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and Shoshonitic Volcanic Rocks of Western Turkey:
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Magma Storage and Mixing Conditions
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Abstract: Early to Middle Miocene (22 to 15 Ma) volcanic activity across western Turkey produced a series of lavas
and pyroclastic deposits with calc-alkaline and shoshonitic affinities. The erupted magmas show a broad range of
compositions from basaltic to rhyolitic (48-75 SiO, wt%) and are composed of variable phenocryst assemblages.
Petrographic and mineral-chemical characteristics suggest that the magmas underwent hydrous crystallization in
deep crustal magma chambers that was dominated by plagioclase + pyroxene + pargasitic amphibole fractionation.
Subsequent crystallization in shallower magma chambers followed two different trends: (1) anhydrous (pyroxene
+ plagioclase-dominated); and (2) hydrous (plagioclase + edenitic amphibole + pyroxene-dominated). Application
of magnetite-ilmenite, hornblende-plagioclase and two-pyroxene geothermometry to the western Anatolian
volcanic rocks has yielded temperature estimates in the range of 585-1086 °C for the Early Miocene and
768-1095 °C for the Middle Miocene rocks. Pressure estimates from pyroxene and Al-in-hornblende
geobarometers are in the range of 2.1-8.6 kbar for the Early Miocene and 6.5-9.1 kbar for the Middle Miocene
rocks. The presence of amphibole with clear signs of disequilibrium, and plagioclase as inclusions in pyroxenes and
other phenocryst cores, suggest that magma mixing was operational during the formation of the volcanic suites.
Strong compositional variations and reverse zoning patterns in single phenocrysts, as well as considerably variable
pressures of crystallization, further indicate that the magmas forming the volcanic suite had a polybaric origin and
are the composite products of more than one petrogenetic stage. The observed range of phenocryst assemblages
and different compositional trends are likely to have originated from fractionation of magmas with different initial
water contents, under variable pressures of crystallization. The repeated occurrence of magmas from different
suites during a single period of activity suggests that the magmatic system comprised several conduit systems and
magma reservoirs dispersed at different levels of crustal magma chambers. The results suggest that the episodic
intrusion of mafic magmas provided the necessary heat and perhaps contributed to the ascent of the magma to
shallow crustal depths where it reequilibrated before the onset of eruption.

Key Words: western Anatolia, magma evolution, magma mixing, compositional zoning, disequilibrium parameters,
crustal magma chambers

Bati Tiirkiye Miyosen Kalk-alkalin ve Sosonitik Volkanik Kayalarinin Mineral
Kimyasal Ozellikleri: Magma Olusumu ve Karisimi Kosullarinin Dengesiz
Fenokristal Topluluklariyla Belirlenmesi

Ozet: Bati Turkiye Erken ve Orta Miyosen dénemi (22-15 My) volkanik aktivitesi kalk-alkalin ve sosonitik
Ozelliklere sahip lav ve piroklastik Urlnler olusturmustur. Olusan magmalar bazalttan riyolite kadar degisen (48-75
Si0, wt%) genis bir bilesim araligi sunar ve degisken fenokristal topluluklarindan meydana gelir. Petrografik ve
mineral kimyasal ¢zellikleri, magmalarin derin magma odas! kosullarinda plajioklas + piroksen + pargasitik amfibol
ayrimlagma baskin oldugu sulu fazli bir kristallesme gecirmis olduklarina isaret etmektedir. Bunu izleyen ve daha
sIg magma odalarinda gerceklesen Kristallesme iki farkli yonelim sunar: (1) susuz (piroksen + plajioklasin baskin
oldugu); ve (2) sulu (plajioklas + edenitik amfibol + piroksenin baskin oldugu) ayrimlasma. Bati Tirkiye volkanik
Kayalarina uygulanan magnetit-ilmenit, hornblend-plajioklas ve ¢ift piroksen jeotermometreleri Erken Miyosen
Kayalari icin tahmini 585-1086 °C ve Orta Miyosen kayalari icin 768-1095 °C arasinda degisen Kristallesme
sicakligi ortaya koymaktadir. Piroksen ve hornblend-Al jeobarometreleri ise Erken Miyosen kayalart icin 2.1-8.6
kbar ve Orta Miyosen kayalari icin 6.5-9.1 kbar arasinda degisen basin¢ degerlerine isaret etmektedir. Dengesiz
Kkristallesme 6zelliklerine sahip amfibol kristallerinin varligi ve plajioklas minerallerinin piroksenler ve diger
fenokeristallerin iginde bulunusu, volkanik serilerin olusumunda magma karigiminin etkin oldugunu géstermektedir.
Minerallerde gozlenen belirgin tane ici bilesim degisimleri, ters zonlanmalar ve olduk¢a degisken kristallesme
basinglari, volkanik kayalari olusturan magmalarin polibarik bir Kotkene sahip olduklarina ve birden fazla

47



MIOCENE VOLCANISM IN WESTERN TURKEY

petrojenetik safhadan etkilenmis kompozit tGrlnler olduklarina isaret etmektedir. Gozlenen fenokristal topluluklari
ve bunlarin bilesim araliklari, degisken miktarlarda su iceren magmalarin yine degisken kristallesme basinglarinda
ayrismastyla uyumludur. Ayni magmatik aktivite devri esnasinda farkli magma bilesimlerinin tekrarlanan olusumiari
magmatik sitemin farkli kabuk derinliklerinde yeralan magma haznesinden olustuklarini géstermektedir. Sonuglar,
mafik magmalarin magma odalarina tekrarlanan sokulumlarinin gerekli 1sinin olusumunu sagladigini ve olasilikla
magmalarin piskiurme éncesi denge haline gectikleri daha sig magma odalarina ylkselimine katkida bulunduklarini

gostermektedir.

Anahtar Sézciikler: Batt Anadolu, magma evrimi, magma karigimi, bilesim zonlanmasi, dengesizlik parametereleri,

kabuksal magma odalari

Introduction

Extensive volcanic activity has characterized western
Turkey and the Aegean Sea region since the Late Eocene.
Voluminous volcanic products cover large areas from the
Aegean subduction zone through western Anatolia and
the Aegean islands into Thrace (Figure 1). Volcanism in
the area may be divided into two groups according to the
relationship between magma generation and regional
tectonic activity: (1) Late Eocene to Recent volcanism
related to collision between the Anatolide-Tauride
platform and Pontides, and to subsequent orogenic
collapse and lithospheric extension; and (2) Late Miocene
to Recent volcanism related to northward-dipping
subduction of the African plate beneath the Eurasian plate
along the Aegean trench. Products of subduction-related
volcanism are distributed along the south Aegean arc,
from the Cyclades through the Dodecanese provinces to
southwestern Anatolia, and have been dated as ~12 Ma
to Recent (~3 Ka) (Keller 1983; Wyers & Barton 1987;
Robert et al. 1992; Allen & Cas 1998). The products of
the collision-related (or post-collision) volcanism,
however, occupy large areas in the northern part of the
Aegean Sea and western Anatolia (e.g., Aldanmaz et al.
2000; Yilmaz et al. 2001). The post-collision volcanism
of western Anatolia is the subject of this study and is here
termed “the Late Cenozoic volcanic province of western
Anatolia”.

The Late Cenozoic volcanic province of western
Anatolia comprises a series of calc-alkaline and
shoshonitic volcanic products originated from a number
of eruptive episodes. In the area the early stage of this
activity lasted from the Early Miocene to the Middle
Miocene, and was marked by shoshonitic and high-K,
calc-alkaline eruptive products that range in composition
from basaltic andesite to rhyolite. This episode was
associated with uplift and thickened lithosphere, and may
have been caused by subsequent orogenic collapse. The
later stage, during the Middle Miocene, was marked by
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less silicic and relatively less potassic (and less phyric)
eruptive products which are considered to have
originated by melting along localized extensional zones.
Published geochemical data indicate that the melt
products of both stages originated from subduction-
enriched mantle lithospheric sources and were
subsequently modified by extensive magma-crust
interaction (e.g., Aldanmaz et al. 2000).

In this contribution, an attempt has been made to
document the pre-eruption evolution of magmas in an
effort to constrain the intensive parameters of the
ascending magmas, such as pressure and temperature,
and plumbing conditions. A comprehensive petrologic and
mineral-chemical investigation has been made to infer the
magma-chamber conditions in the mixed magmas. I
particularly use the evidence for multiple styles of mixing,
the compositions of coexisting phenocryst phases, and the
compositional zoning in the eruptive products of western
Anatolia to provide insights into the nature of magmatic
processes, with a special effort to evaluate the role of
magma mixing in the petrogenesis of the calc-alkaline and
shoshonitic magmatic series.

Geological Background

The western Anatolia region is an active continental
extensional zone that is characterized by relatively high
surface heat flow and thermal uplift. Regional tectonic
and magmatic activity during much of the Miocene period
is considered to have been largely influenced by
lithospheric spreading and thinning subsequent to earlier
plate collision and stacking (e.g., Dewey et al. 1986;
Aldanmaz et al. 2000 and references therein). In this
region, the products of extensive volcanic activity cover
large areas to the north of the Menderes Massif. The
geological characteristics and tectono-magmatic evolution
of the region have been described in detail in a number of
previous studies (e.g., Glle¢ 1991; Seyitoglu et al. 1997,
Aldanmaz et al. 2000, 2005, 2006; Aldanmaz 2002;
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Figure 1.  (a) Map showing tectonic boundaries and plates motion in

eastern Mediterranean (based on data from Dewey et al.
1986; Sengdr & Yimaz 1981; Bozkurt 2001). (b)
Simplified map of western Anatolia showing the
distribution of the Early to Middle Miocene magmatic
products (from Aldanmaz et al. 2000). The northern (A)
and southern (B) areas are indicated in the map. (NAFS —
North Anatolian Fault System; EAFS — East Anatolian Fault
System; DSFS — Dead Sea Fault System).
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Yilmaz et al. 2001; Bozkurt 2001; Kopribasi &
Aldanmaz 2004; Bozkurt & Mittwede 2005; Erkil et al.
2005; Tokgaer et al. 2005; Yicel-Oztirk et al. 2005),
and only a brief description will be given here. Aldanmaz
et al. (2000) have investigated the calc-alkaline and
shoshonitic volcanic products in two different localities:
(1) the Ezine-Gulpinar-Ayvacik area, which is located on
the Biga Peninsula (referred to here as the northern
area); and (2) the Dikili-Ayvalik-Bergama area, which is
located farther south (referred to here as the southern
area; Figure 1b).

Field observations, volcanological characteristics and
published radiometric data show that major volcanic
activity took place both in the northern and southern
areas during the Early Miocene, and produced a
considerable volume of pyroclastic deposits and lavas of
intermediate to acidic composition (Aldanmaz et al.
2000). The early stage of activity began with lava flows
and continued with lava and pyroclastic successions, most
of which originated from fissure eruptions. The large
volumes of these lavas are andesitic to rhyolitic in
composition and are characterized by their high
phenocryst contents. The pyroclastic deposits are
generally large ignimbrite sheets accompanied by minor
debris and ash-flow deposits.

Early Miocene is the oldest known age for volcanic
rocks of the study area (21 Ma; Aldanmaz et al. 2000),
but pre-Miocene volcanic rocks have been reported from
some other parts of the Biga Peninsula (Ercan et al.
1984, 1995). In the northern area, the early stage of
volcanic activity was followed by abundant dyke
injections, mainly microporphyritic andesites and basaltic
andesites in composition. Aldanmaz et al. (2000) have
reported a K-Ar age of 19 Ma for the dyke injections.

In the southern area, the volcanic activity continued
into the Middle Miocene, with a gradual change in the
eruptive style and rock compositions. The Middle Miocene
activity is marked by aphyric or weakly porphyritic lava
flows, domes and dykes of mafic to intermediate
composition; these are volumetrically less abundant than
the earlier lavas. Pyroclastic eruptive products are absent
in this period. The lavas mostly lie in the small localized
extensional zones bounded by E-W- or NE-SW-oriented
fault systems, indicating a relationship between volcanism
and the local extensional tectonic regime in the area
during this period. The published K-Ar data show that the
Middle Miocene volcanic activity in the southern area
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lasted until 15 Ma (Borsi et al. 1972; Aldanmaz et al.
2000).

Rock Description

The products of the Early to Middle Miocene volcanic
activity in western Anatolia are dominated by calc-alkaline
and shoshonitic rock varieties. The erupted magmas show
a wide range of compositions, from basaltic to rhyolitic,
with SiO, contents ranging between 48 and 78 wt%
(Figure 2). A time-integrated change in rock chemistry,
however, is obvious as the volcanic activity began with
acidic-intermediate compositions during the Early
Miocene and shifted toward less silicic compositions
during the Middle Miocene (Figure 2; Aldanmaz et al.
2000).

The andesitic and dacitic lavas of the calc-alkaline and
shoshonitic suites contain about 35 to 50 vol%
phenocrysts. Typical phenocrysts are plagioclase,
clinopyroxene, orthopyroxene, amphibole, K-feldspar,
biotite and Fe-Ti oxides (magnetite-ilmenite). Plagioclase
is the most abundant phenocryst phase, accounting for
~65-70 vol% of the phenocryst assemblage in most of
the rocks. In most of the Early Miocene calc-alkaline and
shoshonitic lavas from the southern area, clinopyroxene is
abundant and amphibole and biotite represent hydrous
assemblages, while orthopyroxene is a scarce phenocryst
phase. However, amphibole is extremely scarce in rocks
of the same age from the northern area, and is observed
only in a few lavas as disrupted xenocrysts, with clear
signs of disequilibrium (e.g., reaction rims). The typical
assemblage from the northern area is plagioclase with
orthopyroxene, clinopyroxene, K-feldspar, oxides and
biotite.

Olivine and quartz are scarce and present only in a few
lavas of the mafic and felsic end-member products of the
Early Miocene rocks, respectively. Some rocks also
contain apatite and zircon. The more acidic dacitic and
rhyolitic lavas contain titanite in addition to the other
mineral phases. Porphyritic textures predominate in the
most silicic andesites and dacites. Textural relations, such
as resorption along grain boundaries, oscillatory zoning in
plagioclase and clinopyroxene, and existence of
hornblende xenocrysts with clinopyroxene reaction rims,
suggest that the major population of the phenocrysts are
in disequilibrium with their host liquid.
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Figure 2.  Classification of the Early to Middle Miocene volcanic rocks
from western Anatolia (based on the whole-rock
geochemical data of Aldanmaz et al. 2000) on a total alkali
versus silica (TAS) diagram of LeBas et al. (1986). Dashed
line is boundary between alkaline and subalkaline rocks of
Irvine & Baragar (1971). (B- basalt; BA- basaltic andesite;
A- andesite; D- dacite; R— rhyolite; TB— trachybasalt; BTA-
basaltic trachyandesite; TA- trachyandesite; T— trachyte;
TD- trachydacite).

The small volume basaltic andesite and andesitic lavas beam size. The representative mineral-chemical data for
of the later-stage (Middle Miocene) calc-alkaline series the whole suite is given in Tables 1-7 with rock types and
display typical quench textures, with abundant sample localities given in Table 8, and mineral phases are
phenocrysts embedded in a fine-grained groundmass. chemically described below.

Glass is preserved in very few cases and groundmass
consists mainly of microcrystalline plagioclase,
clinopyroxene, Fe-Ti oxides and, in places, K-feldspar.
Plagioclase, zoned clinopyroxene, olivine and subordinate ~ Plagioclase phenocrysts show variable types of
orthopyroxene are the ubiquitous phenocryst phases, and ~ compositional zoning — normal, reverse, and oscillatory,
occur with minor phlogopite, Fe-Ti oxides (magnetite and ~ Or @ complex combination of these three types. Thus, at
ilmenite) and scarce Ti-rich biotite. Some samples also least two points of a single plagioclase crystal (one near
include a considerable amount of sanidine in the  the rim and one in the core) were analyzed. The
groundmass. The rocks can be distinguished from the ~ compositional range of plagioclases representing the

earlier lavas by their more mafic mineral contents. studied rock suites is given in Table 1. The majority of
plagioclase crystals are andesine, labradorite and

bytownite in composition.

Plagioclase

Mineral Chemistry The compositions of plagioclase generally correlate

Mineral-chemical analyses were made on 26 polished thin negatively with the silica contents of the host rocks
sections. Thin sections were prepared at the University of (Figure 3a). The most An-rich plagioclase phenocrysts
Durham, and carbon coated at the University of  occur in the Middle Miocene basaltic lavas and dykes of
Edinburgh. Analyses were performed in Edinburgh on'a  the southern area, while the most An-poor crystals are
CAMECA CAMEBAX electron microprobe using natural  from the Early Miocene acidic, porphyritic lavas. The
minerals as standards. Operating conditions were ~20 KV phenocrysts are mostly within a range of 5-25 mole %An
acceleration voltage, ~2/nA beam current, 30s pk count, unit, although extreme core-to-rim zoning (up to 45 mole
15 s b/g count, 1 mm? spot size and a 25 mm? retard 9% An unit) is observed in some of the phenocrysts.
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In Figure 3b, the Ca# [= Ca/(Ca + Na)] of plagioclase
phenocrysts are plotted against the Ca# of whole-rock
compositions to assess whether the plagioclase
phenocrysts are in equilibrium with their host rocks. To
apply this, however, only samples that are likely to have
been unaffected by phenocryst accumulation were
chosen. Application of plagioclase-melt equilibria was
therefore restricted to the Middle Miocene basic and
intermediate samples as well as some phenocryst-poor
Early Miocene rocks. Theoretical curves highlight
approximate equilibrium partitioning of Ca and Na
between plagioclase and liquid. For values of equilibrium
partitioning, which is given by the equation of [©*NKD =
(PaIX , *19X o)/ (P29X . *19X,) ], @ range of values from 2 to 5
were plotted following the experimental results of Baker
& Eggler (1987), Housh & Luhr (1991), Sisson & Grove
(1993) and Panjasawatwong et al. (1995). These
experimental studies have shown that the equilibrium
partitioning (Kp) of Ca and Na between plagioclase and
liquid is generally between 2 and 5 for basaltic to dacitic
melts crystallized under H,O-undersaturated to H,O-
saturated conditions (at 2-10 kbar). For H,O-saturated
melts, K, values increase with increasing melt-H,O
contents, and for H,O-undersaturated melts K, values
appear to be independent of melt- H,O content and range
mostly between 2 and 4.

The majority of plagioclase phenocrysts from the
Early Miocene rocks display clear evidence of
disequilibrium as they are too Na-rich to have crystallized
from a liquid similar in composition to their host rocks
(Figure 3b). Plagioclase phenocrysts from the Middle
Miocene lavas, however, are mostly in equilibrium with
liquids compositionally similar to their host rocks as the
equilibrium partitioning (Kp) of Ca and Na between
plagioclase and liquid remains within the range of 2-5
(Figure 3b). Some plagioclase phenocrysts, however, are
too Ca-rich to have crystallized from a liquid
compositionally similar to their host rock. The
experimental studies of Sisson & Grove (1993) and
Panjasawatwong et al. (1995) demonstrated that the
composition of liquidus plagioclase is mainly controlled by
the Ca# and H,O content of the melt from which the
plagioclase is crystallized. As discussed by the same
authors, the origin of the An-rich phenocrysts must
involve crystallization from melts with either extremely
high Ca0O/Na,0 ratio (>8) or high H,0 contents (~6 wt%)
or both. Crystallization of highly An-rich plagioclase in
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Figure 3.  (a) Anorthite contents of core and rim plagioclase and

groundmass microlites plotted against silica contents of
their host rocks. (b) Ca-numbers (Ca/[Ca+Na]) for
plagioclase phenocrysts plotted against Ca-number of host
rocks. The curves represent equilibrium values of
CMNaKD, iiq TOr hydrous melts based on experimental

studies of Baker & Eggler (1987), Housh & Luhr (1991),
Sisson & Grove (1993) and Panjasawatwong et al.
(1995).

most of the mafic-intermediate rocks cannot be explained
solely by high CaO/Na,O ratio of melt because of the
apparent negative correlation between the Ca# of
plagioclase and host rock (Figure 3b). The high melt H,O
contents might therefore be responsible for the existence
of highly An-rich plagioclases in these rocks. Supporting
this idea is the presence of hydrous mineral phases (e.g.,
phlogopite) in some of the Middle Miocene basaltic rocks.

Pyroxenes

Clinopyroxene is one of the most abundant mineral
phases in the mafic-intermadiate, calc-alkaline and
shoshonitic rocks from both areas. It occurs as large (up
to 10 mm) isolated phenocrysts, glomerocrysts,
microphenocrysts, and as a groundmass phase.
Orthopyroxene is present in most of the calc-alkaline and
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shoshonitic rocks of the northern area, while it is a scarce
phenocryst phase in rocks of the southern area. The
compositions of clinopyroxenes are predominantly
diopside, salite, endiopside and augite, whilst
orthopyroxenes from the northern area classify mostly as
bronzite and hypersthene, according to the I[.M.A.
classification (Morimoto 1989) (Tables 2 & 3).

Larger clinopyroxene crystals typically show fine
oscillatory zoning with broad overall zoning, from Mg-
rich cores to more Fe-enriched rims. In some cases,
zoning is reverse for both types of pyroxenes, and there
is more compositional variation among crystals than
within them (Figure 4a, b). Reverse zoning of
phenocrysts can be explained by a number of processes
including: (1) decompression during magma ascent
(Kontak et al. 1984); (2) more oxidizing conditions
during later stages of crystallization (Luhr & Carmicheal
1980; Grunder & Mahood 1988); or (3) magma mixing
(Nixon & Pearce 1987). Sector zoning also occurs in
some samples and can be interpreted to have originated
from rapid crystal growth (Morrice & Gill 1986).

The Al/Ti ratios in clinopyroxenes from most of the
calc-alkaline and shoshonitic rocks increase with
decreasing Fs contents from the Early Miocene acidic-
intermediate rocks towards the Middle Miocene
intermediate-basic rocks (Table 2; Figure 5). This may
reflect a greater rate of depletion in Al contained in
plagioclase than that of Ti in ilmenite or titanomagnetite
in plagioclase-dominated fractionation for the earlier
formed rocks due to the lack of ilmenite and
titanomagnetite in these rocks. Elevated ratios of Al/Ti in
clinopyroxenes of the Middle Miocene rocks coincide with
the appearance of ilmenite with extremely low Al/Ti
ratios, requiring removal of only a small amount of
ilmenite to cause rapid depletion of Ti, and hence increase
in AI/Ti ratios even in liquids fractionating plagioclase
(Table 2).

Experimental and petrological studies have
demonstrated that partitioning of minor elements (e.g.,
Ti and Al) in pyroxene is strongly growth-rate dependent,
although equilibrium partitioning of Ca, Mg and Fe may
not be seriously affected by cooling rates (Gamble &
Taylor 1980). In particular, high cooling rates favour
crystallization of pyroxene with elevated Ti and Al
contents (Figure 5a). The existence of Ti- and Al-rich
microphenocrysts with high Al/Ti ratios in some of the
Middle Miocene basaltic dykes from the southern area
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therefore probably reflect more elevated cooling rates.
This is also consistent with the aphyric or weakly
porphyritic nature of these rocks.

Notably, clinopyroxenes of the acidic-intermediate
rocks from the southern area are in general enriched in
MnQO at a given Fs content relative to those of the more
mafic Middle Miocene lavas and dykes (Figure 5b). A
similar relationship is observed between pyroxenes of the
Early Miocene rocks of the northern area, insofar as
clinopyroxenes of the highly porphyritic lavas are more
enriched in MnO than those of the dyke swarms (Figure
5b). Since Mn?* can substitute for Fe?*, not only in
pyroxene, but also in olivine and/or Fe-Ti oxides, the
observed linear relationship may be explained by olivine
crystallization (with or without Fe-Ti oxides) prior to
pyroxene crystallization for the later-formed volcanic
rocks of the two areas. This is also supported by the
existence of olivine phenocrysts in the dyke swarms of the
area.

Amphibole

Amphibole occurs as an abundant mineral phase in most
of the Early Miocene acidic-intermediate rocks from the
southern area. The main populations of crystals are very
large (0.3—1.0 cm), green to brown, and euhedral. Some
intermediate rocks of Middle Miocene age of the southern
area and Early Miocene age of the northern area also
include scarce amphibole xenocrysts with clear signs of
disequilibrium (e.g., strong reaction rims and
compositional zoning). Reaction rims developed at the
expense of large amphibole crystals, where they were in
contact with the melt. The origin of these rims can be
interpreted as breakdown of amphibole during slow
magma ascent from the storage zone at depth (e.g.,
Rutherford et al. 1998). In some cases, amphibole is only
represented by occasional remnants in opacite patches, or
is altered to masses of small crystals of clinopyroxene +
plagioclase + Fe-Ti oxides, probably as a consequence of
decompression reactions (e.g., Foden & Green 1992).

The amphibole phenocrysts in the western Anatolian
volcanic suites have (Ca + Na),,,>1.34 and (Na),,,<0.67,
and thus are calcic amphiboles according to the
classification scheme of Leake et al. (1997). On the
classification diagram of Hawthorne (1981), two
compositionally distinct ranges can be identified: (1)
edenites and (2) pargasites (Figure 6). Amphibole
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Table 3. Representative microprobe analyses of orthopyroxene phenocrysts and microphenocrysts in volcanic rocks of western Anatolia.
Orthopyroxene
Sample no. EA45 EA412 EA412 EA418 EA37 EA313 EA275
(c)ore/(r)im

C r C r C r C r C r C r C r
Si0p 52.81 52.87 52.55 52.88 52.12 52.20 52.04 53.19 51.32 51.98 54.91 51.98 52.60 52.68
TiOy 0.35 0.33 0.52 0.49 0.44 0.50 0.41 0.18 0.15 0.12 0.13 0.12 0.15 0.17
Alx03 0.90 1.29 1.97 1.92 1.85 1.75 1.43 0.91 0.85 0.60 2.38 0.60 0.88 0.60
FeO 17.07 15.39 17.18 17.06 18.22 18.02 17.71 18.09 20.01 20.22 8.31 20.22 2093  21.11
MnO 0.50 0.39 0.39 0.38 0.37 0.40 0.44 0.80 0.95 1.24 0.19 1.24 1.17 1.26
MgO 25.21 26.58 24.61 24.70 23.98 2395 24.37 24.85 23.61 22.70 31.66 22.70 2279  22.34
Ca0 1.62 1.46 1.94 1.95 1.82 2.00 1.94 1.38 0.96 0.94 1.04 0.94 1.23 1.21
Nay0 0.04 0.04 0.08 0.10 0.07 0.07 0.04 0.02 0.02 0.022 0.02 0.02 0.03 0.04
Total 98.50 98.35 99.25 99.48 98.86 08.88 98.38 99.43 97.86 97.82 98.64 97.82 99.78  99.40
Si 1.958 1.946 1.935 1.941 1.936 1.938 1.934 1.962 1.947 1.973 1.940 1.973 1.962 1.975
Ti 0.010 0.009 0.015 0.014 0.012 0.014 0.011 0.005 0.004 0.003 0.003 0.003 0.004  0.005
Al 0.039 0.056 0.086 0.083 0.081 0.077 0.063 0.040 0.038 0.027 0.099 0.027 0.039  0.026
Fe 0.529 0.474 0.529 0.524 0.566 0.560 0.545 0.558 0.635 0.642 0.246 0.642 0.653  0.662
Mn 0.016 0.012 0.012 0.012 0.012 0.013 0.014 0.025 0.030 0.040 0.006 0.040 0.037  0.040
Mg 1.393 1.459 1.351 1.351 1.328 1.325 1.350 1.367 1.335 1.284 1.668 1.284 1.268 1.248
Ca 0.064 0.057 0.076 0.077 0.072 0.079  0.077 0.055 0.039 0.038 0.039 0.038 0.049  0.049
Na 0.003 0.003 0.006 0.007 0.005 0.005  0.003 0.001 0.002 0.002 0.001 0.002 0.002  0.003
Total 4.01 4.02 4.01 4.01 4.01 4.01 4.00 4.01 4.02 4.01 4.00 4.01 4.01 4.01
Mg# 72.5 75.5 719 72.1 70.1 70.3 71.2 71.0 67.8 66.6 87.2 66.7 66.0 65.4
En 70.9 74.7 68.6 68.8 67.1 67.0 68.2 69.0 67.4 66.1 85.1 66.1 63.4 62.5
Fs 25.8 22.2 275 27.3 29.2 29.0 27.8 28.2 30.5 31.9 12.8 31.9 34.2 35.0
Wo 3.4 3.1 3.9 3.9 3.7 4.0 3.9 2.8 2.0 2.0 2.0 2.0 2.5 2.4

phenocrysts and microphenocrysts from the Early
Miocene, highly porphyritic acidic-intermediate lavas of
the southern area classify predominantly as edenite and
partly edenitic hornblende, though few fall into the
pargasitic hornblende and ferroan-pargasite fields.
Amphiboles from the Middle Miocene andesitic rocks of
the southern area and the Early Miocene porphyritic lavas
of the northern area, however, are characterized by
lower Si contents (<6.5 pfu), and classify mainly as
pargasite or ferroan-pargasite.

The plots of A" against (Na + K) cations in the A site
of amphibole phenocrysts also reveal two distinct
compositional groups (shown as an inset in Figure 6). The
trends of the studied samples are comparable to those
shown by the experimental studies of Helz (1973), which
demonstrated that amphibole compositions in general
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exhibit linear increases in AI™ and (Na + K), with
increasing crystallization temperatures. The significant
compositional difference between the two trends can
therefore be attributed to different crystallization
temperatures. The existence of both edenitic and
pargasitic amphibole in a single rock may further indicate
that these rocks are composite products of more than one
petrogenetic stage.

Olivine

Olivine occurs in some form in most of the calc-alkaline
and shoshonitic rocks of Middle Miocene age along with
some Early Miocene dykes. It is, however, a scarce
phenocryst phase in the acidic-intermediate rocks of Early
Miocene lavas. Olivine phenocrysts and microphenocrysts,
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Figure 4.  Core to rim variations in molar Mg# (100 — Mg / [Mg +

Fe]) for the clinopyroxene and orthopyroxene
phenocrysts. Volcanic rocks from the northern and
southern areas are shown as squares and diamonds,
respectively.

in general, show a compositional range of Fog,; (Table
5). Mg contents of the olivines show only a small
variation within the olivine-bearing rocks. Most of the
phenocrysts have normal zoning, with a range of 5-15
mole %Fo. However, extreme variations from core to rim
(Fogg to Fog,) are also observed in some samples.

Exchange coefficients (Kp values) calculated for
distribution of Fe and Mg between olivine phenocrysts
and liquids similar in composition to the host rocks
[ (Xeeo/Xugo)o (Xreo/Xugo)ig] (X = mole fraction) range
between 0.24 and 0.31 for the common basaltic systems.
Using the method of Roeder & Emslie (1970), Mg/Fe
ratios of liquid with which the olivine compositions would
have been in equilibrium were calculated and compared to
Mg/Fe ratios of host rocks, to assess whether the olivines
are in equilibrium with their host rocks. Figure 7
illustrates that, among the calc-alkaline and shoshonitic
rocks of the Middle Miocene age, only few olivine crystals
are within equilibrium range, but the majority are not. In
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Figure 5.  Minor element variations of clinopyroxenes shown by

plots of (a) stoichiometric Ti versus Al (per formula unit);
and (b) MnO contents versus the molar percentage of
ferrosilite (Fs). Cores, rims and microphenocrysts do not
plot in discrete fields and so are not distinguished. The
lines in Figure (a) indicate Ti/Al ratios.

particular, olivines from the intermediate rocks are too
Fe-rich to have crystallized from a liquid compositionally
similar to their host rocks. This can be explained either by
mixing of magmas with different compositions or by
accumulation of olivines as xenocrysts.

Biotite-Phlogopite

Biotite occurs as phenocrysts only in the highly
porphyritic acidic-intermediate rocks (Early Miocene) of
both the northern and southern areas. Some Middle
Miocene shoshonitic rocks of the southern area include
phlogopite as phenocrysts and as a dispersed groundmass
phase. Compositions of biotite phenocrysts show no
significant variations among different volcanic rock
groups, nor within individual lava flows (Table 6), and
they have constant Mg/Fe ratios (<2) and Al contents
(>2.5 mole 9). Phlogopite phenocrysts have
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Amphibole phenocrysts plotted on the classification diagram of

Hawthorne (1981). The inset diagram shows All'V] versus (Na +
K), site occupancy for amphibole phenocrysts. The inferred trend
of increase in crystallization temperature is based on the
experimental studies of Helz (1973).

Table 4. Representative microprobe analyses of amphibole phenocrysts and microphenocrysts in volcanic rocks of western Anatolia.

Amphibole
Sample no. EA147 EA99 EA364 EA326 EA316 EA112 EA273
(c)ore/(r)im

c r ¢ r ¢ r c r c r c r ¢ r
SiOp 45.52 45.36 44.45 45.47 3842 4723 4572 44.99 45.16 45.28 39.83 39.99 41.00  40.69
TiOy 1.50 1.57 1.35 1.27 2.64 1.07 1.46 1.66 1.49 1.51 2.85 2.38 3.42 2.88
Alx03 7.46 7.57 8.31 7.44 13.52 6.13 7.61 8.04 7.84 7.76 12.83 12.64 11.04 11.85
FeO 13.14 13.20 15.61 15.48 13.46 13.47 13.39 13.99 14.24 14.37 11.25 12.11 11.72 11.24
MnO 0.38 0.41 0.44 0.41 0.19 0.43 0.39 0.39 0.43 0.44 0.15 0.21 0.15 0.14
MgO 13.79 13.90 12.53 12.73 11.86 14.31 13.97 13.44 13.32 13.14 13.14 12.94 12.62 13.45
Ca0 11.43 11.46 11.75 11.68 11.94 11.74 1153 11.52 11.54 11.46 11.66 11.76 11.43 11.55
Nay0 1.48 1.55 1.52 1.39 1.96 1.13 1.46 1.51 1.47 1.44 2.16 2.22 2.14 2.19
K20 0.68 0.72 0.96 0.81 2.01 0.60 0.77 0.82 0.83 0.80 1.25 1.34 1.03 1.07
Total 95.41 95.77 96.95 96.77 96.05 96.15  96.33 96.38 96.32 96.19 95.16 95.60 94.61 95.17
Si 6.865 6.826 6.706 6.848 5.896 7.053 6.840 6.758 6.795 6.820 6.059 6.086 6.268 6.177
Ti 0.170 0.178 0.153 0.144 0.304 0.120 0.164 0.187 0.169 0.171 0.326 0.272 0.393 0.328
Al 1.326 1.342 1.478 1.321 2.445 1.079 1.341 1.423 1.390 1.377 2.301 2.267 1.989 2.120
Fe 1.657 1.661 1.970 1.949 1.727 1.683 1.675 1.758 1.791 1.810 1.431 1.541 1.498 1.427
Mn 0.048 0.053 0.056 0.053 0.024 0.054 0.050 0.049 0.055 0.056 0.020 0.027 0.019 0.018
Mg 3.101 3.117 2.818 2.857 2.713 3.186 3.116 3.010 2.987 2.951 2.981 2.935 2.877 3.044
Ca 1.847 1.847 1.899 1.885 1.964 1.878 1.848 1.855 1.860 1.849 1.901 1.917 1.873 1.879
Na 0.433 0.453 0.444 0.406 0.583 0.328 0.424 0.441 0.430 0.420 0.637 0.656 0.635 0.644
K 0.132 0.138 0.184 0.155 0.393 0.115  0.147 0.157 0.160 0.154 0.243 0.259 0.201 0.207
Total 15.58 15.62 15.71 15.62 16.05 1550 15.61 15.64 15.64 15.61 15.90 15.96 15.75 15.84
Mg# 0.555 0.553 0.571 0.596 0.414 0.609 0.555 0.553 0.563 0.568 0.383 0.405 0.430  0.402
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Table 5. Representative microprobe analyses of olivine phenocrysts and microphenocrysts in volcanic rocks of western Anatolia.
Olivine
Sample no. EA350 EA134 EA348 EA313 EA101 EA409 EA399
(c)ore/(r)im
C r C r C r C r C r C r C r
S0, 3896 3994 3924 3872 3848 3752 3810 3777 3614 3617 3678 3800 39.83 39.14
Fe,03 1329 893 1424 1574 1723 2028 2186 2372 2800 2863 2352 2130 1042 1440
MnO 023 015 0.32 035 032 039 044 048 063 063 0.49 037 020 026
MgO 46.48 5021 4471 4432 4321 4075 3944 3777 3403 3347 3644 3881 4872 45.16
Ca0 0.17 020 0.20 019 012 017 012  0.13 035 037 0.26 030 032 035
Total 99.13 9943 9870 9931 9936 99.11 9995 99.86 9915 9927 9750 9878 99.49  99.31
Si 097 098 1.00 098 098 097 099 099 098 098 0.99 100 098 099
Fe 027 018 0.30 033 036 043 047 052 063 064 0.53 047 021 030
Mn 0.01 0.00 0.01 0.01 001 001 001 0.01 0.01 0.02 0.01 0.01 0.00 001
Mg 1.73 1.83 1.69 1.68 1.64 1.57 1.53 1.48 1.37 1.35 1.46 1.52 1.79 1.70
Ca 0.01 0.01 0.01 0.01 000 001 000  0.00 0.01 0.01 0.01 0.01 001 0.1
Total 300  3.00 3.00 302 300 300 301 3.01 300  3.00 3.01 300 300  3.00
Fo 8643 9121 8484 8339 8192 7839 7628 7394 6861 6775 7342 7646 8949 84.96
Fa 1357 879 1516  16.61 1808 =21.61 2372 2606 3139 3225 2658 2354 1051 15.04
4 - characteristically higher Mg/Fe ratios (>2.5) and lower Al
c _ [Fe/Mg] . contents (<2.3 mole %) than biotites. Ti contents are
.31 [Fe/ME] unusually high for all phlogopites.
=E
=5
Eo Fe-Ti Oxides
(o3
Q2
gs;’ All samples from the western Anatolian volcanic suites
g contain Ti-rich magnetite (Fe;0, — Fe,TiO,; titaniferous
| magnetite), whereas ilmenite is only present in the dykes
0 1 2 3 4 of both areas. Magnetites (or titanomagnetite) are
XMgO/XFeO (host rock) .
subhedral to anhedral in shape, range from 0.1-0.5 mm
] - ) o in diameter, and are in many cases adjacent to plagioclase
Figure 7. Equilibrium Xygo/Xpep ratio of liquid calculated from

olivine compositions plotted against Xygo/Xpeo ratio of
host rock for the Middle Miocene volcanic rocks of
western Anatolia (X is mole fraction of oxide). Lines
represent equilibrium between minerals and bulk rock
compositions. Equilibrium range was calculated using
equilibrium FeMIKpy o values from Roeder & Emslie
(1970). The olivine compositions, in general, are not in
Mg-Fe exchange equilibrium with the melt compositions
of the host lavas at a Kp value of 0.30+0.03. They are
therefore believed to have either formed as accumulated
xenocrysts or crystallized from relatively evolved magmas.

or pyroxene phenocrysts; groundmass magnetite is
present as scattered, typically euhedral crystals <0.1 mm
in size. Magnetite comprises 2 to 3 vol% of phenocrysts.
[lmenite, where present, is much less abundant than
magnetite. It is characteristically associated with
magnetite or found as inclusions in pyroxene. The low
modal abundance of ilmenite is typical of arc-related or
continental calc-alkaline magmatic suites and is likely to
result from the low Ti contents of magmas.
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Table 6. Representative microprobe analyses of biotite/phlogopite phenocrysts and microphenocrysts in volcanic rocks of western Anatolia.

Biotite / Phlogopite

Sample no. EA109 EA350 EA134 EA316 EA147 EA37 EA231 EA73
Si0, 38.64 38.95 38.98 36.18 36.23 36.30 34.97 35.21
TiO, 5.45 7.12 6.40 4.55 5.17 4.74 5.48 4.68
Al;05 12.92 12.89 12.12 13.45 13.30 13.72 14.60 14.42
Fe 03 9.37 7.91 7.28 15.90 14.13 15.82 14.54 14.80
MnO 0.13 0.06 0.09 0.23 0.14 0.24 0.15 0.24
MgO 16.61 19.11 19.18 14.13 15.20 14.05 14.36 14.69
Na,0 0.69 0.47 0.78 0.50 0.59 0.51 0.61 0.67
K20 8.86 9.41 8.73 8.29 8.59 8.43 8.71 8.56
Total 93.02 96.20 93.55 93.23 93.35 93.79 93.52 93.36
Si 5.75 5.59 5.97 5.80 5.77 5.79 5.33 5.38
Ti 0.61 0.77 0.74 0.55 0.62 0.57 0.63 0.54
Al 2.27 2.18 2.19 2.54 2.50 2.58 2.62 2.60
Fe 1.17 0.95 0.93 2.13 1.88 2.11 1.85 1.89
Mn 0.02 0.01 0.01 0.03 0.02 0.03 0.02 0.03
Mg 3.69 4.09 4.38 3.38 3.61 3.34 3.26 3.34
Na 0.20 0.13 0.23 0.15 0.18 0.16 0.18 0.20
K 1.68 1.72 1.71 1.70 1.75 1.71 1.69 1.67

15.38 15.43 16.16 16.29 16.32 16.29 15.58 15.64
Mg/Fe 3.16 4.31 4.70 1.58 1.92 1.58 1.76 1.77

The chemical compositions of these oxide phases are
reported in Table 7. The Fe** in the oxide minerals is
estimated from the difference between Ti and Fe plus
other divalent cations. Compositions of titanomagnetites
are close to binary solid-solution series of magnetite-
ulvospinel. Titanomagnetite has an ulvospinel molar
fraction that varies from 16 to 459%, whereas ilmenite-
hematite solid solution has an ilmenite molar fraction
varying from 80 to 87%.

Magmatic Intensive Parameters

Estimates of Pre-eruptive Temperature and Oxygen
Fugacity

Pyroxene Thermometry. Electron-microprobe data of
pyroxenes from the western Anatolian lavas were used to
calculate Wo-En-Fs end-members according to the
projection scheme of Lindsley & Andersen (1983). The
amount of Fe** in clinopyroxenes was calculated by mass
balance (Lindsley 1983), and found to be minimal.
Compositions  of  coexisting clinopyroxene and
orthopyroxene with less than 10% non-quadrilateral
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components were plotted onto the quadrilateral with
isotherms proposed by Lindsley (1983) to estimate
temperatures (Figure 8). The temperature of coexisting
clinopyroxenes and orthopyroxenes was also calculated
for comparison using the QUILF program of Andersen et
al. (1993), and obtained similar results to those of
quadrilateral projection calibrated for 1 atmosphere
pressure (Table 8). Although crystallization pressures
may vary significantly for the western Anatolian lavas, the
use of 1 atm diagram would have no significant effect on
temperature estimates as there is only a slight difference
between the contours of the diagrams calibrated for 1
atm and 10 kb unless the temperature is higher than
1100 °C (e.g., Lindsley 1983). Pyroxene thermometry
was applied to pyroxene phenocrysts from most of the
Early-Middle Miocene calc-alkaline and shoshonitic lavas.

The estimated pyroxene temperatures for different
volcanic units of western Anatolia are presented in Figure
8 and Table 8. Coexisting clinopyroxene and
orthopyroxene phenocrysts from the volcanic rocks of the
northern area have similar crystallization temperatures
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indicating they are equilibrium assemblages (Figure 8). A
remarkable difference, however, can be seen between the
crystallization temperatures of pyroxenes from the
porphyritic lavas and those from the dyke swarms among
the volcanic rocks of the northern area. Pyroxenes of the
porphyritic lavas typically have lower crystallization
temperatures relative to those of the dyke swarms; the
estimated temperatures range from 585 to 965 °C for
the lavas and from 914 to 1086 °C for the dykes (Table
8). The estimated temperatures for pyroxenes of the
Middle Miocene lavas of the southern area are generally
high (>820 °C).

Phenocryst cores in most of the samples from the
Early Miocene lavas yield higher temperatures than their
rims. In some of the samples, however, Ca-poor rims of
reversely zoned clinopyroxene phenocrysts yield
temperature estimates 5 to 50 °C higher than their cores.
This feature may suggest that — throughout the
formation of the volcanic suites — the magma chambers
were periodically heated up, probably through recharge
of hotter magma to the base.

Amphibole-Plagioclase Thermometer. Electron-
microprobe data for the amphibole and plagioclase
phenocrysts from the western Anatolian volcanic rocks
were used to estimate temperature using the equations
proposed by Holland & Blundy (1994). The use of this
thermometer can only be applied to the amphibole-
bearing, acidic-intermediate rocks of the southern area
because of the scarcity of amphibole as an equilibrium
assemblage in most other volcanic units of the area. The
calculations were made wusing plagioclase rim
compositions because these are thought to most likely
represent the compositions in exchange equilibrium with
the coexisting amphiboles. The uncertainty in the
thermometer is considered to be +40 °C (Holland &
Blundy 1994). Solid pressures for the mineral
assemblages used in the temperature calculations were
estimated using Schmidt's (1992) Al-in-hornblende
method.

The results obtained from the amphibole-plagioclase
thermometer are given in Table 8. The temperatures
estimated for the porphyritic lavas (samples EAZ73 and
EAZ31) of the northern area are in the range of
860-918 °C, which is notably higher than estimates
obtained from pyroxene thermometry (Table 8); this may
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be a result of the fact that amphiboles in this suite are not
in equilibrium with melt and, hence, amphibole and
plagioclase phenocrysts may not coexist. These results of
temperature estimates should therefore be interpreted
with caution, as they may not represent crystallization
temperatures. On the other hand, estimates from
amphibole phenocrysts yield a temperature range of
768-850 °C for the Early Miocene, acidic-intermediate
rocks of the southern area. The results also show that the
estimated temperatures of crystallization decrease with
increasing silica content of the host rocks, strongly
suggesting the influence of magma composition on
crystallization temperatures.

Fe-Ti Oxide Thermometry and Oxygen Fugacity.
Estimation of temperatures and oxygen fugacity (fO,) at
the time of crystallization were attempted using the
equilibria  between two solid solutions with
thermodynamic analysis of Fe-Mg-Ti oxides calibrated by
Andersen & Lindsley (1988). Only samples that were
likely to have preserved equilibrium conditions, as
determined from Mg and Mn partitioning (e.g., Bacon &
Hirschmann 1988), were used to calculate temperatures.
lImenite does not occur with titanomagnetite in most of
the lavas of the western Anatolian suite, preventing
utilization of two oxide phases for estimating
temperature and fO,. Temperature and fO, estimates
using Fe-Ti oxides were therefore restricted only to the
dyke rocks of both areas, as well as to some Early
Miocene rocks of the northern area. Magnetite—ilmenite
geothermometry calculations were carried out on the
western Anatolian samples using the ILMAT program of
LePage (2003), with temperatures and fO, calculated for
the solution model of Andersen & Lindsley (1988).

Although some of the results obtained carry major
uncertainties due to significant quantities of minor
elements (e.g., Al, Mg) and within-sample variations in
oxide compositions, only temperature estimates with
uncertainties of less than 50 °C were used (Table 8). The
temperature estimates range from 785 to 938 °C for the
Middle Miocene rocks of the southern area and from 866
to 1045 °C for Early Miocene rocks of the northern area.
The latter range seems to be consistent with that
obtained by pyroxene thermometry (Table 8). Oxygen-
fugacity values obtained from the dykes of both areas fall
above the QMF buffer curve, indicating moderately
oxidizing conditions (Figure 9). A decrease in oxygen
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Figure 9.  Temperature (T) and oxygen fugacity (fO,) conditions

calculated from the composition of coexisting cubic
(titanomagnetite) and rhombohedral (ilmenite) solid
solutions. Curves define solid oxygen buffers
corresponding to hematite-magnetite (HM; Myers &
Eugster 1983); quartz-fayalite-magnetite (QFM; Berman
1988); magnetite-wustite (MW; Myers & Eugster 1983);
and nickel-nickel oxide (NNO; Heubner & Sato 1970).
Open and closed diamonds represent dykes from the
northern and southern areas, respectively.

fugacity with falling temperature is also indicated for the
dykes from both areas.

Pressure of Crystallization

Clinopyroxene Geobarometer. Electron-microprobe data
for clinopyroxene phenocrysts from the least
differentiated samples among the western Anatolian
volcanic rocks were used to estimate pressure of
crystallization, according to the clinopyroxene
geobarometer of Putirka et al. (2003). A number of
preliminary steps, however, are required before
calculating the pressures of crystallization. These include:
(1) calculation of cation fractions from whole-rock major-
element analyses; (2) calculation of DiHd (diopside +
hedenbergite), EnFs (enstatite + ferrosilite), and the sum
of the total components (definitions in Putirka et al.
2003) for the analyzed clinopyroxenes; (3) calculation of
the DiHd, EnFs and sum parameters for model
clinopyroxenes in equilibrium with liquids having the
same chemical composition as the samples; and (4)
comparison of these values with the DiHd, EnFs and sum
components of the measured pyroxenes. Because no glass
is present in the rocks that could be analyzed by electron
microprobe, no measured liquid compositions were
available. We have, therefore, applied fractionation
correction to estimate the composition of the liquids from
which each of the rock samples used in this application
are likely to have originated.

The results of pressure estimates from pyroxene
phenocrysts are given in Table 8. Pyroxenes from the
Middle Miocene basic-intermediate rocks of the southern
area characteristically yield pressure estimates that range
between 6.5-9.1 kbar (with the majority >7 kbar).
Pressure estimates of clinopyroxenes from the Early
Miocene volcanic rocks of the northern area range
between 4.8 and 5.6 kbar and are generally lower than
those obtained from the Middle Miocene mafic-
intermediate rocks.

Al-in-Hornblende Geobarometer. Electron-microprobe
data from amphibole phenocrysts in the Early Miocene
intermediate rocks of the southern area were used for
estimating pressure, applying the Schmidt (1992) Al-in-
hornblende barometer. The results are given in Table 8.
Analyzed amphibole phenocrysts from the porphyritic
lavas of the southern area generally yield similar pressure
estimates. These estimates generally range between 2
and 4 Kkbar and indicate low-pressure fractionation. In
some of the samples, however, two different ranges of
pressure estimates were obtained: one range between
2.1-4.2 Kbar, and the other between 7.1-8.6 kbar. This
may be explained by more than one stage of amphibole
crystallization in magma chambers at different depths.

Disequilibrium Parameters

During magma storage and ascent, changes in melt
composition occur due to fractional crystallization or
magma mixing, and changes in the physical conditions of
crystallization occur due to cooling, decompression or
magma mixing. Mixing may take place between distinct
magma batches or between different zones of the same
magma chamber through a convective self-mixing process
(e.g., Couch et al. 2001). The signatures of all these
processes might be recorded in the compositional and
textural zoning of phenocrysts (e.g., Hibbard 1981;
Davidson et al. 1998; Ginibre et al. 2002; Troll &
Schmincke 2002).

Compositional and textural characteristics of the rocks
under consideration show that the most important
petrographic features of the Early Miocene, acidic-
intermediate rocks of western Anatolia are their high
phenocryst contents (up to 65%) and the complex
compositional zoning of their plagioclase and pyroxene
phenocrysts. Such textures and chemical-zoning patterns
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of phenocrysts suggest that parts of the mineral
assemblage were not in equilibrium with one another
(and with the melt) prior to or during the eruption of
magma batches. Phenocrysts with disequilibrium crystal
textures and microphenocrysts make up more than 60
vol% of the total crystal population. Other evidence for
disequilibrium includes reaction rims on scarce amphibole
crystals, and reaction corona textures in most of the
plagioclase phenocrysts.

Plagioclase phenocrysts in most of the western
Anatolian volcanic rocks also show clear evidence of
multiple origins and periods of dissolution and growth.
Complex compositional zoning, common in calc-alkaline
volcanic rocks, is seen in conjunction with sieve texture in
zones of and dissolution surfaces on phenocrysts.
Although there are samples with “unsieved” and unzoned
plagioclase, most of the lavas contain phenocrysts with
disequilibrium features. These phenocrysts exhibit cores
that are partly resorbed, resulting in honeycomb, or sieve
texture. The sieve texture consists of crystal patches
(0.30-1.0 mm) separated by similarly sized runnels of
brown glass. Melt channels cut both twin planes in single
crystals and crystal faces in glomerocrysts. The resorbed
cores are typically anhedral, and where in contact with
melt, possess overgrowths forming euhedral phases.

Complex compositional zoning of crystals is mostly
attributed to magma-mixing processes (e.g., Dungan &
Rhodes 1978; Tsuchiyama 1985; Nixon & Pearce 1987;
Davidson et al. 1998; Tepley et al. 2000). For
plagioclase, normal compositional zoning, characterized
by more calcic core compositions relative to rim
compositions, can be explained by increasing the degree
of crystallinity within a sample. However, reverse zoning
that is accompanied by normal zoning in crystals within
the same sample can most easily be explained by magma
mixing (or contamination by wall rock). In mixing
systems, a more sodic crystal, derived from a felsic
magma component, will tend to be resorbed as it is
reheated by the more mafic magma component. This may
give rise subsequent crystallization of more calcic
plagioclase in the outer zones of phenocrysts. If calcic
crystals of the mafic component happen to be present at
the time of mixing, they will not be resorbed and will
retain well-developed crystal shapes and will be mainly
enclosed by further growth zones. Overgrowths of these
mixing plagioclase crystals are mostly dusty and
characterized by dendritic texture resulting from
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quenching of relatively calcic plagioclase melt of the mafic
component. In some cases, nucleation of plagioclase
dendrites may comprise a dendritic core of a crystal that
has an overgrown rim of later-formed non-dendritic
plagioclase. In some other cases, repetitive injection of
mafic magma into a relatively less mafic magma chamber
may form oscillatory zoned phenocrysts which are
marked by multiple resorption cycles, producing resorbed
and sieve-textured crystals, although some argue that
formation of sieve-textured plagioclase may be attributed
to rapid magmatic decompression rather than to mixing
(e.g., Nelson & Montana 1992).

Most plagioclase phenocrysts of the highly
porphyritic, Early Miocene acidic-intermediate rocks of
the western Anatolian suites display most of the textural
features described above. These mineralogical and
textural characteristics of the plagioclase phenocrysts may
indicate that the lavas in these suites have experienced
extensive, open-system differentiation. The highly
porphyritic nature of most of these lavas may further
suggest that open-system modification might have been
operational in shallow-level magma chambers.

It is evident from the low phenocryst contents
(<3-30%) of the Middle Miocene basic-intermediate
rocks that the degree of crystallinity decreases gradually
over time, from the Early Miocene to the Middle Miocene.
Unlike the Early Miocene rocks, the aphyric or weakly
porphyritic nature of the rocks of Middle Miocene age
may indicate that the magmas have not experienced long-
lived, shallow-level magma-chamber processes; this
possibly reflects a rapid ascent of the magmas through
crustal conduit systems as a consequence of progressive
thinning and fracturing of the crust — probably in
association with more pronounced regional extensional
tectonics.

Model for Magma-Chamber Processes

Water has a profound effect on melt dynamics in arc- and
collision-related continental settings, and controls
processes such as mixing, assimilation and differentiation
(Gaetani et al. 1993; Sisson & Grove 1993; Hort 1998;
Barclay & Carmichael 2004), as well as the eruptive
behaviour of magmas on the Earth’s surface (e.g., Sparks
et al. 1994; Bower & Woods 1997). The volcanological
and petrographic characteristics of the rocks of this study
show that water plays an important role in the genesis of
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the western Anatolian calc-alkaline and shoshonitic series.
These include common explosive magmatic products,
development of highly vesicular products (e.g., existence
of pumice flows), eruption of phenocryst-rich magmas
with dramatic compositional zoning of phenocrysts, and
frequent crystallization and preservation of hydrous
mineral phases (even in basaltic compositions).
Petrographic characteristics of the volcanic rocks may
further indicate that crystallization of amphibole in the
genesis of the calc-alkaline and shoshonitic lavas may have
been of particular importance.

A number of experimental studies were conducted on
water-saturated, basaltic and andesitic systems to define
the possible role of amphibole crystallization (with other
mineral assemblages) on magma genesis in island-arc and
continental environments. Some of these experiments
have shown that amphibole is a liquid phase in basaltic to
basaltic-andesitic magmas under near water-saturated
conditions (>10% H,0) and pressures of 8 to 25 Kkbar
(e.g., Gill 1981; Green 1982). In another study, Foden &
Green (1992) conducted experiments on high-Al basalt
system with H,O under melting pressures between 1 atm
and 10 Kbar to define the amphibole stability field and the
composition of the liquids coexisting with amphibole.
Those authors proposed a model whereby basaltic-
andesite melt may be generated either through
interaction of hydrous mafic melts with peridotitic wall
rock or by melting of an amphibole-peridotite source.
They also suggested a phase diagram for the high-Al
basalt system with ~5% H,0 illustrating possible cooling
paths and crystallization products at different stages. In
Figure 10, the phase diagram of Foden & Green (1992)
is given together with a schematic illustration of the
petrological model inferred by this study, which is based
on the mineral-disequilibrium data presented here. The
model proposed for the rocks under consideration
displays the general framework for the plumbing system
in the thickened continental crust beneath western
Anatolia. The approximate depth of the proposed magma
chambers are estimated using crystallization pressures.

The crystallization-pressure  calculations  and
petrographic characteristics show that the volcanic rocks
of the northern area have a polybaric origin and are the
composite products of more than one petrogenetic step.
This is evident from strong compositional variations
within single phenocrysts, as well as from considerably
variable crystallization pressures. The rocks in this suite

generally have large proportions of phenocrysts
crystallized at pressures between ~4 (constrained by the
crystallization of biotite; e.g., Naney 1983) and 5.6 kbar,
corresponding to a crystallization depth of 12 to 20 km.
These are mainly plagioclase-, pyroxene- and magnetite-
bearing assemblages. Amphibole crystals of pargasitic
composition in some of the rocks, however, yield higher
pressures (Table 8), implying that the early crystallization
of the magma took place at depths of about 30 km, near
the crust-mantle transition.

The compositions of amphiboles that Foden & Green
(1992) synthesized in their experiments were mainly
pargasitic hornblende. Their results showed that
plagioclase is the anhydrous liquidus phase between 1
atm and 10 kbar, but in the hydrous environments its
role is taken by olivine at pressures greater than 7 kbar,
and then by clinopyroxene at more elevated pressures.
Amphibole of pargasitic hornblende composition may
crystallize in magmatic systems if a magma body, as a
whole, remains motionless over a period of time and
experiences extensive convection and mixing (in the sense
of closed-system equilibrium crystallization); or if the
wall-rock with which cooling, hydrous basaltic melts are
in contact (in the sense of open magmatic system), is
composed of olivine and pyroxene, as in the case of the
upper mantle or lower crust (point C in Figure 10).

The amphiboles found in the rocks of the northern
area are mainly pargasitic (or ferroan pargasitic)
hornblende that yield high-pressure crystallization
conditions. This may imply that the primary magmas
initially ponded in deep crustal reservoirs (~30 km)
where they underwent combined fractional crystallization
and crustal assimilation, or mixed with crustal melts.
Processes that affected the primary magma compositions
in deep crustal reservoirs may be regarded as open-
system processes, in a manner similar to the MASH
(melting, assimilation, storage and homogenization)
hypothesis proposed by Hildreth & Moorbath (1988).
The early fractionation in deep magma chambers is likely
to have performed the function of re-establishing
buoyant ascent of magma to form higher level magma
chambers having variable depths, sizes and fractionating
assemblages.

In the deep magma chambers, if liquid tapped and
extracted from crystalline matrix, the crystallizing phases
will move back into the field of olivine and clinopyroxene
(with or without plagioclase) as the adiabatic temperature
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gradient of the magma becomes significantly less than the
gradient of the amphibole-out reaction (point D in Figure
10). As a consequence, the early-formed pargasitic
amphiboles break down as a result of decompressive,
incongruent melting, eventually forming corona-textured
xenoliths or being completely resorbed. The resultant
crystalline assemblages are either pyroxene- or olivine-
dominated (with plagioclase). The estimated pressures
for the rocks of the dyke swarms range from 4.8 to 5.2
kbar at crystallization temperatures of 914-1086 °C.
This suggests that the pyroxenes (with plagioclase and
minor olivine) crystallized in mid-crustal magma
chambers at a depth of about 16-20 km, corresponding
to point D in Figure 10. Petrographic observations
indicate that magmas in these magma chambers
crystallized anhydrous phases such as plagioclase and
pyroxene with minor olivine because amphibole was not
an equilibrium phase at these P-T conditions.

The cooling paths that produce amphibole-free
crystallization assemblages would be either F2 or F3
(Figure 10). The former suggests continuous adiabatic
decompression and cooling, and ascending magma in
equilibrium with amphibole at depth, and may simply
erupt with an anhydrous pyroxene-feldspar assemblage
insofar as the ascending path will not cross the
amphibole-out curve; the later indicates possible late-
stage heating. Resorption of plagioclase phenocrysts
further indicates late-stage heating, which may be a result
of either an entrainment of hotter mafic magmas by
cooler felsic magmas during eruption of layered magma
chambers, or release of latent heat of crystallization
during enforced decompressive precipitation of
plagioclase. In either case, the late-stage heating would
cause amphibole instability (or partial resorption) and the
crystallizing phases would be represented by plagioclase-
and  pyroxene-dominated and  amphibole-free
assemblages (similar to those observed in many of the
lavas and dykes from the northern area).

Crystallization pressure estimates, constrained by the
presence of biotite, indicate that the majority of the
porphyritic lavas of the northern area were derived from
magma chambers located at 10-14 km depths. These
magma chambers are shown as high-level silicic magma
chambers in Figure 10, because their products are
dominantly acidic-intermediate rocks. The crystallizing
assemblages in these magma chambers are generally
plagioclase-dominated with two pyroxenes, K-feldspar

and biotite. Foden & Green (1992) argued that magmas
become plagioclase normative after fractionation of
clinopyroxene and olivine at point D (Figure 10). Thus,
the magma chambers near point D probably fed the high-
level magma chambers as the magmas ascending to high-
level silicic chambers should already have crystallized
clinopyroxene and olivine in the mid-crustal chambers. In
the high-level chambers, further assimilation of crustal
material became quite limited, probably due to the fact
that the magmas do not have enough energy to assimilate
the crust significantly (Aldanmaz et al. 2000). As a result,
the most important evolutionary process becomes
fractional crystallization, which produces large volumes of
acidic magmas with source geochemical signatures similar
to those of the mafic-intermediate rocks of the dyke
swarms (Aldanmaz et al. 2000).

In the southern area, the effects of amphibole
fractionation become apparent via petrographic
observations. The pressure estimates obtained from the
Al-in hornblende geobarometer yield two different ranges
of crystallization pressures for the acidic-intermediate
Early Miocene rocks of the southern area. These are: (1)
pressures of 7.1-8.6 Kkbar, which correspond to
crystallization depths of 23-30 km; and (2) pressures of
2.1-4.2 kbar, which indicate crystallization depths of
about 10-15 km. The early-formed amphiboles (mostly
pargasitic) found in the porphyritic andesites and dacites
in this area are compositionally identical to those found in
the rocks of the northern area. This indicates that the
early crystallization histories of the magmas of the two
areas are similar. However, the existence of edenitic
hornblende (the products of the shallow-level magma
chambers) in the rocks of the southern area suggests a
later crystallization which is different from the
crystallization history of the rocks of the northern area.
The results of experiments by Foden & Green (1992)
suggest that the cooling paths of ascending magmas
shallower than point E may change to produce smaller
P/T slopes than those of the amphibole-out curve which
they eventually re-cross (path F1 in Figure 10). In this
case, hydrous evolved melts may re-cross the amphibole-
out curve in shallow magma chambers and begin to
fractionate amphibole to form the widely observed
hornblende of the siliceous andesite and dacite. Elongate,
quench-textured amphibole with lack of opacite
resorption rims in the porphyritic lavas of the southern
area are textural evidence, and the presence of green,
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low-Al, high-Ti amphibole provides chemical evidence for
this late-stage crystallization. Fractionation of amphibole
and biotite in the more-evolved melt would derive
fractionation from basaltic andesite through andesite to
dacite. The presence of biotite suggests crystallization at
relatively shallower depths, so this could possibly situate
shallow magma chambers within the upper crustal levels.
The temperature estimates, which fall in a range of
750-900 °C, also indicate low-temperature
crystallization for the acidic-intermediate rocks of the
southern area, consistent with the experimental results
shown in Figure 10.

Amphibole xenocrysts with pargasitic composition are
also observed in some of the Middle Miocene intermediate
lavas and dykes of the southern area, indicating a
similarly early fractionation history in the deep-level
magma chambers (as in the Early Miocene rocks). The
pressure estimates, however, suggest that the magmas
that produced the Middle Miocene basic-intermediate
rocks have not experienced fractionation in shallow-level
magma chambers insofar as the crystallization pressures
for these rocks are largely >6.5 kbar (Table 8). This
interpretation is also consistent with the modelling of
Aldanmaz et al. (2000) who used trace-element and
isotopic characteristics of the rocks to demonstrate less
contamination by crustal material and less fractionation
of the Middle Miocene rocks relative to those of Early
Miocene age. This can be attributed to regional
extensional tectonics and progressive crustal thinning
which led to the rapid movement of the magmas through
the thinned and fractured crust. Rapid ascent of the
magmas during the Middle Miocene period is also evident
from the aphyric or weakly porphyritic nature of the
Middle Miocene rocks.

Conclusions

The Early to Middle Miocene magmatic activity across
western Anatolia produced a series of calc-alkaline and
shoshonitic volcanic rocks that originated from a number
of eruptive episodes. The rocks show a broad range of
compositions, from basaltic to rhyolitic, and are
composed of variable phenocryst assemblages.
Application of mineral thermometry to the western
Anatolian volcanic suites yielded pre-eruptive temperature
estimates in the range of 585-1086 °C for the Early
Miocene and 768-1095 °C for the Middle Miocene rocks.
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Pressures based on mineral barometry (clinopyroxene
and Al-in-hornblende geobarometers) are in the range of
2.1-8.6 kbar for the Early Miocene and 6.5-9.1 kbar for
the Middle Miocene rocks.

The presence of amphibole with clear signs of
disequilibrium and plagioclase as inclusions in other
phenocryst cores suggests that magma mixing played a
significant role during the storage and ascent of magmas
within crustal conduit systems. Strong compositional
variations and reverse-zoning patterns within single
phenocrysts, as well as considerably variable pressures of
crystallization, further indicate that the magmas which
produced the volcanic suite have polybaric origins and are
the composite products of more than one petrogenetic
stage. The observed range of phenocryst assemblages
and the different compositional trends likely originated
from fractionation of magmas under conditions of
variable crystallization pressures.

Crystallization of amphibole — by reaction between
hydrous melt and fractionated (e.g., cumulate) or wall-
rock olivine and clinopyroxene - buffered melt
compositions to basaltic andesite which fractionated
hydrous mineral assemblages in deep crustal magma
chambers near the crust-mantle transition. The primary
magmas initially ponded in deep crustal reservoirs where
they underwent combined fractional crystallization and
crustal assimilation, or mixed with crustal melts. The
early fractionation in deep magma chambers is likely to
have performed the function of re-establishing the
buoyant ascent of magma to form higher-level magma
chambers with variable depths, sizes and fractionation
assemblages.

Melt segregation occurred in high-level magmas
chambers, and the more hydrous melts reached the
amphibole stability field (for the case of the southern
area), fractionating amphibole (and biotite) which drove
the melt composition from basaltic andesite to dacite.
These magmas erupted as andesitic to dacitic lava flows
and domes with a crystallization assemblage having
plagioclase + edenitic amphibole + pyroxene as major
phases. Melts which did not fractionate amphibole (as in
the case of the northern area) continued to fractionate
plagioclase and evolved from basaltic andesite to andesite
with some iron enrichment, evident from the widespread
crystallization of orthopyroxene. These magmas
predominantly form lava flows with the main
fractionation phases of plagioclase + pyroxene(s). The
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lack of amphibole fractionation in these magmas is
interpreted to have resulted from possible late-stage
heating. Resorption of plagioclase phenocrysts further
suggests late-stage heating, which may have been a
consequence of either an entrainment of hotter mafic
magmas by cooler felsic magmas during eruption of a
layered magma chamber, or of a release of latent heat of
crystallization  during  enforced  decompressive
precipitation of phenocrysts.
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