases steadily with increasing
SiO, content in Kars and Ararat samples, but
falls rapidly at low SiO, values for other suites,
indicating that olivine fractionation is moreim-
portant in the latter or that magma mixing is
more important in the former. Of the elements
plotted, only Rb and Th show a constant
positive variation with SiO, for all the volcanic
centres.

The behaviour of trace elements during frac-
tionation can be studied more quantitatively by
comparing observed and theoretical fractiona-
tion trends on log—log variation diagrams.
The diagram Y — Rb, plotted in Figure 5 using
both our own data and data of Lambert et al.
(1974), highlights the main aspect of variation.
Rb is used as a fractionation index because of
its positive correlation with silica throughout
the fractionation sequence. Theoretical Ray-
leigh fractionation vectors have been plotted
for crystallization of individual phases and
relevant phase assemblages using distribution
coefficients from Irving and Frey (1984) and
Pearce and Norry (1979). It can be seen that
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Fig. 4. Log —normal plots of Zr, Y, Nb, Th, Ba, Ni, Rb and Sr against SiO2 showing the contrast in trace element
behaviour between the calc-alkaline Kars — Ararat lavas and alkaline Mus, Nemrut and Tendiirek lavas.
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positive gradients on the diagram should
generally result from POAM (plagioclase,
olivine pyroxene, magnetite) fractionation,
whereas negative to flat gradients require the
crystallization of amphibole + garnet + bio-
tite. Crustal assimilation (modelled in later
diagrams) generally results in enrichment in Rb
with depletion in Y and combined fractiona-
tion — assimilation will generally produce con-
vex trends of increasing Rb and Y.

Three distinct trends can be recognized in
Eastern Anatolia: the Nemrut—Mus— Ten-
diirek trend of increasing Y and Rb which could
be interpreted as dominated by POAM crystal-
lization (resultant vectors 1 and 2); a
Kars — Ararat trend (high-Y series) of near-

constant Y best explained in terms of plagio-
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Fig. 5. Rb—Y diagram highlighting the contrast between ‘

the amphibole + garnet dominated fractionation trends
of Kars— Ararat (open triangles) and Bingo!l — Siiphan
(closed circles in inset) and the POAM-dominated frac-
tionation trends of Mus— Nemrut—Tendlirek (open
squares). Theoretical vectors are for 50% crystallization
(unless otherwise stated) of single phases and phase com-
binations. Partition coefficients from Pearce and Norry
(1979) and Irving and Frey (1984). B = basic; I = in-
termediate; 4 = acid. Phase combinations are: 1 =
pl scpx 401, (B); 2 = pl sepx 501, (A); 3 = pl shbl ¢ (B);
4 = plhbl s (D; 5 = pl shbl 48t , (D).
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clase- and amphibole-dominated fractionation
(resultant vector 4); and a Kars — Ararat trend
(low-Y series) best explained in terms of frac-
tionation involving garnet (resultant vector 5).
The Siiphan — Bing6l trend shown in the inset
mirrors the Kars — Ararat trends but is displac-
ed to higher Y values.

The contrast in trace element behaviour,
coupled with the phenocryst assemblages, can
thus be seen to highlight the difference between
hornblende-dominated fractionation in the
calc-alkaline group and POAM fractionation
in the alkaline group. The model of Lambert et
al. (1974) for amphibole crystallization at
depth beneath Ararat is thus consistent with
our new data set and can also be extended to the
Ararat —Kars area as a whole. The phase
diagram considerations discussed by Lambert
et al. (1974) also apply in the light of subse-
quent experiments such as those summarized
by Green (1982) or Gill (1981). Thus, am-
phibole can be expected to be a liquidus phase
in basaltic to basaltic — andesite magmas under
near water-saturated conditions (> 10 wt.%
H,O at 15 kb) between depths of around
25—-80 km (8 —25 kb). At 25—-40 km, within
the thickened Eastern Anatolian crust, crystal-
lization should initially be amphiboie-domina-
ted with subordinate aluminous pyroxenes and
magnetite. Bringing the same magma to shal-
low depth would give two pyroxenes + plagio-
clase as liquidus phases and cause any entrained
amphibole crystals to be resorbed. This per-
hapsexplainsthe general absence of hornblende
in the dominant phenocryst assemblage of or-
thopyroxene, clinopyroxene, plagioclase, mag-
netite and ilmenite. Similarly, garnet can crys-
tallize at depth (but not near surface) in inter-
mediate to acid magmas.

Rare earth patterns

The chondrite-normalized REE data for
representative lavas from the collision zone are
shown in Figure 6 (a—g). The Karacalidag
foreland basalts (Fig. 6a) have straight LREE-
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Fig. 6. Chondrite normalized REE plots for Karacalidag, Nemrut, Siiphan, Tendiirek, Ararat and Kars. The silica percen-
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enriched patterns (we are not certain whether
the slight depletion of La with respect to Ce is
real or analytical) with LREE/MREE (as given
by La/Eu*),) and MREE/HREE (as given by
Eu*/Yb),) ratios both about 3 (Eu* = extra-
polated Eu). The mildly alkaline suites of Mus
and Nemrut (Figs. 6b and c¢) have broadly
similar patterns at basic compositions and then
evolve to acid compositions showing little
change in pattern shape (except at the very acid
composition of Nemrut 2321) but an increasing
negative Eu anomaly. The two samples plotted
in Figure 6d from the alkaline Tendiirek suite
show higher LREE/MREE ratios (of 5—6)
than the patterns so far described and little dif-
ference between the basic and intermediate pat-
terns. These alkaline volcanoes have the highest
total REE content (150—284 ppm at 50%
Si0O,).

The calc-alkaline suites of the Kars Plateau
and Ararat (Figures 6g—h) have similar
LREE/MREE profiles to the alkali rocks at
basic compositions but flatter MREE/HREE
profiles (of 1.2—1.5). The trend to evolved
compositions is the reverse of that seen in the
alkali suites, however, with a general decrease
in total REE content with increase in SiO, con-
tent and much less pronounced Eu anomalies
for a given SiO, content. The greatest decrease
is shown by the M — HREEs, which are parti-
tioned most strongly into amphibole; the
LREEs, La and Ce, exhibit variable behaviour.
Siiphan and Bingdl patterns (Figs. 6¢ and f)
resemble the calc-alkaline, rather than alka-
line, patterns in their total REE content and
fractionation behaviour.

Rare earth patterns thus also highlight the
contrast between the amphibole-free, and more
hydrous, amphibole-bearing crystallization
histories. The former, characterized by Mus
and Nemrut, where the acid rocks have patterns
that lie sub-parallel to the patterns of the basic
rocks and have large negative europium ano-
malies, are typical of other volcanoes exhibi-
ting POAM fractionation. The latter, exempli-
fied by Kars, Ararat, Bing6l and Siiphan, whe-
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re there is no increase or a decrease of the
MREE and HREE during fractionation, are
consistent with amphibole-dominated crystal-
lization assemblages.

Summary

The evidence presented above enables us to
propose that there are two distinct types of
crystallization history:

(1) The Kars and Ararat type is characterized
by subalkaline basalt — andesite — dacite — rhy-
olite fractionation, high ratios of calcium to
total alkalis and magnesium to iron, and trace
element data that show either constant trends
or trends of depletion in Y, Zr and Nb with
fractionation. These features are consistent
with crystallization of a hydrous (amphibole +
garnet bearing) assemblage at depth. Siiphan
and Bing6l, which are transitional between
groups 1 and 2, also have an amphibole-domi-
nated crystallization history.

(2) The Nemrut and Mus typeis characterized
by alkaline compositions that follow basalt —
trachyandesite — peralkalinerhyolite fractiona-
tion trends. They have low ratios of CaO to
alkalis and magnesium to iron and show in-
creases in Zr, Y and Nb throughout their frac-
tionation history. These features are consistent
with an anhydrous (POAM) crystallization as-
semblage. Tendiirek also belongs to this group
but does not evolve to peralkaline rhyolite and
has more silica-undersaturated compositions.

Incompatible trace element evidence for the
nature of the mantle source regions

Multi-element patterns

More complete incompatible element trace
element patterns, normalized to MORB after
Pearce (1983), are shown in Figure 7 and have
been used to contrast source compositions
across the volcanic province. In these patterns,
the order of incompatibility during lherzolite
melting increases from Yb to Th and Sr to Th.
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Fig. 7. MORB-normalized patterns (after Pearce 1982)
for basic samples from Karacalidag, Tendiirek, Mus,
Nemrut, Ararat and Kars; only the Kars — Ararat samples
show a consistent subduction signature.

Comparison of a number of basalt patterns has
suggested that melting of ‘‘plume’ astheno-
sphere, or lithosphere enriched by small-
volume melts from the asthenosphere, pro-
duces ‘‘humped’’ patterns with Ba, Th, Ta and
Nb the most enriched elements and the degree
of enrichment directly relating to the degree of
incompatibility. By contrast, basalts derived
from mantle enriched by a subduction compo-
nent exhibit selective enrichment mainly in the
large ion lithophile (LIL) elements Sr, K, Rb,
Ba, Th and the LREEs. These patterns best
highlight source enrichment processes when
pyroxene, plagioclase and oxides are the only
residual phases during partial melting and are
also the only crystallizing phases. Crustal
assimilation can have the same, but less pro-
nounced, effect as the subduction component,
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leading to LIL element enrichment. If garnet is
aresidual phase, Y and the M — HREE (Tb, Y,
Yb) will be depleted. Amphibole crystallization
will also significantly ‘‘hold back’’ K, Y and the
M — HREE and slightly ‘‘hold back’ Sm, Ta
and Nb. Toreduce the latter effect, only basalts
have been plotted in Figure 7.

In Figure 7a, the Karacalidag pattern
characteristic of the foreland volcanism, shows
a “humped’’ trace element pattern enriched in
both the LIL elements, Sr, K, Rb, Ba, Th and
the LREEs and the incompatible high field
strength (HFS) elements Ta, Nb, Hf, Zr, and Ti
relative to the MORB normalizing abundance.
This can be interpreted in terms of a mantle
source with significant enrichment of a small-
volume asthenospheric melt and an insignifi-
cant subduction or crustal assimilation compo-
nent. The alkali basalts from Mus, Nemrut
and, especially, Tendiirek also show ‘‘hump-
ed”’ patterns but with a small, but variable,
depletion of Ta and Nb relative to the adjacent
LIL elements that characterizes a small subduc-
tion component in the mantle source or assimi-
lation of crust by the basic magma prior to
eruption. The Karacalidag pattern also shows a
marked depletion of Y and the heavy REEs that
may indicate that garnet was a residual phase
during the partial melting event; the other
volcanoes do not show this feature.

The Kars and Ararat basalts in Figure 7b
show only slight enrichment in the HFS
elements relative to the MORB normalizing
abundance (1-2 x MORB), with selective
enrichment of the LIL elements, Sr, K, Rb, Ba,
Th and the LREEs giving negative anomalies in
Ta and Nb that are much larger and more con-
sistent than those in the alkali volcanoes. The
slight enrichment in the incompatible HFS
elements such as Nb and Ta relative to MORB
may indicate a slightly enriched mantle source
(it may also be produced in part by partial
melting if the degree of melting is small and
clinopyroxene is a major residual phase);
whereas the pattern of selective LIL element
enrichment can be attributed either to a sub-
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duction component or to crustal contamina-
tion or both. Bingol and Siiphan exhibit similar
features at intermediate compositions, but no
basic rocks from these volcanoes have been
analysed for all elements.
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Fig. 8. Th/Yb—Ta/Yb diagram (after Pearce, 1983) for
basic and intermediate (< 60% SiO,) lavas from Eastern
Anatolia. The foreland lavas from Karacalidag plot on an
intraplate mantle metasomatism trend, whereas the
Kars — Ararat lavas exhibit a consistent displacement
from the trend indicating subduction-related metasoma-
tism. The alkaline volcanic series of Nemrut, Mus and
Tendiirek exhibit a progressive shift from this trend with
increasing silica, indicating a parent composition on or
near this trend that has evolved via combined assimila-
tion — fractional crystallization (AFC). Possible subduc-
tion zone (SZ), fractional crystallization (FC) and AFC
vectors are indicated. The FC vector for the Kars — Ararat
lavas is modelled for a hornblende — plagioclase assem-
blage; FC vectors for the alkaline series involving plagi-
oclase, pyroxene and magnetite are negligible on the
scale of the diagram and have not been drawn. AFC vec-
tors are drawn for values of 7 = 3 (see text) and the upper
crustal composition of Taylor and Mc-Lennan (1985).
The partial melting trend has been modelled for
equilibrium melting of a garnet Iherzolite (0l 550px 5,
CPX 158t |0) assemblage melting at 1250°C (see text for
details) and is annotated according to degree of melting:
it shows that the high ratios of the Karacalidag lavas could
be explained by a more enriched source than the uncon-
taminated alkaline volcanoes and/or by a very low degree
of melting. :
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Trace element ratio plots

The main variations shown by the trace ele-
ment patterns can be summarized by a plot of
Th/Yb against Ta/Yb (Fig. 8). This choice of
ratios is designed to be almost independent of
fractional crystallization or partial melting,
provided pyroxenes and feldspars are the domi-
nant crystallizing or residual phases; and to
highlight source variation and crustal assimila-
tion (Pearce, 1983). Basalts derived from the
convecting upper mantle (MORB source),
“plume’’ asthenosphere or lithosphere enrich-
ed by low-degree melts from the convecting up-
per mantle all lie within or close to a diagonal
trend marking the similar behaviour of Th and
Ta. Mantle enriched by a subduction compo-
nent (carrying Th but not Ta or Yb) will be
shifted off the appropriate point on this array
to higher Th/Yb ratios. Bulk or partial
assimilation of most crust also leads to a shift
to higher Th/Yb ratios, although assimilation
of granulite facies crust, which has low Th con-
tents, can cause a shift in the opposite direc-
tion. Garnet residues from partial melting
should lower both ratios by similar amounts,
and amphibole residues will lower Ta/Yb sligh-
ly more than Th/Yb: crystallization of these
phases will have the reverse effect.

The diagram shows that the Karacalidag
basalts plot on the ‘‘mantle trend’’, confirming
the interpretation from the trace element pat-
terns that the enriched mantle source had no
subduction component and that the resulting
magma underwent little assimilation. The
alkaline volcanoes Mus, Nemrut and Tendiirek
follow a trend from the mantle array to higher
Th/Yb ratios. The degree of displacement cor-
relates with the silica content, which is consis-
tent with a model of variable crustal assimila-
tion of an enriched mantle source. The
Karacalidag basalts are displaced along the
“mantle trend”’ to higher Th/Yb and Ta/Yb
ratios. This displacement could be explained by
derivation from a more enriched source than
that of the alkaline volcanoes, or to the pres-
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ence of a garnet-bearing residue in the genesis
of the Karacalidag basalts. The garnet lherzo-
lite melting trend (for garnet out at 20% melt-
ing at 1250°C — see Fig. 9) shows that a large
difference in the proportion of residual garnet
(and hence degree of partial melting) is needed
to explain this observation; a combination of
the two explanations may therefore be involv-
ed. The Kars and Ararat lavas form atrend sub-
parallel to the ‘“mantle array’’, but consistently
shifted to higher Th/Yb ratios, suggesting de-
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Fig. 9. Cr-Y diagram (with Cr—Sc and Cr-AlO,
diagrams in insets) highlighting differences in degree of
partial melting between the different volcanic series. The
modelling of the partial melting trends is based on an
0l 550PX HCPX 558t |45 assemblage with garnet disappear-
ing after 20% melting (except at 10% where indicated),
clinopyroxene after 30% melting and orthopyroxene after
60% melting. Mineral/melt partition coefficients used for
Y are: 1200°C: ol = .005, opx = .06, cpx = .5, gt = 2;
1250°C: ol = .002, opx = .03, cpx = .3, gt = 1.5;
1300°C: ol = .001, opx = .01, ¢cpx = .2, gt = 1.0.
Distribution coefficients for Cr result in almost constant
bulk distribution coefficients during melting, namely:
1200°C = 6; 1250°C = 4; 1300°C = 3. For details, see
text.
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rivation from an enriched mantle source to
which a subduction component has been add-
ed. The basic rock has the lowest ratio; the in-
termediate rocks which form the main group of
data could be derived from the basic lava by
amphibole fractionation (FC vector, Fig. 8)
with or without crustal assimilation (sub-paral-
lel to the AFC trend, Fig. 8). There are insuffi-
cient data on basic and intermediate rocks from
Bingol and Siiphan to assess their origin.

Compatible — incompatible element
covariations: evidence for degree of partial
melting

The depletionin Y and the M — HREE shown
by the Karacalidag lavas in Figure 7a can be ex-
amined further by a plot of the compatible ele-
ment, Cr, against Y (Fig. 9). This diagram is
not greatly affected by source heterogeneities
(small melt fractions in equilibrium with garnet
will be depleted in Cr and exhibit only a small
enrichment in Y) but will highlight differences
in degree of partial melting — which form a
horizontal trend on this diagram almost per-
pendicular to the sub-vertical trend formed by
crystallization of assemblages dominated by
olivine, chrome spinel, pyroxene and/or horn-
blende (Pearce, 1982). In the simple model
drawn in Figure 9, we have assumed that the
mantle source has the same Cr, Y content as
“normal’’ convecting asthenosphere, i.e. that
mantle metasomatism has not affected the two
elements significantly and the lithosphere has
not experienced a previous melting event. The
melting trends drawn are for garnet lherzolite,
ignoring the effects of residual hydrous phases
and carbonates which are expected from ex-
periments to enter the melt very rapidly (e.g.
Olafsson and Eggler, 1983). Because of the
strong temperature-dependence of the parti-
tion coefficients, three melting trends have
been plotted, for temperatures in the order of
1300°C, 1250°C and 1200°C (synthesized from
published data and reviews, especially Irving,
1978; Ottonello et al., 1984; Hervig et al., 1986,
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treating Y as equivalent to a M — HREE). In
practice, a single melting trend would steepen
with the degree of melting as the partition coef-
ficients decrease and the trends assume
equilibrium melting. In addition, the precise
temperature-dependence of the partition coef-
ficients is poorly known. However, the dia-
gram does serve to constrain melting models
for the Eastern Anatolian lavas because of the
general trend of increasing Y in primary melts
generated from increasing degrees of partial
melting of garnet lherzolite at temperatures
below those of convecting asthenosphere (i.e.
below about 1300°C) and at degrees of melting
where garnet is a residual phase.

Using this diagram, back-projection along a
mafic crystallization trend would cause the
Karacalidag lavas to intersect a melting trend at
lower Y values than the Kars — Ararat lavas,
which in turn would intersect the partial
melting trend at lower values than the alkaline
volcanic rocks of Nemrut, Mus and Ararat.
The diagram therefore provides good evidence
for a difference in degree of melting or nature
of the melt residue across the volcanic province
even though the precise details are difficult to
determine. The theoretical trends show that the
lower Y contents of the foreland Karacalidag
lavas could be explained if garnet was a residual
phase and the Karacalidag lavas had undergone
a lower degree of partial melting than the lavas
from the zone of crustal thickening. An alter-
native model for this diagram is that the Kara-
calidag lavas had undergone a much higher
degree of partial melting and that neither gar-
net nor clinopyroxene were residual phases,
although this would require temperatures in ex-
cess of those of ‘‘normal’’ convecting astheno-
sphere to generate sufficient melt by adiabatic
decompression.

Further evidence is provided by the behav-
iour of Sc and Al, shown as insets in Figure 9.
Sc is strongly partitioned into both garnet and
clinopyroxene (K for clinopyroxene/melt and
garnet/melt = 3 —6) so its concentration in-
creases in primary melts as the degree of melt-
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ing increases until there is a harzburgite resi-
due, at which point its concentration in the
melt decreases. Its concentration in primitive
MORB lies in the range of 35 — 40 ppm but is in
the order of 25 ppm in the most basic of the
volcanics from the EAcz, suggesting that over-
all degrees of melting and/or melting tempera-
tures were less than those required to generate
MORB. Furthermore, the extrapolated value is
lowest in the foreland Karacalidag volcanics,
consistent again with a lower degree of partial
melting for the generation of these lavas. Simi-
larly, the low contents of Al,Oj5 in the Kara-
calidag lavas compared with the other volcanic
suites supports the model of their generation by
low degrees of melting with residual garnet.

Isotope evidence for crustal assimilation
Isotope — trace element diagrams

The question of source enrichment versus
crustal contamination, not fully resolved by the
trace element variations, can be further studied
from Sr isotope covariations with indices of
fractionation using data from Table 4. The
diagram of 87Sr/36Sr against SiO, (Fig. 10a)
highlights a significant linear or curvilinear
correlation between Sr isotope ratios and silica
for all the alkaline volcanic suites (Mus, Nem-
rut and Tendiirek) from the area of thickened
crust, suggesting that the combined assimila-
tion and fractional crystallization (AFC) was
an important process in the origin of these vol-
canoes. A few samples plotting off this AFC
trend include two highly alkaline basic Ten-
diirek samples with high Sr isotope ratios and
one Nemrut basalt with a slightly low ratio that
may indicate a variability in primary melt com-
positions. The Nemrut sample 2362 plots at the
lower end of the trend, and is used as the basic
end-member in subsequent AFC modelling; the
foreland Karacalidag volcanics also plot near
the low-silica end of the trend. The transitional
volcanoes (Bing6l and Siiphan) also show a
small increase in Sr isotope ratios with silica,
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Fig. 10. Diagrams highlighting assimilation — fractional crystallization (AFC) processes in the alkaline volcanics of Mus,
Nemrut and Tendiirek. (2) Increase in Sr isotope ratio with silica for the alkaline suites along a generalized AFC trend,
with the exception of two samples that plot on a mantle metasomatism (MM) trend. The Kars — Ararat lavas mostly plot
along a fractional crystallization (FC) trend. (b) The Sr — Nd isotope covariation shows that alkaline lavas are displaced
from the mantle array along a two-component mixing line. B = Columbia River Basalt; 4 = average NSW granite of
Faure (1986) annotated according to the proportion (f) of component A4; (c) and (d) More detailed modelling of the AFC
process based on the equations of De Paolo (1981) and using the assimilation-sensitive ratio Rb/Nb. r = the ratio of the
rates of mass assimilation to mass crystallization and F = the ratio of magma mass to original magma mass. C = Rb,
Nb composition of the upper crust; 8Sr/8Sr in the table in (d) = Sr isotope ratio of the assimilated crust.

but the number of data points is insufficient to
determine their significance. The Kars — Ararat
calc-alkaline group follows a line of constant Sr
isotope ratio from basaltic andesite to dacite
composition. This may indicate a fractiona-
tion-dominated history, or that the magmas
assimilated young crust of similar Sr isotope
ratio. The three basic samples have lower Sr
isotope ratios than the intermediate rocks
(0.7038 compared with 0.742) showing that the
basic and intermediate rocks cannot be related
simply by fractional crystallization. The acid
samples, however, have Sr isotope ratios which

are more comparable to those of the basic
lavas.

Nd - Sr isotope diagram

A Sr and Nd isotope covariation diagram has
been plotted in Figure 10b using data from
Table 4. The Nemrut, Stiphan, Tendiirek, Mus,
and Bingdl lavas are almost all displaced from
the mantle array, showing a considerable
spread in their 87Sr/86Sr ratios with a relatively
small range of 143Nd/144Nd ratios (0.51270 —
0.51285). The Kars and Ararat lavas form a se-
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cond group which has lower 87Sr/86Sr
(0.7036 —0.7047) and higher !43Nd/!44Nd
(0.51288 —0.51298). The two Karacalidag data
points plot together on the edge of the mantle
array with 87Sr/86Sr ratios between about
0.7040and 0.7042 (in addition, one sample, not
analysed for Nd isotopes, has a 87Sr/86Sr ratio
of 0.7045) and !43Nd/!44Nd ratios between
about 0.51289 and 0.51295. Samples not
following an AFC trend in Figures 10a and b
plot closest to the mantle array, and make up a
trend paraliel to the mantle array, the alkaline
Tendiirek sample being most enriched. Precise
interpretation of this trend, particularly the
separation of a subduction and intraplate
enrichment component in the Ararat—Kars
group, is not possible at this stage.

Samples from Mus, Nemrut and Tendiirek
that followed an AFC trend in Figure 10a, form
a trend towards upper crustal compositions.
Not having sufficient information to define
precise end-member compositions for this
trend, a simple two-component mixing curve
between a composition similar to the Karacali-
dag basalts — Component B: the Columbia
River Basalt of Carlson et al. (1981) — and a
possible bulk upper crustal composition —
Component A: SE Australia Palaeozoic gran-
ite average of McCulloch and Chappell (1982)
— has been drawn onto the diagram to indicate
the extent of mixing that might have taken
place (Faure, 1986). This curve gives bulk
weight fractions (f) of component 4 up to
about 0.15. One representative sample of the
Bitlis metamorphic rocks (a phyllite sampled
east of Tatvan) analysed at Oxford gave values
of Rb =130 ppm, Sr =69 ppm and
87Sr/86Sr = 0.73586 + 5;similar in composi-
tion to the upper crustal estimate used in Figure
10. No clear trend is shown by Bingol and Siip-
han on this diagram; however, Giilen (1980,
1982) reported that his larger isotopic data base
for Siiphan does provide strong evidence for
crustal assimilation.

More rigorous modelling of the AFC process
for the Mus— Nemrut —Tendiirek group of
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volcanoes has been attempted in Figures 10c
and d. The Rb/Nb ratio has been chosen as an
index of assimilation for these suites because
POAM crystallization should not fractionate
this ratio significantly whereas crustal assimila-
tion should cause the ratio to increase. The
Nemrut sample 2362 has been chosen as the
basic end member of these models, partly
because it plots at the end of the AFC trend in
Figure 10a and partly because its Rb/Nb ratio
of 0.6 is similar to the Rb/Nb ratio of MORB
and many ocean islands and can therefore be
considered unaffected by assimilation. Values
of Rb = 150 and Nb = 20 (similar to the
representative Bitlis pelite) have been used to
represent the assimilated crust. Modelling has
been carried out using the AFC equations of De
Paolo (1981) assuming bulk distribution coeffi-
cients of 0.1 for Rb and Nb throughout the
crystallization history (the model is not sen-
sitive to changes in these values provided they
are < < 1).

Figure 10c shows a diagram of Rb/Nb ratio
against Rb for the volcanic rocks of Mus,
Nemrut and Tendtrek, upon which has been
superimposed theoretical curves to illustrate
how the basic end member would evolve by
AFC for different values of r, the ratio of
assimilation rate to crystallization rate; the
value of F (the ratio of the final mass of magma
to the initial mass of magma) has been marked
onto each curve. The Figure highlights two
features. First, a small number of samples plot
along the theoretical trend for r = 0, in-
dicating little or no crustal assimilation. The
trend shown by these samples, of increasing Rb
at a constant Rb/Nb ratio, can be explained by
fractional crystallization alone, or by source
heterogeneities, or both. Since the samples in
question are all basic in composition, and two
of the high-Rb samples are the Tendiirek
samples that have high Sr isotope ratios (Figure
10a), this trend must reflect source hetero-
geneities, at least in part. It can therefore be in-
ferred that a small proportion of lavas from
these volcanoes reached the surface without ex-
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tensive assimilation and without the extensive
mixing in crustal magma chambers that might
have homogenised their isotopic and trace ele-
ment variations. The remaining lavas, the
dominant set, plot on AFC trends with values
of r from 0.1 to 0.8, but mainly in the range
0.15—0.4. The precise values of r are not very
meaningful, because of potential variations in
end-member compositions. For example, tak-
ing the average upper crustal composition of
Taylor and MacLennan (1985) (Rb = 112
ppm; Nb = 25 ppm) as the crustal end-
member would cause the estimates of r to be
revised slightly upwards. Taking into account
the fact that the Nemrut end-member is itself
fractionated, and that its primary magma
should have a lower Rb content, would cause
the values of r to be revised downwards; and
taking one of the more enriched basic end
members would cause the value of r to be revis-
ed upwards. There is no evidence that any
granulitic (low-Rb) crust, if indeed it is present
in Eastern Anatolia, was assimilated.

A comparable diagram has been constructed
for the Rb/Nb ratio against the Sr isotope in
Figure 10d. The curves drawn, again from the
equation of De Paolo (1981), encompass the ex-
pected range of valuesof r = 0.1-0.6, Dg, =
1-2, and 87Sr/86Sr = 0.720 and 0.740. Al-
though based on fewer data points than the
previous diagram, this plot supports the model
of extensive crust assimilation within the colli-
sion zone.

In terms of the process, there may be strong
similarities between Eastern Anatolia and the
Central Chilean Andes, for which Hildreth and
Moorbath (1988) proposed a blending of sub-
crustal and deep crustal magmas in zones of
melting, assimilation, storage and homogeni-
sation (MASH) at the mantle — crust transi-
tion. There is no evidence in Anatolia for the
blending of acid and basic magmas, but the
data from the alkaline volcanoes (where the
isotopic and trace element contrast between
magma and crust is largest) do indicate that ex-
tensive combined assimilation and fractional
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crystallization of crust is taking place at depth
beneath Eastern Anatolia, and that only a small
volume of basic magmas has avoided these
magma reservoirs and reached the surfacein an
uncontaminated state.

Models for Eastern Anatolian volcanism
Foreland volcanism

The Karacalidag lavas on the Arabian
foreland provide the control on magma genesis
without the effects of lithospheric thickening
and can usefully be discussed first in terms of
the P— T relationships of mineral stabilities,
mantle solidi and geothermal gradients. The
constraints identified so far are that they are:
(1) predominantly basic; (2) mildly alkaline; (3)
characterized by anhydrous fractionation phas-
es; (4) have trace element and isotope ratios
which indicate a slightly enriched mantle
source with little or no subduction component;
(5) may have been generated by low degrees of
melting leaving some residual garnet; (6) have
experienced little or no crustal contamination.

We have assumed that the foreland structure
prior to volcanic activity (Fig. 11)is represented
by typical, non-cratonic, continental litho-
sphere with a 100 km, rigid, mechanical boun-
dary layer (MBL) separated by a thermal boun-
dary layer (TBL) of variable thickness (taken
here as 75 km) from convecting asthenosphere.
The MBL is assumed to have a linear (conduc-
tive) geotherm of mean gradient 9°C km~!
and the asthenosphere an adiabatic gradient of
0.6°C km —! with a potential temperature, T,
(the temperature it would have if brought
adiabatically to the surface without melting),
of 1280°C. The dry asthenosphere solidus is
taken from figure 5 of McKenzie and Bickle
(1988). The solidi for the peridotite — H,O —
CO, system are taken from Wyllie (1987) and
show the minimum temperatures of magma
generation from metasomatized lithosphere in
the range Xg,0 (H,O/(H,O + COy) = land
Xco, (COy/(HyO + CO,)) = 1. The MBL is
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Fig. 11. P— T diagrams showing conditions of melting
across the Eastern Anatolian volcanic province. (a) The
foreland (pre-thickening) lithosphere. (b) The thickened
lithosphere for the EACZ. MBL = mechanical boundary
layer; TBL = thermal boundary layer; G = continental
geotherm; Gpen = perturbed geotherm; Tp = potential
temperature; shaded region = field of initiation of
melting for volatile-rich compositions ranging from pure
water (Xy o = 1) to pure carbon dioxide (Xco, = 1).
Mantle compositions on the geotherm: sp = spinel; gf =
garnet; am = amphibole; carb = carbonate; phl =
phlogopite; are given, assuming that metasomatized com-
positions lie between the dotted lines. For details, see text.
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assumed to have been metasomatised at depths
below the intersection of the geothermal gra-
dient and the metasomatised lithosphere soli-
dus by small melt fractions migrating from the
asthenosphere to the lithosphere along the geo-
thermal gradient (Bailey, 1987). Consideration
of mineral stabilities then gives a mineralogi-
cally zoned, metasomatized MBL mantle litho-
sphere from hornblende (garnet or spinel) lher-
zolite at shallow depths through hornblende,
dolomite (garnet, phlogopite) lherzolite to car-
bonate, garnet, phlogopite lherzolite at the
base (Wyllie, 1987; Bailey, 1987). Potential
end-member magma sources are: the main vol-
ume of ‘“‘normal’’ convecting upper mantle
asthenosphere (7, = 1280°C); amantle plume
(Tp > > 1280°C); or metasomatized sub-con-
tinental lithosphere. Generation of melt in
what is, in most respects, a typical continental
rift setting has been discussed by many authors
in terms of the possible mechanisms of:

(1) Melting of ‘‘normal’’ asthenosphere by
adiabatic decompression of upwelling perido-
tite during rifting.

(2) Melting of mantle plume asthenosphere
by adiabatic upwelling.

(3) Melting of metasomatized lithosphere by
perturbation of the geotherm by heat from up-
welling asthenosphere or a mantle plume.

The first option was the subject of a recent
study by McKenzie and Bickle (1988) who
demonstrated that a stretching factor (un-
stretched/stretched ratio) of about 2.5 would
berequired to melt asthenosphere with a poten-
tial temperature of 1280°C and that melting
would begin at about 50 km depth (Fig. 10).
This is a most improbable scenario for the Ara-
bian foreland because of the positive
topographic expression and the geometrical
problems that a stretching factor of 2.5 would
entail. The second option, the mantle plume,
would enable melting to start at greater depth
(100 km at a potential temperature of 1480°C)
and would better explain the local topography.
However there are many arguments against a
plume origin for volcanism in Eastern
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Anatolia, at least in the sense of the typical
plume described by White and McKenzie
(1989) as a narrow (150-—-200 km) central
plume spreading out to give a mushroom-
shaped hot region 1000 — 2000 km in diameter
and producing dynamic uplift over the centre
of the plume and isostatic uplift over an area
1000 — 2000 km in diameter. The main argu-
ments are:

(1) In Eastern Anatolia the overall volcanic
expression is asymmetric, extending about 300
km in the direction of compression and 900 km
(into Iran) perpendicular to the direction of
compression.

(2) The topographic expression is consistent
with north—south shortening rather than
domal uplift.

(3) Thereis a predominance of strike-slip and
compressional, rather than extensional, fault-
plane solutions.

(4) The temporal changes in volcanic activity
over the last 6 Ma show a trend from more
regional-scale activity (the early creation of the
Kars Plateau in the north and the Mus — Solhan
volcanosedimentary units in the south) to
localized activity in an aligned set of central
vent volcanoes; this is the reverse of that ob-
served in the early stages of plume-related vol-
canic activity.

(5) The systematic changes in lava chemistry
across the collision zone indicate a number of
spatially-distinct magma sources, inconsistent
with a plume being a source of magma (though
not of heat).

We therefore consider the mantle lithosphere
must be the dominant, and probably the only,
source of magma and that volcanism in the
foreland is not the marginal expression of a
mantle plume. The volcanism could be explain-
ed by some other type of thermal perturbation
of the asthenosphere, but the quasi-linear
SW —NE trend of much of the youngest
volcanism from the foreland to Soviet Armenia
suggests a response to localized stretching,
perhaps due to the lateral stress release
associated with the escape of the Anatolian and
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Iranian microplates, reducing the angularity of
the Eurasian margin into which the Arabian
plate is being indented (Sengor, 1976).

A number of studies have been made of
lithospheric melting in continental extension
(e.g. Latin et al., 1990; Hawkesworth and
Norry, 1982; Menzies and Hawkesworth,
1987). The basic requirement is a perturbation
of the lithosphere geotherm due to upwelling of
hot asthenosphere either by stretching of
lithosphere (e.g. Dixon et al., 1981) or an in-
crease of asthenosphere temperature which
then brings the metasomatized ‘‘layer’’ above
its solidus. Since the metasomatized mantle
could lie just below its solidus (especially if the
metasomatism resulted from solidification of
melt intersecting its solidus), little perturbation
may be necessary to initiate melting. Thus,
small degrees of stretching may have created
the foreland volcanic event, and this is consis-
tent with the absence of topographic evidence
for extensive stretching and the geochemical
evidence for small degrees of melting put for-
ward earlier.

Volcanism between the Bitlis Thrust Zone
and Erzurum

The lavas from this central part of the colli-
sion zone have been shown to: (1) vary from
transitional (Bingd®l, Siiphan) through mildly
alkaline (Mus, Nemrut) to strongly alkaline
(Tendiirek); (2) range from basalts, through
trachyandesites and trachytes to rhyolites and
phonolites; (3) have anhydrous fractionation
phases (with the possible exception of Bingol
and Siiphan); (4) have trace element and
isotope ratios which indicate an enriched man-
tle source (relative to ‘‘normal’’ astheno-
sphere), containing no subduction component
in the alkaline volcanoes of Mus, Tendiirek and
Nemrut and a probable subduction component
in the cases of Bing6l and Siiphan; and (5) have
experienced significant but variable crustal
contamination before eruption.

In order to understand magma genesis in the
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zone of thickened lithosphere north of the
foreland, we can take as a starting point the
P — Trelationships of mineral stabilities, solidi
and geothermal gradients for the simple case of
instantaneous homogeneous thickening of the
mantle lithosphere by 50%, corresponding to
the apparent proportional increase in crustal
thickness in Eastern Anatolia (Fig. 11b).
Several effects are apparent, one being the pro-
duction of a 50% increase in the thickness of
the metasomatized layer. In addition, the
metasomatized layer will be depressed below
the amphibole breakdown curve, forming
garnet and releasing water which can react to
form phlogopite or, at the inflection of the
solidus, may initiate melting. The lowering of
the geotherm will, however, mean that most of
the metasomatized layer will lie significantly
below the solidus.

To some extent, the same types of constraint
on magma genesis apply here as in the case of
unthickened lithosphere. We therefore reject
the possibility of asthenospheric melting for
similar reasons as presented in the case of the
foreland: the topographic expression and
volcanic evolution of the region are inconsis-
tent with a mantle plume beneath Eastern Ana-
tolia; and melting of normal upwelling asthe-
nosphere is even less likely since even greater
stretching factors are now required before the
asthenosphere intersects its solidus (a factor of
3.75 would be required for melting of dry asthe-
nosphere rising from the base of the thickened
lithosphere). Again, therefore, we can consider
the lithosphere as the dominant, or sole, source
of magma.

Although simple perturbation of the litho-
sphere as described earlier could initiate mel-
ting of the thickened litosphere, a much more
effective mechanism would be the delamina-
tion of the TBL. It has been argued that the
thickened TBL, being colder and denser than
its surroundings, could be convectively replac-
ed by asthenosphere (Houseman et al., 1981;
England and Houseman, 1988), causing
asthenosphere to be brought into close contact
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with the thickened layer of metasomatized
lithosphere. Relaxation to the perturbed
geotherm (Gpert) in Figure 11b can then bring a
substantial portion of the metasomatized
lithosphere above its solidus. Such a process
could also be accompanied by the other mecha-
nisms of stretching that characterize thickened
lithosphere, notably the creation of pull-apart
basins associated with continental escape
strike-slip faults. The extensional deviatoric
stress perpendicular to the principal direction
of compression caused by the potential energy
contrast between the elevated region and its
surroundings (England and McKenzie, 1983;
Houseman and England, 1986) may also have
some effect. Uplift of the thickened terrain will
also bring the metasomatized lithosphere
nearer to its solidus.

If delamination of the TBL is a prime cause
of melting of the thickened lithosphere, the
details of melting will depend on the time scale
of the convective thinning, which, according to
Houseman et al. (1981), could take place on a
time scale of a few to a few tens of millions of
years after thickening. If delamination is a
catastrophic rather than continuous event,
with the TBL being replaced rapidly (the time
scale of crustal thickening and thermal re-
equilibration of the lithosphere), then Figure
11b will still apply, although the lithosphere
may not have reached its full thickness by the
time delamination takes place. When this does
happen, the consequences should be a rapid in-
crease in surface elevation (England and
Houseman, 1988) which would be about 1 km
for Eastern Anatolia. In the EAcz, there are in-
sufficient data on the uplift history to make any
precise interpretations. As discussed earlier, in-
itiation of rapid uplift is likely to have taken
place at about 12 Ma, with initiation of the
main volcanic event (including the Kars
Plateau) at about 6 Ma and initiation of the
NW —SE chain of stratovolcanoes at about 2
Ma. Such a chronology would be consistent
with a delamination event starting at about 6
Ma with the initiation of volcanism and uplift
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of the Kars Plateau; the NW —SE chain of
stratovolcanoes could then result from subse-
quent localized extension associated with con-
tinental escape. It is, however, beyond the
scope of this paper to attempt a more detailed
justification of this possibility, which in any
case requires more regional geophysical infor-
mation on the current lithospheric structure
and mantle dynamics.

The effect on the crustal part of the geotherm
is also significant in magma genesis but will de-
pend on the nature of the thickening event and
the relative importance of thrusting and homo-
geneous thickening (England and Thompson,
1986). Intracrustal melting can theoretically
take place during thrusting, possibly by fluid
release into the hot base of the overlying thrust
sheet. Given sufficient time, radioactive heat-
ing can eventually cause dry melting at the base
of the crust. Not knowing the precise history of
crustal thickening, it is impossible to model the
crustal geotherm in the Eacz but it is likely that
heating of thickened crust is important in ex-
plaining the extent of crustal assimilation in the
thickened zone; there is no evidence for pure
crustal melting in the EACz.

Ararat — Kars volcanism

The lavas from this central part of the colli-
sion zone have been shown to: (1) have calc-
alkaline compositions; (2) belong to the ba-
salt — andesite — dacite — rhyolite fractionation
series; (3) show evidence of extensive horn-
blende crystallization at depth prior to plagio-
clase, two-pyroxene crystallization in shallow
magma chambers; (4) have trace element and
isotope ratios which indicate a slightly enriched
mantle source containing a significant subduc-
tion component. These characteristics could be
caused by active subduction or be inherited
from an earlier subduction event. Innocenti et
al. (1982b), who first recognized the chemical
zonation across the collision zone, proposed
that the splitting of underlying subducted litho-
sphere would allow the regions above the sub-
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ducted lithosphere to have a calc-alkaline com-
position, whereas those above the split would
havealkaline compositions. Wereject this mod-
el, on the same grounds as those put forward by
Yilmaz (1990), because there are no interme-
diate- or deep-focus earthquakes in the EACz,
and thus agree with Yilmaz that the differences
lie in inherited lithospheric characteristics. The
Kars — Ararat calc-alkaline domain in the north
would then be expected to coincide with the
lithosphere of the Pontides which has experi-
enced subduction for at least part of the period
from the late Cretaceous to the middle Eocene:
the forearc lithosphere on which the Kars—
Ararat province would be located should be
especially enriched. The source of the calc-al-
kaline component in the Bingol — Siiphan re-
gion is less obvious: it may be derived from the
forearc lithosphere of a short-lived Eocene sub-
duction event adjacent to the Bitlis Massif. If
S0, it may be possible to investigate the mixing
of two distinct lithospheric sources: the under-
thrust Arabian lithosphere and the Anatolian
lithosphere. Alternatively, it may be a long-
lived, inherited characteristic of the Arabian
lithosphere.

. The contrast between the calc-alkaline and
alkaline volcanism also provides the oppor-
tunity to contrast the melting of metasomatized
mantles with different H,0/CO, ratios.
Figure 11b shows the thickened lithospheric
section upon which have been superimposed
the solidi for pure water and pure carbon diox-
ide (Wyllie, 1987). At the likely depths of
melting of thickened lithosphere (> 100 km),
both solidi should increase with pressure, but
the H,O-rich mantle will melt at lower
temperatures. In both cases, the greatest vol-
ume of melt for a given heat input would be
generated at a depth of about 100 km where
both solidi are at their lowest temperatures
after breakdown of amphibole and magnesite
respectively. If latent heat considerations
determine the amount of melt generated at a
given depth, the calc-alkaline magmas should
be lower temperature magmas that have
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undergone more melting. This may account for
the significantly greater volume of magma
erupted in the early stages of magmatism to
form the Kars Plateau compared to the Mus re-
gion and explain the ability of the Kars — Ara-
rat magmas to crystallize amphiboles at an ear-
ly stage.

One tectonic 1mphcat10n of these findings
might be that the Pontide Suture Zone lies be-
tween Tendiirek, where anhydrous volcanics
are erupted, and Ararat the most southerly lo-
cation of the Kars — Ararat belt of hydrous vol-
canic rocks.

Conclusions

The combination of petrological and geo-
chemical and tectonic constraints have enabled
us to propose the model illustrated in Figure 12
for magma genesis within the Eastern Anato-
lian Collision Zone. The main aspects of this
model, and their justifications, are briefly sum-
marized below:

(1) Because of the thermal constraints in
melting the convecting upper mantle and the
weight of evidence against a mantle plume
origin, volcanism across the Eastern Anatolian
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Collision Zone (Eacz) can be inferred to be
caused by thermal perturbation of metasoma-
tized subcontinental lithosphere. The likely
mechanisms are the delamination of the ther-
mal boundary layer, or localized extension, or
both. Thickening of the sub-continental litho-
sphere could have the effect of thickening the
metasomatized layer and depressing it to great-
er depths, below the amphibole and dolomite
breakdown curves. Compatible —incompati-
ble element covariations indicate that the de-
gree of partial melting was lower in the un-
thickened litosphere of the foreland than in the
lithosphere of the thickened zone.

(2) Systematic variations in petrologic and
geochemical characteristics across the province
reflect variations in the enrichment history of
the various lithospheric domains. In the Ara-
bian foreland, the absence of any LIL element-
rich subduction component suggests that its
mantle lithosphere may have experienced a
time-integrated metasomatism, by low-degree
melts from the asthenosphere, from the late
Precambrian ‘‘Pan-African orogeny’’ to the
present day. A similar source is required by the
Mus—Nemrut and Tendiirek regions of the
thickened zone: this could be the same, under-
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thrust Arabian mantle lithosphere and/or the
mantle lithosphere of the Bitlis Massif
microcontinent. By contrast, the consistent,
regional enrichment in LIL elements across the
Kars — Ararat province in the north of the
thickened zone suggests that the lithosphere of
this province was enriched by fluids and melts
during the late Cretaceous — Eocene Pontide
subduction event. Ararat thus has a volcanic
arc chemistry but not an arc setting (although
it may have had an ark setting!). The similar
enrichment in the Siiphan — Bingdl province is
less easy to explain, but may also be related to
a short-lived Eocene —Miocene subduction
event that may have taken place adjacent to the
Bitlis Massif in the south.

(3) Although the studies of Innocenti et al.
(1976, 1980, 1982b) have suggested that the
earliest volcanism was calc-alkaline and that
this was followed by alkaline volcanism, our
work does not support such an interpretation.
We note, in particular, that the Kars Plateau
(7—1.5Ma)and Ararat(1.5— < 0.5Ma)have
almost identical, calc-alkaline, mineralogical
and geochemical characteristics. Similarly the
Mus region (> 6— < 4 Ma) and Nemrut
(1 -0 Ma) in the south of the thickened zone
have almost identical mildly alkaline character-
istics; and Bingdl (> 4— < 3 Ma)and Siiphan
(1.5—0.2 Ma) have similarly transitional
characteristics. Thus, although more data are
needed from the older volcanic sequences, this
work suggests that the region is characterised
by a set of mantle domains running parallel to
the collision zone, each of which has yielded
magmas of a particular composition since the
start of magmatism in theregion. We also ques-
tion the previous ideas on the timing of the start
of volcanism. Early Miocene dates are extreme-
Iy rare, and our studies of early volcanism in the
Mus area give dates of 6 —4 Ma. On the basis
of information currently available, we would
therefore favour a start of post-collision
volcanism at about 8 — 6 Ma following the start
of major uplift at about 12 Ma. The age of in-
itiation of the collision itself is more conten-
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tious, as discussed in the introductory sections.
It cannot be younger than 12 Ma and, in our
view, is unlikely to be much older than 20 Ma.
However, as there is no direct volcanic or
plutonic evidence of post-Eocene subductionin
the EACz it is possible that collision may have
begun as long ago as 40 Ma.

(4) Evidence, from Kars and Ararat in par-
ticular, demonstrates the operation of poly-
baric crystallization. Lavas from this province
contain anhydrous crystallization assemblages
(mainly two pyroxenes and plagioclase) yet
trace element characteristics (such as Y,
M — HREE and Nb depletion are indicative of
extensive amphibole crystallization at an early
stage of crystallization: phase diagrams con-
firm that low-temperature hydrous magmas
can crystallize liquidus or near-liquidus am-
phibole at lower crustal depths but anhydrous
assemblages at shallower depths.

(5) Isotope—trace element systematics in-
dicate that combined assimilation — fractional
crystallization is an important process in the
thickened crust south of Ararat. There is no
good evidence for significant assimilation in
the Kars — Ararat region, but this may be dueto
the lack of chemical contrast between the
magmas and the likely young, calc-alkaline
crust of the Pontide Terrane. Increased lower
crustal temperatures resulting from thermal
relaxation of the thickened crust will have
favoured extensive crustal assimilation in the
thickened zone.

(6) If we are correct in assuming that the
collision-related magmas all originate in vari-
ably enriched mantle lithosphere, the distribu-
tion of the volcanism in space and time on the
Eastern Anatolian Plateau has implications for
the scale and timing of delamination of thick-
ened mantle lithosphere. Because there is no
systematic age progression of volcanism across
or along the thickened zone north of the Bitlis
Thrust Zone, we can infer that delamination
must have simultaneously affected the whole
thickened zone, either as a succession of small-
scale detatchments or a single, catastrophic
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detatchment. Further studies of the uplift his-
tory of the region may help to resolve these two
options.
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