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ABSTRACT

In Northeastern Anatolia, the Erzurum-Kars plateau comprises the northernmost
part of a volcanic province related to the collision between the Eurasian and Arabian
continents. It contains an almost complete record of the volcanism from 11 Ma to 1.5
Ma. Volcanic units on the plateau are calc-alkaline in character and contain a distinct
subduction signature. There was a systematic temporal variation in volcanic activity
all over the plateau that can be seen in terms of three stages: it initiated with bimodal
volcanic products between 11 and 6 Ma (the early stage), turned abruptly into a uni-
modal intermediate volcanism dominated by andesitic lavas between 6 and 5 Ma (the
middle stage), and finally reverted to bimodal activity between 5 and 1.5 Ma (the late
stage). These three stages were diachronous as the volcanic succession got progres-
sively younger from the west to the east. The temporal variations were strongly de-
pendent upon the depth of the magma chambers from which the volcanic products
were derived. Lavas of the early and late stages were derived from relatively shallow
chambers (<10-13 km) that fractionated anhydrous phases and assimilated a minor
amount of crustal material or none. In contrast, those of the middle stage were sourced
by large, deeper (>13 km), compositionally zoned chambers where amphibole was a
fractionating phase and assimilation and fractional crystallization was an important
process. The isotopic compositions of the volcanic units do not exhibit a systematic
temporal variation on the Erzurum-Kars plateau; instead they exhibit spatial
changes. Lavas from the western part of the plateau are much more unradiogenic in
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terms of their Pb isotopic ratios than those from the eastern part. These variations are
possibly related to the composition and the amount of crustal material assimilated by
the magmas, and hence indicate the existence of two different and isotopically distinct
crustal domains beneath the plateau: (1) the Rhodope-Pontide fragment in the west
and (2) the Northwest Iranian fragment in the east.

Keywords: eastern Anatolia; volcanism; continental collision; O, Sr, Nd, and Pb isotopes;
magma plumbing; assimilation; assimilation and fractional crystallization; crustal domains

INTRODUCTION

Orogenic belts that formed by collisions between conti-
nents contain invaluable records of the geological history of the
Earth, and therefore they have always attracted the attention of
Earth scientists. The Eastern Anatolia region, exhibiting
plateau morphology with an elevation of 1500-2000 m above
sea level, is one of the two regions in the world in which an
active continent-continent collision is currently taking place;
the other is the Tibetan plateau (Seng6r and Kidd, 1979; Dewey
etal., 1986). Previous studies have shown that collision between
the Eurasia and Arabia plates was responsible not only for the
uplift of this extensive high plateau (Sengor and Kidd, 1979;
Dewey et al., 1986), but also for the formation of a young and
widespread volcanism, the products of which cover almost
two-thirds of the region, masking older formations over great
distances and reaching over 1 km in thickness in some places
(Pearce et al., 1990; Keskin et al., 1998; Yilmaz et al., 1998).
The Eastern Anatolia region is thus considered an ideal natural
laboratory in which to study the early stages of a continent-
continent collision and its effects.

Collision-related volcanic units of the Eastern Anatolian
volcanic province span the whole compositional range, from
basalts to rhyolites (Pearce et al., 1990; Notsu et al., 1995; Kes-
kin et al., 1998). There is a gradual spatial change in the geo-
chemical character of the volcanic units across the region in a
north-south direction: volcanic units in the north around the
Erzurum-Kars plateau, which represent the northernmost part of
the province, are calc-alkaline in character with a distinct sub-
duction signature, while those in the south are alkaline with a
distinct within-plate signature (Pearce et al., 1990). The vol-
canic units in the north, around the plateau (Figs. 1 and 2), are
of special interest not only because they contain a more com-
plete record of volcanism from 11 Ma to 1.5 Ma, but also be-
cause the earliest volcanic activity in Eastern Anatolia initiated
on this plateau (Keskin et al., 1998).

A detailed description and interpretation of the major- and
trace-element geochemistry of around 300 whole-rock samples
from the Erzurum-Kars plateau has been presented by Keskin
et al. (1998). On the basis of major- and trace-element geo-
chemistry, Pearce et al. (1990) and Keskin et al. (1998) have
demonstrated that lavas of the plateau are calc-alkaline in char-
acter and display a broad compositional range, from basalts to

rhyolites (Fig. 3). They have also demonstrated that all volcanic
products contain a distinct subduction signature represented by
the selective enrichment of large-ion lithophile elements and
light rare earth elements relative to Nb, Ta, and other high field
strength elements (Fig. 4). The Erzurum-Kars plateau has been
divided into six subareas on the basis of volcanostratigraphy and
geographic position (Keskin et al., 1998). From west to east,
these are the (1) Mount Dumlu, (2) Mount Kargapazari, (3)
Pasinler, (4) Horasan, (5) Mount Aladag, and (6) Kagizman sub-
areas (Fig. 2). We retain this subdivision in this article in order
to maintain the integrity of this article with our previous work.

The Keskin et al. (1998) study revealed that the collision-
related volcanism on the Erzurum-Kars plateau had occurred in
three consecutive stages: (1) early (11-6 Ma), (2) middle (6-5
Ma), and (3) late (5-2.7 Ma) (Fig. 2; see also Fig. 8 in Keskin
et al., 1998). The aforementioned study also revealed that these
three stages were diachronous, i.e., they began and ended in dif-
ferent parts of the plateau, the ages of the volcanic sequences be-
coming younger to the east. These three stages differed in many
aspects: (1) the volcanic activity during the early and late stages
was bimodal in character, while volcanism during the middle
stage was unimodal (Fig. 3C); (2) the lavas and pyroclastic units
of the early and late stages contain anhydrous crystallization as-
semblages dominated by plagioclase, pyroxenes, olivine, and
oxides, whereas lavas of the middle stage are dominated by
a hydrous (i.e., amphibole-bearing) fractionation assemblage
(Keskin et al., 1998); and (3) the lavas of the middle stage dis-
play consistently higher degrees of crustal assimilation in com-
parison with those of the early and the late stages (Keskin et al.,
1998). It should be noted that throughout this article we present
the data both in terms of the six subareas and the three stages of
volcanism in order to be able to reflect both spatial and tempo-
ral variations in magma chemistry across the Erzurum-Kars
plateau.

In order to better understand the genesis of collision-related
volcanism, the nature of the source regions, the evolution of the
magma plumbing system, and the relative importance of various
magmatic processes in magma chemistry across the Erzurum-
Kars plateau, we conducted a Sr-Nd-O-Pb isotopic study on a
subset of 23 representative lava samples, the major-oxide and
trace-element data of which have already been published by
Keskin et al. (1998). We selected these samples with special care
in order to cover the whole stratigraphic sequence as well as the
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Figure 1. Location map displaying the study area, boundaries of major tectonic blocks (Sengor et al., 2003), and the distribution of collision-

related volcanic units in northeastern Anatolia.

three stages of the volcanism (Fig. 2). Note that five of these
samples (i.e., MK63, MK117, MK343, MK 144, and MK175)
had previously been radiometrically dated (Fig. 2 and Table 1).
We also performed an electron microprobe study on phenocryst
phases (e.g., plagioclases, pyroxenes, amphiboles) in a subset of
hydrous lava samples from the Erzurum-Kars plateau. In this ar-
ticle, we report analyses only of amphiboles, because they have
the potential of providing useful information about their depth
of magmatic equilibration and hence the depth of magma cham-
bers. We do not present microprobe analyses of other phases be-
cause of space limitations.

In this article, we specifically focus on the interpretation of
magma-crust interactions and the evolution of the magma
plumbing system beneath this part of the collision zone. Our
aims for this article are (1) to introduce new Sr-Nd-Pb-O iso-
topic data from collision-related volcanic units of the Erzurum-
Kars plateau, (2) to present spatial and temporal isotopic
variations in these units, (3) to test whether these variations are
related to source characteristics or governed by magma cham-

ber processes, and finally (4) to propose a model for the evolu-
tion of the magma plumbing system beneath the plateau.

GEOLOGY

The basement of the Anatolian-Iranian plateau is made up
of microcontinents that accreted to one another during the Late
Cretaceous to the early Tertiary (Sengor, 1990). These micro-
continents are separated by ophiolite belts and accretionary
complexes. Three different tectonic blocks are known to exist in
northeastern Anatolia: (1) the Rhodope-Pontide fragment in the
north, (2) the Northwest Iranian fragment in the east, and (3) the
Eastern Anatolian accretionary complex in the south (see the
major tectonic blocks in Fig. 1). Collision-related volcanic prod-
ucts of the Erzurum-Kars plateau volcanic units (Pearce et al.,
1990; Keskin et al., 1998) unconformably overlie these three
tectonic blocks and so comprise the uppermost unit in the re-
gion. These units range in age from 11 Ma to recent and display
great variability in their composition and eruptive character. The
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Figure 2. Location of the samples analyzed for Sr, Nd, Pb,
and O isotopes on the Erzurum-Kars plateau. The samples
are presented on generalized volcanostratigraphic sections
of the six subareas on the plateau. Italics are used for the
samples dated by the K/Ar method, and the numbers in
frames are eruption ages in millions of years (Keskin et al.,

1998).
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Figure 3. Classification of Erzurum-Kars plateau volcanic
rocks utilizing (A) the total alkali versus SiO, (TAS) dia-
gram of Le Bas et al. (1986) and (B) the K,O versus SiO,
diagram of Peccerillo and Taylor (1976). (C) Histograms of
SiO, values showing the distribution of silica in the lavas of
the middle and early/late stages. Major-element data are
from Keskin et al. (1998). A—andesite; B—basalt; BA—
basaltic andesite; BTA —basaltic-trachyandesite; D—dacite;
R —rhyolite; T—trachyte; TA —trachyandesite; TB —trachy-
basalt; TD—trachydacite. The line marked as Ku in (A)
divides the subalkaline field (the area located below) from
the alkaline field (Kuno, 1966). IB—alkaline-subalkaline
divide of Irvine and Baragar (1971). The abbreviations in the
legend indicate subareas on the plateau: Karg—Mount Kar-
gapazarl; Dum—Mount Dumlu; Pasin—Pasinler; Hora—
Horasan; Kag—Kagizman.
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Figure 4. Comparison of N-type MORB-normalized trace-element patterns for representative samples from the (A) early stage and (B) the mid-
dle and late stages of the volcanism across the Erzurum-Kars plateau. The patterns for each stage of the volcanic activity on the plateau have been
taken from the data presented in Keskin et al. (1998). The normalization values are from Sun and McDonough (1989). The elements are arranged

in the order proposed by Pearce (1983).

volcanostratigraphy and eruptive character of the units of the
plateau are thoroughly discussed in previous work (Keskin et al.,
1998) and hence are not reiterated here.

The western part of the Erzurum-Kars plateau (i.e., the
Dumlu and Kargapazar areas) overlies the Rhodope-Pontide
fragment, whereas the eastern part (i.e., the Horasan, Aladag,
and Kagizman areas, including Mount Ararat) overlies the
Northwest Iranian fragment (Figs. 1 and 2). In contrast, the area
south of the Aras River (i.e., a line coinciding approximately
with the Erzurum-Horasan-Kagizman line) is underlain by the
East Anatolian accretionary complex (EAAC, Fig. 1). The con-
tact between the Rhodope-Pontide and the Northwest Iranian
fragments may pass through the Pasinler area in a northeast-
southwest direction beneath collision-related volcanic sequence.
Unfortunately, these two tectonic blocks are scarcely exposed
beneath the Erzurum-Kars plateau, because they are masked by
a thick pile of volcanic sequence in most places. The deeper
parts of the Rhodope-Pontide fragment crop out in discrete ar-
eas in the Pontides (e.g., the Pulur complex; Topuz et al., 2004)
some distance from the study area, while the deeper parts of the
Northwest Iranian fragment are exposed in Armenia (e.g., the
Tsakhkuniats basement outcrop of the Hankavan-Takarly and
the Agveran massifs; Karapetian et al., 2001). The Pulur com-
plex is composed of a heterogeneous set of granulite-facies
rocks ranging from quartz-rich mesocratic gneisses to silica-

and alkali-deficient, Fe-, Mg-, and Al-rich melanocratic rocks
(Topuz et al., 2004). The Tsakhkuniats basement outcrop in Ar-
menia is also composed of a quite heterogeneous rock sequence
consisting of trondhjemitic, phyillitic, albite-plagiogranitic, and
plagiogranite- and granite-migmatitic lithologies (Karapetian
etal., 2001). To the best of our knowledge, there are no isotopic
data available from the basement of the Eastern Pontides. Iso-
topic data are, however, reported for the Tsakhkuniats basement
outcrop (Karapetian et al., 2001) and indicate that these rocks
are also heterogeneous in terms of their isotopic contents: their
87Sr/80Sr values range from 0.7038 (in trondhjemites) to 0.7222
(in phyllites).

ANALYTICAL TECHNIQUES

Because of their young age and the semiarid climate, vol-
canic units on the Erzurum-Kars plateau are quite fresh. Thus,
element transfer due to weathering is probably not an important
issue for most of the volcanics under consideration.

Radiogenic Isotope Analysis
A subset of 23 fresh representative lava samples from the

Erzurum-Kars plateau was chosen for isotope analysis and pro-
vides a good temporal and spatial record of collision-related
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volcanism on the plateau. These samples had previously been
analyzed for major oxides and trace elements, and the results
had been published (Keskin et al., 1998).

Pb, Sr, and Nd were extracted on the same dissolution using
~100-200 mg of the powder of the rock samples. After dissolu-
tion, using ~1 ml of HNO, combined with 3—5 ml of HF, residues
were converted to nitrate and finally chloride; 1 ml of 1M HBr
was then added to the residue. Pb was separated by passing the
sample through columns prepared from disposable PVC pipette
tips fitted with a 2-mm-diameter polyethylene frit containing
Dowex 1 x 8 200400 mesh resin; completely new columns were
prepared for each sample to minimize the Pb blank. The Sr and
Nd fractions were collected in 2 ml of 1M HBr and Pb collected
in 1 ml of 6M HCL. Sr and Nd were purified using standard one-
and two-column cation exchange techniques, respectively. Sr and
Pb were run as the metal species on single Ta and single Re fila-
ments, respectively, using a Finnegan MAT 262 multicollector
mass spectrometer at the NERC Isotope Geosciences Laboratory
(NIGL), UK; Nd was run as the metal species on triple Re-Ta fil-
ament assemblies using a VG354 multicollector mass spectrom-
eter, also located at NIGL. The blanks for Sr and Pb were less than
800 pg and 250 pg, respectively. Reference standards through-
out the course of analysis gave average values of 87Sr/%0Sr =
0.710208 + 44 (20) for the NBS987 standard, '*3Nd/'*Nd =
0.511109 = 42 (20) for the Johnson Matthey Nd standard.
87Sr/86Sr was normalized to 8Sr/38Sr=0.1194; 1*3Nd/***Nd was
normalized to a value of '**Nd/'*Nd = 0.7219. The Pb mass
fractionation was 0.09% per a.m.u. Based on repeated runs of
NBS981 common Pb standard, the reproducibility is better than
+ 0.1%. Pb isotopic ratios were corrected relative to the aver-
age standard Pb isotopic compositions of Todt et al. (1984). In-
ternal errors on individual isotope measurements were always
much smaller than the standard reproducibility reported here;
therefore, the ability to reproduce the standards should be taken
as the limiting factor in interpreting the uncertainty of any given
analysis. The full isotopic data set is presented as Table 1.

Oxygen (5'80) Isotope Analysis

180/1°Q ratios of 11 samples were determined by a gas-
source mass spectrometer at the NERC Isotope Geoscience Lab-
oratory, British Geological Survey in Nottingham, UK. Also
analyzed were the mineral separates, including 10 plagioclase, 7
amphibole, and 5 orthopyroxene separates and a biotite separate
extracted from these samples by hand-picking. Whole-rock sam-
ple duplications give a mean error of 20.3%o, comparable to the
mean error of laboratory standard (basalt) duplicate pairs run at
the same time (i.e., 0.2%o). The mean error also compares with sec-
ondary control determinations between analytical runs of £0.3%o.

Electron Microprobe Analysis

Electron microprobe analyses of major elements in 57 am-
phibole phenocrysts from a total of 21 representative samples

481

were performed by a Cambridge Instruments Geoscan at the
University of Durham, UK, using a focused electron beam and
an operation condition of 15 kV gun potential with a 70-75 pa
beam current. A Co standard was used to calibrate the system.
Representative analyses are presented in Table 3 later in this
article.

RESULTS

Variations in Sr-Nd-Pb isotopes in each of the six subareas
(see Fig. 2 for these subareas) across the Erzurum-Kars plateau
are presented in Figure SA through E, and the data are reported
in Table 1. There is a systematic spatial variation in 2°°Pb/
2‘)“Pb(i) ratios, which progressively increase from 18.638 (in the
Mount Dumlu area) in the west to 19.068 (in the Kagizman area)
in the east. '**Nd/'**Nd ; and *°*Pb/***Pb ;, values also tend to
increase from west to east. In contrast, neither 87Sr/86Sr(i) nor
207Pb/?**Pb; exhibits significant variations across the plateau
(Fig. 5D). These results thus indicate that noticeable isotopic
variations exist as a function of space and time in the lavas of
the Erzurum-Kars plateau.

Nd-Sr Isotope Geochemistry

A Sr versus Nd isotopic plot (Fig. 6A) indicates that the ma-
jority of samples from the Erzurum-Kars plateau have radio-
genic ®7Sr/*Sr;  and unradiogenic '**Nd/'**Nd ;. They plot
within the mantle array between mid-ocean ridge basalt (MORB)
and bulk silicate earth (BSE).

In detail, the plateau-forming basalts of the late stage in the
Horasan area and basaltic lavas of the early stage in the Mount
Kargapazari area contain the most radiogenic '**Nd/'**Nd
and unradiogenic ®’Sr/*Sr ; on the plateau, and the intermedi-
ate lavas of the middle stage and late stage lavas from the Pasin-
ler area contain the most radiogenic ®7Sr/*Sr,; . A lava sample
from the Eocene Kiglakdy formation (i.e., MK343; see the third
stratigraphic column in Fig. 2) plots in the same area as the
collision-related lavas of the Erzurum-Kars plateau.

Pb Isotope Geochemistry

On the projections of 2°7Pb/2%Pb, ., versus 2°°Pb/2**Pb ,
(Fig. 7A, enlargement 7B), 208Pb/204Pb(i) versus 206Pb/204Pb(i
(Fig. 7C, enlargement in 7D), and *°*Pb/>***Pb,, versus **7Pb/
204Pb,,, (Fig. 7E, enlargement in 7F), all the samples from the
Erzurum-Kars plateau plot above the Northern Hemisphere Ref-
erence Line (Hart, 1984). A sample (MK289) collected from the
base of the volcanostratigraphic section of the Kargapazari area
plots to the left of the geochron. This may be due to the con-
tamination of this sample by old continental crustal material.
The Eocene sample, MK343, from the Pasinler area plots very
close to the field of the Dumlu-Kargapazari area, especially in
207Pb/204Pb(i)-206Pb/204Pb(i) space; however, its 208Pb/204Pb(i)
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content is much lower than that of the lavas of the Erzurum-Kars
plateau.

In the enlarged plots, the lavas of the Mount Dumlu and
Kargapazari areas in the western part of the Erzurum-Kars
plateau exhibit limited variation in their >°’Pb/>**Pb , (15.592-1
5.609), 208Pb/204Pb(i) (38.676-38.753), and 206Pb/204Pb(i) (18.638—
18.734) compositions in comparison with more radiogenic lavas
of the Horasan and Kagizman areas in the eastern part of the

Erzurum-Kars plateau. Lavas from the Pasinler area are transi-
tional between the western part of the plateau and the eastern
part, consistent with the geographic position of this subarea on
the plateau. Lavas from the Horasan, Kagizman, and Pasinler
areas display some overlap with the EMII (enriched mantle type
II; Zindler and Hart, 1986) field.

There are two arrays with different gradients on the Pb-Pb
plots: (1) the Horasan-Kagizman trend (in the eastern part of the
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Erzurum-Kars plateau), and (2) the Dumlu-Kargapazari trend
(in the western part of the plateau) (Fig. 7B, D, and F). The most
primitive lava sample on the plateau (i.e., BEM, MK130) plots
at the junction of these two diverging trends (Fig. 7B, D, and F).
Late stage lavas from the Pasinler area plot within the same field
as those from the Horasan-Kagizman area, whereas early- and
middle-stage lavas of the same area plot in the field occupied by
the lavas of the Dumlu and Kargapazari areas. Lavas forming

the Horasan-Kagizman trend display a narrower variation in
209Pb/?**Pb ;) but a wider variation in *°7Pb/>**Pb ;. than those
of the Dumlu-Kargapazari trend. Interestingly, lavas from the
Kula area in western Turkey (Alict et al.,, 2002) and the
Hasandag area in central Anatolia (Deniel et al., 1998) resemble
lavas from the Dumlu-Kargapazari and the Horasan-Kagizman
areas, respectively, in 2°7Pb/294Pb , -206Pb/204Pb(i and 298Pp/
204Pb ;-**Pb/?**Pb ,, space (though with a small shift). How-
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ever, such a similarity is not apparent in 2°’Pb/>**Pb,, -**°Pb/

294Pb,, space.
Oxygen Isotope Variations

The 8'80 values of the lava samples and the mineral sepa-
rates (i.e., plagioclase, amphibole, orthopyroxene, and biotite)
obtained from these samples are listed in Table 2. The 8'80 val-
ues of the whole-rock samples range from +6.5%¢ to +10%o,
while those of plagioclase, amphibole and orthopyroxene vary
between +5.6%0 and +8.4%o, +6%0 and +7.7%o, and +5.1%o
and +6.7%o, respectively (Table 2). Except for one ortho-
pyroxene sample with exceptionally low 8'30 (5.1%0, MK 132),
all the analyzed samples have 8'80 values between 6 and
8.4, which is within the normal range for unaltered igneous
rocks (Taylor, 1968). Differences in whole-rock—mineral 8'%0
values (AISOWR—mineral) and fractionation values between vari-
ous minerals (e.g., A‘SOPIg_ Amp) are also presented in Table 2.
A0y k inera Values vary between —0.1%o (plg) and +3.4%o
(opx), averaging +1.4%o. The spread in magmatic 8'80 for pla-
gioclase, amphibole, and orthopyroxene is 2.8%o, 1.7%0, and
1.6%o, respectively. Seven plagioclase-amphibole pairs yielded
a fractionation of 0.55%¢ + 0.26%0 (1c). Five plagioclase-
orthopyroxene pairs produced a fractionation of 0.96%o + 0.55%o
(16). The A'80 Amp-Opx 18 around 0.81%0 £ 0.6%0 (Table 2).

INTERPRETATION OF THE GEOCHEMICAL DATA
Sr-Nd Isotope Systematics

On the plot of ¥’St/*°Sr,, versus SiO, (Fig. 6B), two sepa-
rate trends may be identified. Although 87Sr/86Sr values vary in
arelatively narrow range, between 0.703390 and 0.704824, they
display a significant linear correlation with SiO, along these two
inferred trends (trends I and II). Trend II is formed only by the
lavas of the late stage and has the higher Sr isotope ratio for a
given silica content, indicating a more enriched basaltic end-
member. Trend I, on the other hand, is formed by the lavas from

<

Figure 7. °7Pb/?**Pb; (A, B) and *?*Pb/***Pb ;, (C, D) versus *°Pb/
204Pb @ and 208P‘b/zo“Pb (E, F) versus 20713'b/204Pb , diagrams for the
lavas of the Erzurum-Kars plateau (EKP), prov1d1ng evidence for two
distinct assimilation trends. The symbols are as in Figures 3 and 6.
Fields of Hasandag (city of Aksaray, Central Anatolia: Deniel et al.,
1998) and Kula (city of Manisa, Aegean region of Western Turkey:
Alict et al., 2002) are shown for comparison. Note that these two areas
are the only places in Turkey from which Pb isotopic data are available.
BEM —basaltic end-member; CT-1—crust type 1 = hypothetical
lower-crustal composition; CT-2—crust type 2 = hypothetical upper-
crustal composition (Zindler and Hart, 1986); EMI—enriched mantle
type I (Zindler and Hart, 1986); HIMU—HIgh MU (MU = pn =
238/204Pb (Lustrino and Dallai, 2003); EMII—enriched mantle type
II (enriched in Sr); LC—lower crust; NHRL —Northern Hemisphere
Reference Line (Hart, 1984); UC—upper crust.
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all three stages. The correlation between *’Sr/*°Sr, and SiO,
indicates that assimilation of crustal material combined with
fractional crystallization (i.e., AFC) may have operated during
the magma chamber evolution of these lavas (Fig. 6B). This is
consistent with the results of the AFC model presented by Kes-
kin et al. (1998).

As stated earlier, lavas of the Horasan, Kagizman, and
Pasinler areas display some overlap with the EMII field (Zindler
and Hart, 1986). However, the EMII field is located far away
from the lavas of the Erzurum-Kars plateau on both 87Sr/%¢Sr ,
versus 29°Pb/>**Pb, and '**Nd/'**Nd,; versus *°°Pb/***Pb
plots (not shown), because lavas of the plateau are much more
enriched in ¥’St/*°Sr; than the EMII component. Therefore,
we argue that the 1sot0plc variations in the lavas of the Erzurum-
Kars plateau could not be associated with the EMII end-
member.

Pb Isotope Systematics

Variations in Pb isotopic ratios within the continental crust
can be used as a powerful tool in the identification of crustal
reservoirs or regional domains. The aforementioned variations
may also be useful for determining the isotopic compositions of
lead in subducted sediments. Moreover, distinct Pb isotope sig-
natures can be utilized as geochemical tracers, because they re-
flect the crustal material involved in magma genesis by means
of assimilation, crustal melting (Zartman, 1974; Worner et al.,
1992), and source contamination.

As described previously, two distinct trends diverging from
a common basic magma composition (i.e., sample MK130) ex-
ist on the Pb-Pb plots (Fig. 7). These two trends may be inter-
preted as mixing lines between a common primitive basaltic
magma (i.e., BEM) composition and two contrasting end-
member compositions. Although the Dumlu-Kargapazari trend
points toward the EMI field (Zindler and Hart, 1986) in 2°7Pb/
204Pb,, -**°Pb/?**Pb, space, a similar relationship is not seen in
the 87Sr/%6Sr versus 206Pb/ZO“Pb @ and the '*Nd/'#*Nd; ver-
sus 206pp/20 Pb() plots (not shown). Therefore, we argue that
this relationship cannot be linked to the EMI mantle source.

On a plot of 9°Pb/>***Pb,, versus SiO, (Fig. 8), the lavas
from the western part of the Erzurum-Kars plateau and those in
the eastern part plot in two distinct fields, which form two di-
verging trends: (1) a Dumlu-Kargapazari trend of decreasing
206Pb/204Pb « With increasing SiO, and (2) a less coherent
Horasan-Kagizman trend of nearly constant *°°Pb/?*Pb,
Lavas from the Pasinler area are scattered between these two
fields. Note that both of these trends contain lavas from all three
volcanic stages (i.e., the early, middle, and late stages). There-
fore, we argue that the covariation between 206Pb/204Pb(i) and
SiO, is linked to the AFC process, whereas the presence of
separate trends reflects differences in Pb isotopic composition
of the crustal material assimilated across the Erzurum-Kars
plateau. In this case, these two contrasting mixing end-members
may correspond to two different crustal compositions.
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Figure 8 also indicates that the variations in Pb isotopic
ratios are spatial in nature, not temporal. We argue that Pb iso-
tope variations should not be related to source contamination, be-
cause their relationship to 8'%0 does not support a model that
involves addition of sedimentary material to the mantle source
region by subduction (see Fig. 10F later in this article). Given the
lack of information for defining the precise compositions of these
two end-members (there are no published isotopic data on crustal
compositions from the Pontides and eastern Anatolia), we have
arbitrarily marked two different crustal compositions in Figure
7A, C, and E and named them CT-1 and CT-2 (i.e., crust type 1
and crust type 2, respectively). Note that CT-2 plots somewhere
close to the average upper-crustal composition, while CT-1 falls
into the middle range of the average lower-crustal composition
in 207Pb/204Pb(i)-zo‘st/ZO“Pb(i) space (Fig. 7A).

8780 Isotope Systematics

Assessing the Isotopic Equilibrium of Oxygen. In order to
examine the isotopic equilibrium between mineral pairs, we
constructed a bivariate plot with the axis represented by the A
parameter and the term [1000 In O plg_min) ~ B], as proposed by
Javoy et al. (1970) (Fig. 9A). We calculated a set of isotherms
for a range of temperatures (i.e., from 500 to 950 °C), then plot-
ted the values for sets of mineral pairs. On such a diagram, min-
erals from the same sample that are in isotopic equilibrium
form a tie-line parallel to the isotherms (Rollinson, 1993). The
plotted compositions imply that the isotopic compositions of
plagioclases are not in equilibrium with those of orthopyroxenes
(Fig. 9A).

When petrographically examined, the samples do not show
evidence of hydrothermal alteration or devitrification. In order
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@ Early: Karg

@ Early: Pasin
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Figure 8. 29°Pb/>**Pb, isotopic ratios
plotted against SiO,. Tile symbols are as
in Figures 3 and 6. HBEM —hypothetical

O Middle: Pasin . -

. ) basaltic end-member composition from
AMiddle: Hor-Kagiz  which lavas of the Erzurum-Kars plateau
O Late: Pasin (EKP) are thought to have been derived.

A Late: Hor-Kagiz

to understand the extent to which such alteration influenced the
stable isotope chemistry of the rocks analyzed, we have plotted
the 6'%0 values of whole-rock and mineral separates against
loss on ignition (LOI) values of the whole-rock samples in Fig-
ure 9B (see Table 1 for the LOI values). Although the 3'%0, .
8180Plg, and 8'%0,  values increase with increasing LOI
values, the correlation coefficients are low (R? = 0.5 for rock
samples, 0.3 for Plg, and 0.4 for Amp) and significant only just
at or below the 95% confidence level. On the other hand, SiO,
(i.e., the measured values) and Rb, which are used as a frac-
tionation index, also display positive correlations with the LOI
values (not shown).

These relationships bring into question whether they reflect
isotopic exchange between the minerals and an externally de-
rived fluid (e.g., hydrothermal alteration). In order to assess this,
we plotted the & values of amphibole, orthopyroxene, and biotite
separates against their coexisting plagioclase separates in Fig-
ure 9C. In theory, mineral-plagioclase pairs that plot with a slope
of unity are presumed to be in equilibrium, whereas those devi-
ating significantly from this slope are assumed to be in isotopic
disequilibrium with each other. Only three samples (i.e., MK 132,
MKO93, and MK174) plot off the 45° trend formed by most sam-
ples and just outside the expected fractionation range (Fig. 9C).
The diagram, therefore, implies that isotopic exchange with an
externally derived fluid is not important for most, if not all, sam-
ples under consideration.

Whole-Rock &'80 Variations with Radiogenic Isotopic
Ratios. Having concluded that variations in oxygen isotopic
ratios have not been modified by alteration by externally derived
fluids and that most mineral pairs are in isotopic equilibrium
with each other, in this section we focus on the §!80 systemat-
ics of whole-rock samples. ®7Sr/%Sr;, and '**Nd/'**Nd,,  iso-
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topic ratios form subvertical trends against 8'80 with some scat-
ter (Fig. 10B and C). 87Sr/¢Sr ., values increase slightly with
increasing 8'%0, whereas '**Nd/!'**Nd , ratios decrease with in-
creasing 8'%0. When 29°Pb/>**Pb ;- and *°%Pb/>**Pb,  are plot-
ted against 8'80 (Fig. 10D and E), they align along two separate
trends emanating from a common primitive basaltic composi-
tion similar to that of MK130 (i.e., BEM) and diverging from
each other, possibly heading toward two different mixing end-

M. Keskin et al.
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Figure 9. Plots for testing possible effects of isotopic equilibrium
or disequilibrium and alteration due to isotopic exchange with ex-
ternally derived fluids on whole-rock and mineral 8'80 values.
Isotope ratios of oxygen (80/'0) are given here in standard &
notation as per mil (%o). (A) Isotherm diagram of Javoy et al.
(1970) used for assessing the degree of isotopic equilibrium
among minerals in the same sample. Isotherms from 500 to 950
°C are calculated using the equation given in the inset. The A and
B coefficients of the equation are taken from Bottinga and Javoy
(1975), T is the absolute temperature (in K), and S is the mole
fraction of anorthite in the feldspar. Opx—orthopyroxene;
Amp—amphibole; Bio—biotite. (B) The 8'80 versus loss on ig-
nition (LOI) diagram of the whole-rock (WR) samples and the
mineral separates extracted from these samples. The solid line
represents the regression line for the whole-rock samples. The
dotted lines display linear regression lines for plagioclases (i.e.,
Reg,, ) and amphiboles (i.e., Reg,, ). (C) SISOPIg versus
880, . 8'80,, ,and §'®0y, value showing the range of §'%0
in the lavas of the Erzurum-Kars plateau. The symbols are as in
Figures 3 and 6. The straight lines with 45° slopes, representing
constant A'80 values for the plagioclase-mineral pair, are iso-
therms for coexisting minerals. For an explanation, see the text.

member compositions (i.e., hypothetical crustal compositions of
CT-1 and CT-2). Geographic position again probably controls
the distribution of data points on this diagram: lavas in the west-
ern part of the Erzurum-Kars plateau (i.e., Mount Dumlu-
Kargapazari) are more unradiogenic than those of the eastern
part (i.e., the Horasan, Aladag, and Kagizman areas) in terms of
their Pb isotope compositions, and a sample from the Pasinler
area is located between these two groups. Unfortunately, no
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oxygen isotope analysis for MK 130 is available; therefore, we
attempted to plot an approximate basic end-member composi-
tion (i.e., BEM) in Figure 10E by taking the average 6'30 com-
position of unmodified mantle-derived primitive melts (~5.5%o)
into account. Because Pb isotopic ratios display two distinct lin-
ear arrays with 8'80, we argue that these arrays can be explained
by the contamination of a primitive magma by two different hy-
pothetical end-member compositions: CT-1 and CT-2 (see also
Fig. 10).

To better define the nature of the process(es) responsible for
the formation of these two trends in the lavas of the Erzurum-
Kars plateau, in Figure 10F we plot theoretical trends that reflect
three possible mixing models: (1) simple bulk mixing between a
mantle-derived magma and two different crustal compositions,
(2) contamination of a primitive magma by a crustal material
through the AFC process, and (3) introduction of the crustal or
sedimentary contaminant to the source prior to partial melting.
Because the trends are linear, we argue that simple bulk mixing
between a mantle-derived magma and crustal material, possibly
as part of the AFC process, might have been responsible for the
formation of these trends. Note that the crustal material underly-
ing the western part of the Erzurum-Kars plateau around Mount
Dumlu and Kargapazari (i.e., CT-1) is much more unradiogenic
than the one that underlies the eastern part of the plateau around
the Horasan, Aladag, and Kagizman areas (i.e., CT-2). However,
both CT-1 and CT-2 may have similar 3'30 contents.

Petrologic Modeling

O Isotope Fractionation versus AFC Processes. In accor-
dance with the behavior of 87Sr/86Sr(i), the 8'30 values of the
lavas from the Erzurum-Kars plateau increase with increasing
SiO, (Fig. 10A) and also with a number of incompatible ele-
ments (e.g., Rb and Th), which can be considered indexes of dif-
ferentiation (Fig. 11; Th is not shown). This confirms that the
AFC and O isotope fractionation processes may have been im-
portant during the magma chamber evolution of the lavas on the
plateau. 8'%0 exhibits a much greater variation (between 6.5%o
and 10%oc) than 87Sr/%6Sr. 8'80 is around 5.5%c in mantle-
derived magmas (<6%o according to Kyser, 1986) that have not
experienced fractionation and/or crustal assimilation and ~19%o
in isotopically evolved upper crust (Harmon et al., 1981). There-
fore, significant AFC and/or isotopic fractionation are needed to
produce 8'30 values as high as 10%o (Fig. 10A). At this point,
it is important to evaluate the relative importance of AFC for a
better understanding of the magma evolution on the Erzurum-
Kars plateau and the degree of magma-crust interaction.

Modeling Oxygen Isotope Fractionation. The value of the
solid-magma O isotope fractionation factor (o) is the key pa-
rameter for modeling O isotope fractionation. In order to calcu-
late the value of o, we first calculated §'80 values for the melt
by utilizing 8'80 values of whole-rock and mineral separates as
well as modal percentages of these separates. We then calculated

a mean mineral-melt fractionation factor (A . ) of
mineral-melt

491

—1.54%o usingthe 6_. . values and the modal percentages

of each mineral (see Table 2). Finally, we used equation 2 (given

in the inset of Fig. 11A) to calculate a mineral-magma 8'80 frac-

tionation factor (i.e., o) of 0.99846 from the calculated mean
mineral-melt value.

Rb is highly incompatible during the crystallization of
either anhydrous or hydrous phases at basic to intermediate
magma compositions, except in the most acid magmas that ex-
perience biotite fractionation. The Harker diagram of Rb versus
SiO, (see Fig. 5B in Keskin etal., 1998) displays a positive trend
at basic to intermediate compositions until SiO, reaches 74 wt%.
This indicates that biotite was not an important fractionating
phase in the Erzurum-Kars plateau volcanics; hence, Rb is a
suitable fractionation index for modeling the fractional crystal-
lization (FC) process. In order to examine the extent to which
FC is responsible for the observed positive correlation between
Rb and 8'30, we modeled a set of FC vectors for a set of mineral-
melt 8'%0 fractionation factors (i.e., o values) ranging from
+0.4%o to —1%o and then plotted them against Rb in Figure 11A.
We selected MK 130 as the basic end-member in the diagram
(Fig. 11A), because it is one of the most primitive samples on
the Erzurum-Kars plateau. The FC paths on the diagram rep-
resent the trends that could be expected for closed-system crys-
tal fractionation from a calc-alkaline magma.

In Figure 11A, the samples with 8'%0 values of less than
+7.3%o (i.e., MK132, MK 174, MK277, and MK251) plot around
or very close to the modeled fractionation vectors, indicating
that differentiation through closed-system fractionation with or
without assimilation may account for the O isotope variations of
these samples. Apart from these four samples, the data points
plot away from FC curves toward much higher 8'80 values. It
is evident from the graph that fractionation cannot generate such
an increase in 8'%0. Therefore, we argue that AFC may indeed
account for most, if not all, of the Sr and O isotopic variations
in the lavas of the Erzurum-Kars plateau. In the next section, we
focus on the modeling of the AFC process by utilizing 8'80 and
Rb values.

Modeling the AFC Process. Because of the large contrast
between 8'%0 contents of the continental upper crust (~+19%o;
Harmon et al., 1981) and those of the mantle-derived melts
(~+5.5%0), 8'30 values are useful for estimating the degree of
assimilation. However, it should be noted that oxygen isotopes
are insensitive to small degrees of assimilation, because oxygen
makes up around 50% of the mass of volcanic rocks. The AFC
modeling has been conducted using the AFC equations of De
Paolo (1981), the bulk partition coefficient (D) and O fraction-
ation (A) values presented in the inset of Figure 11B, a parental
magma corresponding to the basalt sample MK 130, and the av-
erage upper-crustal composition of Taylor and McLennan
(1985). The 8'®0 value of the upper crust (i.e., +19%o) is that for
isotopically evolved continental crust of Harmon et al. (1981).
Note that magma compositions for different degrees of frac-
tional crystallization can be modeled for different values of r
(the ratio of the rate of assimilation to the rate of fractional crys-
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Figure 10. 3'®0 values of the Erzurum-Kars plateau samples plotted against their (A) SiO, values, (B) '**Nd/!'**Nd ;)

(C) ¥7S1/%%Sr ;. (D) 2°°Pb/***Pb, , and (E) ***Pb/***Pb, . (F) 8'%0O versus 208Pb/204Pb , diagram displaying hypo-
thetical curves between a pr1m1t1ve magma composition and two different end-member composmons (i.e., CT-1 and
CT-2) for simple bulk mixing, assimilation and fractional crystallization (AFC), and source contamination. The

symbols are as in Figures 3 and 6. BEM —basaltic end-member; CT-1—crust type 1; CT-2—crust type 2; MORB —
mid-ocean ridge basalts. For more explanation, see the text.
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Figure 11. (A) 8'80 versus Rb diagram for
nine Erzurum-Kars plateau lavas. The equa-
tions given in the insets are taken from
Woodhead et al. (1987). The vectors mod-
eled indicate the paths expected from a
closed-system fractional crystallization of a
parental magma similar in composition to
MK130. The symbols are as in Figures 3 and
6. The tic marks on each vector correspond
to 10% crystallization intervals. §'80°, —
the initial O isotope ratio of the melt; 3'®
0,! ,,—the 8'80 value of the melt after some
specified amount of crystallization; f—the
fraction of melt remaining at time “¢”’; o.—
the mean solid-magma O isotope fractiona-
tion factor. BEM —basaltic end-member. (B)
8'80 versus Rb diagram for Erzurum-Kars
plateau lavas displaying the results of assim-
ilation and fractional crystallization (AFC)
modeling. FC—the fraction of melt remain-
ing; r—the ratio of the rate of assimilation to
the rate of fractional crystallization. The tic
marks on each curve represent 5% crystal-
lization intervals. In this model, crystalliza-
tion ends after FC reaches 0.1. See the text
for a thorough discussion.
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tallization) by utilizing this type of modeling. Figure 11B shows
that, except for the samples with 8'80 contents that might have
been controlled by isotope fractionation (the ones with 8'80 val-
ues lower than +7.5%0), intermediate lavas of the middle stage
display a significant crustal assimilation, with r values cluster-
ing between 0.2 and 0.4. These results are consistent with the re-
sults of trace-element AFC modeling conducted on the samples
from the same area (see Fig. 7B in Keskin et al., 1998).

Crystallization Pressures as a Measure
of the Depth of Equilibration

The linear increase in the AIT®T content of magmatic am-
phibole with pressure can be utilized as a tool to calculate the
depth of the magma chambers in which the crystallization of
amphibole took place. The utility of Al in magmatic hornblende
as a geobarometer has been developed in a number of papers
(e.g., Hammarstrom and Zen, 1986; Hollister et al., 1987; John-
son and Rutherford, 1989; Schmidt, 1992). Among others, the
Johnson and Rutherford (1989) calibration is a better choice

M. Keskin et al.

for calculating the crystallization pressures of the amphiboles
in the lavas of the Erzurum-Kars plateau, because the calibra-
tion was made for magmas fractionating at more appropriate
temperatures.

In this study, we calculated solidus pressures for 57 amphi-
bole phenocrysts (Table 3) by applying Johnson and Ruther-
ford’s (1989) equation. We calculated the equilibrium depths of
the amphiboles by using these results and assuming an average
density for the crust of 2700 kg/m3. Note that the error arising
from the uncertainty of Johnson and Rutherford’s (1989) cali-
bration is £ 0.5 kb. This corresponds to a depth range of £1.9 km
as displayed in Figure 12.

Figure 12 shows that the lavas of the middle stage domi-
nantly plot into a depth range of between ~15 and 22 km, whereas
those of the early stage fall into a range of 18-22 km (the Paslt
formation in the Kagizman area; Fig. 12). Given that the crustal
thickness in Eastern Anatolia is ~40 km (Zor et al., 2003), the am-
phiboles must have crystallized in the midcrust (in a three-layer
crustal model) or the lower crust (in a two-layer model). In con-
trast, the volcanic units of the late stage require crystallization

w E| W E
Pasli fm. Dumlu fm.  Kizilveren fm Koroglu fm. Sacdag fm. (S JArdiclidag fm. Black ignim  Horasan fm.
(Kagizman) | (Mt. Dumlu) (Pasin.) (N Horasan) Horasan) (Pasin.) (Pasin.) (N Horasan)
6
g4+ F+—-———-"-"“"-"—"—""-9-——--"p}—"———"—"—"—"¥——F- = ——— =

20

24

Early Stage

Middle Stage (6 - 5 Ma)

Late Stage (5-2.7 Ma)

Figure 12. Crystallization depths calculated from crystallization pressures of the amphibole phenocrysts enclosed in the
lavas of the Erzurum-Kars plateau. Johnson and Rutherford’s (1989) Al-in-hornblende geobarometer equation has been
used in the calculation of crystallization pressures. For details, see the text.
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at relatively shallow depths of between ~10 and 16 km. This im-
plies that lavas of the late stage evolved, in part, at upper-crustal
depths. Note that some lavas contain both high- and low-pressure
crystals (e.g., MK228, MK251, and MK337). The coexistence of
such phenocrysts may be ascribed to at least two phases of am-
phibole crystallization at different depths. This supports the
views presented in previous studies of Pearce et al. (1990) and
Keskin et al. (1998) that fractionation may be polybaric.

Composition and Nature of the Assimilants: Crustal
Domains beneath the Erzurum-Kars plateau

On Pb-Pb isotope covariation diagrams (Fig. 7), lavas from
the western part of the Erzurum-Kars plateau (i.e., Mount Dumlu
and Kargapazari areas) and those from the eastern part of the
plateau (i.e., the Horasan, Aladag, and Kagizman areas) form
two separate trends, starting from a common primitive magma
composition (i.e., MK130) and diverging toward two contrast-
ing end-member compositions. Because samples do not follow
the source contamination curve on a 2°8Pb/2°4Pb , versus 8'80
plot (Fig. 10F), we argue that contamination of the mantle
source by subduction cannot account for this relationship. Be-
cause this Pb isotopic ratio correlates significantly with both
SiO2 and 6!80, and AFC models indicate that assimilation was
an important process in magma evolution beneath the Erzurum-
Kars plateau (Fig. 11), these end-member compositions cor-
respond to two different and isotopically distinct crustal com-
positions beneath the plateau. If that is the case, variations on
Pb-Pb isotopic plots might be controlled by the composition
and the amount of crustal material assimilated by the magmas.
These results raise questions over whether these compositional
differences are a reflection of the presence of two different
crustal domains beneath the western and eastern parts of the
Erzurum-Kars plateau or the internal stratification of the crust.

The radiogenic crustal end-member, which is supposed to
have been assimilated by the lavas of the eastern part of the
Erzurum-Kars plateau, is broadly similar in its Pb isotopic com-
position to the upper crust, while the unradiogenic one, which is
presumed to have been assimilated by the lavas of the western
part of the plateau, plots into a field commonly occupied by
lower-crustal rocks (Fig. 7). Magma chambers residing deeper
(i.e., ~22—15 km; Fig. 3) beneath the western part of the plateau
might have resided in the lower crust, assimilating unradiogenic
material, in contrast to those beneath the eastern part of the
plateau, which emplaced in the upper crust, assimilating upper-
crustal material. However, such a model fails to explain why the
lavas derived from deeper chambers in the eastern part of the
plateau (i.e., the Pasli formation in the Kagizman area, ~16-22
km; Fig. 12) still have radiogenic Pb. Therefore, it is likely that
the geochemical data are more compatible with a model involv-
ing interactions between a common primitive magma and two
different crustal domains beneath the eastern and the western
parts of the Erzurum-Kars plateau.

As pointed out earlier in the section on geology, the vol-
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canic units of the studied part of the Erzurum-Kars plateau
are assumed to overlie two different tectonic blocks: (1) the
Rhodope-Pontide basement and (2) the Northwest Iranian frag-
ment (Fig. 1). Because volcanic units of the plateau mask the
basement units over great distances, the lateral extent and loca-
tion of these crustal domains beneath the plateau are not known.
The geological map presented by Sengor et al. (2003) indicates
that the western part of the plateau overlies the Rhodope-
Pontide fragment, while the volcanic units of the eastern part
probably overlie the Northwest Iranian fragment (Fig. 1). On
the basis of these results and interpretations, it can be argued that
unradiogenic material assimilated by the volcanic units of the
western part of the plateau possibly corresponds to the conti-
nental crust of the Rhodope-Pontide fragment (i.e., CT-1 in
Fig. 7), whereas radiogenic material assimilated by the volcanic
products on the eastern part of the plateau (i.e., CT-2 in Fig. 7)
coincides with the continental crust of the Northwest Iranian
fragment. Because the volcanic units from the Pasinler area dis-
play transitional isotopic characteristics between the western
and eastern parts of the plateau, this area may be located on the
inferred tectonic border between these two continental blocks.
The Rhodope-Pontide basement may owe most of its isotopic
signature to the long-lasting arc-related volcanic activity be-
tween the Cretaceous and the early Eocene. Assimilation of such
material by mantle-derived magmas can likely generate trends
similar to those shown by the lavas from the western part of the
plateau on the isotope covariation diagrams.

Evolution of the Magma Plumbing System
beneath the Erzurum-Kars Plateau

The model we propose for spatial and temporal evolution
of the magma plumbing system beneath the Erzurum-Kars
plateau is illustrated via a series of west-east lithospheric cross-
sections in Figure 13, corresponding to various stages of the vol-
canism. As can be seen in Figure 13, the Rhodope-Pontide
fragment possibly underlies the western part of the plateau (i.e.,
Mount Dumlu and Kargapazari areas), whereas the Northwest
Iranian fragment underlies the eastern part of the plateau be-
neath the Horasan, Aladag, and Kagizman areas (see Fig. 1). The
phase diagram of Foden and Green (1992) is presented beside
the figures to explain the variations in crystallization assem-
blages with depth. The overall setting beneath the Erzurum-Kars
plateau is probably more compatible with a model that involves
the delamination of tectonically thickened mantle lithosphere. It
is beyond the scope of this article to discuss the geodynamic
models proposed in previous studies for the tectonomagmatic
evolution of eastern Anatolia; general reviews of these have
been presented by Pearce et al. (1990), Keskin et al. (1998), and
Keskin (2003, 2005, forthcoming).

The volcanostratigraphic and geochemical data indicate
that the first collision-related lavas on the Erzurum-Kars
plateau, mainly anhydrous calc-alkaline basalts, were erupted at
ca. 11 Ma in the Horasan area (Fig. 13A; see also the Kotek
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basalt, Fig. 2). This was followed by volcanism in the Pasinler
area (i.e., the Black dacite in Fig. 2) ca. 8 Ma (Fig. 13A). Note
that the volcanism was quite sporadic, while the assimilation of
the crustal material was very limited during this stage.

Between 7 and 6 Ma, bimodal anhydrous lavas and pyro-
clastic units erupted on the western and central parts of the
plateau (i.e., the Dumlu, Kargapazari, and Horasan areas; Fig.
13B). Trace-element AFC models (Keskin et al., 1998) indicate
that crystallization was dominated by anhydrous phases with
minor assimilation of upper crust, or none, throughout the early
stage. The volcanic material produced during this stage de-
posited in and around the pull-apart basins (in the Karasu and
Pasinler basins in the north of Erzurum and in the Horasan
basin) controlled by strike-slip fault systems (e.g., the Erzurum-
Thilisi fault zone) (Keskin et al., 1998). Intermediate to acid
lavas and pyroclastic products were derived from large, shallow
(~16-9 km), compositionally zoned magma chambers. The evo-
Iution of magma via FC associated by degassing in these large,
shallow magma chambers possibly triggered pyroclastic explo-
sive eruptions on the plateau (Fig. 13B). Basic lavas, on the
other hand, were possibly drained either from small, shallow,
transient chambers or directly from the source region through
deep fractures (Keskin et al., 1998). These deep fractures, pos-
sibly associated with strike-slip fault systems, tapped the most
primitive lavas of this stage. Amphibole did not crystallize in
these chambers, because they were likely shallower than 10-13
km (i.e., see the phase diagram of Foden and Green, 1992, in
Fig. 13).

During the middle stage (i.e., 6-5 Ma), volcanic activity
was more intensive in the western part of the Erzurum-Kars
plateau (Fig. 13C). Magmas ponded and homogenized in large,
compositionally or thermally zoned chambers that fed crystal-
rich, isolated intermediate domes on the plateau. Al in amphi-
bole geobarometry results (Fig. 12) indicate that the magma
chambers were located deeper (14-22 km) beneath the plateau
than those of the late stage (Fig. 13C). The results of AFC mod-
els based on trace elements (Fig. 7B in Keskin et al., 1998)
and 8'%0 (Fig. 11B) indicate that crystallization of Plg + Amp—
dominated phases was accompanied by the assimilation of a
significant amount of crustal material, which was possibly repre-
sented by the lower crust. Widespread amphibole fractionation
resulted in the formation of the low-Y lava series (Y < 20 ppm;
Keskin et al., 1998). We argue that both the emplacement of
magma chambers at greater crustal depths and the presence of
greater crustal assimilation can be linked to the domination of a
compressional regime in the region during this period, possibly
due to a major modification in the lithospheric stress field. As
proposed by Orgiilii et al. (2003) and Kogyigit et al. (2001), the
crustal stress field has changed dramatically during the past
5-10 m.y. However, further research on temporal and spatial
change of the stress field in the region is needed in order to bet-
ter understand the underlying reason.

The ratio of lavas to pyroclastic material greatly increased
during the late stage between 5 and 1.5 Ma, and their composi-

M. Keskin et al.

tion became more basic compared to the lavas of the early and
middle stages (Fig. 13D and E). Petrographic data indicate that
magmas crystallized anhydrous phases during the late stage.
The AFC modeling based on trace-element behavior (Keskin et
al., 1998) implies that the assimilation of the crustal material
was limited. This indicates that magmas either evolved in very
small and shallow chambers or rose directly to the surface. How-
ever, variations in isotopic ratios (especially those of Pb) still
show some degree of assimilation of crustal material in these
chambers. Temporal variations during the late stage may be
linked to the increasing effects of extensional structures related
to the strike-slip fault systems that resulted in the formation of
networks of fractures through which magmas were injected
(Fig. 13E). This must be the reason that magmas were better
drained to the surface without significantly interacting with the
crust, forming extensive basaltic lava fields on the Erzurum-
Kars plateau during the late stage, especially in the eastern part
of the plateau (i.e., the Horasan, Aladag, and Kagizman areas).
Volcanism migrated to the east on the plateau, while subaerial
clastic beds were deposited coeval with the volcanic units. The
most primitive lavas erupted in the eastern part of the Erzurum-
Kars plateau close to the end of this period.

CONCLUSIONS

The geochemical evidence presented in this study indicates
that the mantle source varied little with time. However, although
the primitive magma composition is almost constant, the pet-
rography and trace-element chemistry of the volcanic products
provide evidence for a systematic temporal variation of the vol-
canic activity throughout the Erzurum-Kars plateau. It began
with the eruption of anhydrous bimodal volcanic products dur-
ing the early stage (i.e., 11-6 Ma), then changed abruptly into a
unimodal volcanism dominated by the hydrous lavas of inter-
mediate composition in the middle stage (i.e., 6-5 Ma), and fi-
nally returned to the bimodal activity that produced anhydrous
lavas during the late stage (i.e., 5-2.7 Ma). These variations
were strongly dependent upon the depth of the magma chambers
from which the volcanic products were derived. The magma
chambers of the middle stage formed deeper (~22—15 km) in the
crust in comparison with those of the early and late stages, pos-
sibly in response to the dominantly compressional regime of this
period. Magmas in these deeper chambers fractionated amphi-

L
>

Figure 13 (on following three pages). The magma plumbing model pro-
posed for the collision-related volcanism on the Erzurum-Kars plateau
illustrated on crustal sections. Note that the vertical scale for the vol-
canic sequence is exaggerated in order to show details. Solidified
magma chambers are marked by darker colors (circular gradual fill
from gray to black). This work constrains the model by placing con-
straints on the depth of magma chambers, the extent of crust-magma
interaction, and the composition of the assimilated crust in space and
time. For details, see the text. CT1—crust type 1; CT2—crust type 2;
LC—Ilower crust; L+V —liquid and volatiles; UC—upper crust.
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bole, assimilated a significant amount of crustal material, and
homogenized by replenishment. In contrast, magmas emplaced
in the shallower chambers (~15-9 km) during the early and late
stages crystallized anhydrous phases with no amphibole.

In contrast to the behavior of trace elements, the isotopic
compositions of the volcanic units do not show a systematic
temporal variation in any given subarea on the Erzurum-Kars
plateau; instead they exhibit spatial changes. These variations
are best reflected by Pb isotopes. Lavas from the eastern part of
the plateau (i.e., the Horasan, Aladag, and Kagizman areas) are
much more radiogenic than those from the western part (i.e., the
Dumlu and Kargapazar areas) in terms of their Pb isotopic ra-
tios, and lavas from the Pasinler area display transitional iso-
topic characteristics between these two groups (Fig. 7). Our
isotopic data indicate that these variations may be related to the
composition and the amount of crustal material assimilated by
the magmas beneath the Erzurum-Kars plateau. We thus argue
that two isotopically distinct crustal domains, underlain and
hence masked by thick volcanic successions of the plateau, ex-
ist beneath the plateau: (1) a more radiogenic crustal domain
represented by the Northwest Iranian fragment in the east and
(2) the Rhodope-Pontide fragment in the west. Unfortunately,

50 km

the trace-element and isotopic compositions of the Rhodope-
Pontide and the Northwest Iranian crustal domains are almost
completely unknown except for some trace-element data from
the Pulur complex in the Pontides (Topuz et al., 2004) in the
north and 87Sr/36Sr isotope data from the Tsakhkuniats base-
ment outcrop in Armenia (Karapetian et al., 2001), located far
away from the area studied. Both the Rhodope-Pontide and the
Northwest Iranian basements are quite heterogeneous in terms
of the lithologies they contain as well as their geochemical com-
positions. Therefore, it is rather difficult to constrain the crustal
compositions of the Rhodope-Pontide and the Northwest Iran-
ian fragments by the data presented in the literature, and further
research is needed for isotopic characterization of these two
blocks beneath the Erzurum-Kars plateau.

From a global perspective, this work emphasizes the im-
portance of thickened crust in modifying the composition and
mineralogy of postcollision volcanic rocks. The ponding of
magmas beneath the brittle upper crust, evident here in the
middle stages of volcanic evolution, can produce relatively
homogeneous intermediate magmas and probably large, zoned
batholith-like intrusions at depth. In contrast, smaller chambers
ponding within the upper crust, evident here in the early and late
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stages of evolution, are more likely to produce bimodal volcanic
products and smaller, more localized plutons. In both cases, the
regional geochemical variations emphasize the fact that the iso-
topic signatures of the volcanic eruptions may be significantly in-
fluenced by the nature and history of the crustal domains invaded
by the magma. The Erzurum-Kars plateau is one of the few col-
lision zones where the volcanic history can be documented in a
tectonic context, and it will be interesting to discover whether
similar features can be identified in less well-exposed or more
deeply eroded collision terranes elsewhere.
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