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ABSTRACT 

Genesis of Collision-Related Volcanism on the Erzurum-Kars Plateau, 
Northeastern Turkey 

Mehmet Keskin, University of Durham, 1994 

The Eastern Anatolia Region exhibits one of the world's best exposed and most complete 
transects across a volcanic province related to continent-continent collision. Within this 
region, the Erzurum-Kars Plateau is of particular importance since it contains the full record 
of post-collision volcanism from 11 to 1.5 Ma. 

The volcanics of the Erzurum-Kars Plateau cover a broad compositional range from 
basalts to rhyolites displaying a calc-alkaline character. They show a distinctive subduction 
signature represented by selective enrichment of the large ion lithophile and light rare earth 
elements. Among trace elements, Y behaves in a quite different way forming two distinct 
trends against silica named as the low- and high-Y series. Lavas of the high-Y series are 
characterised by a distinct bimodal volcanism (from basalt to rhyolite), in contrast to the low-
Y series which comprises an unimodal andesitic volcanism. Trace element systematics 
together with modelling of theoretical Rayleigh fractionation vectors suggest that the low-Y 
series underwent a hydrous crystallisation dominated by amphibole as the mafic phase, 
whereas the high-Y series was dominated by anhydrous (POAM) crystallisation. Al-in-
amphibole geobarometer calculations on the plateau volcanics reveal that the low-Y series 
evolved in magma chambers located between 20 and 28 km. In contrast, magma chambers of 
the high-Y series were much shallower, around 14-22 km. The high-Y series dominates early 
and late stages of the volcanic activity, whereas the low-Y series dominates the middle 
(between 7.5 and 5 Ma) stage, probably coinciding with the most intensive stage of crustal 
thickening. 

Sr, Pb, Nd and 8 1 8 0 isotopic systematics also show significant differences between the 
high- and low-Y series. Lavas of the high-Y series are always more radiogenic with respect to 
the lavas of low-Y series. Results of assimilation combined with crystallisation (AFC) 
modelling suggests that the low-Y series assimilated a lower crustal material which is 
compositionally similar to the granulitic xenoliths from the Pannonian Basin in Hungary and 
from Central Europe. In contrast, the high-Y series assimilated two different upper crustal 
materials. In both the low- and high-Y series, the maximum assimilation rate was around 40% 
of the fractional crystallisation rate. 

Trace element and isotopic differences between the low- and high-Y series are not 

significantly dependent upon variations in the source. These differences appear to have been 

extensively controlled by the AFC processes. 
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Chapter 1: Introduction 

Chapter 1 
INTRODUCTION 

Collision volcanism is one of the least studied types of continental volcanism, 
even though it is a common phenomenon in orogenic systems. A systematic 
geochemical approach to collision volcanism can provide a better understanding of 
magma genesis, the evolution of the magma plumbing system and the extent of 
crustal assimilation and fractional crystallisation in collision systems. Another prime 
objective in attempting to understand the nature of collision volcanism is to explain 
the relationship between the chemistry of the magmatism and the compression^ 
tectonic setting in which it occurs. 

Recent examples of collision-related volcanism are located in two main regions 
in the world: the Tibetan Plateau in the Himalayas and Eastern Anatolia. Compared 
to the Tibetan Plateau, Eastern Anatolia offers an easily accessible and well exposed 
traverse of large volumes of collision-related volcanics. 

1.1. Tectonic setting of the Eastern Anatolia Region 

Eastern Anatolia offers the world's most complete transect across a volcanic 
province related to continent-continent collision. The region lies between the Pontides 
to the North, the Fold and Thrust belt of the Arabian foreland to the south and 
extends as far as the Turkish-Iranian and Turkish-Russia state boundary. The 
collision took place in the Eocene time (Robertson and Akta§, 1984), between the 
Arabian and Eurasian plates giving rise to an extensive crustal shortening. As a result 
of this shortening, in the Middle Miocene, the region was uplifted to form a plateau, 
Eastern Anatolia Plateau, over half of which lies 2 km above sea level. According to 
Camtez and Toksoz (1980), the thickness of continental crust reached 45 km. 
Collision-related volcanism began at about 11 Ma ago, immediately after the rapid 
uplift of the area and continued up to the historical times covering almost two third of 
the region and reaching up to 1 km in thickness in places., 

After a certain amount of crustal uplift, thickening slowed down because of 
excessive lithostathic pressure, and this event gave way to the formation of a pair of 
transform faults which take up westward lateral movement. Since the Middle-Late 
Miocene, some of the compressional stress in the region has been converted into the 
extensional movement in the west by means of right-lateral strike-slip along the 
North Anatolian Transform Fault (NATF) combined with left-lateral strike-slip along 
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the East Anatolian Transform Fault (EATF). Formation of these faults in the Mid-
Late Miocene was the manifestation of the last major wholesale change in the 
tectonic style of Turkey, namely "the neotectonic episode" as defined by §engor and 
Yilmaz (1981). The palaeotectonic episode includes all the tectonic elements formed 
before the neotectonic episode, namely structures older than the Mid-Late Miocene. 
The NATF and EATF are termed "transforms" because they transform compressional 
deformation in Eastern Anatolia into the extensional deformation in the Aegean 
Region of western Turkey through the "Ova regime" (§engor, 1980) in the Central 
Anatolia Region by means of strike-slip movement. The area bounded by these two 
faults is called "the Anatolian Wedge". It is driven westwards to override the oceanic 
lithosphere of the Mediterranean along subduction zones. Lateral displacement along 
these faults (throws) are calculated as 85±5 km for the NATF and 22±5 km for the 
EATF (Seymen, 1975; Arpat and $aroglu, 1972; Seymen and Aydin, 1972). The 
current rates of slip calculated from geophysical studies are about 0.9 cm a 1 for the 
NATF and 0.2 cm a 1 for the EATF. These rates give the Anatolia Wedge a westward 
escape rate of 0.5 cm a 1 (McKenzie, 1976). Tectonic escape along these faults can 
only remove a small part of the strain induced by the convergence of the Arabian 
plate about 1.4 cm a"1 (Dewey et al., 1986). Thus, the rest of the strain has been 
accommodated in the Eastern Anatolian crust via crustal shortening. Diffuse and 
complex strike-slip faulting (§aroglu et al., 1980, Yilmaz et al., 1987) provides 
evidence for continuing shortening across the region. These faults are either SE-
trending with a dominantly right-lateral strike-slip displacement (e.g., Varto, Caldiran 
and Balik Golii faults) or NE- to NNE trending with dominantly left-lateral strike-
slip displacement (e.g., Malazgirt and Kagizman fault) (Pearce et al., 1990). 

1.2. Previous studies in Eastern Anatolia 

Most of the previous work carried out in the Eastern Anatolia region has 
concentrated on the stratigraphy and neotectonism. Only a small number of studies 
have focused on the geochemistry and petrology of the neovolcanic rocks in the 
region. Studies related to the stratigraphy of the region have been listed in Figure 1.1. 
together with the generalised stratigraphic columns from different parts of Eastern 
Anatolia and a N-S cross section interpreted by Sahitiirk and Kasar (1980) which cut 
through all the region from the Pontides in the north to the Arabian foreland in the 
south. It is beyond the scope of this thesis to discuss the details of the stratigraphic 
division of the older formations and the evolution of the basins in which these 
formations were deposited. Some researchers who worked in different parts of the 
region gave the same formations different names. In order to overcome this 
confusion, a correlation table for some of these formations is presented in Table 1.1. 

2 



Chapter 1: Introduction 

Table: 1.1. Correlation table showing the names and lithologies of the Oligocene and the Early Miocene 
formations in the Eastern Anatolia Region. 

ERZURUM-KARS 
BASIN TEKMAN BASIN MURAT BASIN 

1 Erzurum-
Area 1 Pasinler-

| Horasan 

Kagizman 
-Tuzluca 

Tekman-
Karayazi 

Bingol-
Karliova 

Hinis 
Area 

Zirnak 
Area 

Mus Area Ahlat-
Adilcevaz 

Early 
Miocene 

Hane$diizu 
limestone 

(1) 

Hane$diizu 
limestone 

(2) 

Adilcevaz 
limestone 

(3) 

Guzelbaba 
limestone, 

Aktuzla fm: 
gypsum, 

limestone, 
sandstone 

(4) 

Guzelbaba 
limestone, 

Aktuzla fm: 
gypsum, 

limestone, 
sandstone 

(5) 

Adilcevaz 
limestone, 
Ebulbahar 
fm: Cleyey 
limestone & 

marl 
(6) 

AdUcevaz 
limestone 

(7) 

Oligocene Cigdgan 
nil: marl, 

sandstone, 
conglomer. 

(1) 

Cigilgan 
fm: marl, 

sandstone, 
conglomer. 

(2) 

Ahlat 
conglomer. 

(7) 

Researchers: (1) Akku?(1965); Toker (1965); Rathur (1966) and Tutuncu (1966), (2) Rker (1966b); Erdogan 
(1966) and Tanrtverdi (1977), (3) faroglu and YAmaz (1987), (4) Tutiincu (1967); Ozcan, (1967); Erdogan 
(1967) and Sungurlu (1967), (5) Birgili (1968); fcnalp (1966) and Rker (1966a), (6) Yilmaz et al. (1987a), 
(7) Demirtafliand Pisoni (1965) 

1.2.1. Previous studies on the collision-related volcanics of Eastern 
Anatolia 

The first geochemical study in the Eastern Anatolia region was carried out by 
Lambert et al. (1974) on a suit of lavas from Mt. Ararat. Their study involves a 
number of important petrologic results on the collision-related volcanism of North
eastern Anatolia, which were supported by later studies including that of Pearce et al. 
(1990). They recognised two distinct series, the high- and low-Y series, each 
consisting of andesite, dacite and rhyodacite of calc-alkaline character. Lambert et al. 
(1974) suggested that a multi-stage evolution of primitive upper mande material has 
occurred, involving equilibration of a liquid containing about 2-5% H 2 0 with garnet 
and amphibole followed by subsequent fractionation of anhydrous phases in 
shallower depth. They pointed out that the parental magma was andesitic in 
composition and that differentiation of this magma led to the more silicic types. 
According to these authors, the low-Y series were generated under more hydrous and 
deeper conditions than the high-Y series. They maintain that the source of water 
could be the former subduction zone, or a slow moving and seismically undetectable 
modern subduction zone. On the basis of the geotectonic setting of Mt. Ararat, they 
argued that subduction zone theory could not be applied to this area. In their 
geotectonic model they suggested the presence of a lithospheric shear-zone at a 
complex plate junction. They also inferred that, pre-Mesozoic sialic crust could not 
be a parental material, because Sr isotopic ratios are much lower than that can be 
expected from the partial fusion of crustal material. 
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Figure: 1.2. 

The map showing the locations and correlations of the drill- wells from the Eastern Anatolia Region, Turkey. 
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Chapter 1: Introduction 

The studies o f Innocenti et al. (1976, 1980, 1982b) showed that the volcanic 

products erupted in the Kars-Ararat area belong to calc-alkaline series and are 

dominated by andesitic members. These authors suggested that the earliest volcanism 

was calc-alkaline and that this was followed by alkaline volcanism. However, the 

results of Pearce et al. (1990) show that this is not true for the collision-related 

volcanism of Eastern Anatolia. Innocenti et al. (1982a) argued that, even though the 

data they had were inadequate to draw a conclusion about the pedogenesis of the 

volcanism, the rare earth elements (REE) and Sr isotope ratios suggested magma 

genesis by partial melting o f mantle anomalously enriched in large ion lithophile 

elements ( L I L ) . They suggested on the basis o f their dating that the andesitic volcanic 

front migrated northward for 150-200 km during the Pliocene. They interpreted this 

observation as an evidence o f the detachment o f the subducted slab immediately after 

continental collision and argued that this detachment continued to induce magma 

generation o f progressively lower intensity beneath an area corresponding to the 

Erzurum-Kars Plateau, located progressively further f rom the continental suture. 

However, as Pearce et al. (1990) pointed out, there are no intermediate or deep-focus 

earthquakes that are indicative o f a subducting lithospheric slab. 

Giilen (1980) argued that alkaline and calc-alkaline volcanism spatially and 

temporally coexisted in the Tertiary to Quaternary volcanic province in Eastern 

Turkey. According to Giilen, the low values o f 8 7 Sr/ 8 6 Sr, the constancy of these ratios 

over a wide range of S i 0 2 , and the lack o f correlation between the Sr isotopic 

composition may imply that Ararat lavas have not been modified by crustal 

contamination. In 1982, he presented an abstract in EOS where he argued that 
1 4 3 N d / 1 4 4 N d and 8 7 Sr/ 8 6 Sr data for all Ararat suites fa l l within the Nd-Sr mantle array 

without any significant crustal contamination whereas data f rom Siiphan volcano fa l l 

on a trend towards low 1 4 3 N d / 1 4 4 N d and high 8 7 Sr/ 8 6 Sr values indicating a strong 

evidence for crustal contamination. His ratio for Ararat volcano varies 

in a wider range with respect to ^Fhf^Fb and 2 0 8 Pb/ 2 0 4 Pb ratios. About half the 

data plot within the normal oceanic mantle array while the other half is more 

radiogenic in Pbr Pb extending toward the alkaline suite. He also mentioned the 

presence of systematic variations between isotopic ratios and major and trace element 

contents o f lavas f rom Mt . Ararat such as that of 8 7 Sr/ 8 6 Sr and MgO. He interpreted 

his results as an indication o f mixing o f MORB-type mantle wi th an alkali-basalt 

magma in the Mt. Ararat province. According to him, crustal contamination of this 

mixture generated Siiphan volcanics. 

Tokel (1984) suggested that the data f rom dril l ing cores in the Eastern Anatolia 

region indicated the presence of E-W oriented Upper Miocene-Pliocene basins which 

are bounded by gravity faults and f i l led by at least 2000 m of limnic and f luvial 
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deposits. He believes that these depressions could be much deeper than 2000 m and 

related to a r i f t ing event generated by local tensional forces that could be much larger 

than the regional compressional forces. He used the mathematical model of Turcotte 

(1983), which quantitatively showed the possibility of a tensional regime in a 

collision zone, and argued that such tensional forces could cause pressure release in 

the crust and shallow mantle. On the basis o f his major element database, he argued 

that these Upper Miocene to Pliocene basins were f i l led by voluminous tholeiitic and 

alkaline volcanics which are related to the r i f t ing . He also pointed out that 

incompatible element (such as Rb, Sr, Nb and T i ) contents of the collision-related 

volcanics show close resemblance to oceanic tholeiites generated f rom depleted 

mantle. Since he has not presented his trace element data in any of his papers, the 

feasibility of this interpretation seems to be in question. The area he studied (Tokel, 

1985) overlaps with the area studied in this thesis (between Erzurum and Kars). 

According to $engor et al. (1985), during the early stages of neotectonic 

episode, the region underwent an extensive folding phase as a result of crustal 

shortening. During this period, the early Miocene shallow-water limestone (the 

Adilcevaz limestone) acted as a buckling layer above the soft flysch-melange 

lithologies of the Eastern Anatolia Accretionary Complex resulting in the formation 

of the E-W oriented basins. 

Yilmaz et al. (1987) argued that the earliest manifestation of the young 

volcanism of Eastern Anatolia occurred in the Solhan area around Mu§. Their 

interpretation is based on the stratigraphic relationship of the volcanic units wi th 

interbedded and underlying sedimentary formations. They named this volcanic 

activity the Solhan cycle. Flows of hawaiite dominate the basal part of the volcanic 

sequence with some mugearitic interlayers. They argued that the parental magma 

should have been of alkali-olivine basalt composition. On the basis of their major 

element and electron microprobe data, they claimed that there is no clear petrographic 

and geochemical evidence indicating crustal contamination in the magmatic evolution 

of this early volcanic series. According to Yilmaz et al. (1987), the chemical 

variations in the volcanic rocks may be explained by fractional crystallisation under 

low to moderate pressure. In their model for magma genesis, they claimed that the 

partial melting that gave rise to the generation of a mildly alkaline magma occurred at 

shallow level in the early stages of the crustal thickening due to pressure release, wi th 

the development of N-S tension cracks. They argued that mildly alkaline activity 

changed into calc-alkaline during the initiation of westward escape of the Anatolian 

scholle f rom the east Anatolian convergent zone. Yilmaz et al. (1987) explained the 

formation of this extensive calc-alkaline volcanism in terms of Dewey et al.'s (1986) 

model which emphasises possible zones of different rheologic properties in a 
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compressionally deforming continental crust at different levels. Their model involves 

true crustal magma generation at a zone of detachment around 15 km deep in the 

crust below which the crust behaves in a ductile manner. In this model, all conditions 

required for magma generation, such as high heat f low and high-grade 

metamorphism, were present in the crust. They also cited the widespread ignimbritic 

eruptions as evidence of crustal melting, because, as they described, they represented 

a water-saturated granitic magma. According to the authors, the thickened crust 

began to return to normal with the beginning o f the westward escape tectonism along 

the North and East Anatolian Transform Faults. This period corresponds to a steady 

change in the nature of volcanism f rom calc-alkaline to Na-rich alkaline. Yilmaz et 

al. (1987) claimed that the Erzurum-Kars region in the north was covered 

predominantly with alkaline basaltic lavas which were genetically related to this 

period. 

Nagao et al. (1989) carried out research on the noble gas and carbon isotopic 

compositions of gas samples f rom the Quaternary volcanic area around Nemrut, 

Caldiran and Diyadin. They reported the presence of mantle-derived He in all then-

samples. Their highest 3 H e / H e ratio is around 1.06xl0"5 which resembles to the He 

isotopic ratios of arc-volcanics in general. Their carbon isotopic ratios showed that 

CO2 in these areas does not have an organic origin but a marine carbonate and/or 

volcanic origin. According to these authors, volatile gases including subduction-

related He were originally derived f rom mantle. En route to the surface these magmas 

were contaminated by marine carbonate units as a result of interaction with the crust. 

They argued that the evolved gases came to the surface through faults. Samples f rom 

Caldiran show around 50% He contribution f rom the continental crust which appears 

to include carbonate rocks while the samples f rom Diyadin show up to 7 1 % crustal 

contribution. Nagao et al. (1989) favour of the model put forward by Innocenti et al. 

(1982) which assumes the presence of a remnant slab detached from Arabian plate or 

a renewed subduction of limited intensity beneath the volcanic area. 

Ercan et al. (1990) reviewed the previous studies on the collision-related young 

volcanism of the Eastern Anatolia and contributed to the geology of the area with 
87 86 

new K/Ar dating, Sr/ Sr isotopes and REE analysis. They argued on the basis o f 

their Sr isotopic ratios that the magmas that produced the collision-related volcanism 

in the Eastern Anatolia region had been contaminated by the Arabian crust which 

was partly subducted beneath Eastern Anatolia. In their opinion, almost all the 

volcanic units in the region resemble the upper crustal composition proposed by 

Taylor and McClennan (1985) in their L i , V , Sc, Co, N i , Ba, Ga, Y , Rb, Zr, H f , Ta 

and Pb contents. They also argued that the Sr, Nb, Cs, Th, and U contents o f these 

volcanics are similar to that of lower and upper crustal compositions. 
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Pearce et al. (1990) suggested that the character of the neovolcanic activity in 

the Eastern Anatolia region depended on the tectonic history of the underlying 

lithosphere and the thermal evolution of the crust. According to them, the calc-

alkaline volcanoes of Bingol, Siiphan, Ararat and volcanics of the Erzurum-Kars 

Plateau were derived f rom lithosphere carrying a subduction signature associated 

with pre-collision subduction events. They also maintain that combined assimilation 

and fractional crystallisation was operational in the thickening continental crust. 

They argued that there might be two possible mechanisms which could explain the 

production of great volumes of magmatism: thermal perturbation of metasomatised 

subcontinental lithosphere and the delamination of the thermal boundary layer. In 

addition, localised extension could contribute to former mechanisms. Pearce et al. 

(1990) suggest that the region is characterised by a set of mantle domains running 

parallel to the collision zone, each of which has yielded magmas of a particular 

composition since the start of magmatism in the region. Another important inference 

is that of polybaric crystallisation in the Kars-Mt. Ararat province. In accordance 

with the Lambert et al.'s (1974) findings f rom Mt . Ararat, Pearce et al. (1990) 

demonstrated the presence of extensive amphibole crystallisation on the Erzurum-

Kars Plateau during the early stages of fractionation. 

Tokel and Ercan (1992) pointed out that the voluminous volcanics associated 

with collision tectonism in Anatolia display distinctive geochemical characteristics 

that do not coincide with the three basic tectonic settings in which magma generation 

occur, namely mid ocean ridges, subduction zones and intraplate settings. The main 

characteristic feature of this volcanism is the enrichment of high f ie ld strength (HFS) 

elements such as T i , Nb, Ta and Hf . Therefore, they believe that the source region is 

different f rom that of calc-alkaline rocks. They argued that post-collision, in their 

words, should be considered as a specific tectonic setting in which magma is 

generated with distinctive characteristics and hence the Neogene volcanics of 

Anatolia should be cited in literature as the type example of a post-collision 

magmatism. They claim that the lavas which have previously been considered as 

being of the calc-alkaline association are not "true calc-alkalic rocks". The data f rom 

their database plot into the fields o f within plate, low K tholeiite and calc-alkali 

basalts. They maintain that, moderate concentrations of large ion lithophile (LIL) and 

light rare earth (LREE) elements cannot be considered as an indicative feature o f any 

of the tectonic settings listed above. They argue that, although HFS elements are 

retained during slab-mantle interactions in subduction zones, at greater depths they 

are transferred f rom slab into sub-continental mantle which w i l l be the source region 

of the future post-collision volcanism. 
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1.3. ©Ibjedt5v©§ ©IF tttofis th®§te 

This study can be considered to be a continuation of the study of Eastern 

Anatolian volcanism by Pearce et al. (1990) which concentrated on neovolcanism in 

Eastern Anatolia in a regional scale. In this study, the Erzurum-Kars Plateau has been 

selected for a detailed work because it is the area on the plateau that provides the 

most complete record of collision-related volcanism in the form of complete lava and 

pyroclastic sections. The aim of this project is to study the spatial and temporal 

variations in magma genesis on the plateau through volcano-stratigraphic traverses to 

investigate the relative importance o f different processes such as fractional 

crystallisation, assimilation and magma mixing during collision-volcanism. 

Recognition of lithospheric and asthenospheric sources in the volcanic units, 

identification of the composition of the mantle source or sources and the evolution o f 

extent o f crustal assimilation in the evolution of these units can provide invaluable 

data on the temporal evolutionary steps o f this collision-related volcanic system. I t 

may also provide indirect information for the theoretical tectonic models (e.g. 

delamination of lithosphere) proposed by several authors for collision terrains. This 

kind of study has been previously successfully applied to the other types o f intra-

continental volcanism such as f lood basalts (e.g. Columbia River volcanics in the 

USA), but not to the collision-related volcanism. 

During the first two years of my study, with the f ield assistance from Turkish 

Petroleum and with the financial support of the Ministry of Education in Turkey, I 

studied an area of about 3000 k m 2 of the Erzurum-Kars Plateau at a reconnaissance 

scale, collected a total of 350 representative samples and constructed a generalised 

volcano-stratigraphy of the plateau (see Figure 5.1, p. 264) by correlation of 

distinctive lavas and pyroclastic units between several traverses. I also mapped 800 

km of the western part of the plateau (see Figure 2.1). 

This study includes a number o f original contributions to the geology of 

Eastern Anatolia: 

0 Collision-related volcanics have been mapped in detail using the volcanic 

facies concept defined by Cas and Wright (1988). The area mapped covers 

about 800 k m 2 area and comprises the western part o f the Erzurum-Kars 

Plateau including Mt . Dumlu, Mt . Kargapazari and the town of Pasinler. 

o Eighteen K - A r age determinations were carried out on some key samples f rom 

the representative levels of the traverses mentioned above, especially f rom the 

bottom and top of the volcanic sequence. These results provide a good age 

control over the initiation and cessation of the collision-related volcanism on 

the plateau. 
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o The electron microprobe technique has been applied to the collision-related 

volcanics o f Erzurum-Kars Plateau for the first time. This is also the biggest 

(888 point analyses) probe database f rom the Eastern Anatolia region. 

0 For the first time in the region, partition coefficients of amphibole, 

plagioclase, pyroxene, biotite and alkali feldspar have been determined using 

the mineral separates f rom the collision-related volcanics of the region. 

0 Samples f rom the western part of the plateau around Mt . Dumlu, Kargapazari 

and the Pasinler area were analysed by ICP-MS (Inductively Coupled Plasma 

Mass Spectrometry) technique for the first time in this study. 

18 

0 This is one of the first attempts to utilise oxygen isotopes (8 O) in a collision 

volcanic terrain. Apart f rom Giilen's (1982) unpublished preliminary results 

f rom M t . Ararat, lead (Pb) isotopes were also analysed for the first time on the 

collision-related volcanics in the region. These two isotopes have the potential 

of providing invaluable information about the extent of crustal assimilation. 

The contamination of mantle-derived magma can produce crustal Pb isotopic 

signatures even for low degrees o f contamination due to strong depletion in 

Pb of mantle-derived melts with respect to crustal materials. It is also the case 
18 

for 8 O that show a considerable contrast between mantle-derived magma 

and crust. 

The geochemical whole-rock and mineral database accumulated in this study is 

one of the largest database on collision-related volcanics in the world. Table 1.2 lists 

the analytical techniques, number of samples analysed, names of the laboratories and 

laboratory equipment used in the construction of the database in this study. 

1A Source of the analytical data used in this thesis 

The analytical techniques used in this thesis are summarised below while a 

more detailed description of techniques together with sample preparations, analytical 

conditions, and calculations of precision and accuracy of the data, are presented in 

Appendix A to F. 

1.4.1. XRF analysis 

A total of about 350 samples f rom the Erzurum-Kars Plateau were first 

mechanically crushed and then powdered using an agate ball mi l l . Then, their trace 

elements including Ba, Nb, Zr, Y , Sr, Rb, V , Ga, Zn, N i , Cr, Sc, Co and LREEs (La, 

Ce and Nd) were analysed on pressed powder pellets using an automated Philips 

PW1400 XRF spectrometer with a Rh anode tube. The major element contents o f the 

samples were also analysed on fusion-disks. 
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1.4=2. Eflcctroini Microprolbe amiallysis 

Electron microprobe analyses of minerals f rom a total of 70 representative 

samples were performed by a Cambridge Instruments Geoscan using a focused 

electron beam and an operation condition o f 15 kV gun potential with 70-75 |i,a beam 

current. A Co standard was used to calibrate the system. A total of 887 mineral grains 

(points) were analysed. Ortho and clino pyroxenes (309 points), plagioclase and 

alkali feldspars (354), olivines (63), amphiboles (57), Biotites (11), opaque minerals 

(26) and volcanic glass (67) were analysed. Some zoned phenocrysts were analysed at 

cores and the rims to reveal their chemical zonation. 

1.4.3. K=Ar dattimig 

18 samples selected f rom the key levels of the volcanic succession were dated 

by Dr. J.G. Mitchell in the Department of Physics at the University of Newcastle. 

1.4.4. ECP-MS analysis 

A sub-set of 40 samples f rom the key levels of the stratigraphic sections on 

the Erzurum-Kars Plateau were selected for analysis by the inductively-coupled-

plasma-mass-spectrometer (ICP-MS). Powdered rock samples were dissolved by HF 

and H N 0 3 followed by a series of acid digestion and evaporation steps. Dissolved 

samples were analysed by ICP-MS on a V G Elemental PtasmaQuad at the University 

of Durham, Industrial Research Laboratories. A data reduction process involving 

drif t , blank and isotopic overlap corrections and calibration was carried out. 

In addition to whole-rock samples, a total of 24 mineral separates (9 

amphiboles, 8 plagioclases, 1 sanidine, 3 orthopyroxenes, 1 clinopyroxene, 1 biotite 

and 1 olivine) were hand picked f rom a subset o f 12 samples showing porphyritic 

texture. They were then analysed by ICP-MS by the same procedure. 

1.4.5. Radiogenic isotope analysis 

A subset of 26 samples, including 3 additional samples f rom the Central 

Anatolia region, was prepared for radiogenic isotope analysis. These samples are the 

most representative ones of the key levels of the volcanic succession on the Erzurum-

Kars Plateau. Sr and Pb isotopic ratios were determined by using a Finnegan M A T 

262 multicollector mass spectrometer at the Natural Environment Research Council 

(NERC) Isotope Geoscience Laboratory (NIGL) . Nd was analysed by a VG354 

multicollector mass spectrometer, also located at NIGL. 
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L 4 A ©xygemi (S O) isotope annalysis 

Oxygen isotopes ( 8 l s O ) on 11 o f the whole rock and 22 of the mineral 

samples analysed for other isotopes were analysed at the NERC Isotope Geoscience 

Laboratory in Nottingham. 

Table: 1.2. Table displaying analytical techniques used to analyse collision-relate volcanics of the 
Erzurum-Kars plateau, the elements analysed, type of analytical equipment and laboratories used. 

Method No. of 
samples 

Elements analysed Laboratory Analytic equipment 

W h o l e r o c k a n a l y s e s 

X R F 350 Major elements 
Sc, Cr, V, Ni, Co, Cu, Zn, 
Ga, Rb, Sr, Y , Zr, Nb, Ba, 
La, Ce, Nd, Pb, Th 

Durham University Phillips PW1400 

ICP-MS 34 Rb,Sr,Y,Zr,Nb,Ba, 
La,Ce,Pr,Nd,Sm,Eu,Gd,Tb, 
Dy,Ho,Er,Tm,Yb,Lu, 
Hf>fa,Pb,Th,U 

Durham Univ., Industrial 
Research Centre 

V G Plasmaquad 

K-Ar dating 18 4 0 A r Univ. of Newcastle 

Solid source 
Mass 
Spectrometry 

26 •"Sr/^Sr 
143Nd/144N(j 
Pb isotopes 

NERC, Isotope 
Geosciences Laboratory, 
Keyworth, Nottingham 

Finnegan MAT 262 Solid source 
Mass 
Spectrometry 

11 18 
Oxygen isotopes (6 0 ) NERC, Keyworth Gas-source mass 

spectrometry 

M i n e r a l a n a l y s e s 

Carried out on the mineral separates 

ICP-MS 22 
Rb,Sr,Y,Zr,Nb,Ba, 
La.Ce,Pr,Nd,Sm,Eu,Gd,Tb, 
Dy,Ho,Er,Tm,Yb,Lu, 
Hf,Ta,Pb,Th,U 

Durham Univ., Industrial 
Research Centre 

V G Plasmaquad 

Solid source 
Mass 
Spectrometry 

11 Oxygen isotopes (8 0) NERC, Isotope 
Geosciences Laboratory 

Gas-source mass 
spectrometry 

Carried out on the polished thin sections 

Electron 
Microprobe 

70 
(888 

points) 

Major elements Durham University Cambridge 
Instruments 
Geoscan 

1.5. D e s c r i p t i o n o f thes is 

The thesis consists of seven chapters. A brief summary of each of these 

chapters is presented below. 

Chapter 2 presents the volcanic stratigraphy of the collision-related volcanics o f 

the Erzurum-Kars Plateau which has been constructed during the course of 6V4 

months of fieldwork between Erzurum and Kars cities. During this fieldwork, an 
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2 2 

approximately 3000 km area of the Erzurum-Kars was studied and 800 km subset 

of this area was also mapped. A specific aim was to concentrate on the volcano-

stratigraphic divisions of the neovolcanic units and the regional correlations. The 

information presented in this chapter can be used as a base study for researchers in 

the future. The length of Chapter 2 has therefore inevitably become longer than all 

other chapters. 

Chapter 3 describes the major, trace and REE variations in the volcanic units. 

In the first two sections of this chapter, the collision-related volcanics o f the 

Erzurum-Kars Plateau are classified on the basis of their major and trace element 

contents respectively. In the final sections of the chapter, the interpretation o f the 

trace element fractionation trends, REE patterns, multi element patterns and trace 

element bivariate diagrams are presented with special reference to their petrologic 

significance. 

Chapter 4 is based on the mineral geochemistry of the Erzurum-Kars plateau 

lavas. It is subdivided into three sections. The first section deals with the 

classification of minerals; plagioclase, ortho- and clinopyroxenes, amphibole and 

olivine. Geothermo-barometer calculations based on mineral composition are the 

main subject of the second section. Major element data obtained f rom electron 
18 

microprobe analysis, REE data f rom ICP-MS analyses and 8 O data by gas-source 

mass-spectrometry are the main sources used in this section. The third section 

focuses on the calculation o f the distribution of trace, rare earth and some major 

elements between plagioclase, amphibole, ortho- and clinopyroxenes, biotite and 

alkali feldspars and magma. I t also presents the results of an extensive compilation o f 

partition coefficients proposed by other researchers. 

Chapter 5 gives detailed descriptions of the isotope systematics of the 

Erzurum-Kars Plateau volcanics. The chapter is made up of two sections. The first 

section illustrates the variations in Sr, Pb, N d and oxygen isotopic ratios of samples 

from key levels on the plateau. The second section presents petrologic modelling 

based on assimilation combined with crystallisation (AFC). 

In Chapter 6, a brief summary of the petrographic properties of the Erzurum-

Kars Plateau Volcanics is presented with special emphasis on the textures indicating 

magma mixing and early history of fractional crystallisation of the magmas that fed 

the lavas on the plateau. 

Chapter 7 presents a general summary o f results f rom previous chapters wi th 

special reference to the plumbing system and the extent of magma-crust interaction in 

the thickened crust beneath the Erzurum-Kars Plateau. 

13 
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Chapter 2: STRATIGRAPHY 

Introduction 

This chapter presents the results of the fieldwork carried out in an approximately 

3000 k m 2 area of the Erzurum-Kars Plateau. From west to the east, the area includes 

Mt. Dumlu (Gavurdaglan mountain range), the northern part o f the Erzurum plain, the 

Karasu river valley, M t . Kargapazan ridge, the Pasinler, Horasan, M t . Aladag and their 

surrounding areas and finally the Kagizman area located to the north of the town of 

Kagizman (Figure 2.1). 

Construction of the volcano-stratigraphic'sections on the Erzurum-Kars Plateau 

was a difficult task not only because of the well-known complexities of the stratigraphic 

relationships of the volcanic rocks in general but also due to the lack of basic geological 

information on the stratigraphy of collision-related volcanic rocks of the plateau. To my 

knowledge, this study is the first attempt in its kind to differentiate and map volcanic 

units on the plateau. Thus, all the formation names used for the volcanic units on the 

plateau are the names given in this study except for those of the basement units. 

The fieldwork undertaken on the plateau consists of two three month field 

seasons. During the first field season, the whole area was studied on a reconnaissance 

scale. In order to reveal vertical and lateral variations in the volcanic succession, a 

series of representative sections that cut the characteristic parts of the plateau were 

traversed through which a total of 175 volcanic rock samples were collected. These 

traverses were supplemented by the observations and samples between these sections. 

Some lava and pyroclastic units that show distinctive texture, mineral composition, 

physical appearance, eruptive character, and chemistry were used as key horizons to 

construct the volcano-stratigraphy of the plateau. Some of these units are very 

widespread on the plateau covering hundreds of km 2 . The Dumlu amphibole andesite 

and the Gungoremez dacite/andesite in the Mt . Dumlu area and the Black ignimbrite 

and the Kargapazan volcanics in the Pasinler area are good examples of these. 

During the second field season, based on the first years petrographic, 

geochemical, K - A r dating and field results, the western part of the plateau that covers 

about 800 k m 2 and comprises M t . Dumlu, Mt . Kargapazan and the town of Pasinler 

14 
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was mapped following the volcanic facies criteria described by Cas and Wright (1988). 

A total of 170 samples were collected from the area mapped during the second field 

season. The main criteria used in the differentiation of the volcanic units f rom each 

other are petrographic properties such as their textures and phenocryst contents, their 

eruptive character (e.g. effusive or explosive), depositional characters (especially for 

pyroclastic falls and flow units) and general physical or field appearance coupled with 

results of K - A r dating and their geochemistry. 

Most of the lavas forming the Erzurum-Kars Plateau were chiefly originated from 

fissure eruptions'. There are also some isolated domes and volcanoes (e.g. Mt . Aladag 

and Mt . Kiicuk and Bilyiik Yaghca in the Kagizman area) on the plateau representing 

the site of central eruptions. Each volcanic unit either consists of several lava flows 

with a similar texture, phenocryst content and eruptive character or more than one rock 

types that are interbedded and each of which contains distinctive textural and 

mineralogical properties and depositional structures (e.g. the Lower tuff in the Pasinler 

area which is composed of the Grey, White ignimbrite, pyroclastic falls and 

agglomerate). Some of these units are composed of lava or pyroclastic flows which are 

laterally continuous and homogeneous in their petrography, mineralogy and chemistry 

over large distances such as the Black ignimbrite and Kargapazan volcanics in the 

Pasinler area. On the other hand, some other individual flows exhibit a relatively short 

horizontal extent even though the volcanic unit they form covers a very large area with 

great thicknesses (e.g. the Giingormez andesite/dacite in the M t . Dumlu and 

Kargapazan areas). The latter appears to have formed by several fissure eruptions over 

a particular period of time. They were located on various parts of the plateau with 

variable distances f rom each other and fed by a single or more magma chambers with 

similar compositions and similar fractional crystallisation histories. 

The area wi l l be introduced as six sub-areas, corresponding to six main sections, 

each showing a unique volcano-stratigraphy. From west to the east these are: 2 .1 . the 

Mt . Dumlu area, 2.2. the Mt . Kargapazan area, 2.3. the Pasinler area, 2.4. the Horasan 

area, 2.5. the Mt . Aladag area and 2.6. the Kagizman area. 

The area mapped has been divided into 1 km squares to form a coordinate 

system, whose rows are labelled by letters and columns are by numbers, to enable 

reader to find a location easily (Figure 2.10). The coordinate of a particular locality will 

be shown in brackets such as (C:18) in the text. The locations of all basic geological 

maps used in this chapter are shown in Figure 2.2. 
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2.1. T H E Mt. DUMLU AREA 

The Mt . Dumiu area comprises the westernmost part of the Erzurum-Kars Plateau. 

This area in general located within the Gavurdaglan Mountain succession that 

comprise a north-south extending ridge which is composed of a series of high peaks 

over 3000 m. Among them, M t . Dumlu is the second highest peak (3200 m) in the 

Gavurdaglan Mountain group after M t . Mescitdagi (3255 m). Towards the west of a 

line between the towns of Karahan and Erinkar, the Erzurum-Kars Plateau volcanics 

almost completely disappear. Eastern border of the volcanics of Mt . Dumlu area with 

those of adjacent Mt . Kargapazan area is indicated by the River Karasu Valley in the 

northeast and the Erzurum Plain in the southwest respectively. This area is named as 

Mt. Dumlu area after this peak called M t . Dumlu. In M t . Dumlu area, the Erzurum-

Kars Plateau volcanics cover well over 1000 k m 2 area with a thickness reaching over 1 

km. In this study, the southeastern part of this area which is located on the eastern 

slope of M t . Dumlu and which is adjacent to the Erzurum plain (Karasu Basin) has 

been studied and mapped. This area covers approximately 245 k m 2 (Figure 2.1). 

The volcanic succession in the Mt . Dumlu area is quite different f rom that in the 

eastern areas, especially that to the east of the M t . Kargapazan ridge. The first 

important difference is that the pyroclastic flows, which are widespread in the east, 

particularly on the Pasinler plateau, are almost completely absent in the volcanic pile of 

Mt . Dumlu. The second difference is that, in this area, an amphibole-bearing 

porphyritic dacite/andesite widely occurs as a very thick unit towards the top of the 

succession. This unit is only exposed in the east in a small isolated outcrop to the 

southeast of K6§k village. Another outcrop of a similar lithology is situated further 

east on the Pasinler Plateau within a 2-3 k m 2 area near Kizilveren village (the 

Kizilveren amphibole dacite/andesite). Unlike the eastern part of the plateau, where 

pyroclastic falls and reworked products are abundant, M t . Dumlu is made up mainly of 

lava flows, which are mainly intermediate to acidic in composition, apart from the 

relatively common tuff deposits at the base of the succession. 

In the north, the River Karasu flows along the middle of the Erzurum-Tbilisi strike-

slip fault zone (Westaway, 1990) and acts as a border between the M t . Dumlu and M t . 

Kargapazan areas. This fault zone is composed o f several branches of left-lateral 

strike-slip faults with N N E strikes (Photos 2.1 and 2.3 and Figure 2.10). In addition to 

the strike-slip movement, these faults also display significant normal movement. The 

width of this fault zone between M t . Dumlu and Kargapazan is over 20 km. Towards 

the south, the Karasu river valley widens quickly over a short distance between the 
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branches of the left-lateral Erzurum-Tbilisi strike-slip fault zone (i.e. between the 

Arzutu-Kizilkilise and Zaggi-Kizilvank faults) where it changes into an intermontane 

basin called the Karasu basin or the Erzurum plain (Photos 2.1 and 2.3). In spite of the 

fact that these faults, together with widespread scree, obscure the stratigraphic 

correlations in the volcanic succession in most places, the relationship between the 

volcanic successions of Mt . Dumlu and Mt . Kargapazan can be clearly observed in the 

area between the K6§k stream (P:18) and Girekosek village-Karasu valley (K:17) 

(Figure 2.7). 

The volcanic unit in the M t . Dumlu area unconformably overlies two different 

tectonic units (see the 1/500000 scale geological map of Eastern Anatolia, Trabzon 

sheet, Alt inli et. al., 1961): 

(1) sedimentary and volcanic units of the Pontides: these include the Lias, Malm and 

the Cretaceous formations as well as the Eocene volcano-sedimentary units. In the 

north, between the towns of Ispir-Kink and Pehlivanh around M t . Bulahikdag, the 

Erzurum-Kars plateau volcanics are unconformably underlain by Lias and Malm flysch. 

The Eocene volcano-sedimentary formation, which is called the Narman group is best 

exposed around the town of Narman. I t forms the basement of the volcanic unit over a 

very large area in the north between the north of M t . Kargapazan and Horasan. In the 

southwest, an imbrication zone containing ophiolitic and sedimentary units of 

Mesozoic and Tertiary age forms the basement between the towns of Ovacik and 

A§kale. This zone also appears to be a part of the Pontides, since it contains slivers of 

the Malm flysch which is characteristic of the Pontide succession. 

(2) the Eastern Anatolian Accretionary Complex: as named by Sengor and Yilmaz 

(1981) the unit consists of ophiolitic and sedimentary formations which are genetically 

related to the Neotethys ocean and are trapped between continental blocks resulting 

from the continental collision which took place about 15 Ma ago. In the south, the 

basement is generally represented by this unit. 

In the area mapped, the base of the Erzurum-Kars Plateau volcanics can be seen. 

neither in the M t . Dumlu nor in the M t . Kargapazan areas, since both are extensively 

covered by the Erzurum-Kars Plateau Volcanics, the Plio-Quaternary Aras formation 

and alluvium deposits. The collision-related volcanic sequence reaches its maximum 

thickness of over 1 km in this area. In this study the three stratigraphic sections 

(profiles) which have been constructed in the Mt . Dumlu area are as follows: 

(I) the Kamber village (R:4)-Kizildere creek (0:4) section; 

(II) the Gungormez village (J: 11 )-Mt. Dumlu (G: 1) section; 
( I I I ) the Kizilkilise village (E: 19)-Buyiikguney hill (C: 15) section 

(outside the area mapped). 
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(IV) Agdag village (Q:9)-Kirkpinar hill (1:9) section (Figure 2.10). 

Except for the lower levels of the Kamber Village-Kizildere stream section, the 
stratigraphies of these three sections are very similar to each other. In the following 
paragraphs, the volcanic stratigraphy of the Mt. Dumlu area will be presented with 
emphasis on the vertical and horizontal variations between and within lava units. 

2.1.1. The Lower Tuff (Ltl) 

In the Mt. Dumlu area a tuff unit crops out at the apparent base of the volcanic 
succession. It is mainly composed of consolidated fine ash and lapilli-sized pyroclastic 
fragments. It varies in thickness reaching over 150-200 m between the villages of 
Girekosek (M:14) and Karagobek in the north and in the vicinity of Umidimyaylasi 
village (R:l). In this study, this epiclastic-reworked pyroclastic sequence is named the 
Lower tuff after its stratigraphic position in the volcanic succession. In some places, it 
consists of alternations of fine ash, semi-consolidated or loose siltstone and sandstone 
beds, all of which are entirely made up of volcanic fragments. In these volcanoclastic 
beds, soft sediment deformational structures (i.e. slumps) are sometimes present, such 
as those found to the south of Umidimyaylasi village which is situated to the north of 
Arzutu village. In this area, small hook-shaped overfolds occur in a zone between 
undisturbed beds. These folds show no traces of erosion at their upper surfaces and, 
therefore, are more likely to be related to tectonic deformation, which presumably 
occurred after the deposition of these beds, rather than sedimentary slumping. If all 
these sedimentary properties are taken into account, the Lower tuff appears to have 
been deposited in a shallow water environment, probably a lake. 

The lowermost part of the volcanic pile of Mt. Dumlu is also exposed further east 
in the Mt. Kargapazan area. To the east of the Karasu river, on the western slopes of 
Ta§hk, Ta§liguney, Yassi and Kavakhbasj hills (0:18), the Lower tuff is underlain by a 
vitrophyric-porphyritic textured andesite which is named the K6§k pyroxene andesite 
in this study (Figure 2.6). This unit is, in turn, underlain by a tuff termed the Basal 
tuff. These two units have a total thickness of 200-250 m. Since this unit is located in 
the Mt. Kargapazan area, it will be introduced in the following section of this chapter 
(i.e. section 2.2, the Mt. Kargapazan section). 

The Lower tuff is overlain by a microporphyritic, amphibole-bearing dacite-
andesite in the south, whereas in the north it is overlain by two different volcanic units, 
namely an aphyric andesite-dacite and quartz-plagioclase bearing porphyritic dacite. 
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Mt. DUMLU - KAMBER VILLAGE SECTION, 
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Figure: 2.3. Generalised stratigraphic section of the Mt. Dumlu area. 
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2.1.2. The Arzutu Amphibole Dacite (Amd) 

To the south of Mt. Dumlu, between Arzutu village (V:3) and Kizildere stream, 
1.5 km northwest of Kamber Village (S:6), an amphibole-bearing microporphyritic lava 
unit overlies the Lower tuff. It forms a 1-2 km wide 7-8 km long strip parallel to the 
Arzutu-Kizilkilise fault, with a dip to the south-east (Figure 2.4). It consists of 
massive lava flows, generally showing grey, but sometimes pinkish, colours. Its 
thickness varies between 50 and 100 m. In this study this unit has been named the 
Arzutu amphibole dacite after the name of the nearby Arzutu village. It is mainly 
composed of plagioclase (An^.^), amphibole (magnesio-edenite and tschermakite) and 
rare ortho- (bronzite and rarely hypersthene) and clinopyroxene (augite) microcrystals. 
This unit is overlain by the Gungormez andesite-dacite. 

N W 
Bondurukbasi 

Kdrbyu 
spring 

S E 

Orta ridge 
M30S4 

alluvium 

Legend 
The Oungrirrnex andesite/dacitc 

v • xu-H (agglomerate) 

The AfTuiu mtcropornrtyntic 
amnhihole dacitc/andesite 

Duinlu porrihynbc 
•mnhihole dac/and 

' TheGOngSrmezoxlesile/ 
dacile(lava) 

The lower tuu layer 

Figure: 2.4. Cross section between Bondurukbasi hill (0:4) and the Erzurum plain (S:5) showing the 
relationship between the volcanic units on the SW slope ofMt. Dumlu. 

2.1.3. The Gungormez Andesite / Dacite (Gad) 

In the eastern part of the Mt. Dumlu area,, between the villages of Karagobek in 
the north and Agdag (Q:9) in the south, a volcanic unit composed of aphyric-textured 
andesitic-dacitic lavas is the first formation overlying the Lower tuff. In this study, a 
sample collected from its base close to the contact with the Lower tuff in the Kmldere 
stream (Q:4) has given a K-Ar age of 6.54±0.14 Ma. Volumetrically, this unit is the 
most widely exposed in the Mt. Dumlu area, especially in its eastern part. Between 
Gungormez village and Kozek hill (H:10), close to the Arzutu-Kizilkilise strike-slip 
fault, it attains a thickness of over 600 m. Its colour varies from black to pale grey and 
also to different 'shades of beige and khaki. In this study this unit has been named the 
Gungormez dacite-andesite after the area around the Gungormez village (K:10) where 
its best outcrops are located. 
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In some levels, the Gungormez dacite-andesite contains hard, compact black 
vitreous dacitic lava flows characteristically displaying vitrophyric textures. In this 
study, one of these vitrophyric flows almost at the top of the unit has been mapped and 
named the Black dacite on the basis of its characteristic colour. It is situated 2.5 km 
north of the Gungormez village, covering a 3 km2 area in the vicinity of Karacagilduzii 
(G:10), Karacagil hill and Sehitler hill. It consists of sporadic microphenocrysts to 
microcrystals of plagioclase (An 5 u 5 2 ) and very rare microcrystals of clinopyroxene 
(augite, endiopside) and orthopyroxene (bronzite) within a glassy groundmass which 
comprises over 95% of the rock. A sample taken from this unit has been dated by 
whole-rock K-Ar method at 5.87±0.11 Ma (see Appendix A). 

The Gungormez dacite-andesite also contains highly vesicular zones, which are 
generally located towards the top of individual lava flows. This kind of lava flow is 
especially abundant between the vicinity of Carmakduzu and the Cerences ridge 
(0:10), situated to the north of Agdag village. 

Photo: 2.2. Giingormez dacite-andesite showing platy- ^ general, the Gungormez 
jointing close to the basal surface of an individual lava flow, dacite-andesite forms massive lava 
SE ofZinavuryayla highland, NE of the summit ofMt. Dumlu 

(C:ii). flows showing almost constant 
texture and colour. It usually does 
not show any oxidised zones at the 
top of flows. Therefore, it is 
generally difficult to recognise 
individual lava flows within this 

• unit. In some places, lava flows 
include platy-jointing (related to 
flow-banding) which has been 
developed parallel to the basal 
surface as a result of intensive shear 
between the channel walls and the 
coherent central part of lava. Close 
to the base, the distance between 
these joints is in the order of 
centimetres and even millimetres, 
generally around 1 cm (Photo 2.2). 
The joint spacing increases upwards 
and, after a certain limit, it 
disappears where the lava turns into 

a massive body. In the field, this platy-jointing is one of the criteria which has been 

3P 
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used to differentiate individual lava flows from each other. On the northern slops of 
Mt. Dumlu, in the vicinity of Karacagil (F: 11), the §ehitler hills (E:12) and Karacagil 
ridge, very good examples of this flow structure have been observed. 

2.1.4. The Girekosek Dacite (Gpd) 

To the north of Girekosek village, near the Petekligiiney ridge and 
Karagobektabya hill (L:15), a quartz-plagioclase-bearing porphyritic lava unit is 
located in the upper levels of the Lower tuff (Figure 2.7). This lava unit, which has a 
lens shaped outcrop exposure, covers just over 1 km2 area, with a maximum thickness 
of 70-100 m. Apart from its texture, it displays almost the same colour and 
composition as the Gungdrmez dacite-andesite. It generally contains rounded, 
magmatically-corroded quartz and euhedral/subhedral plagioclase phenocrysts in a 
black, glassy groundmass. In this study, this unit is named the Girekosek dacite after 
the nearby Girekosek village. It also crops out 1 km east of the town of Dumlu, next 
to the ZagguKizilvankfaultin the Mt: KargapaXari^Fa^W: l 1). In this area, the unit 
occupies about 4-4.5 km2 with a maximum thickness of 50-70 m. Its outcrop pattern 
is aligned parallel to the east of the Zaggi-Kizilvank fault, dipping to the west and 
northwest with around 15-20° (Figure 2.8). 

2.1.S- The Duralu Amphibole Dacite / Andesite (Dpad) 

The Dumlu amphibole dacite/andesite is the uppermost unit which forms the 
highest peaks in the area. In the north, Mt. Dumlu (3200 m) (G:l), Mt. Egerli (3087 
m) (B:l), Sancagil (2953 m) (H:4) and Kusyurdu (2989 m) (F:2) hills are all 
composed of this unit. In this study, it is named after Mt. Dumlu where its best 
outcrops are exposed. Its thickness varies widely but reaches over 400-450 m in the 
vicinity of Mt. Dumlu. Characteristically, it consists of porphyrjtic dacite/andesite and 
displays variable shades of grey and pinkish-yellowish colours. Plagioclase (An 3 7 . 6 5), 
amphibole (magnesio-ferri-tschermakite, magnesio-edenite, occasionally magnesio-
alumino-kaersutite and magnesio-ferri-taramite), orthopyroxene (mainly bronzite with 
some hypersthene: clinoenstatite67.80) comprise the main phenocryst phases. It also 
contains microlites of plagioclase and rare clinopyroxene (mainly augite and rarely 
endiopside). 

Between the villages of Zinavuryayla (B:8) in the north and Agdag village (Q:9) in 
the south, the contact between this unit and the underlying Giingormez dacite-andesite 
is quite sharp and planar. In this area, the unit is entirely made up of massive 
porphyritic lava flows, whereas on the south slope of Mt. Dumlu, in the vicinity of the 
Pokluboyun (M:6) and Mihribat (P:5) hills and Kizildere stream it is interlayered with 
the lenses of aphyric lavas of the Giingormez dacite-andesite. One of them is situated 
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between Mihribat hill and the Camurkiran ridge (0:7) as a 3.5 km long, approximately 
50-100 m thick lens. The other is located in the upper level of the unit in the vicinity 
of Pokluboyun (M:6), Sanbeyin, Korkuyu (N:7), Goller and Kirkgoze (K:7) hills and 
covers 17-18 km2 area with a thickness of 100-150 m. The contact between the unit 
and these lenses is also sharp and planar. Both of these lenses show almost the same 
composition, field appearance and texture as the Gungormez dacite-andesite. 

2.2. THE Mt. KARGAPAZARI AREA 

To the northeast of Erzurum, between the Mt. Dumlu area in the west and the 
Pasinler Plateau in the east, a series of elongated peaks over 2700-3000 m in altitude 
form a northeast-southwest (NNE-SSW) trending ridge (Photos 2.3 and 4). This 15-17 
km long ridge separates the Erzurum Plain from the Pasinler Plain and the Pasinler 
Plateau in the east. This ridge as a whole is called Mt; Kargapazan. In fact, it 
represents the westernmost and the highest edge of a 15-17 km long and 3-5 km wide 
high plateau, called the Kargapazan plateau, which is inclined at 10-15° to the 
southeast. In this study, the area between the Karasu river valley and the Erzurum 
plain in the west and the Pertek-Karakale fault in the east is named as the Mt. 
Kargapazan area (Figure 2.10). The Mt. Kargapazan ridge and plateau themselves are 
situated in the middle of the area. 

The volcanic succession in the Kargapazan area is cut by a series of northeast-
southwest striking, left-lateral strike-slip faults which belong to the Erzurum-Tbilisi 
strike-slip fault zone. In addition to the strike-slip movement, these faults exhibit a 
normal movement. In general, the eastern or southeastern sides of these faults 
comprise the upthrown block (Photos 2.3 and 4), although there are some exceptions, 
e.g. the Karakale Pertek fault. The Kargapazan plateau is bounded by two of these 
faults: the Kargapazan fault in the northwest and the Karakale-Pertek fault in the 
southeast. The Kargapazan fault, which lies adjacent to the Mt. Kargapazan ridge, 
forms a steep, 300-350 m high escarpment on which a good section of the volcanic 
succession is exposed (Photo 2.4). This fault appears to be responsible for the general 
tilting of the plateau to the southeast. 

The area located between the River Karasu in the west and the Kargapazan fault in 
the east is cut by several strike-slip faults showing southwest-northeast strikes. These 
are also the branches of the Erzurum-Tbilisi fault zone. Elongation of some streams, 
such as the Karasu and the K6§k, is caused by these fault lines. Compared to the 
adjacent Kargapazan Plateau, this area has completely lost its plateau shape as a result 
of faulting and intensive erosion (Photo 2.4). 
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Photo: 2.3. Panoramic view of the area between the Mt. Kargapazari ridge and the northern entrance of the Erzurum-Karasu plain taken from north of Cipak 
village (0:11), on the SE skirts ofMt. Dumlu. The white coloured unit which crops out adjacent to the plain is the Pliocene Aras formation (Pla) which is mainly 
made up of detrital lithologies most of which have been gathered from the Erzurum-Kars Plateau volcanics. In this area, the most significant geomorphologic 
elements are the NE-SW striking strike-slip faults that belong to the Erzurum-Tbilisi fault zone. They exhibit well-formed linear alignments in the morphology and 
juxtapose different formations as well as different levels of the same units. Abbreviations: Qal: Quaternary alluvial deposits, Qalo: old alluvium, Pla: the Pliocene 
Aras formation, Gad: the Gungormez andesitel dacite, Ltl: the Lower t u f f , Kpa: the Kosk pyroxene andesitet dacite. DTF: Dumlu-Tafta fault, ZKF: Zaggi-Kyzilvank 
fault, KF: Kargapazari Fault. For comparison, see Figure 2.10, the geological map of the area in 11100000 scale. 
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Figure: 2.5. Generalised stratigraphic section of the Mt. Kargapazari area. 
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The Erzurum-Kars Plateau Volcanics (EKPV) are brought adjacent to the Erzurum 
plain by one of these faults, which is called the Zaggi-Kizilvank fault, in the 
southwest (Photo 2.3). Adjacent to this fault, lava and pyroclastic units of the EKPV 
dip to the northwest at about 20-25° as a monoclinal flexure. Away from this fault, 
about 2'/2-3 km to the east, the dip decreases and the lavas become almost horizontal. 
In fact, the direction of dip of the lava flows fluctuates because of vertical offset on the 
strike slip faults that cut this part of the EKPV, and also presumably because of the 
palaeo-topographical irregularities. The flexure extends parallel to the fault all along 
the western slopes of the Mt. Kargapazan area. Together with the Kargapazan Plateau 
located to the east, which dips at 10-15° to the SE, the flexure forms the NW limb of 
a wide antiform, whose axis is located close to and parallel with the Kargapazan fault 
with a strike of SW-NE. The NW limb of this antiform is cut, lowered and partly 
terminated by the faults which have significant vertical offset and left lateral movement. 

In the following paragraphs the volcano-stratigraphy of the Kargapazan area will be 
introduced from the base to the top. 

Photo: 2.5. General view of the Kislakdy volcanic member of the Upper Eocene Narman Group in the vicinity 
of Tukanhinzorik (A:29) village, SE of the town of Tortum. In this location, the unit is composed of the 
alternations of agglomerate and intermediate lavas that dip to the northwest at about 40-50° . 

i. 

V 

In the mapped part of the Kargapazan area, the basement of the Erzurum-Kars 
Plateau Volcanics (EKPV) is not exposed. This basement crops out further north 
outside this area in the vicinity of Yukanhinzorik (A:29) and Hamidiye (C:33) villages, 
to the southeast of the town of Tortum. In this location, it consists of the Kislakoy 
volcanic member of the Late Eocene Narman formation (Photo 2.5). 
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In the Mt. Kargapazan area, a tuff unit which contains intercalations of agglomerate 
forms the base of the volcanic pile. It shows similarities to the Lower tuff exposed at 
the base of Mt. Dumlu although the Lower tuff represents a higher stratigraphic level. 
Several strike-slip faults cutting the western part of the Mt. Kargapazan area 
complicate the stratigraphic interpretations in this part of the area since they juxtapose 
different levels of the volcanic sequence. The Basal tuff is overlain by three different 
lava units: (1) an aphyric andesite-dacite unit showing similarities to the Gungormez 
andesite-dacite which covers large areas in the Mt. Dumlu area; (2) a porphyritic 
clinopyroxene andesite which is named in this study the Kosk pyroxene andesite as its 
best outcrops are located close to K6§k village; and (3) an intergranular to subophitic-
textured basaltic lava flow which outcrops in a small area east of the Kargapazan 
fault. 

2.2.1. The Basal Tuff (Btl) 

The base of the succession is exposed in the vicinity of K6§k village (R:16) and 
along the Kosk stream valley which is located about 5 km northeast of the town of 
Dumlu. At the apparent base of the volcanic succession, a reworked tuff unit crops 
out. In this study this unit is named the Basal tuff owing to its stratigraphic position in 
the succession. It consists of interbeds of reworked tuff, unconsolidated or slightly 
consolidated silt and fine sand, agglomerate and ash. It occasionally contains thin basic 
to intermediate lava lenses. Silt and sand beds are entirely composed of volcanic 
material and display ripple-mark and cross bedding in places. They are mostly very well 
sorted. They generally display white and cream colours although the colour varies 
widely from yellow, beige to red and greenish-grey in places. On the north 
slope of Horumsuma hill, the Basal tuff is interlayered with the Kosk pyroxene 
andesite. 

The agglomerate crops out as small lenses. Three of these lenses, which are 
located upward in the Basal tuff close to the contact with the K6§k pyroxene andesite, 
have been mapped. The first is situated 1 km northwest of K6§k village on the 
southwest slope of Armutagacibasji hill (Q:15) and has a thickness of about 20-30 m. 
The second reaches over 70-80 m in thickness and is located about 3.5 km northeast of 
the same village. The third, 2XA km southwest of K6§k village in the Horumsuma 
valley, is located between Horumsuma hill (S: 14) and Kizilvank village (T:12). All 
three are laterally wedged within the Basal tuff. In general, they are made up of 
moderately rounded, aphyric intermediate lava fragments varying in size from sand, 
through pebble to big blocks and boulders reaching up to Vi m in diameter. They 
generally exhibit a good stratification with lenses of fine-grained volcanoclastics. 
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Figure: 2.6. Cross section between Arasu stream (Q:14) and Kbsk village (R:16), west of Mt. 
Kargapazari. 

In the south and southeast of the Mt. Kargapazan area, the Basal tuff is exposed 
as isolated patches of outcrops. One of these lies in the Komdere stream valley, to the 
north of Kticiiktuy village. Two others are located adjacent to the Pertek-Karakale 
fault, north of the Pertek (AB:20) and Haykiirt (Z:24) villages respectively. In this 
area, the Basal tuff displays almost the same properties as in the western areas, except 
for some pyroclastic fragments derived from pyroclastic falls and flow deposits, e.g. 
vesicular pumice, obsidian and ignimbrite. The relative abundance of these fragments 
increases eastward towards the Pasinler area. 

2.2.2. The Kosk Pyroxene Andesite (Kpa) 

The Kosk pyroxene andesite outcrops in a relatively confined, ridge-shaped area 
between the Zaggi-Kizilvank and Koskdere faults which includes the Tashgiiney, 
Yassi, Kavakhkbasi (0:18), Musruklar, Sutasi (P:16), Armutagacibasi and the 
Horumsuma (S:14) hills. At its base it lies over the Basal tuff. The Kosk pyroxene-
andesite consists of coarse, mostly euhedral clinopyroxene phenocrysts (augite) with 
minute orthopyroxene (bronzite) and plagioclase (An 6 0_ 6 4 4) microcrystals and 
microlites enclosed in a glassy groundmass. It generally has a vitrophyric texture. Since 
its best outcrops are seen close to the Kosk village, this volcanic unit has been named 
the Kosk pyroxene-andesite. This unit has a thickness of approximately 100-150 m. 
Towards the southeast it gets thinner, and to the south of Horumsuma hill {VA km 
southwest of the Kosk Village) it wedges out laterally. The Kosk pyroxene-andesite 
does not outcrop in any other part of the area studied. 

The Karasu river valley located to the north of Keleviirt village (0:13) is best 
displays the relationship between the volcanic successions of the Mt. Kargapazan and 
Mt. Dumlu areas, despite the presence of strike-slip faults (Figure 2.7). On the 
northwest slope of the Sutasi-Tashguney ridge, the Kosk pyroxene-andesite is overlain 
by a tuff unit which is laterally equivalent to the Lower tuff in the Mt. Dumlu area. It 
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contains agglomerate lenses one of which attains a thickness of 15-30 m and outcrops 
widely on both sides of the southern entrance to the Karasu river valley between 
Kelevurt and Girekosek (M:14) villages. In the north, the Lower tuff unit is in turn 
overlain by the Girekosek dacite in the vicinity of Karagobektabya hill, which is located 
between the villages of Girekosek and Karagobek (Figure 2.7). It covers an area of 
over 1 km2. The same unit is exposed further southwest in the Mt. Kargapazan area 
adjacent to the Zaggi-Kizilvank fault between Kizilvank village and the Tufancyayla 
ruins (Y:l 1) (Figure 2.8). The Girekosek dacite is overlain by the aphyric intermediate 
lava flows of the Gungormez andesite/dacite i.e. the most abundant volcanic unit of 
Mt. Dumlu. The Gungormez andesite/dacite also crops out in a large area to the 
southwest of Mt. Kargapazan. 

N 

w E 3 a 
[K: 18 PC: 13 The Gungorrnez Sitavuk The Ko$k pyroxene and/dac Karagohektabya yayla ondesite 

hill 

Gedik 

The K.6$k pyroxene 
The Lower tu andesite Agglomerate 

The Lower The Girekosek porphyritic 
tuff dacite 

Figure: 2.7. The cross-section showing the relationship between volcanic units of the Mt. Dumlu and 
the Kargapazari areas. 

2.2.3. The Giingormez Andesite / Dacite (Gad) 

The Gungormez andesite/dacite has been introduced in detail in the previous 
section (i.e. the Mt. Dumlu area) and as in the Mt. Dumlu area this unit is mainly 
composed of aphyric textured, andesitic-dacitic lavas in the Kargapazan area. It is the 
most widespread unit exposed between the Kargapazan and Zaggi-Kizilvank faults 
where its thickness exceeds 300-350 m, becoming thinner to the east. To the east of 
the Kargapazan fault, in the vicinity of Karapinar ridge (S:21) and Haramikaya hill 
(R:22), its thickness decreases to 200 m and it is overlain by olivine-bearing 
intermediate to basic lavas of the Kargapazan volcanics. To the southeast, it appears to 
have wedged out beneath the Kargapazan volcanics somewhere close to the middle of 
the Kargapazan plateau, since this unit does not outcrop anywhere else on the 
southeast slope of Mt. Kargapazan. 

A sample taken from the base of the unit 1 km south of Kosk village gives a K-Ar 
age of 6.79±0.21 Ma. Another sample taken from the summit of Kandil hill (3149m) 
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(K:26), located about 5 km east of Zaggi village (G:20), outside the area mapped, 
gives a K-Ar whole rock age of 7.34±0.19 Ma. 

2.2.4. The (Qofoandede Dacite (^pd) 

Between the K6§kdere and Kargapazan faults, close to its base, the Gungormez 
andesite-dacite contains thick lenses of porphyritic pyroxene bearing lava flows whose 
general appearance and texture are quite similar to those of the Gungormez andesite-
dacite. These lavas are predominantly dacitic and sometimes andesitic in composition 
and mainly composed of abundant plagioclase (An 5 3. 2 9) ortho (bronzite) and clino-
pyroxene (augite) phenocrysts in a glassy matrix. They are generally massive. These 
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K ^ V ^ i The Gungormcz andesitc/dncitc 

SE 
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hill 

Tufatifyayla 
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Figure: 2.8. Cross-section passing through the southwestern slope of Mt. Kargapazari, between 
the Erzurum plain (V:ll) and Sinekligol Ml (W: 16). 

rocks are named in this study the Cobandede dacites since the best outcrops of this unit 
are exposed on the Mt. Cobandede (AB:14), 2 km east of K6seahmet village (AB:11). 
Outcrops of the Cobandede dacite extend parallel to the faults striking southwest-
northeast and cross all the area mapped. They crop out from southwest to northwest as 
three lenses: the first one covers Mt. Cobandede and the Zilliguney (Z:13), Sinekligol 
(Y:13), Karanhkdere (Y:14), Katircikellesi (X:15) and Sarp (W:16) hills; the second 
one is located Wi km east of the K6§k village and includes the Deveyatagi and 
Sultanmurat (U:17) hills and the Mezarliksirti ridge (S: 18); and the last one crops out 
2-2Vi km north of K6§k village (P:19). This unit does not outcrop anywhere else in the 
area. 

2.2.5. The Girekosek Dacite (Gpd) 

The Girekosek dacite unit is named after its best outcrops in the Mt. Dumlu area 

close to the Girekosek village and is described in Mt. Dumlu section (Section 2.1.4). In 
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the Mt. Kargapazan area, the unit is exposed 1 km east of the town of Dumlu (U: 10), 
as a 1 km wide, 4 km long strip adjacent to and east of the Zaggi-Kizilvank fault. This 
unit displays a petrography and field appearance similar to the Gungormez 
andesite/dacite unit which underlies it. The only difference is that it shows a porphyritic 
texture with plagioclase and quartz megacrysts. Between these two units, a tuff unit 
outcrops as laterally discontinuous lenses (Figure 2.8). The thickness of the unit ranges 
from approximately 10 to 50 m. 

2.2.6. The Karapinar Basalt (Kb) 
To the west of the Kargapazan ridge, between the Karapinar ridge and 

Baldirkanhbasi hill (Q:22), a 300-350 m thick section of the Kargapazan Plateau is 
exposed adjacent to the Kargapazan fault (Photo 2.4). This is one of the best sections 
in the Mt. Kargapazan area and is named the Karapinar section (Figure 2.9). At the 
apparent-base ofthis section, an intefgranular to subophitic textured basalt succession 
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Figure: 2.9. Figure displaying the volcanic succession exposed on the northwestwern face of 
the Kargapazari ridge between Gollerduzu' (S:19) and the Karapinar ridge (T:21). 

crops out. It is made up of plagioclase (An 3 7 . 3 8) and olivine (Fo g 3 8 . 8 5 2 ) phenocrysts and 
microphenocrysts which are partly surrounded by clinopyroxene phenocrysts (salite) 
and a glassy matrix. This unit is exposed in a very restricted area between the Bakacak 
(R:21) and Cingeneyurdu (U:19) hills. Further south, it also outcrops in a very small 
area in the vicinity of Kucuktiiy highland (X: 19), which is located 4 km north of Pertek 
village. This unit is named in this study as the Karapinar basalt since it is located close 
to the Karapinar ridge. It is one of the most basic lava unit from the studied part of the 
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Erzurum-Kars Plateau. The apparent thickness of the Karapinar basalt is around 50-80 

m. It is restricted to this area of the Erzurum-Kars Plateau. 

In the Karapinar section, the Karapinar basalt is overlain by an andesite/dacite lava 

unit which is aphyric to vitrophyric in texture (Figure 2.9). This unit is very similar to 

the Giingormez andesite-dacite and is most probably its lateral equivalent. Its thickness 

is about 150-170 m. In the middle of this unit a 5-10 m-thick black ignimbrite crops 

out. It exhibits a well-developed eutaxitic texture with lithic fragments and fiamme, and 

shows similarities to the Black ignimbrite which outcrops widely in the Pasinler area. 

Towards the top of the section, a porphyritic andesite/dacite overlies the Giingormez 

andesite-dacite, with a thickness of 50-70 m. It contains plagioclase, ortho- and 

clinopyroxene phenocrysts and shows porphyritic-intersertal and hyalopilitic textures. 

This unit shows similarities to the Cobandede dacite. In the area mapped, the 

southwest-northeast elongated peaks on the Kargapazan ridge are mostly composed of 

this unit. Finally; -an -olivine -bearing basaltic to andesitic lava unit, namely the 

Kargapazan volcanic unit, overlies all of these units. 

2.2o7. The Gollerdiizii Amphibole Dacite (Gpaa) 

To the north of Cingeneyurdu hill (U: 19), which is located 2'/2 km southeast of the 

K6§k Village, a porphyritic amphibole-bearing dacitic lava unit crops out in an area of 

less than Vi km 2. It forms a dome-shaped body with a thickness of 40-60 m and 

overlies the Gungormez andesite-dacite (T: 18). It contains plagioclase and amphibole 

phenocrysts in a glassy groundmass and thus resembles the Dumlu amphibole 

dacite/andesite which covers large areas in the Mt. Dumlu area. This unit is presumably 

the product of same volcanism but does not outcrop elsewhere in the Kargapazari 

area. 

2.2.8, The Kargapazan Volcanics (Kv) 

To the east of the Kargapazan ridge, at the top of the succession, an olivine -

bearing basaltic to andesitic lava unit outcrops widely. It is mainly made up of 

plagioclase (An 7 8 . 4 9 ) , olivine (F© 7 5 6 . 8 4 ) and clinopyroxene (endiopside and augite) 

microphenocrysts and microcrystals. This unit is named the Kargapazan volcanics in 

this study as it forms the best outcrops on the Kargapazan Plateau. The basal units 

described earlier completely disappear, presumably by laterally wedging out into the 

Basal tuff to the east of the Kargapazan ridge. On the southeast slope of Mt. 

Kargapazan, the Kargapazan volcanics are the only lava unit overlying the Basal tuff. 

Further east, in the Pasinler area, the Kargapazan volcanics are exposed as relatively 

thin patches and overlie the Black ignimbrite. 
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Photo 2.6. Field photograph ofSE face of the Kargapazari ridge taken from the N of Kotandiizii village, 
NW of Pasinler (S:33). In this location, the Kargapazari plateau which is mainly formed by the 
Kargapazari volcanics is cut and lowered by the NE-SW striking KarakalePertek strike-slip fault. The 
valley which runs in the middle of the photograph is the Buyukdere stream valley where a magnificent 
section of pyroclastic flow and fall deposits of the Pasinler area is exposed (see Section 2.3.1.2. the 
Buyukdere gorge section). 

i 

The Kargapazari volcanics get thicker to the east. On the south slope of the 

Kargapazan plateau, the unit attains a thickness of about 250-300 m. To the north of 

Acikoy village (V:28), in the vicinity of Kurtgiineyibasi (T:27) and Arpacukuru (S:28) 

hills and Magarasirti ridge, it is made up of scorious lava flows. 
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M. Keskin 

2.3. THE PASINLER AREA 
The town of Pasinler, around 25 km east of the city of Erzurum, is located on the 

south slope of Mt. Hasandag (2200 m), which is a single cone-shaped topographic 

irregularity close to the northern edge of the Pasinler plain. The Pasinler plain 

represents the second biggest W - E extending intermontane basin after the Mu§ Basin, 

in Eastern Anatolia. Both of them may have been tectonically controlled by W - E 

striking reverse faults along their north and south margins. To the north of this basin, 

the young (Upper Miocene-Pliocene) volcanic rocks of the Erzurum-Kars Plateau are 

widespread whereas, to the south, they only form small, discrete outcrops with the 

exception of the PalandSken ridge in further west. In the south they are unconformably 

underlain by older formations of Late Cretaceous (East Anatolian Accretionary 

Complex: ophiolitic melange basement), Eocene (Bulkasim formation and Narman 

formation: flysch and volcanics) and Early to Middle Miocene age (Hiindiil limestone: 

reefal limestone, Gulliice and Askale formations). Therefore, only the northern part of 

the Pasinler area has been chosen to be mapped in detail. In this study, the Pasinler area 

will be introduced in two sections, as first the northern and then the southern areas. 

2.3.1. T H E NORTH OF PASINLER 

The area located to the north of the Pasinler plain is bounded in the west by the 

Mt. Kargapazari Ridge with the left-lateral Pertek-Karakale strike-slip fault acting as 

the border between the Mt. Kargapazari ridge and the Pasinler area. This fault 

juxtaposes two parts of the volcanic succession that differ considerably in terms of 

their volcano-stratigraphy and topography. To the west of this fault, Mt. Kargapazari, 

which is mainly made up of intermediate to basic lava flows with subordinate 

pyroclastic deposits at the base, forms a high (2700-3150 m), narrow and long plateau 

shaped morphology. This plateau extends as a long NNE-SSW trending ridge between 

the Pertek-Karakale and the Mt. Kargapazari strike-slip faults (SSW-NNE). It forms a 

steep escarpment adjacent to the latter (Photo 2.6). The plateau in question is slightly 

inclined (~10°) towards the S E , namely towards the Karakale-Pertek fault. In contrast 

to Mt. Kargapazari, the Pasinler Area dominantly consists of pyroclastic flow and fall 

deposits associated with less voluminous intermediate to acidic lava flows. 

The Pasinler Area also has a plateau morphology with an average height of 2200-

2300 m from the sea level, about 600-700 m lower than the Mt. Kargapazari plateau. 

This plateau is made up of several pyroclastic fall and flow units and less voluminous 

lava flows, which are more common towards the top of the succession. 
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Stratigraphically, these units are a lateral continuation of the pyroclastic-rich Basal tuff 

unit of the Mt. Kargapazan area. In this study, this plateau has been named the 

"Pasinler Plateau". The lava and pyroclastic units of the Pasinler Plateau are generally 

horizontal. However, to the south, close to the Pasinler Plain, they dip southward 

(-20-30°) as a monoclinal flexure (Photo 2.7) and are unconformably overlain by the 

subaerial detritals of the Pleistocene Aras formation and Quaternary alluvium deposits. 

The hinge line of this monoclinal flexure is continuous throughout the southern margin 

of the Pasinler Plateau with an approximate W - E strike. 

The Pasinler area has been studied in more detail than the other areas discussed in 

this chapter. As well as being easily accessible from several roads, it provides the best 

exposures throughout the lower parts of the volcanic pile, from lavas and pyroclastics 

which are in contact with the Eocene basement rocks (in the Harabedere valley) to the 

plateau-forming lavas that make up the uppermost part of the volcanic succession. 

On the Pasinler Plateau, unconsolidated pyroclastic fall and tuff units which are 

widespread, especially at the base of the succession, are armoured by a relatively 

erosion-resistant, overlying black pyroclastic flow unit (the Black ignimbrite). The 

Black-ignimbrite internally consists of several black or reddish coloured pyroclastic 

flow units which are phenocryst-rich, densely welded and sometimes rheomorphic, 

with well- developed flow fabrics (Photo 2.10). This pyroclastic flow unit gives the 

plateau its distinctive topography and covers almost half of the Pasinler Plateau. 

The Pasinler Plateau is cut by four deep gorges in which spectacular sections of 

the volcanic succession are exposed. They are all perpendicular to the Pasinler Plateau 

(or basin) and represent some of the main drainages feeding the thick alluvium deposits 

on the plain. From east to west these are the Harabe Dere, the Sansor Dere, the Timar 

Cayi and the Buyuk Dere valleys. 

In this thesis, in the light of field observations coupled with petrographic and 

geochemical results, the volcano-stratigraphy of the Pasinler Plateau will be presented 

from base to top by means of three stratigraphic sections which are mainly coincide 

with these four gorges. Each of these sections will be described in detail in terms of 

vertical variation within and between eruptive units. Then, subsequent conelation of 

these sections will be made by using marker lava and pyroclastic units where 

appropriate. Since the basement of the volcanic succession is exposed only in the 

Harabedere valley in the east, these sections will be introduced from east to west 

starting from the Harabedere and Sansordere gorge sections. 
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2.3.1.1. Tltoe Harabedlere ansd Sarasordlere SecMomis 

Harabedere and Sansordere sections will be presented together here because not 
only are they close to each other but they also have similar stratigraphic relations. 

2.3.1.1.1. Haralbedlere Gorge 

The Harabedere gorge is located in the easternmost part of the area mapped, to 
the north of Badicivan village. It has a depth of 300-350 m and steep slopes. It is the 
only place in the mapped area where the basement to the volcanic succession is 
exposed (Figure 2.11). The basement rocks are predominantly composed of basic to 
intermediate volcanic rocks (basaltic andesite and basaltic trachy-andesite) associated 
with subordinate marine sedimentary rocks, both of which are Upper Eocene in age. 
Compared to the western areas, the thickness of the collision-related volcanic 
succession on the Pasinler Plateau decreases considerably to ~20m, especially in the 
vicinity of the Santas Dere, Kengelli tepe and the Goktepe hills. This basement is 
unconformably overlain by a set of black, aphyric andesite lava flows about 30-40m in 
thickness. A thick pyroclastic fall deposit, the Lower tuff, which includes some thin, 
laterally impersistant intercalations of aphyric-vesicular andesite-dacite 
unconformably overlies this sequence. This is overlain in turn by a porphyritic 
amphibole-bearing dacite/andesite, the Kizilveren amphibole dacite/andesite, forming 
a dome in the vicinity of Kizdveren village and Salvartap hill. This 2-2lA km2 area is 
the only place on the studied part of the Pasinler Plateau where porphyritic amphibole-
bearing andesite crops out. This unit in turn is overlain by the relatively thin (10-30 m) 
Mid-Tuff. A phenocryst-rich black pyroclastic flow unit, the Black ignimbrite, widely 
covers these units over a large area. The Black ignimbrite is overlain firstly by an 

- olivine-bearing, andesite and -basaltic^andesite, Jhe__Kargapazan volcanics. and 
secondly by a sanidine-bearing porphyritic rhyolite/rhyodacite, the Ardiclidag rhyolite, 
located at the top of the volcanic succession. In the following pages, the volcano-
stratigraphic units of the Harabedere section will be presented starting from the base. 

2.3.1.1.1.1. The Basement Units 

2.3.1.1.1.1.1. The Upper Eocejo^teaiajnikaitn 

In this study, the Upper Eocene formations have been named as the Narman 
group as it is the equivalent of a group whose best outcrops are located in the vicinity 
of the Town of Narman, which lies to the north of the study area. The term 'group' has 
been used here because not only does it contain volcanic units but also flysch-like 
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Figure: 2.11. Generalised stratigraphic column of the Harabedere valley-Yenikoy 
village section, NE of Pasinler. 
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sedimentary beds. To the north of the mapping area, this group covers a very large 
area. The Narman group has been defined and described by the Turkish Petroleum's 
geologists in the northern areas around the town of Narman (Sungurlu, 1971). The 
volcanic part of this group has been given the name of the Ki§lak6y volcanic member 
and in order to avoid confusion and to maintain consistency, these original formation 
names are retained. 

The Narman group contains both volcanic and sedimentary rocks. At its 
base, a flysch-like detrital sequence occasionally crops out but volcanic rocks are 
dominant in the group. Even though the relationship between volcanic and 
sedimentary beds is generally ambiguous in most of the places, some discrete outcrops 
show sedimentary beds are interlayered with volcanic lava flows. 

In the area between the GOktepe-Kengelli hills and the Santas Dere stream, 
the stratigraphically uppermost part of the volcanic succession, namely the Ardichdag 
rhyolite, unconformably overlies the basement rocks of the Narman group, missing out 
the other lower volcanic units of the Pasinler Plateau. In other words, hundreds of 
metres of the thick volcanic pile are laterally wedged out towards this area. This 
relationship implies the presence of a long lasting palaeo-topographic height made up 
of the Eocene formations in the area, during the eruption of the volcanic succession on 
the Pasinler Plateau. 

2.3.1.1.1.1.1.1. The Kislakoy Volcanic member (En^ 

The Ki§lak6y volcanic member has a quite different appearance in the 
field from the Erzurum-Kars Plateau volcanics on the Pasinler plateau. The unit is 
recognisable even from a long distance. First of all, in most outcrops it is much more 
weathered than the fresh lava and pyroclastic rocks of the Upper Miocene-Pliocene 
volcanics of the Erzurum-Kars Plateau. Secondly, its colour is much darker than these 
volcanics, displaying greenish dark-grey, i.e. dark-grey on the fresh surface and tones 
of dark-brown or orange-tan-brown on the altered surface. The Kisjakoy volcanics are 
composed of alternated lava and agglomerate beds (Photo 2.8). The lava flows are the 
dominant lithology. They contain virtually no pyroclastic fall deposits such as pumice 
and ash. The lava is massive in appearance and is cut by several sets of joints in most 
places. On most outcrops, individual lava flow units within the Eocene volcanics 
cannot easily be recognised because of the lack of well-preserved structures, e.g. 
aligned gas pipes at the base of individual lava flows and oxidised surfaces between 
flows. Where the lava flow units are observed, they are almost horizontal. However, to 
the north of Mt. Kargapazari, in the vicinity of Hinzorikulya village (4 km NE of 
Barkoy village), alternations of thick lava flows and agglomerate beds are found 
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adjacent to the NE-SW trending strike-slip fault. These dip to the north at around 50°-

70° (Photo 2.5). 

Photo: 2.8. General field view of the Kijiakdy volcanic member of the Eocene Narman Group, Harabedere 
valley, north of Harabesurbehan village, NE ofPasinler (out of the area mapped). 

The Kislakoy volcanics span a narrow compositional range from basaltic -

andesite and basaltic trachy-andesite to andesite, with mainly aphyric or 

microporphyritic textures. They are all calc-alkaline in character, showing the typical 

geochemical characteristics of arc volcanism. In general, there are three distinctive 

rock types, each of which exhibit different phenocryst phases: 

1. andesites and basaltic andesites with plagioclase (An 5 4 . 5 g ) and 
clinopyroxene (augite) phenocrysts to megacrysts 

2. plagioclase and hornblende bearing porphyritic andesites 

3. dacite domes 

Photo: 2.9. Close-up view of the Eocene Kijiakdy 
volcanics showing characteristic texture of the unit with 
plagioclase megacrysts (type I) 

The first type is the dominant 

lithology in the volcanic unit. 

Sometimes, as a result of extensive 

plagioclase crystallisation, it contains 

megacrysts of plagioclase with 

diameters of up to 1-2 cm in a 

pilotaxitic groundmass with 

intergranular clinopyroxene 

microcrysts (Photo 2.9). The second 

type, namely porphyritic hornblende 

andesite, is much less abundant than 
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the first. Dacite domes are exposed as small, discrete outcrops. They are the rarest 
lithology in the Eocene volcanics. They are massive, generally aphyric in texture and 
white in colour. 

Between Harabesiirbehan and Kizilveren villages, the Narman group is 
entirely composed of lava flows, whereas to the south, in a small area situated between 
Goktepe hill and the Santasdere stream, flysch-like sedimentary rocks crop out 
towards the apparent base of the unit. 

23.1.1.1.1.1.2. The Naraan formation (Em2) 

In the area studied, the Narman formation is composed of alternations of 
thin (5-10 cm) siltstone and shale-mudstone beds. It contains neither sedimentary 
structures of a deep sea provenance, nor coarse-grained volcanic material 
characteristic of debris flows. However, it is apparent that it was definitely lain down 
in the marine environment. The grain size, its distribution in the beds and the 
geometry of bedding indicate that its original source region was distant from the basin 
in which it was deposited. 

In the area mapped, the Narman formation crops out as a narrow band 
which extends E-W along the Santasdere stream. In this location, it is overlain by the 
Kisjakoy volcanics. Even though its base is not seen in this location, it is presumably 
underlain again by the Kislakoy volcanics. To the south of Goktepe hill, sedimentary 
beds of the Narman formation are cut by the uppermost lava unit, namely the 
Ardichdag rhyolite of the Erzurum-Kars Plateau volcanics (Figure 2.12). At the sub-
vertical contact with the Ardi§hdag rhyolite, in a narrow zone up to 1 meter wide, the 
colour of sedimentary beds changes into black because of the thermal effect of the 
Ardichdag rhyolite (Photo 2.14). 

2.3.1.1.1.2. T H E P A S I N L E R P L A T E A U UNITS 

2.3.1.1.1.2.1. The Black andesite / dacite (Baad) 

The Black andesite/dacite is the lowermost lava unit in the volcanic 
succession of the Pasinler Plateau. It unconformably overlies the Upper Eocene 
basement rocks (the Narman group) and is mainly made up of 4-5 thick (5-15 m) 
aphyric lava flows. Each lava flow contains a 2-3 m-thick breccia and debris at its 
base which laterally become lenses between lava flows. These may be the remnants of 
accretionary levees. Oxidised zones, which have been used as criteria for 
differentiating individual lava flows in the field, are sometimes present between lava 
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flows. This unit crops out at the base of Harabedere gorge in a 3 km long, narrow and 
N-S zone which starts from the entrance of the valley. Each lava flow, at the base, 
contains platy joints which are almost parallel to the base. The distance between these 
joints decreases to less than 1 cm at the base. The reason for the formation of these 
planar joints would be the higher shear between the coherent lava body and the 
channel walls. Similar flow structures, formed during the solidification of the lava 
flows, have been described by Cas and Wright (1988, p. 29). The Black andesite is 
dated at 7.83±0.12 Ma by the K-Ar method. 

In this level within the volcanic unit, a discrete scoria cone is also present. It 
is located on the west slope of Harabedere valley, about 1 km to the east of Goktepe 
hill. Although its conical shape has not been well preserved, its positive 
palaeotopographic character can be recognised from its relatively steep contacts to the 
topographical contours, and also from its faint stratification. It basically contains 
scoria breccia, lapilli and volcanic bomb fragments with vitrified rims all showing 
aphyric textures. These are all indicators of an explosive eruption. 

2.3.1.1.1.2.2. The Lower tuff (Lt!) 

The Lower tuff is the first unit which overlies the black aphyric andesite in 
the Harabedere gorge. It also blankets the slopes of a scoria cone of the Black andesite. 
It crops out on the west slope of the Harabedere valley. It is mainly made up of pumice 
fall beds with alternations of minor reworked pumice and lithic clasts. 

It is characteristically white or greyish in colour and composed of pumice 
fragments of different sizes, from about 2 cm to a few mm. Internally it shows a 
rather well-developed bedding from 0.5 to 1-1.5 m in thickness with some laminae. 
Sorting is average to poor and grading-is absent in this unit. At some levels,"the Lower 
tuff contains several small-scale channels. 

Stratigraphically, this tuff in the Harabedere gorge is the lateral equivalent 
of the Basal tuff unit which is seen in the Sansordere and Timar gorges further west. 
It can be traced further westwards to the BtiyUkdere gorge. Unlike these areas, the 
lower tuff in the Harabedere gorge does not contain any ignimbrite flows. 

2.3.1.1.1.2.3. The Kizilveren amphibole dacite / andesite (Knd) 

Between Kizilveren Village and §alvartap hill, in an area of around 2 km2, a 
porphyritic, andesite/dacite dome overlies the Lower tuff formation. It is 
characteristically composed of plagioclase and brown amphibole phenocrysts in a 
grey-coloured microcrystalline, groundmass. It is named the Kizilveren amphibole 
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dacite/andesite as its best outcrops are situated close to the Kizilveren village. Apart 
from the area under discussion, this porphyritic unit is absent in the rest of the Pasinler 
plateau. It reaches its maximum thickness of over 130 m at Salvartap hill and is 
texturally homogeneous throughout its thickness. It is similar to the amphibole-
bearing porphyritic dacitic and andesitic lavas cropping out widely to the west in the 
Mt. Dumlu area (i.e. the Dumlu amphibole andesite/dacite) in terms of its petrography 
and composition. It is possibly the product of the same volcanic activity which dies 
out eastwards. 

At its upper contact, the Kizilveren amphibole dacite/andesite is covered 
firstly by a tuff unit, in this study called the Upper tuff, and secondly by the Black 
ignimbrite where the upper tuff is laterally discontinuous. 

ICilise bill 
(1983m) 

§alvartap 
bill Kurtini 

(2197m) stream 

Pasinler plain 

Egncayir vicinity 

The Pliocene Aias formation 

fcyvyi] TheArdtcudagrhyolite 

K W»1 Tte K-argapazari volcanics 

\£$?M1 The Black ignimbrite 

jggjg?) The Lower tuff layer 

XXJ^ The Kralveren porphyritic amp. dac/and 

fj;f - , ' ; i^ The Eocene Kiglakoy volcanic member 

[ĵ —^0 The Eocene Narman formation 
Thermally 
affected zone 

Figure: 2.12. S-N cross section through the volcanic succession between the Kilise hill (Y:47) and the 
Egricayir vicinity (R:47), close to the Harabedere gorge, NE of Pasinler. 

2.3.1.1.1.2.4. The Middle Tuff (Mtl) 

In'this "study, the "tuff "sequence which overlies the Kizilveren amphibole 
dacite/andesite is named the Middle tuff. This unit consists of relatively fine-grained 
particles of pumice and felsic ash. Pyroclastic flow products are rare in this unit. Its 
maximum thickness is around 20-40m. However, it is not laterally continuous to the 
SW side of the dome of Kizdveren andesite. To the west of this area, in the Sansor 
Dere gorge, its lateral continuation is exposed in a section where it reaches to a 
thickness of 150 m with abundant pyroclastic fall beds. 

2.3.1.1.1.2.5. The Black ignimbrite (Bign) 

The Black ignimbrite covers well over one-third of the area of the Pasinler 
plateau, with an exposed average thickness of 50 m. Internally, it consists of several 
densely-welded pyroclastic flow units. Laterally, the total thickness of this unit varies 
considerably from 3-10 m up to 150-200 m in the Timar gorge (Photo 2.11). At the 
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base, it shows a sharp contact with units lower in the succession. The Black 
ignimbrite performs the function of an armour, which protects the weaker pyroclastic 
units underneath and gives the plateau its distinctive morphology. It is generally black 
in colour, although it also exhibits beige, red and pale-purple colours. 
Characteristically, it shows a well-developed eutaxitic texture, with fiamme which 

Photo: 2.10. Close-up photograph of the Black ignimbrite. It displays a well developed eutaxitic texture 
defined by fiamme. The white fragments are generally white ignimbrite. The coin which is used as a scale is 2 
cm in diameter. 

V 1 ^ • 

•v 

M i 

sometimes reach to 5-10 cm in diameter (Photo 2.10). The Black ignimbrite exhibits 
different stages of rheomorphism, as fiamme are generally stretched to produce a well 
defined lineation. This may be an indication of secondary mass flowage of the 
ignimbrite during welding. These fiamme generally consist of black obsidian, 
containing abundant phenocrysts. The ignimbrite matches the "high grade ignimbrite" 
as described by Cas & Wright (1988). 

Compared to the other pyroclastic formations or facies, the Black ignimbrite 
contains abundant phenocrysts (up to 40%) of mainly plagioclase. It also includes 
abundant inclusions from other volcanic units, such as white ignimbrite, pumice and 
even previously-formed black ignimbrite (Photos 2.10 and 12). According to Sparks 
and Walker (1977), phenocryst enrichment is a typical feature of ignimbrites and may 
be due to substantial volumetric loss of the vitric component of the original magma by 
previous eruptions which gives rise to the deposition of associated air-fall ash 
deposits. 
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Photo: 2.11. General field view of the Black ignimbrite, N of the TmarCayi valley, Kilisedere stream(P:45), 
NE of Pasinler. In this location, the total thickness of the unit reaches to 200 m. 

Photo: 2.12. The black ignimbrite containing inclusions and lithic fragments from other volcanic units which 
vary in size and lithology. These are, in general, white ignimbrite, pumice (the white big lump in the middle) 
and previously-formed black ignimbrite (darker coloured fragments). North ofTmaryayla village (N:41), 
NE of Pasinler. 

In the vicinity of Harabesurbehan village, the unit shows well-developed 

columnar jointing in the more massive parts (Photo 2.13). Extremely stretched 
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Photo: 2,13. Columnar jointing in densely welded parts of the Black ignimbrite, Harabesiirbehan village 
(R:52), the Harabedere gorge, NE ofPasinler. 

fiamme of white pumice (3-5 mm in thickness) reach 30-40 cm in length in places. 
They exhibit a very good lineation perpendicular to the jointing surface. The Black 
ignimbrite is overlain by an olivine-bearing andesite-basaltic andesite lava unit, the 
Kargapazan volcanics, and then by the Ardichdag rhyolite. 

2 J U . 1.1.2.6. The Karganazan Volcanics (Kv) 

Despite the fact that olivine-bearing, basaltic-andesite, andesite lava flows 
of the Kargapazari volcanics are very widespread as a thick succession in the Mt. 
Kargapazan area, they only crop out as relatively thin and small outcrops on the 
Pasinler Plateau. In the Harabedere gorge section, the Kargapazari volcanics overlie 
the Black ignimbrite in the locality of Dikmetas hill and Buzhane area (north of the 
village of Kizilveren). They cover an area of 6-6V2 km 2 with an average thickness of 
5-30 m. In the area between Yertepe and §alvartap hills, situated close to the east of 
Sansor Dere gorge, the unit is overlain by the lava and ignimbrite units of Ardiclidag 
rhyolite. 

In the field, the Kargapazari volcanics have been used as one of the marker 

horizons for mapping. At the outcrop scale, this unit is very different from the other 

lava units exposed on the Pasinler Plateau in terms of its general appearance and 

texture. It exhibits aphyric and microporphyritic textures with occasional vesicular 

zones. It contains plagioclase micro-phenocrysts and microlites (An 7 8 . 5 1 ) and 
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TASLIGUNEY VILLAGE - SANSORDERE GORGE 
SECTION 

NE OF PASINLER 

Pliocene Aras formation 

V V V V 
V V V V 

V V V V 

Ardighdag rhyodacitic lava and ignimbrite units 

Kargapazan volcanics : olivine basaltic andesite 
and andesite wi th aphyric texture 

Black ignimbrite: very densely welded, shows 
eutaxitic texture 

Black ignimbrite 

Pumice air-fal l deposits 

White ignimbrite : showing flow-folds and 
accretionary lapillies 

Figure: 2.13. The stratigraphical section of Tatfigiiney village-Sansordere Gorge section, NE of 
Pasinler 
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rarer olivine microcrysts (Fo^.^) in a cryptocryalline or glassy groundmass. On a 
fresh surface it is greenish-dark grey or dark grey whereas, on the altered surface, it 
exhibits brownish-yellowish colours. 

2.3.1.1.1.2.7. The Upper Tuff (Utl) 

In the vicinity Sansor village, around the south entrance of the Sansor Dere 
gorge, a tuff unit mainly made up of pyroclastic fall deposits overlies the Kargapazari 
volcanics. In this area, the volcanic succession has a dip of about 10°-15° to the south, 
the lateral continuation of the monoclinal flexure mentioned earlier. Towards the 
south, the Black ignimbrite and the overlying Kargapazari volcanics become thinner 
and to the north of Sansor village, their total thickness decreases to 3-5 m. In contrast, 
the overlying Upper tuff gets thicker to the south, varying from a few metres around 
Yertepe hill (2.25 km north of Sansor) to over 100 m in the Sansor village area. 

The Upper tuff is wedged out to the north, between the olivine-andesite and 
Ardiclidag rhyolite, and is not seen to the north of Yertepe hill. It mainly consists of 
pyroclastic fall and tuff deposits. Pumice is the most common detrital material 
comprising over 90% of the clasts. The unit also contains lithic fragments of the 
Ardichdag rhyolite, implying that it is genetically related to the explosive volcanism 
which formed the Ardichdag rhyo-dacitic dome. It is creamy-white in colour. 
Generally it shows a weakly-developed layering with occasional lamination. 

2JU.1.1.2.8. The ArdichdaS volcanite 

At the top of the volcanic succession, a sanidine-bearing rhyolitic and 
rhyodacitic lava, and a pyroclastic-flow unit, crop out between Kizilveren and Sansor 
villages, and also in the vicinity of Tafdiker village. It is named the Ardichdag rhyolite 
after Ardichdag hill in 2 km east of Sansor village where its best outcrops are exposed. 
Even from a distance, it can easily be differentiated from the other volcanic units of 
the plateau by its distinctive yellowish-white colour and characteristic erosion-surface 
pattern. 

The unit is made up of coarse sanidine phenocrysts with plagioclase, quartz 

and altered mafic-mineral (amphibole) phenocrysts and subordinate pyroxene 

microcrystals in a white-glassy groundmass. On most of its outcrops, the unit is 

severely weathered. This unit is also exposed around Sercebogazi village, which is 

located to the northwest of the town of Pasinler. 
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The Ardichdag rhyolite can be further subdivided into two members on the 
basis of their eruptive character and resulting texture: 

(1) rhyolitic lava unit; 

(2) an ignimbrite which has the same composition as the 

rhyolitic lava unit. 

The Pliocene Aras formation overlies the unit with an angular unconformity to the 
south. 

2.3.1.1.1.2.8.1. The Ardichdag rhyolitic lava unit (Ard): 

In the area around Tafdiker and the north of Kizilveren village 
(Kavakhba§i ridge), the rhyolitic lava unit rests on the Black ignimbrite (Figure 2.14), 
whereas to the southwest it unconformably overlies the Eocene Narman group (Figure 
2.12). It has a massive appearance and does not show any flow structures. Its thickness 
reaches well over 200 m around Ardichdag hill. Towards the north and east, this 
thickness decreases considerably to under 30-50 m. 

The unit characteristically shows porphyritic texture with abundant fresh 
megacrysts and phenocrysts of sanidine, altered amphibole, less abundant plagioclase 
phenocrysts and occasional clinopyroxene microcrystals surrounded by a glassy 
groundmass. To the north of the Kizilveren village, in the vicinity of Kavakhbasj 
ridge, it contains biotite micro-phenocrysts in addition to the phenocryst assemblage 
described above. 

ssw NNE 
Ziyaret 

hill 

K u r t i n i 

Cimcima 
hill 

Ruzhane vicim 

Pasinler plain 

Pliocene Area formation 

3 The Anuchdag ignimbrite 

/ v V I The Ardichdag rhyolite 

|^ss3y| The White ignimbrite 

|v V v| The Kargapazan volcanics 

The Upper tuf layer 
(pyroclastic fall units & Grey ignimbrite) 

Pff&iff i l The Black ignimbrite 

I ' I The Basal tufT layer 

Figure: 2.14. Cross section between the Ziyaret hill (X:44) and Buzhane vicinity (S:47) displaying 
relationship between volcanic units of the Pasinler plateau, Sansordere gorge, NE of Pasinler. 

The Ardichdag rhyolite, in general, has a truncated dome shape the centre of 
which is situated roughly between Siileyman hill and Santa§ stream. Around Sarita§ 
stream, its conduit has been observed, cutting the siltstone/shale beds of the Narman 
formation (Upper Eocene) (Figure 2.12). A narrow (about m wide), black 
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thermally-affected zone has developed in the Narman formation in contact with the 

Ardichdag rhyolite (Photo 2.14). 

2.3.1.1.1.2.8.2. The Ardichdag ignimbrite unit (Aign): 

The Ardichdag Ignimbrite crops out on the east slope of the Sansordere 
stream with a NNE-SSW-trending outcrop pattern and conformably covers the west 
and northwest slope of the rhyo-dacitic dome. It also overlies the Upper tuff which is 
widely crops out in the vicinity of Sansor village (Figure 2.15). Like the main body of 
the rhyolitic dome, the ignimbrite unit also has a general southward dip, gradually 
steeping southward, with an average maximum dip of =15°-20°. 

Photo: 2.14. Contact zone between the The Ardichdag ignimbrite exhibits the 
Ardiclniag rhyolite and the Upper Eocene 
Narman formation, A narrow (about l-lVi m same composition, colour and phenocryst 
wide), black thermally-affected zone is present a s s e m u i a „ e a s t h e rhvo-dacitic lava dome 
in the Narman formation (on the left), assemmage as tne rnyo-aacitic lava dome. 
Sarta&re stream (W:47), NE ofPasinler. However, it has a different, typically eutaxitic, 

texture which consists of compacted and 

welded white pumice surrounding the 

phenocrysts and lithic fragments which are 

generally a few mm in diameter. 

The ignimbrite internally shows variable 
degrees of welding, represented by the 
different textures of the various flow units. In 
the vicinity of Ziyarettepe hill 1 km east of 
Sansor village, it is overlain by a 7-10 m thick 
lens of densely-welded, phenocryst-rich 
ignimbrite which is very similar to the Black 
ignimbrite. A similar relationship has been 
observed in Biiyiikdag hill situated to the east 
of Harabedere valley (~3 km NE of Badicivan 
village). It shows a well-developed eutaxitic 

developed eutaxitic texture with abundant flow-oriented laths of plagioclase 
phenocrysts surrounded by a pale-brown, purple-coloured glassy groundmass. 

In the Ardiclidag ignimbrite, perlite also occurs occasionally in the zones 

of intensive welding, presumably as a result of hydration of obsidian. It is composed 

of abundant plagioclase and sanidine phenocrysts included in a light grey-coloured 

glassy matrix with typical perlitic texture. It outcrops around Cimcime and Ziyarettepe 

hills. 
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Alluvium 

Pliocene Aras formation 

|V A V | The Ardiclidag rhyolite 
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hVj?JJ|1 The black ignimbrite 

1 | The Upper tuff layer (pumice fall deposits are dominant) 

i ^ ' ^ V j f l The Upper Eocene Ki§lakoy volcanic member 

Figure: 2.15. Cross section between Sansor village (W:43) and the Ardiclidag hill (X:46), Sansordere 
gorge, NE of Pasinler. 

2.3.1.2. T H E B U Y U K D E R E G O R G E S E C T I O N 

Buyiikdere stream is the biggest of the four streams which cut the Pasinler 
Plateau. The valley in which it runs is located about 10 km northwest of the town of 
Pasinler, extending almost parallel to Pertek-Karakale strike-slip fault which trends 
NNE-SSW. The southern limit of this valley is bounded by the aforementioned major 
monoclinal fold dipping to the south. The basement of the volcanic succession is not 
exposed in the Biiyiikdere gorge. In the southern part, between Terekta§i hill and 
Acigindagisirti ridge on the 300 m high eastern slope of the valley, the best outcrops 
of the Lower tuff are exposed (Photo 2.15). Pyroclastic flows make up almost over 
90% of this section (Figure 2.16). 

Individual pyroclastic-flow units can be grouped into two facies which primarily 
differ in terms of colour, the degree of welding, internal structure and general 
appearance in the field. These facies are named in this study after their outcrop colour: 
the Grey and White ignimbrites. 

The flow units of the white ignimbrite facies account for roughly 25-30% of the 
lower tuff and occur as three 20-60 m thick flows. They are composed of densely-
welded ignimbrite showing rheomorphic structures of variable intensities. In the field, 
it is easily recognised and differentiated from other flow units on the basis of its 
distinctive colour and resistant (competent) outcrop pattern (Photo 2.15). The White 
ignimbrite is almost totally free of crystals and composed entirely of rhyolitic glass 
(Photo 2.21). Although this unit is massive in places, and seems to be entirely massive 
from a distance, it is generally inhomogeneous in texture and consists of alternations 
of variably-welded grey pumice (which still partly retains its vesicular texture) and 
white ignimbrite (which shows a variable degrees of welding) (Photo 2.18). 
Furthermore, towards the base, obsidian bands are abundant, where the compaction 
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Photo: 2.15. Field view of the Agigmdagisrti ridge (U:32), eastern slope of the Buyukdere gorge, NW of 
Pasinler. The resistant flows (Wign) are the white ignimbrite which occur as 20-60 m thick flows. The Grey 
ignimbrite (Gign) is characterised by its soft outcrop pattern and its greyish colour while reworked pumice and 
pyroclastic fall deposits (Pfd) can be recognised by their lighter (pinkish and cream) colours. The thickness of 
the visible part of the Lower tuff is around 300 m on this photograph. Kvd: dykes of the Kargapazan volcanics 
seen in Photo 2.16. 

* 
• Mo 
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was extremely dense (Photos 2.17 and 18). It also contains accretionary lapilli in 
different sizes from a few mm up to 7-8 cm (Photo 2.23). 

The grey ignimbrite facies is characterised by very thick (=50 m) flow units 
which show different tones of grey. It is made up of highly vesicular, massive and 
very brittle pumice with glassy or sometimes pearly, lustre. In fact, the White 
ignimbrite comprises the more densely-welded, more basal part of the pyroclastic flow 
units compared with the Grey ignimbrite. On the outcrop scale, it is clearly seen that 
the White ignimbrite changes gradually upward into the Grey pumice. Therefore, each 
white and grey ignimbrite pair together should be considered as a single pyroclastic 
flow unit, even though the contact between them seems to be sharp from a distance. In 
the following paragraphs, the Buyukdere section will be described in detail starting 
from the base. 

At the apparent base of the section, a blocky pyroclastic flow crops out. It 
consists of large pumice blocks of Grey ignimbrite of variable sizes up to 50 cm 
across. These blocks are surrounded by a matrix which has almost the same 
composition and texture but is slightly lighter in colour. It is mostly matrix-

ouppoited and contains 
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BUYUKDERE VALLEY SECTION, NW OF PAS1NLI 

10-30m V V V V 
V V V V 

o 
O 
CO 

Pliocene Aras formation 

White ignimbrite 

Grey ignimbrite : coarse vesiculated, 
containing, accretionary lappies and obsidian 
bands 

Grey ignimbrite 

Kargapazari volcanics : olivine basaltic andesite 
and andesite with aphyric and 
microporphyritic texture 

White ignimbrite : showing flow-folds and 
accretionary lapillies 

Grey ignimbrite : displays abundant 
accretionary lapillies, obsidian bands in the 
contact with the White ignimbrite 

Reworked pumice 

Reworked pumice with small scaled channels, 
cream and pink in colour, red in the contact 
with the White ignimbrite 

Grey blocky ignimbrite : pumice flow 

Dykes of olivine bearing andesite, basaltic-
andesite of Kargapazari volcanics 

Figure: 2.16. Stratigraphic section of Biiyiikdere valley 
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Photo: 2.16. Dykes of the Kargapazari volcanics cutting through 
the basal part of the Lower tuff in the Biiyukdere gorge (U:32). 
They vary in thickness from 30-40 cm to half a metre with a strike 
of approximately E-W (*N80E) and dip of 10-20'to the south. 

occasional sintered obsidian clasts of pebble size. Its apparent thickness is around 
100 m. 

Blocky, Grey ignimbrite is unconformably overlain by a reworked pumice 
(Photo 2.19). This unit is composed of ash- to lapilli-sized clasts of scattered and 
rounded white pumice which were presumably air-fall deposits in their primary 
depositional environment. It 
contains around 10-20 % 
lithic clasts. In general, the 
unit is pinkish-cream to 
white in colour. This colour 
gradually becomes darker 
and changes into orange 
within a few metres of the 
upper contact with the Grey 
ignimbrite. It has a lens-
shaped geometry with a 
maximum thickness of 15m 
and a lateral continuation of 
100-120m (Photo 2.19). Its 
upper contact is fairly 
planar, whereas its lower 
contact is irregular 
resembling a small-scale 
channel-fill. Beds are thicker 
in the middle becoming 
thinner towards the sides of 
the l e ^ e 

reworked pumice 
is composed of two units 
which are almost identical in 
their compositions and internal structures but separated by an angular unconformity. 
The thickness of individual beds varies widely from a few tens of cm up to > lm. 
They are poorly sorted and have faint normal graded bedding. Reverse grading is also 
occasionally seen in these beds. Lithic clasts, which are generally a few cm in 
diameter, up to 20-30 cm, are compositionally homogeneous throughout the unit. The 
majority are composed of fragments of white-ignimbrite, dark-grey, black aphyric 
basaltic-andesitic/andesitic lavas, presumably gathered from the basal, aphyric lava 
flows which are exposed not in this section but further east in the Harabedere Valley. 

V 
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In this unit, there are some small-scale channel structures in which angular lithic 
clasts become more abundant. 

These basal pyroclastic units are cut by a set of andesitic dykes. In this part of 
the stratigraphic section, there are three sub parallel dykes (Photo 2.16). Their 
thickness varies from 30-40 cm to Vi metre. They strike approximately E-W (=N80E) 
and dip 10-20° to the south, though the degree of dip changes because of their slightly 
curved surface. They become thinner and eventually disappear towards the top of the 
succession. In the Buyukdere gorge, other dykes of similar composition and texture 
have been observed further north in the valley. One lies at the base of the Buyukdere 
valley, about 200 m north of the ruin of Kurnuckomu village. It is vertical with an =N-

S strike. The other is located on the W slope of 
the valley, to the east of the Kale (casde) ruin, 
1.25 km north of the Kurnuckomu ruin. This, 
too, is a vertical dyke showing a N45W strike. 
Its thickness is about 1-1.5m. They exhibit the 
same petrography and composition as the 
Kargapazan volcanics and are most probably 
fissures which fed the andesitic and basaltic 
lavas of the Kargapazari volcanics outcropping 
in the upper levels of the succession. 

Photo: 2.17. Welded parts of the Grey 
ignimbrite which is composed of bunches of 
very thin glass fibres surrounding the sintered 
obsidian clasts. N of Malikom village (P:33), 
NW of Pasinler. 

The reworked pumice unit is overlain 
by a 10-15m thick grey pumice flow (Grey 
ignimbrite) unit. The contact between the 
reworked pumice and the Grey ignimbrite is 
sharp and fairly planar. The pumice layer is 

is greyish-white in colour and quite homogeneous in its composition and texture. It is 
made up of a massive, highly vesicular pumice which contains thin (a few cm), 
densely welded zones and occasional obsidian bands and blocks. The size of its 
vesicles often reach 1 mm in diameter. The grey ignimbrite is quite brittle; it is easily 
broken when squeezed between the fingers. In some zones, where relatively dense 
compaction is dominant, it loses its vesicular texture and changes into parallel 
bunches of very thin glass fibres surrounding the sintered obsidian clasts which are 
approximately 1 -3 cm in diameter. 

The Grey ignimbrite unit is conformably overlain by a white ignimbrite unit. 
The contact between the White and underlying Grey ignimbrite units is sharp but 
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accretionary lapilli. Aqigmdagisirti ridge (U:32), eastern slope of the 
Buyukdere gorge, NW of Pasinler. 

not planar. The thickness of this unit varies from 15-20 to 50 m. At the base, in a 2-3 
m thick zone, it is strongly-welded and changed into an alternation of a few cm thick 
layers or bands of obsidian and densely welded grey and white pumice. These bands 
are mostly intensively deformed and folded as a result of rheomorphism (Photo 2.18 
and 21). The obsidian bands are black and, in general, broken into small, pebble-sized 
fragments. This deformation probably took place immediately after the solidification 

since individual fragments 
Photo: 2.18. Field view of the basal part of an individual ignimbrite flow Q f obsidian show the effects 
displaying the densely welded obsidian-rich basal part. This is overlain 
by the White ignimbrite which exhibits complex rheomorphic folds. Both of heat, having sintered 
the obsidian-banded zone and White ignimbrite contains numerous surfaces and are sometimes 

surrounded by densely 
welded grey or white 
pumice, which turns into the 
fibrous glass in places 
(Photo 2.17). Towards the 
top, the degree of welding 
decreases, and the obsidian-
bearing zone gradually 
changes into white, aphyric, 
densely welded ignimbrite. 
There are numerous 
accretionary lapilli reaching 
up to 9-10 cm in size in this 
highly welded zone. They 
are empty inside and 
generally cut by three cracks 
like triple-junctions, joined 
to each other at an angle of 
about 120° angles (Photo 
2.23). Their interior is a set 
of convex surfaces and 
Some of them are filled by 

fibres of grey pumice. They are generally light grey to cream in colour. Their outer 

surface is generally grey in colour, smooth and sometimes slightly rough. 

Accretionary lapilli are also very abundant in the upper zones of the White ignimbrite. 

However, they are relatively smaller in size and some of them are cored. 
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Photo: 2.19. Field photograph of 

reworked pumice unit, 

Acigmdagisirn ridge (U:32), 

eastern slope of the Biiyiikdere 

gorge, NW of Pasinler. Wign: 

White ignimbrite, Gign: Grey 

ignimbrite, Gignb: blocky grey 

ignimbrite, Rpl: reworked 

pumice unit. Some of the cavities 

in the White ignimbrite were 

carved and used as houses by 

people who lived in the area in 

prehistoric times to protect 

themselves from wild animals 

and their enemies. 

Photo: 2.20. Field photograph showing the sharp contact between the Grey (Gign) and Black ignimbrite 
(Bign), N ofMalikom village (P:33), NW of Pasinler. 

I 
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Photo: 2.21. Flow folds in the densely welded parts of the White ignimbrite, S of Tmaryaylasi village-
(Q:43),NE of Pasinler. 
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Photo: 2.22. Micro-scale flow folds which resemble crenulation cleavage. AcigmdagBrti ridge (U:32), 
eastern slope of the Buyukdere gorge, NW of Pasinler. The coin used as scale is 22 mm in diameter. 
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• 
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The White ignimbrite gradually changes upward into the Grey ignimbrite. The gradual 

nature of the contact between the White ignimbrite and the Grey ignimbrite cannot be 

clearly seen in this particular location because of the scree covering most parts of 

the outcrop. A 10-15 m thick 
Photo: 2.23. Close-up photograph of accretionary lapilli in the ^worked pumice unit 
Grey ignimbrite, Biiyukdere gorge (R:32), NE ofPasinler. 

unconformably overlies both the 
White and the Grey ignimbrite. 
This unit is very similar to that 
described above. It is white to 
cream in colour and made up of 
lapilli-sized, rounded white 
pumice fragments with minute 
angular lithic clasts of aphyric 
lava, both of which are enclosed 
in an ash sized matrix of the same 
composition. This unit also has a 
lens-shaped geometry with a 
lateral continuation of 
approximately 70-100 m. It is 
almost planar at the upper 
contact, but its lower contact is 
wavy and resembles a channel-

f i l l . The geometry and depositional characteristics of these lens-shaped beds of 
reworked pumice indicate that they were possibly transported (reworked) products of 
plinian air-fall deposits of white pumice. These would have been deposited as a 
channel f i l l in depressions such as the small ravines of temporary streams carved into 
the soft Grey ignimbrite. There they would have mixed with the fragments of different 
lavas and pyroclastics. 

The reworked pumice is overlain by another White ignimbrite, similar to that 
described earlier, which changes gradually to the Grey ignimbrite. The average 
thickness of the White ignimbrite is 15 to 40 m and that of the Grey ignimbrite is 55-
60 m. This White/Grey ignimbrite couple is in turn overlain by yet another succession 
of White/Grey ignimbrite whose total thickness is 30-40 m. In this part of the section, 
the gradual change from the White ignimbrite into the Grey ignimbrite is well 
exposed. 
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The White/Grey-ignimbrite sequence is overlain by a few m of white-pumice. At 

its base this contains big angular blocks of grey and white pumice, and obsidian, up to 

40-50 cm in diameter and enclosed in a laminar, wavy, grey coloured matrix which 

shows dune features. This basal 
Photo: 2.24. Pumice fall deposit which contain several '•• . , , 
., . , j ..' . « • i. layer seems to be a base-surge 
blocks of grey and white pumice, and obsidian, J ° 
Asigmdagisrti ridge (U:32),NW of Pasinler. deposit. I f the size of the blocks are 

taken into account, this layer 
appears to have formed close to the 
vent, most probably at the base of a 
phreatomagmatic eruption column 
as an outward moving, turbulent 
cloud of ash and fluid. A typical 
pumice fall deposit, which is made 
up of rounded white-pumice clasts 
in an ash-supported matrix, 
conformably overlies the base-surge 
deposit. This layer also shows 
reverse grading in places. 

The pyroclastic fall unit is 
overlain by an olivine-bearing lava 
with similar geochemical and 

petrographic characteristics to the Kargapazari volcanics. It is generally andesitic, 
trachy-andesitic and sometimes basaltic-andesitic in composition. It is usually 

Photo: 2.25. Basal part of the pumice fall deposit seen in Photo 2.24, Aqigtndagisrtt ridge (U:32), NW of 
Pasinler. 
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greenish-dark grey in colour on the fresh surface and aphyric to microporphyritic in 
texture. It also occasionally shows vesicularity. Its thickness varies from a few metres 
to 50 m. In general, it has a lensoid geometry extending in a N-S direction for about 4-
4.5 km between the Acigindagsirti ridge and the village of Malikom. Stratigraphically, 
this unit is the eastward lateral equivalent of the basal part of the Kargapazan 
volcanics which become widespread and very thick in the west, around Mt. 
Kargapazari. It also forms a lateral continuation to the intermediate to basic lavas 
overlying the Black-ignimbrite in the Harabedere, Timar and Sansordere gorges, close 
to the top of the succession. Both the Kargapazan volcanics and the underlying Black-
ignimbrite are used as marker-horizons for making stratigraphic correlations on the 
Pasinler Plateau. 

The Kargapazari volcanics are overlain by another succession of pyroclastic flow 
and fall deposits reaching up to 200 m in thickness in the vicinity of Karagiiney hill . 
This succession is mainly composed of alternations of Grey and White-ignimbrite 
flows with minute fall deposits. This sequence is very similar to the pyroclastic units 
at the base of the succession. It has an eroded cone shape and covers around 40 km 2 on 
the plateau. Stratigraphically, it is the lateral equivalent of the Upper tuff seen in the 
Timar and the Sansordere gorges, though in these areas the proportion of the 
pyroclastic-flows to fall deposits is relatively low. The likely reason for this difference 
is that the Biiyiikdere gorge contains the proximal part of the pyroclastic deposits. At 
the time of eruption this area probably was very close to the vent which produced the 
extensive pyroclastic blanket on the western part of the Pasinler plateau. None of these 
vents are visible in the field because they are probably all buried by their own 
pyroclastic products from later eruptions. On the basis of their aerial distribution, and 
variations in thickness, it can be argued that the main eruptive vent for the Grey/White 
ignimbrite flows was possibly situated in the area between the Biiyiikdere and the 
Timar valleys. This eruption created a pyroclastic edifice which was later partly 
truncated by erosion. 

In the vicinity of Kocaguney hill, about 1 km east of Acigindagsirti ridge, an 
almost vertical (85-90°) andesitic dyke with the same texture and composition to the 
dykes at the base, cuts the pyroclastic units of the basal part of the Upper tuff. It has a 
strike of N70°E, an outcrop length of about half a km and a thickness of 2-2.5m. It 
contains flow-oriented plagioclase microlites in a grey, glassy groundmass and 
exhibits a trachitoid texture. It displays platy-joints aligned parallel to the walls of the 
dyke. The presence of this dyke proves that the volcanism which produced the 
Kargapazari volcanics still remained partly active during the formation of the basal 
levels of the Upper tuff. 
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2.3.1.3. The Pasinler Town - Hasandag Section 

To the south of the E-W striking hinge of the monoclinal fold, the volcanics of 
the Pasinler Plateau are unconformably overlain by the Upper Pliocene Aras 
formation which is, in turn, overlain by the Quaternary alluvium of the Pasinler plain. 
Further south on the plain, the volcanic unit is only exposed in the vicinity of Mt. 
Hasandag. 

On the south slope of Mt. Hasandag, between the town of Pasinler and the 
summit of Mt. Hasandag, a well-exposed volcanic section is present (Fig 2.17). At 
the base of this section, especially around the small hill on which the Hasankale 
Castle is founded, a phenocryst-rich, densely-welded, dark coloured ignimbrite unit 
crops out (Photo 2.26). It is composed of abundant euhedral and subhedral 
plagioclase laths surrounded by a black or grey, very silica-rich, obsidian-like, 
glassy groundmass and shows a resinous lustre and an irregular fracture surface. It 
shows a well-developed vitrophyric and eutaxitic texture with large, 3-5 cm thick 
and a few tens of cm long fiamme\ In some flows, with the increase of tension 
cracks, presumably resulting 
from tension during cooling, 
perlitic texture becomes 
dominant in this volcanic unit. 
Its colour changes from black to 
greyish-beige in places. This 
unit resembles the Black 
ignimbrite that widely crops out 
in the northern areas (Photo 
2.26). 

The Black ignimbrite is 
overlain by an andesite/dacite 
lava unit. It is pale-grey in 
colour with plagioclase 
microlites and minute, fine 
amphibole microlites. Its texture 
spans a range from pilotaxitic to 
micro-porphyritic. It has a 
thickness of over 100m. Further 
north, in the vicinity of 
Biiyiikdag hill, the thickness of 
the unit reaches over 150-200m. 
In this work, it is named the Btiyukdag andesite after Buyiikdag hill where it is best 

Photo: 2.26. Densely welded black ignimbrite, Hasankale 
castle, S slope ofMt. Buyiikdag, the town of Pasinler. 
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exposed. The unit is similar to the Kizilveren amphibole dacite / andesite, except for 
its finer grained texture. In the upper levels, it is intercalated with the products of 
reworked pyroclastics and pyroclastic fall deposits. A similar amphibole-bearing, 
microporphyritic lithology is exposed beneath the Aras formation further north in the 
vicinity of SUrbehan where the Demirezen dam is under construction. 

An aphyric andesitic lava unit, which resembles and is the stratigraphic 
equivalent of the Kargapazari volcanics overlies the Buyiikdag andesite (Fig 2.17). 
This unit has widespread outcrops in the north around the Manastir and Agilh hills but 
disappears on the southwest slope of Mt. Hasandag. The area situated between the 
Manastir and Agilh hills appears to have been the site of one or more of the vents that 
produced a discrete edifice of Kargapazari volcanics. The thickness of the unit reaches 
a massive 300-350m in this area in contrast to the 10-50 m thickness of the same unit 
with a few km in the north. The scoria cone at Kizilguney hill, about 2.5 km west of 
the Timar Village, may be part of the same eruptive system (Figure 2.18). 

To the northwest of Pasinler, in the vicinity of Tizgi and Sercebogazi villages 
and Biiyiikser§ebogazi hill, a dacitic-rhyolitic lava unit with the same field appearance 
as the Ardnjlidag rhyolite occurs. In the area between Sercebogazi and Tizgi villages, 
it is predominantly a creamy-white rhyolite, containing sanidine and displaying a 
porphyritic texture. Further north, around the Biiyuksercebogazi hill, its texture 
changes to perlitic. This part of the volcanic unit corresponds to the perlitic-
ignimbritic upper levels of the Ardi£hdag rhyolite that crops out on Cimcime hill near 
the Sansordere section. 

Kargapazari 
volcanics Mt. Biiyiikdag 

the Buyukdag 
andesite 

\ 
Pasinler 
town A Hasankale 

castle 
Brzuntm-Kara Tuff 

road 
rmcroporphyntic 
andesite/dacite The black \ (the Buyukdag andesite) ignimbnte 

0 1 km 

Figure: 2.17. Cross-section passing through the town of Pasinler and Mt. Buyukdag in the direction of 
N-E. 

2.3.1.4. The Timar Gorge Section 
The Timar gorge is located between the Buyiikdere and Sansordere gorges to the 

north of Timar village. Like the Biiyukdere gorge, the Timar gorge contains, on its 300 
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m deep slopes, spectacular outcrops of the Lower tuff, overlain by the Black 
ignimbrite and the Kargapazari volcanics. The volcano-stratigraphy of this area is in 
general the same as that of the adjacent Biiyiikdere gorge section. The only difference 
is that, compared to more western areas, the proportion and thickness of pyroclastic-
flow units (the White and Grey ignimbrites) is less than that of the pyroclastic-fall 
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Figure: 2.18. Cross section between the Davullu hill (S:38) and Knilgiiney hill (V:40) showing the 
relationship between the scoria cone at Kizilgiiney hill and underlying pyroclastic units of the lower tuff, 
N ofPasinler. 

deposits in the Timar gorge section, especially in the Kilisedere side-stream to the NE. 
This part of the Lower tuff may thus represent a rather distal part of the pyroclastic-
flow units, deposited away from the main vent system located near the Buyiikdere 
gorge. Further east, in Sansordere gorge, pyroclastic-flow units become even less 
abundant and thinner confirming the validity of this assumption. The Black-
ignimbrite attains its maximum thickness of 250-300m in the Kilisedere stream 
between the ruins of Kami§h and Kurukoy villages (Photo 2.11). 

2.3.2. S O U T H O F P A S I N L E R 

In the south of the Pasinler Plain, including Agac,alar, Ortuzu, Bulkasim, Hertev 
and Ketvan villages and the Mt. Hiindul, Alibaba and Gravludag hills, the basement 
formations to the Erzurum-Kars Plateau Volcanics are exposed over a large area. The 
basement is represented by the East Anatolian Accretionary Complex (EAAC). The 
stratigraphy of this area can be summarised as follows: unconformably overlying the 
basement is the Eocene Bulkasim formation, made up essentially of ophiolitic elastics 
and olistostromes. The Bulkasim formation is overlain by the Upper Eocene Narman 
group. The Giilluce formation, which consists of continental deposits with evaporitic 
intercalations, and spans the period from Early to Middle Miocene, overlies these 
formations with an angular unconformity. This unit is in turn overlain by the Hundul 
limestone which is mainly reefal in character. In this area, the youngest unit, which 
unconformably overlies all the formations, is the Pliocene Aras formation. Apart from 
the Narman Group, none of these basement formations outcrop in the northern areas as 
they are extensively covered by the plateau volcanics. 
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Chapter 2: Stratigraphy 

This area is bounded in the north by the Pasinler Plain and in the south by the E-
W trending ridge of the EAAC (the Palandoken-Sakaltutan ridge). The border 
between this ridge and the other formations is marked by a series of E-W striking 
vertical faults upthrown to the south. In the following paragraphs, the stratigraphy of 
this area will be introduced briefly from the base to top. 

2.3.2.1. The East Anatolian Accretionary CompleK (EAAC) 

To the south of the town of Pasinler, the basement is represented by an ophiolitic 
melange which has been given various names by researchers, including the Eastern 
Anatolia ophiolitic complex (Kocjigit, 1985), the East Anatolian Accretionary 
Complex ($engor and Yilmaz, 1981), the Sakaltutan Ophiolite (Yilmaz et. al., 1988) 
and the Yuksekova complex (Turkish Petroleum's geologists: §ahintiirk and Kasar, 
1980; Erdogan and Soytiirk, 1974; Erakman and §ahinturk, 1980). In this study, this 
unit will be called the East Anatolian Accretionary Complex (EAAC) in accordance 
with Sengor and Ydmaz's 1981 description because it is more appropriate to use such 
a regional name with a genetic significance. The name 'Yuksekova complex', which is 
widely used by TP AO (Turkish Petroleum Company) for the ophiolitic rocks in the 
region, may be misleading for this particular area since it was originally used for a 
group of ophiolitic rocks from the Neotethys' suture zone in the Eastern Taurus 
Mountain range, far away from the Pasinler area. The term 'East Anatolian 
Accretionary Complex' of Sengor and Yilmaz (1981) is more appropriate than the 
'Eastern Anatolia ophiolitic complex of Kocjigit' (1985), as this melange contains not 
only ophiolitic lithologies but also sedimentary, metamorphic and volcanic rock blocks 
of different environments and ages. 

The EAAC is mainly composed of basic to ultrabasic ophiolitic blocks 
associated with pelagic, and sometimes neritic, carbonate blocks in a serpentinitic 
matrix. Serpentinite is the most abundant lithology. In some places it contains 
lisphenite. It exhibits all the characteristics of an ophiolitic melange. 

In the south of Pasinler area, the EAAC comprises an E-W trending ridge, like a 
palaeotopographic high. This ridge is located between Mt. Palandoken to the south of 
Erzurum city and Mt. Sakaltutan, in the south of the Pasinler plain. It is named the 
Palandoken-Sakaltutan ridge. To the east, this ridge extends through the south of the 
Horasan Area to the Kagizman area. 

2.3.2.2. The Middle Eocene Bulkasim Formation (Eb) 

The oldest formation unconformably overlying the EAAC to the south of 
Pasinler is the Middle Eocene Bulkasim formation. It was named by Turkish 
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Petroleum's (TPAO) geologists after the nearby Bulkasim village where its best 
outcrops are exposed. It crops out widely to the south of Bulkasim village and Mt. 
Hundul. According to TPAO's geologists, the Bulkasim formation is the first 
sedimentary unit deposited immediately after the emplacement of the EAAC towards 
the end of the Middle Eocene (Erakman and §ahinturk, 1980). Therefore, close to its 
base, it contains olistoliths and olistostromes of ophiolitic lithologies which are 
gathered from the ophiolitic basement. The unit is made up of sandstone associated 
with the alternations of shale, occasional conglomerate and some intercalations of 
reefal limestone. It also contains marl and bioclastic limestone interbeds. TPAO 
geologists argue that it shows the characteristics of a molasse deposit. Palaeontological 
descriptions of this formation carried out by TPAO have dated this unit as Middle to 
Upper Eocene (Erakman and $ahinturk, 1980). 

2.3.2.3. The Eocene Narman Group (En) 

The Narman group shows similar characteristics to those described earlier from 
the Harabedere gorge section although in the south, it mainly consists of the Ki§lakoy 
volcanics. The Ki§lak6y volcanics are made up of the following lithologies: a 
porphyritic basaltic-andesite unit which contains plagioclase megacrysts and an 
olivine-bearing basaltic-andesite or basalt, which includes plagioclase, clinopyroxene 
and olivine microphenocrysts and phenocrysts and exhibits a texture from aphyric to 
microporphyritic. The Kisjakoy volcanics crop out generally either on the ophiolitic 
basement or on the Bulkasim formation with angular unconformity. Its outcrops are 
located mainly between the north slopes of Mt. Hundul and Alibaba hill. 

The only area where the flysch-like beds of the Narman formation are exposed is 
located to the southeast and east of Mt. Hiindiil. 

2.3.2.4. The Gulluce Formation (Mg) 

The Bulkasim and Narman formations are unconformably overlain by the Early 
to Middle Miocene Giilliice formation. To the south of Pasinler, the Gulluce formation 
crops out widely south of Hertev and Ketvan villages. It is named by Sungurlu et. al. 
(1972) after the Gulluce village close to the town of Tuzluca, Kars. It is 
characteristically composed of colourful detrital lithologies. At its base, it starts with a 
thick conglomerate in red, brown and claret-red colours. The conglomerate often 
contains very coarse detrital material such as big blocks and boulders. Where the 
Gulluce formation unconformably sits on the ophiolitic basement, it is entirely 
composed of ophiolitic clasts. Upward in the succession, it changes into yellow, 
brown, greenish-grey-coloured shale beds. These shale beds are interfingered with 
thin- to medium-bedded sandstone and conglomerate beds both of which show poor 
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sorting. Towards the upper levels, it contains thick halite and gypsum intercalations. 
The Giilluce formation is unfossiliferous but from its stratigraphic position, it is 
assumed to be Miocene in age. Its thickness changes considerably from one area to 
another. The stratigraphic sections measured by TPAO's geologists have revealed a 
thickness of about 1100-1500m (Erakman and §ahintiirk, 1980). I f the abundance and 
size of the detrital material is taken into account, along with the presence of 
evaporites, the Gulliice formation appears to have formed in a continental 
environment. 

23.2.5. The MundM Limestomie (Mtn) 

The Hiindul limestone's best outcrops are on Mt. Hundiil to the southwest of 
Bulkasim village. It is mainly composed of bioclastic reef limestone. It displays a thick 
or medium bedding. To the south of Pasinler, the Hiindul limestone forms relatively 
small, sporadic outcrops: 3.5 km south of the Aga9alar village, on Mt. Hundiil and the 
southeast of the Ketvan village near the Gravludag hill. 

2.3.2.6. Tine TuzluyoUari Badfte (MM) 

To the south of Ortuzu village, in a small area close to Tuzluyollari, a brownish-
beige coloured, porphyritic textured dacite unconformably overlies the olistostromal 
beds of the Narman group. It is quite different from the Erzurum-Kars Plateau 
Volcanics (EKPV) in its general appearence. Compared to the EKPV, it shows more 
alteration and an unusual brownish colour not usually seen in the EKPV. It consists of 
plagioclase and altered amphibole phenocrysts in a glassy matrix containing 
plagioclase microlites. In this volcanic unit, there are some reefal limestone interbeds 
and lenses containing characteristic fossils of the Burdigalian (A. Ungor, personal 
communication, 1991). A sample taken from this has been dated at 23.0±0.5 Ma by 
the K-Ar method which is in agreement with biostratigraphic ages. In this study, this 
unit is named as the Tuzluyollari dacite. The Tuzluyollari dacite outcrops as very 
small, discrete and rare exposures on the Erzurum-Kars Plateau. A similar volcanic 
unit is located north of Horasan, west of Akveren village. It is named the Akveren 
dacite in that area and will be described in the Horasan area. 

2,4 THE HORASAN AREA 

The town of Horasan is situated between Pasinler and Karakurt, about 40 km east 

of Pasinler. Like Pasinler, Horasan is located on a plain called the Horasan plain 

where the main roads coming from four directions meet. This plain is widely covered 
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by the loose detrital sediments of the Pliocene Aras formation which were deposited in 
an inter-mountain basin called the Horasan basin. According to §aroglu and Yilmaz 
(1987), there is strong evidence that this basin was connected to the western Erzurum 
and Pasinler basins at the beginning of the neotectonic episode about 15 Ma ago. As a 
result of intensive neotectonic deformation and neovolcanism, these basins became 
separated. In this study, all the areas around the town of Karaurgan in the north, the 
town of Sarikami§ in the northeast, the town of Karakurt in the east and Aras and 
Tahir villages in the south will all be covered in this Section on the Horasan area 
because the town of Horasan is centrally-located and one of the biggest. As in the 
Pasinler area, the collision-related volcanics of the Erzurum-Kars Plateau widely 
outcrop in the northern parts of the Horasan area. However, in the south they form 
scattered, isolated outcrops. Moreover, the basement formations are widely exposed in 
the south. Thus, the stratigraphy of this area will be introduced in two main sections, 
as first the North and then the South of Horasan. 

2.4.1. N O R T H O F H O R A S A N T O W N 

In the north of Horasan, the area including Cermik, Hizirilyas, Sogiitlu, A§agi and 
Yukan Micirgit, Asagi and Yukari Horum, Zivin (Sungiita§i), Akveren Altinbulak, 
Abulbart (Kurbancayin), Zerkkoyu (Sirata§lar), Sirbasan, Yenikoy, Koroglu villages 
and Karaurgan town, the Erzurum-Kars Plateau volcanics have been studied at a 
reconnaissance scale. The area studied is bisected by the old Horasan-Sarikami§ road 
passes and covers approximately over 400 km 2 . In the following paragraphs, the 
stratigraphy of this northern area will be introduced in order from the basement to top. 

2.4.1.1. Basement Units 

North of Horasan, the basement is almost entirely composed of an ophiolitic 
melange which is called the East Anatolian Accretionary Complex (EAAC). The 
basement metamorphic rocks are not exposed in this area. They are exposed further 
east around Karakurt and Kagizman. 

2.4.1.1.1. Metamorphic basement rocks 

Between Karakurt and Kagizman, the basement is exposed as a pelagic 
volcano-sedimentary sequence partly of Triassic age (Yilmaz et. al., 1988), 
metamorphosed in greenschist facies. It is exposed as small, discrete outcrops. The 
contact between the ophiolitic melange and the metamorphic rocks is generally 
tectonic in character, although in most places it cannot clearly be observed. Some of 
these outcrops can be observed along the road-cuts of the Karakurt-Kagizman road. 
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In the west, the only place where metamorphic basement is present in a 2-3 
km 2 area in the vicinity of Kurunlar hill, to the north-east of the town of Cobandere. 
In this area, its relationship with the ophiolitic rocks cannot be observed, as it is 
completely covered with younger formations. It is cut in the southeast by a NE-SW 
trending strike-slip fault which juxtaposes it against the Pliocene Aras formation. 

2.4.1.1.2. The Ea§t Anatolian Accretionary Complex (EAAC) 

In the Horasan area the basement is generally represented by the ophiolitic 
melange, known as the East Anatolian Accretionary Complex (§engor and Yilmaz, 
1981). The unit is composed of limestone olistoliths, ranging in age from Triassic to 
Cenomanian, associated with the blocks of basic and ultrabasic igneous rocks 
including peridotite, harzburgite, gabbro, diabase, basalt and spilitic pillow lavas, 
blocks of pelagic limestone with radiolarite, marble, chlorite-sericite schist and 
limestone containing chert, all of which are mainly enclosed in an intensively 
deformed serpentinised and sometimes slightly metamorphosed volcano-sedimentary 
matrix. This matrix changes into sheared greywacke which, in places, entirely consists 
of ophiolitic clasts, shale and tuff (Kocyigit, 1985). In some places lisphenite is also 
present as blocks in this unit. 

In the north of Horasan, the East Anatolian Accretionary Complex is mainly 
exposed in two areas as: 

(1) The area east of the town of Karaurgan includes Mt. Kizilcadag (north of 
Gerek village), Gokdag hill, Mt. Karatasdag and Partnakdere village. This area which 
covers about 100 km 2 has an elliptical outcrop pattern, the long axis of which extends 
NE-SW, parallel to a strike-slip fault zone named the Cobandede fault (Kocyigit, 
1985). This fault zone forms the contact between younger formations of the Erzurum-
Kars Plateau volcanics and (in the southeast) the Aras formation. According to 
Ko?yigit (1985), the Cobandede strike-slip fault is mainly left lateral (sinstral) and 
extends between the town of Tekman in the southwest and Cildir in the northeast. 
Even though the left-lateral movement is predominant, there are also some right lateral 
strike-slip conjugate fault-sets present. In addition to the strike-slip movement they 
sometimes display dip-slip movement. In general the western or northwestern blocks 
of these faults are the upthrown-blocks. The fault planes are generally sub-vertical but, 
in some places, as in the vicinity of Akveren village, they change into reverse faults 
with the fault plane dipping to the northwest, probably because of the N-S oriented 
compressive stress which played an important role in the neotectonic evolution of the 
region. 
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(2) The second area includes Qluktas Kilisekoy, Bereketli, Catalelma, 
Cardakh, Dtiskaya and Daggir villages and is the lateral continuation of the same 
ophiolitic unit cropping out in the south. Between Mt. Karata§dagi and the villages of 
01ukta§ and Kilisekoy, the EAAC is unconformably overlain by the Erzurum-Kars 
Plateau volcanics. Between G6zeba§i and Catalelma the lateral continuation of the 
Cobandede strike-slip fault marks the contact between the ophiolitic unit and the 
Kislakoy volcanic member of the Eocene Narman group. 

The Cobandede strike-slip fault runs parallel to the Erzurum-Tibilisi strike-
slip fault system with a NE-SW strike. Thus, both fault systems seem to be the parts of 
the same tectonic system, even though they are approximately 50 km apart. 

2.4.1.1.3. The Eocene Bulkasim Formation (Eh) 

The first sedimentary formation lying unconformably over ophiolitic basement 
of the EAAC is the Middle to Upper Eocene Bulkasim formation. The Bulkasim 
formation is exposed to the east of Mt. Buyukdag and Topyolu hill as a narrow, sliver 
of outcrop with a NE-SW trend and covers the western edge of the ophiolitic ridge 
formed by Mt. Karatasdag and Mt. Kizilcadag. It resembles the Bulkasim formation 
described earlier in the Pasinler area. Further north and northwest, in the vicinity of 
Narman, the Bulkasim formation is in turn unconformably overlain by the Upper 
Eocene Narman formation. 

2.4.1.1.4. The Eocene Narman Formation (En) 

Around Hizirilyas and Cermik villages, about 8 km south of Zivin village, a 
flysch-like sedimentary unit is exposed. In these outcrops, which cover a few km 2 

area, this unit comprises a sequence which is made up of the alternations of 
thinly-bedded sandstone and shale. The sandstone is generally fine-grained, well-
sorted and ungraded, it occasionally includes fragments of plant fossils. The sandstone 
is generally yellowish-white in colour, in contrast to the greenish grey colour of the 
alternating shale and marl. The base of the Narman formation is not exposed in this 
area because it is unconformably covered by younger volcanic (the Akveren dacite and 
volcanic units of the Erzurum-Kars plateau) and sedimentary formations (Pliocene 
Aras formation). This unit is not differentiated on TP AO's geological maps but, the 
exposure is shown as "Eocene flysch" on 1/250000 scale Kars sheet of the geological 
map of Turkey (Erentoz and Ketin, 1961). According to geologists at MTA, (The 
Institute of Mineral Research and Exploration), there is some palaeontological 
evidence that its age is Eocene ( L . Gok, A. Arbas, and M . imik, personal 
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Figure: 2.21. Generalised stratigraphical column of the North of Horasan. 
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communication, 1990). It bears a close resemblance to the Upper Eocene Narman 
formation exposed in the Harabedere valley, in the Pasinler area. Unlike the Upper 
Eocene outcrops in the western areas north of Pasinler and Mt. Kargapazan, it does 
not contain any volcanic rock intercalations. 

Further north, near town of Bardiz, and in the west around Mt. Zozandag, Mt. 
Biiyukdag, Mt. Sic,ankaledagi and the town of Ki$lak6y, the Narman group and its 
volcanic member (the Ki§lak6y volcanics) cover very large areas. 

2 . 4 . 1 . 1 . 5 . The Akveren Dacite (Mad) 

The Akveren dacite is the lowermost volcanic unit unconformably overlying 
the ophiolitic basement to the north of the Town of Horasan where it is exposed as 
small discrete outcrops. In terms of its texture and composition it closely resembles to 
the Middle Miocene volcanics named in this study as the Tuzluyollari dacite which 
lies to the south of Pasinler. It is mostly pinkish-beige in colour and porphyritic in 
texture. It consists of coarse subhedral to euhedral phenocrysts of plagioclase, severely 
altered phenocrysts and microphenocrysts of brown amphibole and probably biotite all 
of which are surrounded by an amorphous, glassy groundmass. In general, it is more 
weathered than the generally fresh lavas located in higher stratigraphic levels. Its 
texture occasionally changes into intersertal where it contains abundant microlites and 
microcrystals of plagioclase. One of its best outcrops is located around the Bayirin and 
Kizilta§ hills to the west of Akveren village, about 6 km northwest of the town of 
Karaurgan. In these hills, it attains a thickness of over 50 m. In this study, this unit is 
termed the Akveren dacite after the name of the village where its best outcrops are 
found. The unit lies unconformably over the Upper Cretaceous EAAC. The 
unconformity is cut by a NE-SW striking reverse fault displaying a 60-70° dip 
towards the NE. Along this fault both of these units are thrust together over the upper 
pyroclastic flow and fall units of the Erzurum-Kars Plateau. This reverse fault is one 
of the faults that make up the Cobandede strike-slip fault zone. 

Another outcrop of the Akveren dacite is situated in a very small area between 
the town of Karaurgan and Zivin (Siingutasj) villages in the Biiyiikcay stream valley, 
on the southeast slope of Cerkezintas hill. Ophiolitic basement is not exposed in this 
area. In contrast to the porphyritic rocks in Akveren village, the Akveren dacite is 
generally made up here of consolidated and partly vitrified glassy tuff with occasional 
plagioclase clasts and a small amount of microporphyritic lava, both of which 
are brick-red in colour. Its apparent thickness never exceeds 10-15m. It is overlain by 
an aphyric basaltic lava sequence from which a K-Ar age of 11.1 ±0.5 Ma has been 
obtained. This proves that the unit should be older than 11 Ma. 
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Another outcrop of porphyritic dacite is located 1 km north of Hizirilyas village 
around Hizirilyas-kayahgi hill and Hunkarduzliigii, about 8km south of Zivin 
(Siingutasi) village. In this area the unit unconformably lies over the flysch-like, 

Figure: 2.22. 
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Eocene Narman formation and attains a thickness of 200m. Moreover, it is overlain by 
the basal pyroclastic layer of the Erzurum-Kars Plateau volcanics. 

2.4.1.2. The Erzurum-Kars Plateau Volcanics 

2.4.1.2.1. The Kotek BasaJt (Kob) 

North of Horasan, a basalt layer interbeded with some basaltic agglomerate 
layers unconformably overlies the basement units at the base of the volcanic 
succession. Its outcrop forms a rather small area at the base of the Biiyukcay stream 
valley between Zivin (Siingiita§i) and Abulbart villages. In this study it is named the 
Kotek basalt as its best outcrops are situated around Kotek Village. It is black in 
colour and displays aphyric to microporphyritic texture. It contains plagioclase and 
occasional olivine microphenocrysts in a hyalopilitic to intersertal groundmass. It 
sometimes shows amygdaloidal texture. K-Ar dating ascribes an age of 11.1 ±0.5 to 
9.94±0.40 Ma. To my knowledge, this is the oldest age obtained from the collision-
related volcanics in Eastern Anatolia. Thus the Kotek basalt may represent one of the 
earliest centres of volcanic activity genetically related to the collision event, not only 
on the Erzurum-Kars Plateau but also all over Eastern Anatolia region. 
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2.4.1.2.2. The Pyrociasiic Basal Unit (Pblh) 

Pyroclastic rocks are the most abundant lithology, accounting for over 60-70% 

of this part of the volcanic succession. They consist of several pyroclastic flow, fall 

and rare base-surge units, reworked pyroclastics, some sporadic agglomerates and 

basic to intermediate lava interbeds. This unit resembles the Lower tuff exposed at the 

base of the Pasinler area around the Buyiikdere and Timar gorges. One of the main 

differences between these two areas is that, in the Horasan area, the Pyroclastic basal 

unit contains several aphyric basaltic to intermediate lava flows and lenses; these are 

rare in the Pasinler area. These lenses are similar to the Kotek basalt in terms of their 

composition and texture. Their average thickness is about 2-5 m. At the contact zone 

of each lava flow with underlying tuff beds, there is a 20-30 cm thick, red to orange-

coloured, thermally affected zone. 

Pyroclastic fall and reworked tuff beds make up the most abundant material in 

this part of the volcanic succession. In some parts of the Pyroclastic basal unit, where 

there is a higher proportion of lithic to juvenile fragments, reworked pyroclastic beds 

become almost indistinguishable from the volcanoclastic beds of the Pliocene Aras 

formation. They contain fragments of rounded white pumice, basic and intermediate 

aphyric lava, hornblende-bearing porphyritic dacite-andesite, white ignimbrite and 

obsidian in a fine-grained volcanic ash. Even though the proportion of these fragments 

changes from one place to another, pumice and ash always constitute the main part of 

the rock. 

Pyroclastic-fall deposits are mainly made up of matrix-supported white pumice 

fragments. The white pumice is mostly rounded and highly vesicular. They are 

widespread throughout the Pyroclastic basal unit. In some places these deposits make 

up some small tuff-cones which were possibly the main centres of the explosive 

eruptions. One of these cones forms Kavak hill, 1 km north of Yukarihorum village. 

Its slopes are partly eroded by small radial ravines although its cone shape is still 

recognisable except for a crater at its top. It covers a 3^-4 km 2 area with a height of 

about 200-250m above the average plateau level. 

Pyroclastic flow units are composed of White and Grey ignimbrite with the 

same field appearence, texture and composition as described at Pasinler. However, 

compared to the Pasinler area, these pyroclastic flow units are less abundant in the 

Horasan area. These ignimbrite flows are well displayed at Kale hill, near Zivin 

village. In this location, a strongly-welded, compact tuff, which contains very fine 

flow-oriented, rare biotite microcrystals in a glassy white matrix, is exposed at the 

base of the unit. This lithology is abundant to the south on both the eastern and 
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western slopes of the Biiyiikcay valley between Zivin and Taskesen villages. At Kale 

hill, this tuff unit is underlain by a 50-60m thick agglomerate bed which is made up of 

rounded boulders of aphyric basaltic-andesite and andesite reaching Vi m or more in 

diameter. This agglomerate bed has a lens-shape and wedges out to the north, its upper 

and lower contacts are fairly irregular. It is overlain by a succession of White 

ignimbrite, reworked pyroclastic beds and subordinate base-surge deposits which 

show characteristic wavy bedding. In this part of the succession, individual White 

ignimbrite flows sometimes exceed 20 m in thickness. 

A similar agglomerate bed to that near Zivin village is exposed at the base of 

the succession on Sirataslar ridge close to Zerkkoyii village (7-8 km north of Kotek). 

Its thickness is 25-30m. 

Between Zerkkoyii and Handere villages, the volcanic succession is composed 

of intercalations of air-fall, reworked pumice deposits, White/Grey ignimbrite and 

relatively thin and rare interbedded flows of aphyric basalt and basaltic andesite. In 

some places, it is also interlayered with the amphibole-bearing porphyritic andesite 

unit (the Koroglu amphibole dacite/andesite). 

2.4.1.2.3. The Koroglu Amphibole Dacite / Andesite (Kpad) 

Volumetrically, this is the second most abundant unit, in this part of the 

plateau, after the Pyroclastic basal unit. Characteristically, it displays a porphyritic 

texture with amphibole phenocrysts, one of its most distinctive features, used to 

differentiate this unit from the other lava units in the field. It consists of plagioclase 

(An 4 0 . 5 7 ) , brown amphibole (magnesio-ferri-tschermakite, magnesio-ferri-taramite 

and magnesio-edenite), orthopyroxene (hypersthene) and rare quartz phenocrysts 

enclosed in a microlithic, glassy groundmass. The porphyritic lavas generally plot in 

the dacite and andesite fields on the classifications of Peccerillo and Taylor (1976) and 

also Le Bas et al. (1986) (see Section 3.1). It overlies the Pyroclastic basal unit and is 

partly interbedded with its upper levels. It shows similarities to the amphibole-bearing 

porphyritic dacitic and andesitic lavas of the Mt. Dumlu area in terms of its 

petrography, composition and stratigraphic position. Since its best outcrops are 

exposed at Mt. Koroglu, close to Koroglu village, it is named the Koroglu amphibole 

dacite/andesite. 

The Koroglu amphibole dacite/andesite forms numerous domes which have 

various sizes and geometry on the plateau. Some of these domes reach 500m in 

thickness and constitute most of the higher peaks on the plateau. They include: 

83 



r-i 

a. 
U 

s: a 
<< 

2 
o 
a: 

3 
o 

3̂ 

a 

3 I 

S 3 

r 
5g 

3 

V 

I I 

g«3 
Hi? 

I O w 

> > 
1 

> 1 

> I 
1 
> 

> f 

E 

CO-n 

o - 0 

-a 

CO 

"1 

' I 
a: 
s: 

s: 

<N 

5! 
00 

= > 



Mehmet Keskin 

- the Mt. Kanhdag, the £oluyurdu and Kurunlu hills to the northeast of Selek 

and £ermik villages; 

- the Biiyukakbaba and Mandirin hills to the north of Asagimicirgit (Inkaya) 

village; 

- Mt. Siiphandag, one of the biggest eruptive centres in the region, located 

between Handere village and Karakurt town; 

- Mt. Koroglu, situated to the northeast of Sirbasan village where the unit attains 

a thickness of over 500 m. 

2.4.1.2.4. The Horasae Plateau Unit (Hpl) 

This is the uppermost lava unit in the Horasan area which gives the plateau its 

distinctive morphology in terms of its competent, erosion-resistant nature (Photo 

2.27). It surrounds the slopes of the high peaks of the Koroglu amphibole 

dacite/andesite domes. In some places, like the Kale ridge and Magaracik, situated to 

the north and south of Koroglu village respectively, it partly overlies the slopes of the 

Kbroglu amphibole dacite-andesite dome as 10°-20° dipping flows concordant with 

the slopes. These lava flows appear to be related to fissure eruptions on the side of the 

porphyritic domes. A similar relationship has been observed further east, north of 

Uzungazi village, 8 km east of the town of Karakurt, on the south slope of Mt. 

Siiphandag. The Plateau unit overlies the Kbroglu amphibole dacite/andesite with a 

dip of 10°-15° to the south in this area. 

The unit is made up of black or dark grey-coloured lava flows which are 

generally horizontal. The Plateau unit spans a relatively narrow compositional range of 

basalt to basaltic andesite. The lavas forming this unit are predominantly aphyric in 

texture. They also display vitrophyric, pilotaxitic, intersertal and rare microporphyritic 

and cumulus textures in places. The thickness of the Plateau unit is variable. At the 

Terektaskayalan and Karagoliindag ridges, located to the east of Abulbart 

(Kurban§ayin) village, the unit is just a few metres thick whereas to the north, around 

the Korogluduzii and Agilkayalan ridges, north of Sirbasan village, it attains a 

thickness of 70-80m. There it is composed of 7-8 individual lava-flows. 

A whole rock K-Ar age of 4.14±0.21 Ma has been obtained from a sample 

collected from this unit to the northeast of Sirbasan village (Karaderenin ridge). 

To the east, around Mt. Suphandag, to the south and north of the River Aras 

and further east around Mt. Aladag and in the Kagizman area, the Plateau unit covers 

thousands of km 2 in area. Apart from a few volcanic centres, such as the volcanic 
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cone of Mt. Aladag, it is the product of fissure eruptions. In general this unit becomes 

considerably younger to the east. 

Photo: 2.27. A general view of the plateau forming lava flows of the Horasan plateau unit. Giineybap Duzii 
vicinity, N of Sirbasan village, NE of Horasan. 
t 

-

1 

2.42. S O U T H O F H O R A S A N T O W N 

In this part of the thesis, the stratigraphy of the area to the south of the town of 

Horasan including the Aras, Tellalinhani, Besikom, Haydarkomlan, Hotik and Tahir 

villages and their surrounding areas will be presented. 

As in the north, the basement in this area is again made up of the E A A C which is 

unconformably overlain by the Upper Cretaceous flysch, the Catkose formation. This 

is in turn overlain by the Middle to Late Eocene Bulkasim formation. Their outcrops 

are seen in the vicinity of Agullu and Tahir villages and Sactepe hill. The Bulkasim 

formation is overlain, in turn, by the Upper Eocene Narman formation while the 

Oligo-Miocene Giilliice formation unconformably overlies the Narman formation. A 

porphyritic, amphibole and biotite-bearing volcanic unit, the Sacdag dacite, 

unconformably overlies the Gulliice formation while the youngest formation, overlying 

all the former, is the Pliocene Aras formation. In the following paragraphs, these 

formations will be presented from the base. 
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2.4.2.1, lasemmeinit Umitts 

2.4.2.1.1. Ttoe Upper Cretaceous Catkose Formation (Kins) 

The Upper Cretaceous flysch is mainly composed of greenish-grey to khaki-

coloured shale/mudstone which has minor interbeds, lenses of sandstone and rarely 

limestone. This unit is called the Catkose formation by Turkish Petroleum geologists 

(Sungurlu et. al., 1972). Shale accounts for about 80% of this unit and is strongly 

sheared and deformed along some zones. Shale occasionally contains very thin 

siltstone interbeds and lenses. Sandstone is generally coarse-grained, thin- to medium-

bedded with a moderate grading. It rarely contains pebble-sized fragments of 

ophiolitic rocks and limestone, both of which were gathered from the underlying 

ophiolitic complex. The limestone is greenish-grey in colour and thin-bedded. It is 

represented by the clayey-micrite containing Globotruncana sp. The best outcrops of 

the Catkose formation are exposed on Toytas hill, to the north of Tahir village. 

2.4.2.1.2. The Middle Eocene Bulkasim Formation (Eb) 

In this area, the Middle Eocene Bulkasim formation is composed of a flysch-

like sedimentary succession composed of almost the same lithologies as described 

earlier. In contrast to the northern areas, it also contains fossiliferous sandstone beds 

which include Nummulites sp. These Nummulite-bearing sandstone beds generally 

consist of coarse fragments of carbonate. This unit is termed the Agullu member by 

Turkish Petroleum geologists (Sungurlu et. al., 1972). 

2.4.2.1.3. The Oligo-Miocene Giilluce Formation (Mg) 

The Oligo-Miocene formation, named as the Giilluce formation by Sungurlu et. 

al. (1972), is made up of 'colourful' lithologies as follows: claret-coloured mudstone, 

poorly sorted polygenetic conglomerate, yellowish-beige-coloured clayey-limestone, 

and grey or dark green coloured marl-shale. Even from a distance it can easily be 

differentiated from the other sedimentary formations by these characteristic colours. 

The thickness of the unit reaches 1100-1500m in the eastern areas (Erakman and 

Sahintiirk, 1980). It does not contain any micro or macro fossils. Mudstone is the most 

abundant lithology in this unit. Towards the top of the succession it contains gypsum 

and halite interbeds. This implies that the GUlluce formation was formed in a 

continental environment. 
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2.4.2.2. Volcanic Units 

To the north of Hacihalil and Mollaahmet villages, a volcanic succession which 

is closely similar to those seen in the northern areas, unconformably overlies the 

Oligo-Miocene Giilliice formation. In the vicinity of Tellalinham village and 

Kizilderbent hill, it is made up of pinkish-beige coloured porphyritic dacite and 

andesite, probably equivalent to the Koroglu amphibole dacite/andesite. In this area, it 

is unconformably overlain by the Pliocene Aras formation. 

2.4.2.2.1. The Sacdag Dacite (Sd) 

In the south, a completely different volcanic unit is exposed. This unit differs 

from the dacites in the northern areas in texture, composition and general field 

appearance. It occurs around Asagiaktas Hotik, Agullu Cakirkom villages and the 

Yazihtas. and Sacdag hills. This unit unconformably overlies the Bulkasim and 

Photo: 2.28. A general view of the Sacdag dacite, Yazdta? village, S of Horasan. 

T'T 

.V. 

Giilluce formations forms dome-shaped volcanic edifices which are a few kilometres 

in diameter (Photo 2.28). It therefore appears to be younger than Lower Miocene in 

age. In this study this unit has been termed the Sacdag dacite after the best outcrops 

located at Sacdag hill. It generally plots in the dacite field in the Peccerillo and Taylor 

(1976) and Le Bas et al. (1986) classifications. It characteristically displays a coarse 

porphyritic texture with plagioclase (An 4 1 . 2 8 ) , green amphibole (tschermakite-edenite) 
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and biotite phenocrysts in a white micro- to cryptocrystalline groundmass. It also 

exhibits pilotaxitic texture. 

Photo: 2.29. Dyke of the Sagdag dacite cutting through detrital beds 
of the GiUluce formation, Besikom village, S ofHorasan In the area between 

Besikom and Haydarkomlari, a 

dyke, very similar to the Sacdag 

dacite, cuts the Oligo-Miocene 

Giilluce formation (Photo 

2.29). Its average thickness 

varies between 10-15 m within 

a length of 6-7 km. It is almost 

vertical, with an average strike 

of N80°E. Compared to the 

outcrops to the south, it is finer 

grained, but shows exactly the 

same mineralogical and 

geochemical composition. This 

dyke is the largest seen over the 

entire region and is subparallel 

to the other dykes observed 

further west in the Pasinler 

area. 

2.4.2.3. The Pliocene Aras Formation (Pla) 

This comprises the youngest formation, unconformably blanketing the older 

formations throughout the Northeastern Anatolia region. From its best outcrops in 

Aras village, it was termed the Aras formation by the geologists of Turkish Petroleum 

(TPAO) (Sungurlu et al., 1972). It is made up of loose, faintly- to moderately-

consolidated detrital sediments such as coarse-grained sandstone, conglomerate, 

siltstone, and rare clay or marl interbeds. The sandstone is coarse to moderate-grained 

and poorly sorted. The marl and clay exhibit a greyish-green colour. 
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Figure: 2.26. 1/100.000 scaled Geological map of the south of Horasan. The map is taken from 
TP AO s (Turkish Petroleum Company) archive. 
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The composition of the detrital material within the unit strongly depends on the nature 

of the underlying formations. Close to the volcanics of the Erzurum-Kars Plateau, it 

is mainly composed of volcanic elastics such as pumice, ignimbrite and lava fragments 

which have been gathered from the adjacent volcanic areas. Thus, it becomes almost 

unrecognisable from reworked interbeds of the pyroclastic basal unit where the 

volcanic elastics are dominant. 

2.S. The Ml. ALAOA<& AREA 
Mt. Aladag (3138 m) is one of the medium-sized strato-volcanoes on the Erzurum-

Kars Plateau situated between the towns of Karakurt and Kagizman. It sits on the 

Horasan plateau unit of the E K P V and rises to a height of 950 m above the average 

plateau level, with a base area of 75-80 km 2. It has a truncated cone shape, eroded by 

deep radial ravines on its slopes. The north slope of this cone is especially, deeply 

eroded or may have collapsed during the eruption, though there is no evidence found 

in the field supporting the idea of such a major land movement. The lavas erupted 

from this volcano cover hundreds of km 2 on the plateau and give the plateau its 

distinctive morphology. This area includes Karapinar, Be§yol, Cardakcati 

Akkozyaylasi, Belencik, Sehitemin and Gecikmez villages in the west and southwest, 

Kalebasi and Odalar villages in the south, Gumtistepe, Caybiik and Ortakoy villages in 

the north, and finally Cengili and Tasbilek villages in the east. The lavas forming this 

edifice and the surrounding plateau plot mostly in the andesite and, rarely, dacite fields 

of Le Bas et al. (1986). They display microporphyritic, hyalopilitic, sometimes seriate 

textures with phenocrysts of, mainly, plagioclase (An 3 7 . 5 8 ) , clinopyroxene (mainly 

augite with subordinate endiopside) and rarely orthopyroxene (bronzite and 

hypersthene). The groundmass is entirely composed of volcanic glass. In this study, 

this unit is named the Aladag andesite (Aa) as its best outcrops lie around Mt. Aladag. 

A sample taken from this unit (from the vicinity of Kalebasi Village) gave a whole-

rock K-Ar age of 3.55±0.13 Ma. Thus the central-eruptions which formed the Aladag 

andesite are younger than the fissure eruptions which shaped the western part of the 

plateau (i.e. to the north of Horasan). 

South of Mt. Aladag the Erzurum-Kars Plateau is deeply cut by River Aras which 

runs approximately from west to east. Between Horasan and Akkoz villages which are 

situated about 13-15 km east of the town of Karakurt, the Aras river forms a canyon

like 300m deep valley in which a spectacular section of the plateau volcanics is 

exposed (Photo 2.31). This valley is called the Aras river valley. In this area, the base 

of the E K P V is not exposed whereas, to the east of Kalebasi village, the E K P V is 
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unconformably underlain by the coarse and colourful detrital sediments of the Oligo-

Miocene Gulliice formation. The valley gradually deepens eastward cutting through 

the ophiolitic basement rocks of the East Anatolian Accretionary Complex ( E A A C ) in 

the vicinity of Cayarasi and Degirmendere villages. From this location eastwards, the 

E K P V does not outcrop anywhere to the south of the Aras river. The area between 

Cayarasi village and the town of Kagizman entirely consists of the E A A C . The E A A C 

is not exposed to the north of river Aras, apart from a 7-8 km long narrow band 

between Degirmendere and Denizgolii villages. In this location, the contact between 

the Giilluce formation and the E A A C is controlled by the sinistral Kagizman strike-

slip fault, which has a strike of E N E - W S W . The Kagizman strike-slip fault, in 

general, has a vertical fault plane, though in some places, it becomes steeply dipping at 

- 7 0 ° to the north with a dip-slip component. Close to the fault plane, beds of the 

Giilluce formation become steeper and in some places (e.g. north of Degirmendere 

village) they dip to the north and northwest at over 50°. Further east, in the vicinity of 

Kuloglu village, which is located 15-16 km southeast of Kagizman town, the Aras 

river valley lies over 1000 m below the plateau level so that the difference in height 

between the base of the valley and the summit of the Mt. Aladag reaches 1900m. 

Between Cayarasi village and the town of Kagizman, the orientation of the Aras river 

valley is predominantly controlled by the Kagizman fault. From Degirmendere village 

this fault extends laterally to the southwest in the direction of Cayarasi, Colakh and 

Gulliiceler villages down to the area north of Tahir and Yazilikaya villages to the south 

of the town of Horasan. 

In the following paragraphs the volcanostratigraphy of Mt. Aladag will be 

introduced briefly, starting from the west. 

2.5.1. West of Mt . Aladag 

To the west of Mt. Aladag, in the area between Karakurt town and Sengul village, 

the volcanostratigraphy of the Erzurum-Kars Plateau lavas closely resembles that of 

the volcanic succession of north of Horasan. In its lower part, the volcanic succession 

is made up of alternations of pyroclastic fall, flow and intermediate to basic lava flows 

{Apbl). In this part of the sequence, the pyroclastic units account for over 80-90% of 

the volcanic pile. They consist of pumice-fall, reworked pyroclastic deposits, white 

and grey ignimbrite and also obsidian. Obsidian becomes dominant in some parts of 

the volcanic sequence, e.g. in the vicinity of Mescitli village which is situated between 

the towns of Sarikamis and Karakurt. In this area it forms mesa-shaped flows, coulees 

and lenses which are a few tens of metres thick. It displays a pencil-cleavage in places. 

It predominantly displays black, grey, brown and red colours. In some places, the 
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obsidian contains colourless and transparent patches. It is mostly composed of bands 
of these different colours. 

The subordinate lava flows are generally aphyric in texture and andesitic or 

basaltic-andesitic in composition (Abil). At their basal contact with the pyroclastic 

deposits, they sometimes contain pipe vesicles. A red coloured thermally-affected zone 

occasionally develops close to the contact in the adjacent pyroclastics in a zone of a 

few tens of cm. In the vicinity of Beyazkale, where the Ay§ah stream joins into 

the Aras river (7 km east of the Karakurt town), one of these thick andesitic, basaltic-

andesitic lava units shows very well-developed columnar jointing with a two-tiered 

arrangement. At the base of the lava flow, the columns have a horizontal orientation. 

The colonnade is composed of well-formed, long columns normal to the base of the 

flow. Towards the top, these columns are slightly curved to the east, presumably 

because of flow movement, or creep, at the top of the pounded lava lake shortly before 

it solidified (Photo 2.30). 

Photo: 2.31. A general view of the Aras river valley, -10 km E of the: ŷ j m e Qf jjjg 
town of Karakurt. 

succession, the Horasan 

plateau unit overlies all of 

these units. In some 

locations, some small spatter 

cones overlie the plateau 

sequence. One of them is 

located 7 km west of the 

town of Karakurt, in the 

vicinity of Uzungazi (Kizil) 

village. It has a height of 50-

70 m and a basal area of less 

than XA km 2. This cone 

consists almost entirely of 

Hawaiian type pyroclastic 

fall deposits. It is made up 

of very coarse grained, red 

(oxidised) scoria and 

abundant ballistic bombs 

reaching 50-70 cm in size. It 

also contains large 

scoriaceous fragments, 

• 
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vesicular lava showing spindle and cowpat shapes, bombs with breadcrusted surfaces 
and some rare lava slabs. Furthermore, it exhibits agglutinated lava spatters in places. 
A sample taken from one of the ballistic bombs gave a whole-rock K-Ar age of 4.59± 
0.19 Ma, which is about 1 Ma older than the Aladag andesite, about 15-20 km to the 
east of this locality. 

2.5.2. South of Mt. Aladag 

To the east, the basal pyroclastic unit of the Erzurum-Kars Plateau Volcanics 

( E K P V ) gets thinner. The relative percentage of the pyroclastic flow units in the 

volcanic sequence also decreases. Southwest of Mt. Aladag, near Akkoz village, the 

base is a porphyritic rhyolitic lava containing plagioclase phenocrysts, together with 

some pyroclastic fall deposits. This basal unit is overlain by the aphyric, 

microporphyritic and sometimes vesicular Aladag andesite. In this location, individual 

Photo: 2.30. Columnar jointing in aphyric basaltic-andesite and andesite lava flow. Aygah stream (a side-
stream of the Aras river), 7 km east of the town of Karakurt. 

H i l l UN 

I 

lava flows occasionally contain a few metres of breccia and debris at their base. This 

breccia is composed of angular blocks and boulders of the same composition as the 

lava. 

On the south slope of Mt. Aladag, around Kabak hill and close to Odalar village, a 

microporphyritic rhyolite-dacite dome overlies the Aladag andesite (Figure 2.27). It 

covers slightly over 5 k m 2 with a maximum thickness of 200m. It consists of 
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plagioclase micro-phenocrysts in a light grey, glassy groundmass. It is predominantly 
porphyritic and vitrophyric in texture. In this study, this unit is named the Odalar 
rhyodacite (Orhy) after the nearby village. A similar, but smaller rhyolitic dome is 
located north of Mt. Aladag, on the Giimustepe hill, close to Giimiistepe village 
(Figure 2.27). It covers an area less than XA km2 with a thickness of 40-50m. It is made 
up of rhyolitic lava, obsidian, spherulitic and vitrophyric obsidian and perlite. 

2„6o IC A & I Z M A N A N D E A S T O F M t ALABAG j t 

East of Mt. Aladag to the state border with Armenia, the Erzurum-Kars Plateau 
Volcanics (EKPV) have a perfect plateau morphology at a height of 1 km from the 
base of the Aras river valley and 2 km above the sea level. This study includes only a 
small part of this plateau, including the eastern slopes of Mt. Aladag and a 3-5 km 
wide-band from Pash village which is situated to the northwest of Ormeli village in 
the east, and to the northeast of the Kagizman town. 

North of Kagizman, the K6tek valley, which runs NW-SE, acts as a border 
between the Mt. Aladag and the Kagizman areas. The field studied contains the 
following areas: Akoren, Kozlu, Camuslu, Cukurayva (Purut), Cilehane and Ortakoy 
villages located to the east of Mt. Aladag and to the west of the Kotek stream valley. It 
also contains Pash, Yalnizagac, Bociiklii, §aban and Ormeli villages in the east. This 
deeply eroded valley is the only place north of the river Aras where the basement of 
the Miocene Gulliice formation is exposed. This valley also roughly separates two 
different lava units of the Kagizman plateau unit. These are the pyroxene-bearing 
Aladag andesite unit, which is widespread to the west of valley, and the olivine-
bearing basalt and basaltic-andesite lavas that overlie the Aladag andesite and that 
become dominant on the plateau to the east. In the following paragraphs, stratigraphy 
of this area will be introduced from basement formations to the Erzurum-Kars Plateau 
Volcanics. 

2.6.1. T H E BASEMENT UNITS 

2.6.1.1. The East Anatolian Accretionary Complex (EAAC) 
In the Kagizman Area, the basement is represented by the East Anatolian 

Accretionary Complex (EAAC) which is widely exposed to the south of the Aras river, 
and around Kagizman, Mt. Ucgozliikliidag (2460 m) and Mt. Asagidag (3270 m) in 
the south. This basement is not exposed to the north of the Aras river except for a few 
small outcrops. The reason is that the EAAC makes up an approximately E-W striking 
palaeotopographic ridge, the northern edge of which is cut and modified by the 
Kagizman fault. In this study, this ridge is called the Kagizman ridge. This ridge can 
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be followed westward through the area south of Horasan to the Palandoken-Sakaltutan 
ridge to the south of the towns of Pasinler and Erzurum. According to Sahintiirk and 
Erakman (1978) this ridge has existed in the region since the emplacement of the 
EAAC in Early to Middle Eocene. 

The EAAC is made up of blocks of serpentinised ultrabasics (harzburgite, 
lherzolite, dunite, pyroxenite) and basic rocks (diabase and spilitic basalt), pelagic 
limestone and radiolarite, chert, neritic limestone blocks and intensively-deformed 
turbititic flysch-like deep-sea detrital sediments associated with conglomerate. It also 
contains sporadic metamorphic rock blocks (marble, schist and quartzite). Its matrix is 
generally characterised by serpentinite. 

2.6.1.2. The Late Cretaceous SCotek Limestone (Cki) 
The EAAC is unconformably overlain by the micritic carbonate beds of the 

Upper Cretaceous Kotek limestone. The Kotek limestone, named by the Turkish 
Petroleum (TPAO) geologists (§ahintiirk and Erakman, 1978) consists of pinkish to 
reddish grey coloured, thin-bedded limestone showing abundant small-scale folds. It 
contains Globotruncana sp. and Globigerinide fossils. It outcrops in the vicinity of 
Kazikkiran hill, about 2 km northwest of the town of Kotek, over an area of about 15-
20 km2. The Kotek micrite is only exposed north of the Aras river. Its apparent 
thickness is about 800m. On the basis of the biostratigraphy it is dated as Late 
Mastrichtian by TPAO geologists. 

2.6.1.3. TBie Eocerae Camia§iu Formation (Ec) 
The Kotek limestone is unconformably overlain by a flysch-like sedimentary 

unit, mainly composed of sandstone and shale alternations. It is named as the Camu§lu 
formation by TPAO (Erakman and §ahintiirk, 1980). Bioclastic-limestone beds, 
which contain occasional blocks of the underlying Kotek limestone, form the base of 
the Camusju formation. Some beds contain Nummulites sp. This basal limestone 
gradually changes upwards into medium- to thick-bedded sandstone and shale. Close 
to the base, the Camu§lu formation contains 5-10 cm thick coal beds. A 70m thick 
olistostromal bed, which is completely made up of volcanic material, also occurs at 
this level. Upwards in the succession thick-bedded, greyish-green coloured 
conglomerate becomes dominant: it is almost entirely composed of coarse ophiolitic 
material and also contains blocks and boulders and also small-scale sandstone lenses. 
Close to the apparent top of the Camu§lu formation, these conglomerate beds are 
overlain by a series of thick-bedded and coarse-grained sandstones. The approximate 
total thickness of these sandstones is around 400 m. If the grain size distribution, 
presence of coal bands and lack of turbiditic sedimentary structures are taken into 
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Figure: 2.28. Generalised stratigraphic section of the north of Kagizman. 
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account, the CamusJu formation appears to be the product of a shallow water 
environment, presumably regressive in character. 

2.6.1.4. The Late Miocene Giilliice Formation (Mg) 

The Late Miocene Gulliice formation overlies both the Kotek micrite and the 

Camu§lu formation with a spectacular unconformity exposed a few kilometres east of 

the town of Kotek. As on the western outcrops in the Horasan and Pasinler areas, it is 

Photo: 2.32. Field view of the Oligo-Miocene GiUliice formation, S of the town of Kotek, N of Kagnman. 
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characterised by colourful detrital beds commonly displaying red, scarlet-red, brown, 
yellow, beige and greenish-grey colours. It starts with a conglomerate showing red, 
scarlet red and brown colours. Near the top of the sequence, mudstone becomes 
dominant, displaying scarlet red, yellow, brown and greenish-grey colours. The 
mudstone includes occasional sandstone and conglomerate beds exhibiting very poor 
sorting. Towards the uppermost part of the formation, it contains thick halite and 
gypsum beds interbedded with the coarse detrital sediments. The Gulliice formation 
does not contain any fossils and considered to be the product of a continental 
environment. Its average thickness lies between 1100-1500m. North of the river Aras 
from the town of Kotek to the Soviet border, the formation forms the basement to the 
EKPV. 
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2.6.2. T H E ERZURUM-KARS P L A T E A U VOLCANICS 

2.6.2.1. Pyroclastic Basal Unit (Pblk) 

East of Mt. Aladag, the EKPV unconformably overlies coarse detrital beds of the 
Miocene Giilliice formation. In the vicinity of Kozlu village, about 5 km southwest of 
Kotek village, the base is chiefly represented by pyroclastic fall deposits of rhyolitic 
pumice and ash interlayered with relatively thin (a few metres) intermediate to basic 
lava lenses. Pyroclastic flow units are almost completely absent. The thickness of the 
pyroclastic basal unit is about 150-200m. This basal unit is overlain by a set of black, 
aphyric-vitrophyric dacite and andesite flows. This dacite-andesite unit is in turn 
overlain by microporphyritic-textured Aladag andesite. At this location, the total 
thickness of the plateau lava sequence is around 150-200m. 

Photo: 2,33. Panoramic view of the Kars plateau looking to the north from Kageman town. Pinkish to cream 
: coloured unit having a fine dendritic drainage pattern is the continental deposits of the Oligo-Miocene 
Giilluce formation (Mg). Unconformably overlying the EKPV displays a steep slope forming a widespread 
plateau. 

• 

I 
i 

2.6.2.2. The Cukurayva Rhyolite (Cr) 

Further north, to the west of Camuslu village, a rhyolitic lava unit forms the top 
of the basal pyroclastic unit. It consists of anorthoclase, andesine-oligoclase and quartz 
phenocrysts in a pale grey-coloured, glassy groundmass. It shows a penetrative platy 
jointing on order of 5-6 mm. These joints are generally formed by very tiny vesicles 
which are laterally connected to make up the planar surfaces. This jointing is 
widespread in this unit and is one of its characteristic properties. This rhyodacitic unit 
extends laterally on the east slope of the plateau through Cukurayva (Purut) and 
Cilehane villages for about 7 km to the vicinity of Bogaz Degirmeni. Its thickness 
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Figure: 2.29. N-S cross-sections cutting through the eastern part of the Erzurum-Kars Plateau in 
Kagizman area. 
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varies between 50 and 150m. In this study, this unit is named as the £ukurayva 
rhyolite after the nearby village. Northwards the Cukurayva rhyolite gets thinner and 
becomes interlayered with pyroclastic air-fall deposits. In the vicinity of Bogaz 
Degirmeni, between Pash and Ortakoy villages, its thickness decreases considerably 
down to 50m, where it is overlain by a 100-120m-thick tuff sequence. In this location 
it shows a well-developed columnar jointing. It wedges out to the east. A sample 
collected from the base of this unit, close to the base of the volcanic succession, has 
given a K-Ar whole rock date of 5.15±0.20 Ma. 

Photo: 2.34. Field view of the easternmost part of the Kars plateau from the top of the plateau . In this area, 
total thickness of the EKPV decreases considerably down to ~50-70 m. Looking to the east from Kargakaya 

i castle ruin, N ofOrmeli village, NEofKageman. 

: 

2.6.2.3. The Pash Trachydacite (Ptd) 

Near Pash village, about 8 km NW of the town of Kotek, a porphyritic 
trachydacite crops out. It is pale grey in colour and contains coarse euhedral to 
subhedral phenocrysts of plagioclase (An 3 6 . 4 5), quartz, amphibole (magnesio-ferri-
tschermakite and magnesio-ferri-taramite) and rare biotite microcrystals. In this study, 
this unit is named the Pash trachydacite after the nearby village where its best 
outcrops are exposed. 1 km northwest of the Pash village, the unit is intercalated with 
pyroclastic air-fall and ash deposits. To the east around Ktzkalesi, Dana and Kara hills 
and north of Yalnizagac village, these tuff intercalations laterally disappear. In this 
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location the unit directly overlies the Gulluce formation with an angular unconformity. 
The Pasli trachydacite is overlain by the basic lava flows of the Kars plateau unit at its 
upper contact. 

2.6.2.4. Tine Kars Plateau Unitt (Kpl) 

The east slope of Mt. Aladag is covered by the augite-bearing lava flows of the 
Aladag andesite. To the north and east of Pash village, this unit laterally wedges out to 
the east and northeast. In this area it is overlain by an olivine-bearing basic to 
intermediate lava sequence. This unit covers an area of hundreds of km2 in the east and 
north and forms a widespread plateau which is 2 km above sea level (Photos 2.33 and 
34). This plateau is called the Kars Plateau after the name of the city of Kars located 
almost in the centre of this plateau. In this study, this volcanic unit is named as the 
Kars plateau unit. 

The Kars plateau unit comprises the uppermost unit of the succession, covering 
all the pyroclastic products and acidic lava flows of the EKPV. The contact between 
the Kars plateau unit and the underlying units is mostly sharp and planar. Compared to 
the lower levels of the volcanic pile, it consists of relatively more basic lithologies, e.g. 
basalt, basaltic andesite, basaltic trachyandesite. It generally displays aphyric, 
microporphyritic and pilotaxitic textures. Its thickness changes from a few tens of 

Figure: 2.30. SSW-NNE trending cross-section between Kargakaya castle ruin and Mt. 
Kucukyaglica, N ofOrmeli village NE of Kagaman. 
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meters to 150-200m. In general it is the product of fissure eruptions. There are also 
some small volcanic cones on the Kars plateau which typically have a 15 km2 base and 
a height of 600m above the plateau level. These volcanoes indicate that central 

104 



Mehmet Keskin 

eruptions were also important in the formation of the Kars plateau unit. From west to 
east some of these cones are: Ziyaret hill (2429 m), located 8 km north of the Pash 
village close to the Agadeve village; 6kiizba§i hill (2462 m), located about 12 km 
north of Kagizman to the east of the Saban village; Mt. Yaglica (2961 m) and Kticuk 
Yaglica (2786 m) hill, situated 19 km northeast of Kagizman; Mt. Tarhan (2586 m), 
Mt. Kotur (2635 m) and Ciritmeydam hills (2774 m), located 22 km northeast, 10 km 
north and 20 km northwest of Mt. Yaglica respectively. In general the Kars Plateau 
unit volcanics get younger towards the east. A sample taken from this unit, from 1 km 
north of Pash village has given a K-Ar age of 3.40±0.10 Ma. However, southwest of 
Mt. Yaglica (further east), a sample has been dated at 2.7210.10 Ma by the same 
method. 

2.7. S U M M A R Y 

Based on their stratigraphic position in the succession, and also on their 
petrographic and eruptive properties, the collision related volcanic units on the 
Erzurum-Kars Plateau can be divided into eight groups as presented in Table 2.1. 
From base to top these are: 

1. Basal basic lava layer: this group includes the oldest (11.1 ±0.5 Ma) and the 
most basic rocks from the base of the plateau. 

2. Pyroclastic basal layer: consists of pyroclastic fall, flow and occasionally 
surge deposits of rhyolitic-dacitic composition. Volumetrically, it is the most abundant 
group on the eastern part of the plateau. 

3. Black ignimhrite: comprises the uppermost part of the pyroclastic basal units 
in the Pasinler area. It is mainly composed of densely welded, phenocryst-rich 
ignimbrite flows displaying black and red colours and eutaxitic texture with abundant 
fiamme\ 

4. Basal intermediate to acidic lava layer: is made up of andesitic and dacitic lava 
flows which predominantly exhibit aphyric and vitrophyric textures. They are located 
close to the base of the succession. 

5. Amphibole-bearing porphyritic lavas: typically consist of porphyritic dacites 
and andesites which are made up of phenocrysts of amphibole, plagioclase, ortho- and 
clinopyroxene and rarely quartz. They make up domes on the plateau and are located 
almost always in the middle of the stratigraphic column. 
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6. Plateau layer without olivine: consists of microporphyritic andesitic lavas 
which are composed of plagioclase and clinopyroxene phenocrysts. This layer outcrops 
in the Mt. Aladag area and was produced by central eruptions of Mt. Aladag volcano. 

7. Olivine-bearing plateau layer: represents the uppermost unit on the plateau 
which is made up of plagioclase, clinopyroxene and olivine. 

8. Acidic cones and domes on the plateau: are rare, small, and dome-shaped 
bodies on the plateau overlying the Olivine-bearing plateau layer. These are composed 
of rhyolitic and rhyodacitic lavas. 

Groups Y series Formations 
8. Acidic cones and domes on the 
plateau (AC) 

High-Y 8.1. Ardicbdag rhyolite (Pasinler) 
8.2. Odalar rhyolite (Mt. Aladag) 

7. Olivine-bearing plateau layer 
(CA) 

High-Y 7.1. Kargapazari volcanics (Ml. Kargapazari, 
Pasinler) 

7. Olivine-bearing plateau layer 
(CA) 

7.2. Horasan plateau unit (N of Horasan) 
7.3. Kars plateau unit (Kars) . . 

6. Plateau without olivine High-Y 6.1. Aladag andesite (Mt. Aladag) 
5. Amphibole-bearing porphyritic 
lavas 

(CA) 

Low-Y 5.1. Dumlu amphibole dacite/andesite (Mt. Dumlu) 5. Amphibole-bearing porphyritic 
lavas 

(CA) 

Low-Y 

S.2. Arzutu amphibole dacite (Mt. Dumlu) 

5. Amphibole-bearing porphyritic 
lavas 

(CA) 

Low-Y 

5.3. Gollerduzii amphibole dacite (Mt. Kargapazari) 

Low-Y 

5.4. Kizilveren amphibole dacite/ andesite (Pasinler) 

Low-Y 

5.5. Koroglu amphibole dacite/andesite (N of 
Horasan) 

Low-Y 

5.6. Sacdag dacite 
4. Basal intermediate to acidic lavas 

(CA) 

High-Y 4.1. Black andesite/dacite (Pasinler) 4. Basal intermediate to acidic lavas 

(CA) 
Low-Y 4.2. Giingormez dacite/andesite (Mt. Dumlu, Mt. 

Kargapazari) 

4. Basal intermediate to acidic lavas 

(CA) 
Low-Y 

4.3. Oirekosek dacite (Mt. Dumlu, Mt. Kargapazari) 

4. Basal intermediate to acidic lavas 

(CA) 
Low-Y 

4.4. Kosk pyroxene dacite (Mt. Kargapazari) 

4. Basal intermediate to acidic lavas 

(CA) 
Low-Y 

4.5. Cobandede dacite (Mt. Kargapazari) 

4. Basal intermediate to acidic lavas 

(CA) 

High-Y 4.6. Pash trachy-dacite (Kagizman) 
4.7. CukurayVa rhyolite (Kagizman) 

3. Black ignirabrite 
(AC) 

High-Y 3.1. Black ignimbrite (Pasinler and Mt. Kargapazari) 

2. Pyroclastic basal layer 
(AC) 

High-Y 2.1. Grey ignimbrite (Pasinler and Horasan) 2. Pyroclastic basal layer 
(AC) 

High-Y 
2.2. White ignimbrite (Pasinler and Horasan) 
2.3. Pyroclastic fall deposits (Pasinler, Horasan, Mt. 

Aladag and Kagizman) 
1. Basal basic lava layer 

(CA) 
High-Y 1.1. Karapinar basalt (Mt. Kargapazari) 

1.2. Kotek basalt (N of Horasan) 

Table: 2.1. Table showing eight stratigraphic levels and corresponding volcanic units used in the 
classification graphs in Chapter 3. They are arranged according to their stratigraphic position from 
base to the top. CA: calc-alkaline rocks, AC: alkali-calcic rocks, High-Y: rocks of the high-Y series, 
Low-Y: the low-Y series (for explanation of these two series see section 3.2). 
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C tap tor 3 

M A J O R A N D T R A C E E L E M E N T G E O C H E M I S T R Y 

ImiftrodiuicitDODii 

In this chapter, the major and trace element geochemistry of the whole-rock 
samples from the Erzurum-Kars Plateau is described. Analytical data used in this 
chapter were obtained from two different techniques: major elements and trace 
elements including Sc, Cr, V, Ni, Co, Cu, Zn, Ga, Rb, Sr, Y , Zr, Nb, Ba, La, Ce, Nd, 
Pb and Th were determined by X-Ray Fluorescence (XRF) at the University of 
Durham while Rb, Sr, Y , Zr, Nb, Cs, Ba, Rare Earth Elements (REEs) from La to Lu 
and also Hf, Ta, Pb, Th, and U were analysed by Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) at the Industrial Research Centre, University of Durham. 
Techniques employed are detailed in Appendix B. Precision and accuracy of the 
analytical data is presented in Appendix C, while the full dataset of the XRF and 
ICP-MS analyses is given in Appendix D and E respectively. 

The chapter is subdivided into four main sections: 

3.1. In this first section, the Erzurum-Kars Plateau volcanics are classified 
on the basis of their major element contents using well-known 
classification and discrimination diagrams such as those of Le Bas et al. 
(1986) and Peccerillo and Taylor (1976). 

3.2. The second section focuses on the classification of volcanic units using 
their trace element concentrations. After a short introduction to 
geochemical division of volcanic units based on their Y contents on the 
plateau, trace element fractionation trends are interpreted by utilising a 
theoretical Rayleigh fractionation modelling. 

3.3. The third section concentrates on interpretation of R E E patterns and 
multi-element patterns with special reference to their petrologic 
significance. 

3.4. In the final section, trace element bivariate diagrams are evaluated. 
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3.1. Classification of tine volcanic units using major dement 
geocmemistry 

The collision-related volcanics of the Erzurum-Kars Plateau cover a broad 
compositional range from basalts to rhyolites. Figure 3.1 shows the distribution of 
main rock types on the plateau in terms of frequency distribution of Si0 2 . In fact, this 
graph shows the distribution of S i0 2 only for the analysed samples. Thus, it does not 
display the real volumetric relationship of each lithology in the volcanic succession. 

The relative abundance of pyroclastic 
compared to lava flows also differs from 
one place to another on the plateau. Hence, 
the histogram should be interpreted with 
caution. 

In such interpretations, ideally, the 
data from each stratigraphic subdivision 
should be weighted by their estimated 
volumes. Such a calculation is not possible, 
especially for the central and eastern part of 
the Erzurum-Kars Plateau lavas, because of 
the lack of detailed geological mapping 

geological mapping which should ideally focus on the division of volcanic units on 
the plateau. Despite all these problems, the histogram may still give some idea of 
relative abundance of different rock-types on the plateau, since the samples analysed 
were systematically collected from different levels of the most representative 
volcano-stratigraphic sections in the field. This is true especially for the western part 
of the plateau where intermediate to acidic lavas comprise almost all of the volcanic 
column. Towards the east of the plateau, pyroclastic deposits become abundant and in 
some places they can comprise approximately 40-60 volume % of the succession. 
These pyroclastics, which are generally acidic in composition, have not been sampled 
as much as the lavas for geochemical purposes. Therefore, to some extent, Figure 3.1 
underestimates the relative abundance of acid rocks on the eastern part of the plateau. 

As shown by the histogram, basalts are very scarce (especially in the western 
part of the plateau) and basaltic-andesites comprise only about 2.5 % of the total 
population of analysed samples. Most of the lavas fall into the intermediate 
compositional fields of andesite (about 30-35%) and dacite (approximately 45-50%). 
Rhyolites, which are in general represented by pyroclastic flows, ash falls and lava 
domes, constitute roughly 15% of the samples. 

20 r No.of8empte8:289 [~ 
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Figure: 3.1. Histogram of Si02 values 
showing the frequency distribution of silica 
in the Erzurum-Kars Plateau volcanics. 

108 



Chapter 3: Major and trace element geochemistry 

The volcanics have been classified here on the basis of their alkali and silica 
contents using the total alkali versus Si0 2 diagram of Le Bas et al. (1986) (Figure 
3.2) and the K 2 0 versus Si0 2 diagram of Peccerillo and Taylor (1976) (Figure 3.4). 
The data have been plotted on these graphs as eight different groups represented by 
eight data symbols, each of which basically corresponds to a particular stratigraphic 
level on the plateau and may include several volcanic units. The division of these 
groups has been done in the previous chapter (Section 2.7) on the basis of their 
stratigraphic position on the plateau and petrographic properties as presented in Table 
2.1. 

Most notably, the data on both the total alkali versus silica and K 2 0 versus S i0 2 

diagrams (Figures 3.2 and 3.4) fall into two distinct areas without any significant 
overlap. The first area, which includes lavas of groups 1, 4, 5, 6 and 7, (Table 2.1) 
covers the compositional spectrum from basalts with 49% Si0 2 to dacite and 
rhyolites with 69.5-70% Si0 2 . It forms a coherent linear trend which follows the 
border between basalt-basaltic andesite-dacite and their high-K equivalents and falls 
mostly into calc-alkaline and high-K calc alkaline fields. The second area is 
characterised by its high total alkali and K 2 0 values and contains mainly intermediate 
to acidic pyroclastics of groups 2, 3 and 8. It predominantly lies within the alkaline 
field of Miyashiro (1974) (Figure 3.2) covering the compositional spectrum from 
trachy-andesite with 65% Si0 2 to rhyolite with a maximum Si0 2 value of 76.5% and 
forming a sub parallel and slightly concave trend to the former. However, the same 

B Acidic cones co the pbleau 

• Ofevine bearing Phteau 

• Ptaeau without QUTUW 

O Amphbesting porphyhtic 

A Boial iotermcd.-aciriic tavta 

A Black ignimbrilD 

© Pyrocbiuc baial lay«r 

O Basal basic b»as 

35 40 45 50 55 60 65 70 75 80 

Si02 wt. % 

Figure: 3.2. The Erzurum-Kars Plateau volcanics plotted on the total alkali versus SiO: 

diagram of Le Bas et al. (1986). Miyashiro's (1974) border which divides sub-
alkaline/alkaline fields is also shown on the diagram by a dashed line. 

Trachyte 

Rftyowe 

.4 10 

A 4 » *<>>• 
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trend lies entirely in the sub-alkaline field suggested by Irvine and Baraggar (1971). 

A more detailed classification of volcanic units based on the nomenclature of 
Le Bas et al. (1986) reveals the compositional properties of each formation on the 
plateau. These are shown in Figure 3.5 in ten parts (a-j). The volcanic rocks of both 
the Ardichdag rhyolite (Pasinler area) and the Odalar rhyolite, which represent the 

volcanic domes on the plateau, 
basically fall within the rhyolite 
compositional field (Figure 3.5-
a). The olivine-bearing plateau 
lavas plotted in Figure 3.5-b 
(the Kargapazari volcanics, the 
Horasan plateau and the Kars 
plateau units) form a well-
defined trend from basalt to 
andesite, following the boundary 

«s between basaltic andesite-
andesite and their trachytic 
equivalents and occasionally 
falling in the trachytic basaltic-

IrvinoA Baragar(197l) 

Alkaline 

SuhMkaline 

86 60 65 
S10„ (wt. %) 

Figure: 3.3. The Erzurum-Kars Plateau volcanics 
plotted on the classification diagram of Irvine and 
Baraggar (1971). For key symbols, see Figure 
3.4. 

trachytic basaltic-andesite and trachytic andesite fields. Therefore, they can be 
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O Amph twanng porphyrmc 
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A Black (gnimbnte 

0 Pyroriastic baaal layaf 

O Basa) basic lavas 

Figure: 3.4. The Erzurum-Kars Plateau volcanics plotted on the K20 versus 
Si02 classification diagram of Peccerillo and Taylor (1976). 
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Figure: 3.5. Classification offormations of the Erzurum-Kars Plateau volcanics using the clasification diagrams ofLeBas etal. (1986). 
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considered to be sub-alkaline (calc-alkaline) in character. The most basic members 
of this unit are basalts which come from the North of Horasan. Lavas of the plateau 
unit without olivine (group-6), which is entirely made up of the Aladag andesite, plot 
predominantly into the sub-alkaline andesite and partly dacite field (Figure 3.5-c). 
The porphyritic amphibole-bearing lavas of Mt. Dumlu, Kizilveren (Pasinler) and 
Kbroglu (North of Horasan) (group-5) plotted in Figure 3.5-d fall mainly into the 
dacite and partly into the andesite field, a few samples just falling within the 
trachydacite (from Mt. Dumlu) and rhyolite field (from Pasinler). Classification 
diagrams of the basal intermediate to acidic lava layer (group-4), presented in two 
parts in Figures 3.5-e and 3.5-f, show a trend similar to the one displayed in 5-d 
though, with some scatter into the trachy-andesite and trachydacite fields. The Black 
ignimbrite predominantly falls within the trachydacite and the rhyolite fields forming 
a short trend parallel to the boundary between the sub alkaline and their high-K 
equivalents and showing a mildly alkaline affinity. All samples of the pyroclastic 
basal layer plot within the rhyolite field (Figure 3.5-h). Samples from the lowermost 
group (group-1), the basal basic lava layer, mainly fall into the basalt and basaltic-
andesite fields. 

The calc-alkaline character of the Erzurum-Kars Plateau lavas is also displayed 
by the variation trend in the AFM plot (Irvine and Baraggar, 1971), where no iron-

FeO* 
B Acidic cones&domes on the plateau 
• Olivine bearing plateau layer 
* Plateau lavas without olivine 

ateau on 
bearing plateau layer 

lavas without olivine 

Irvine ik Baragar porphyritic 
(1971) to acidic lavas 

ignimbnte 
basal layer 

Thohsiffic 
lavas 

• P 2 
• 

o • 

Main calc-alkaline 
suites of Rlngwood (1974) 

Calc-AUoalirie 

a 

o Amp. bearing porphyritic 
A Basal in termed to acidic lavas 

A the Black ignimbrite 
O Pyroclastic basal layer 

o Basal basic lavas 

Na>Q + K,0 MgO 
Figure: 3.6. AFM diagram of the volcanics from the Erzurutn-Kars Plateau. The 
dotted area represents the field of the main calc-alkaline suites ofRingwood 
(1974). 
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enrichment is visible (Figure 3.6). The trend under consideration fits very well with 
the field of the main calc-alkaline suites suggested by Ringwood (1974). 

Plot of calc-alkali molar ratio against S i0 2 (after Pearce et al., 1990) 
demonstrates the differences among groups of lavas from the plateau (Figure 3.7). In 
the lavas of group 1, 4, 5, 6, 7 (the plateau units, basal basic-intermediate and acidic 
lavas), the molar ratio of Ca to total alkalis is high at intermediate (about 65 % Si0 2 ) 
compositions, indicating that they have a calc-alkaline character. In contrast, groups 

10 

D Acidic domes on the plateau 

• Olivine bearing Plateau • 
o plateau without olivine 

v* Amph bearing poaphyritic 

A Basal iiaenned-aodic lavas 

A Black igmmbrile Calc-alkaline 
0 Pyroclastic basal layer OO 

0.1 Alkaline affinity O Basal basic lavas 

o.oi r 

55 65 75 45 

Si02 wt. % 

Figure: 3.7. Plot of calc-alkali molar ratio against Si02 wt. %. 

which are mainly composed of high silica pyroclastic flow and fall deposits (acidic 
domes on the plateau, the Black ignimbrite and Pyroclastic basal unit) have lower 
molar ratios supporting their tendency towards a mildly alkaline character. A similar 
relationship between alkaline rocks of Nemrut, Mus, Tendurek and calc-alkaline 
rocks of Mt. Ararat and Kars Plateau is shown by Pearce et al. (1990) on the regional 
scale for the collision volcanism of Eastern Anatolia. According to Pearce et al. 
(1990), these differences appear to be the result of fractionation since the 
discrimination is observed only at intermediate compositions. This interpretation is 
also applicable to the Erzurum-Kars Plateau, not only because the discrimination is 
apparent only at intermediate compositions but also some of the lavas from both calc-
alkaline and alkaline suites are members of the same series (high and low-Y series), 
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which tend to be genetically related as we shall see in the following sections of this 
chapter. 

Peacock (1931) illustrated the fact that some rock series cannot be properly 
classified as alkalic or sub-alkalic, as is the case for Erzurum-Kars Plateau lavas. He 
proposed a twofold classification system which takes the form of a fourfold division 
into calcic, calc-alkalic, alkali-calcic, and alkalic groups. This classification is widely 
known as Peacock's alkali-lime index and here is also applied to the Erzurum-Kars 
plateau lavas to test their character from a different perspective. As is seen in Figure 
3.8, total alkalies appear to have two trends, one of which intersects the CaO curve at 
around 60% Si0 2 , falling basically into the calc-alkalic field. The back projection of 
the second trend seems to intersect the CaO curve at roughly at 57% Si0 2 , falling into 
the alkali-calcic field. Significantly, this second trend, which is represented by the 
rocks of group-2, 3 and 8, coincides with those samples that plot in the alkaline field 
in total alkali and K 2 0 against Si0 2 diagrams. The term alkalic, defined by Peacock, 
is by no means applicable to the volcanics presented in this work. 
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Figure: 3.8. Classification of the Erzurum-Kars Plateau Volcanics according to 
Peacock's (1931) scheme. Key symbols are as in Figure 3.7. 

To sum up, two main series can be differentiated on the Erzurum-Kars Plateau 
using major element chemistry as follows: 

1. Calc-alkaline series: this includes the formations of groups 1, 4, 5, 6 and 7 

(Table 2.1), and predominantly consists of lavas spanning the compositional 

range from basalts to rhyolites. 80-85% of the samples collected from the Erzurum-

Kars Plateau belong to this series. 
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2. Alkali-calcic series: comprises the formations of groups 2, 3, and 8. It 
includes the most acidic rocks (trachy-dacites and rhyolites) and is generally 
associated with pyroclastic flow and fall products. Samples from this series display a 
weak alkalic affinity on all classification diagrams (Figures 3.2, 3.4, 3.7 and 3.8) and 
constitute about 15-20% of the total number of samples collected from the plateau. 

3.1.1. Earker diagrams off major elemmeirotts 

Harker diagrams of major elements plotted against silica are presented in Figure 
3.9. The alkali-calcic rocks of the groups 2, 3, and 8 are, in general, depleted slightly 
in T i 0 2 (except for the Black ignimbrite), MgO, CaO, A1 2 0 3 P 2 0 5 and Na^O 
compared to the calc-alkaline lavas of groups 1, 4, 5, 6 and 7. They form a discrete 
trend which is slightly displaced from, and parallel to, the trend for the main liquid 
line of descent shown in the diagrams. There are no apparent inter-series differences 
among the formations of each series. 

3.2. Classification of the volcanic units using trace element geochemistry 

Trace elements are plotted on log-normal diagrams against Si0 2 in Figure 3.10 
to illustrate the compositional differences between different groups on the plateau. In 
accordance with their major element behaviour, acidic rocks of the alkali-calcic series 
(groups 2, 3 and 8 in Table 2.1) plot in diverse areas on almost all graphs. They are 
relatively enriched in Rb, Y, Zr, Nb, La, Ce, Nd, Pb and Th and depleted in Sr, Ba, 
Cr, V, Ni and Co with respect to the rocks of calc-alkaline series (Figure 3.10-a to s). 
Within this group Y behaves in a quite different way from the other elements. As is 
seen on the Y versus Si0 2 diagram, it forms two diverging trends which join at basic 
compositions of 50-60 % Si0 2 (Figure 3.10-c) Basal, intermediate to acidic lavas and 
amphibole-bearing porphyritic lavas (groups 4 and 5 respectively) both follow the 
low-Y trend with a little scatter while group 1, 2, 3, 6, 7, and 8 rocks predominantly 
align along the high-Y trend. 

This diversity of trends at intermediate compositions was first pointed out by 
Lambert et al. (1974) for Mt. Ararat (Eastern Turkey) and used to suggest an 
amphibole ± garnet fractionation at depth beneath the Mt. Ararat volcano. The same 
relationship has also been identified by Pearce et al. (1990) for the eastern 
part of the Erzurum-Kars Plateau (i.e. the Kars Plateau). According to these authors, 
strong Y partitioning into amphibole (K^AMP-LU''> at basic, 3 at intermediate and 9 
at acidic compositions) is responsible for the low-Y trend. Pearce et al. (1990) have 
argued that within the thickened continental crust of Eastern Anatolia, close to water-
saturated conditions, crystallisation should be amphibole-dominated. They maintain 
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Figure: 3.9. Harker diagrams of the stratigraphical groups from the Erzurum-Kars Plateau. 
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Figure: 3.10. (Continued). 

a Group-8: Acidic cones&domes on the plateau 

• Group-7: Olivine bearing plateau layer 

o Group-6: Plateau lavas without olivine 

o Group-S: Amp. bearing porphyritic 

A Group-4: Basal intermed. to acidic lavas 
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O Group-2: Pyroclastic basal layer 

o Group-1: Basal basic lavas 

that, i f such a magma erupts to the surface in a short period of time, it may contain 
both amphibole phenocrysts that crystallised at depth as well as ortho- and 
clinopyroxenes which are on the liquidus under shallower conditions (e.g. group 5: 
amphibole-bearing porphyritic lavas). When such a magma rises and accumulates in 
a magma chamber at a relatively shallow depth, the liquidus phases are two 
pyroxenes and plagioclase. Under these conditions, amphibole is no longer in 
equilibrium with the magma, hence amphibole phenocrysts are resorbed. This 
mechanism may also explain the absence of amphibole as a phenocryst phase in basal 
intermediate to acidic lavas (group 4). Medium rare earth element (MREE) depleted 
rare earth element patterns of the amphibole-bearing series (Section 3.3.2 Figure 
3.27-a and -b) also support amphibole fractionation. Furthermore, some petrographic 
and textural evidence found in the rocks of the Gungormez dacite/andesite (group 4) 
in the Kargapazari area imply that early amphibole fractionation and subsequent 
resorption was one of the important processes during the magmatic evolution of these 
groups. These can be listed as: resorbed brown hornblende phenocrysts which are 
mantled by ortho- and clinopyroxene respectively; and reaction rims of 
orthopyroxene surrounding amphibole phenocrysts (Section 6.1.1). 
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Changes in trace element concentrations during fractionation can be examined 
and modelled more quantitatively by comparing observed and theoretical 
fractionation trends on log-log bivariate plots, using vectors to show the amount and 
change which would take place as a consequence of the crystallisation of a particular 
mineral or mineral assemblage from the magma. Rb is selected as the fractionation 
index because it is highly incompatible throughout fractional crystallisation, resulting 
in a good positive correlation with Si0 2 . Theoretical Rayleigh fractionation 
modelling has been carried out here using the elements Rb and Y to examine the 
fractionation history of lavas from the high- and low-Y series on the Erzurum-Kars 
Plateau (Figure 3.11). The Rayleigh fractionation vectors show the effects of 
removing specified amounts of various minerals from the magma. On this type of 
diagram, the starting composition is not crucial. Therefore the entire array of vectors 
may be moved to superimpose on the data points. The Rayleigh equation used for this 
modelling is 

C L / C 0 = F ( D 1 ) where Eq. 3.1. 

CL: weight concentration of a trace element in the liquid 

C0: the weight concentration of a trace element in the parental liquid 

F : the fraction of melt remaining 

D : bulk distribution coefficient of the fractionating assemblage during 

crystal fractionation 

This equation is based on the idea that crystals of the minerals crystallising 
from magma are removed from the site of formation immediately after crystallisation 
and have no opportunity to re-equilibrate with the magma i.e. at best, surface 
equilibrium may be attained as can be expected from natural systems. 

Mineral/melt distribution coefficients of selected trace elements used here for 
the modelling have been gathered from a compilation of distribution coefficient (ATd) 
values suggested by several authors also including my own data for ortho-, 
clinopyroxenes, amphibole, biotite and plagioclase. These authors are listed in Table 
4.11 and details of compilation and calculations are given in Section 4.3.2. 

This type of modelling was first applied to the collision-related volcanics of 
Eastern Anatolia by Pearce et al. (1990), on a regional scale using Y and Rb. They 
recognised three distinct trends in the region as follows: (1) the Nemrut-Mu§-
Tendiirek trend of increasing Y and Rb which has been interpreted as crystallisation 
dominated by plagioclase, olivine, pyroxene and magnetite (POAM); (2) a near 
constant Y trend (Kars-Ararat) which has been explained in terms of plagioclase and 
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amphibole dominated fractionation; and (3) a low-Y trend (Kars-Ararat) which has 
been explained by fractionation involving garnet and amphibole. 

As is seen on Figure 3.11, positive gradients in general require fractionation of 
anhydrous mineral assemblages e.g. plagioclase, olivine, pyroxene, magnetite (i.e. 
POA1V1) while negative to flat gradients basically necessitate the crystallisation of 
hydrous minerals like amphibole and also garnet. Flat gradients, which are 
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m Group-8: Acidic cones&domes on the plateau A Group-4: Basal intenned. to acidic lavas 

• Group-7: Olivine bearing plateau layer A Oroup-3: the Black ignimbrite 

• Group-6: Plateau lavas without olivine * Group-2: Pyroclastic basal layer 

o Group-5: Amp. bearing porphyritic o Group-1: Basal basic lavas 

Figure: 3.11. Rb-Y log-log diagram showing theoretical Rayleigh fractionation vectors 
modelled for crystallisation of individual mineral phases and also phase assemblages. 
Theoretical vectors are designed for 50% crystallisation. Phase combinations are 
presented in inset. The number beside each vector is the quantity (in percent) of that 
mineral or phase combination removed from the melt in order to generate the vector. 

Key to abbreviations: amp: amphibole, pig: plagioclase, olv: olivine, bio: biotite, cpx: 
clinopyroxene, opx: orthopyroxene, gt: garnet. B: basic, 1: intermediate, A: acid. 

represented here by the high-Y trend, should be interpreted with caution because, as 
seen on the diagram, they may also result from fractionation of the following 
assemblages: 

vector 3 : pig (50%) + amp (50%) in basic (B) or pig (50%) + cpx (50%) in 

intermediate to acidic magmas (I , A) or 
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vector 4: pig (20%) + opx (10%) + cpx (60%) + olv (10%) (in intermediate 
magmas (I) or pig (50%) + cpx (30%) + olv (20%) (A) 

vector 5: pig (50%) + cpx (50%) in acidic magmas 

The existence of a flat trend at the basic end (left) of the diagram necessitates 
the dominance of amphibole in the fractionating assemblage at basic compositions. 
This is because even domination of clinopyroxene, a mineral with the highest 
partition coefficient for Y after amphibole at basic compositions (K%px~Uq) = 0.55) 
could not sufficiently create this effect. Alternatively, minor garnet fractionation 
could produce the same effect, though there is no petrographic evidence for early 
garnet fractionation anywhere on the plateau nor is garnet likely to crystallise at basic 
composition. While there is no doubt that amphibole was one of the most important 
early fractionating minerals in the basic members of the high-Y series, when the 
magma evolved towards the intermediate to acid compositions, the amphibole-
dominated assemblage should have been gradually superseded by anhydrous phases 
since the flat vectors on the intermediate to acid side of the diagram predominantly 
result from the fractionation of a mainly anhydrous assemblage with or without a 
minor amount of amphibole. Therefore, it can be argued that the high-Y series is 
controlled by the fractionation of POAM at intermediate to acid compositions. In 
contrast to the high-Y series, the low-Y series display a gradual depletion in Y with 
increasing Rb which is represented by a distinct negative gradient while the magma 
evolves to more acid compositions. The lavas following this trend appear to have 
undergone fractionation of amphibole as the dominant mafic phase during the 
evolution of this series. Crustal assimilation may create a similar trend to the low-Y 
trend with enrichment in Rb and depletion in Y only i f the crust has unusually low Y 
concentration, because concentration of Y in average crust is generally high, between 
22 and 25 ppm (Taylor and McClennan, 1985; Condie, 1993 and Taylor, 1977). 

Medium to heavy rare earth elements that have high partition coefficients for 
amphibole at intermediate to acid compositions also show two trends coinciding with 
the high- and low-Y series. In Figure 3.12 (a-d), a similar FC modelling has been 
carried out for Gd, Tb, Er and Yb. The data used in these diagrams are obtained from 
ICP-MS analysis of a subset of representative samples that characterise both Y 
series. Vector rosettes on these diagrams have been plotted for 50% removal of the 
same minerals and assemblages by fractionation as given in Figure 3.11. The low-Y 
trend on these diagrams also requires the fractionation of amphibole at intermediate 
to acidic compositions. 

122 



to 

1 

00 

(y)dtun 

O < 

o o 
o 

f J 

fgfspe 

v> »o r* to Tf i n Tt 
«$> c* ob d) ob rib 
a a b a a. a. a 

w ci «n v « MJ K » oi 

wddqjL 

(V)uoanz 

• 

1 
f i r -

i f f f f ! 
— f t **i V v j >o 

o 

taddaj 

wdd qji 

5 apatite (A) 

0 
S O * 

B 

o 
o 

# © 5 S 

a a 6. e. e. 
m *r « a f t 

(V)uoajct 

I s 

n 
wdd pi) wdd J7j 



M. Keskin 

The data and modelling presented in Figures 3.11 and 3.12 are not completely 
sufficient to provide a definitive answer for the fractionation history of the low- and 
high-Y series because the modelling cannot take into account the variations in the 
relative abundance of each mineral in the fractionating assemblage, and variations in 
bulk partition coefficient during the course of time. There is no doubt about the 
dominance of amphibole fractionation in the low-Y series at intermediate to acid 
compositions. On the other hand, the persistent absence of amphibole as a phenocryst 
phase in the intermediate to acidic volcanic suits that follow the high-Y trend appears 
to be supporting the idea of an amphibole-free fractionation evolution for these units. 
This argument may be particularly true for the volcanic rocks of groups 8,7, 6, 3 and 
2 since these rocks are dominated by a phenocryst assemblage which is mainly 
composed of plagioclase, ortho- and clinopyroxene. However this still does not 
significantly rule out early amphibole fractionation in the formation of these units 
since amphibole phenocrysts might have been completely resorbed. For these reasons, 
each of the two Y-trends may correspond to one of two distinctly different magma 
series which have experienced two different fractionation stories i.e. POAM and 
hydrous. 

Another possibility which should be taken into account is that the initial 
difference in Y content between the high- and low-Y series may be primary. Even 
though the low-Y trend converges with the high-Y trend at the basic-end, it is not 
clear if they were initiated from the same parental magma because of the lack of basic 
rocks of the low-Y series. Distribution of other trace elements (i.e. Rb, Sr and Zr) 
indicates that some of these differences might be related to the pre-fractionation 
processes and may even have resulted from primary differences in the source regions 
of these two different type of magmas that were later variably modified by the 
combined effects of fractional crystallisation and/or assimilation. For example, i f 
garnet was a residual phase during the partial melting event, Y and the heavy rare 
earth elements would be significantly depleted. In any case, irrespective of the 
starting Y concentration, gradual depletion of Y with increasing acidity of the melt 
requires fractionation of amphibole in the low-Y series. Consequently, Y 
concentrations may be used as a primary discriminant in differentiating volcanic 
rocks of the Erzurum-Kars Plateau into two series which have undergone 
fractionation of two different mineral assemblages, i.e. hydrous and anhydrous. 

As noted earlier, the data from the plateau have been divided into two main 

series using their Y content as high- and low-Y. A third series (11 samples) which 

creates a separate trend falling consistently between the low- and high-Y series on 

several trace element diagrams is also distinguished and termed the transitional series 
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(11 samples). The new classification of the Plateau lavas based on their Y contents is 
presented in Table 3.1 and Figure 3.13. 

100 

10 

AAA 

A High Y series: basic to intermediate lavas 

O High Y series: intermediate to acidic lava and 
pyroclastic units 

O Transitional lava units 

^ Low Y series: intermediate to acidic 

SiQ2 wt. % 

45 55 65 75 

Figure: 3.13. Log-normal plot of Y versus Si02 showing the main Y-series after 
classification of volcanic rocks of the Erzurum-Kars Plateau using their Y concentrations 
as a primary discriminant. 

The high-Y series can be further subdivided into two groups on the basis of 
their silica contents, namely (1) basic to intermediate and (2) intermediate to acidic 
lava and pyroclastic units. These two groups fall into two distinct areas on the 
classification diagrams of both Peccerillo and Taylor (1976) and Le Bas (1986) 
(Figure 3.14) with a compositional gap. The first group namely basic to intermediate 
lava units span a compositional range from basalts with 51% Si0 2 and 0.5% K 2 0 to 
dacites with a maximum Si0 2 value of 64% and 2.8% K 2 0 . It makes up a well-
defined trend parallel to the border between andesites-dacites and their high-K 
equivalents. 

The second group, namely the intermediate to acidic lava group of the high-Y 
series, forms another trend covering the compositional range from trachydacite, with 
63% Si0 2 and 4% K 2 0 , to rhyolites with 77% Si0 2 and a maximum of 5.8% K 2 0 . 
This group with its distinct high-K and total alkali contents completely coincides 
with the alkali-calcic group defined earlier. Rocks of the low-Y series form a rather 
narrow compositional spectrum from andesites (57 % Si0 2) to dacites (69.5% Si0 2 ) . 

The transitional series form a sub parallel trend to the intermediate to acidic 
lava group of the high-Y series predominantly falling in trachydacite and rhyolite 
fields. Basic to intermediate rocks of the high-Y series and rocks of the entire low-Y 
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Groups Character Formations 

I. BASIC T O I N T E R M E D I A T E L A V A S 
1. Olivine bearing plateau layer CA 1.1. Kargapazari volcanics 

(Mt. Kargapazari, Pasinler) 
1.2. Horasan Plateau unil (N of Horasan) 
1.3. Kars Plateau unil (Kars) 

2, Plateau lavas without olivine CA 2.1. Aladag andesite (Mt. Aladag) 

3. Basal intermediate lava layer CA 3.1. Black andesite/dacite (Pasinler) 

4. Basal basic lava layer CA 4.1. Karapmar basall (Mt. Kargapazari) 
4.2. Kotek basalt (North of Horasan) 

I I . A C I D I C L A V A AND P Y R O C L A S T I C S 
1. Acidic lavas AC 1.1. Acidic lava cones on the plateau 

1.1.1. Ardichdag rhyolite (Pasinler) 
1.1.2. Odalar rhyolite (Mt. Aladag) 

1.2. Basal acidic lava layer 
1.2.1. Qukurayva rhyolite 
1.2.2. Pasli trachy-dacite 

2. Pyroclastics 
AC 

2.1. Black ignimbrite 
(Pasinicr and Mt. Kargapazari) 

2.2. Basal pyroclastic units 
2.2.1. Grey ignimbrile (Pasinler and Horasan) 
2.2.2. White ignimbrite (Pasinler and Horasan) 
2.2.3. Obsidian (Pasinler, Horasan, Mt. Aladag 

and Kagizman 
2.2.4. Pyroclastic fall deposits 

B. LOW-Y SERIES (Y<20 ppm) 

I. A M P H I B O L E B E A R I N G 
P O R P H Y R I T I C L A V A S 

CA 1. Dumlu amphibole 
dacite/andesite (Mt. Dumlu) 

2. Arzutu amphibole 
dacite (Mt. Dumlu) 

3. Gollerdiizii amphibole 
dacite (Mt. Kargapazari) 

4. KizUveren amphibole dacite 
/andesile (Pasinler) 

3. Koroglu amphibole dacite 
/andesite (North of Horasan) 

6. Sacdag dacile (South of Horasan) 

II . B A S A L I N T E R M E D I A T E T O 
A C I D I C L A V A S 

CA 1. Gungormez dacite/andesile (Mt. Dumlu, 
Mi. Kargapazari) 

2. Girekosek dacite (Mt. Dumlu, 
Mi. Kargapazari) 

3. Kbsk pyroxene dacite (Mt. Kargapazari) 

4. Cobandede dacile 
(Mt. Kargapazari) 

C. TRANSITIONAL GROUP 

CA 

•Samples: 
MK46 and MK47 : Dumlu amphibole dacite 
/andesite (Mt. Dumlu) 

MK229, MK240 and MK241: 
Guiigormez dacite/andesite (Middle lens, Mt. Dumlu) 

MK4, MK86, MK87, MK88 and MK273: 
Gungormez dacite/andesite (Mt. Kargapazari) 

Table: 3.1. Table showing the classification of volcanic formations of the Erzurum-Kars Plateau 
in terms of their Y content. CA: calc-alkaline rocks; AC: alkali-calcic rocks. 
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Figure: 3.14. Classification of the Erzurum-Kars Plateau volcanics based on 
their Y content by using diagrams of Le Bas et al. (1986) and Peccerillo and 
Taylor (1976). (a) and (b) classification of basic to intermediate and 
intermediate to acidic lava units of the High-Y series; (c) and (d) classification of 
tfie Low-Y series. 

series are all calc-alkaline in character. 

The compositional differences between the high- and low-Y series can be seen 

more clearly when the data are presented in the form of histograms. Figure 3.15 

illustrates the distribution of Si0 2 in the high- and low-Y series. Most notably, the 

high-Y series comprises a bimodal character indicated by two peaks located at 56-

62% Si0 2 (with frequency % of 25) and at 72-76 % Si0 2 (with an frequency % of 

about 23) respectively. In contrast, the low-Y series is characterised by unimodal 

volcanism which covers a narrower Si0 2 range from 56 to 72% having a peak 
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between 64-68 % Si0 2 with a maximum frequency % of about 45. When these two 
diagrams are superimposed, the peak of the low-Y series overlaps the depression 
located between two peaks of the high-Y series so that overall distribution gives the 
histogram with a single peak as presented in Figure 3.1. 

Mela Y series 
50 

3 
er 
E 

(No. of Samples: 128) 

40 44 48 52 56 60 64 68 72 76 80 

S10 3 (wt%) 

50 

Low Y series 
K<>>xp>:>>>:4,Ka:a:4,W'i*>;>i>>t*;*>;<K>>>xa9iK 

r ( MO. of Somplos: 136] 

40 44 48 52 56 60 64 68 72 76 80 

SiO a (Wt%) 

Figure: 3.15. Frequency distribution graphs ofSi02 for high and low-Y series. 

In order to show the compositional differences and distributions of 
compositions between high- and low-Y series, major and trace element data from 
both series have been separately plotted onto histograms. Major and trace element 
histograms are presented in Figures 3.16 and 3.17 respectively. Almost all major 
elements, especially Si0 2 , T i 0 2 , Fe203*, CaO and K 2 0 (Figure 3.16), show two peaks 
for the high-Y series supporting the idea of bimodal volcanism. Not only major but 
also trace elements e.g. Ni, Co, Sc, V, Cu, Pb, Zn, Rb, Sr, Y, La and Ce exhibit a 
distinctive bimodality. The high-Y series almost always covers a broader 
compositional range on both major and trace element diagrams compared to the low-
Y series. 

In the following sections, major and trace element geochemistry of the volcanic 
units will be re-examined from a different perspective in the framework of the new 
classification namely the low- and high-Y series. 

Tortal iron as Fe 2 0 3 
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Figure: 3.16. Major element histograms of high- and low-Y series showing the bimodality of the rocks of 
the high-Y series. J 
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Figure: 3.17. Histograms of trace elements showing the differences between the volcanic rocks of 
the high- and low-Y series. 
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3.2.1. Imfterprelattiora off trace demeimlt ffracMomatnomi trennds 

Trace element data from the Erzurum-Kars Plateau have been divided into four 
series as presented previously in Figure 3.13 (i.e. 1. basic to intermediate and 2. 
intermediate to acidic lavas of the high-Y series, 3. transitional lava units and 4. 
intermediate to acidic lavas of the low-Y series) and plotted on log-normal graphs 
against Si0 2 to illustrate compositional differences between high- and low-Y series 
(Figures 3.18-19). The high and low-Y series form two close, but distinctive, 
differentiation trends on most of the diagrams. Lavas of the high-Y series are in 
general enriched in Zr (Figure 3.18-d) and Th (Figure 3.19-g), and partly in Nb 
(Figure 3.18-e) , La, Ce (Figure 3.18-g and h) and Nd (Figure 3.19-f) and slightly 
depleted in Sr (Figure 3.18-b), Cr, V, Ni and Co (Figure 3.19-b, c, d and e) relative to 
the rocks of low-Y series for equivalent silica contents. Most of these differences 
which are seen throughout basic to acidic compositions especially for the highly 
incompatible elements; namely Zr and Th may be interpreted as due to the high- and 
low-Y series being related to two different fractionation histories. 

Rb and Th show a positive correlation with increasing Si0 2 throughout 
fractionation for both high- and low-Y series, a feature that enables the use of these 
elements as fractionation indices. Some samples from the acidic lavas and 
pyroclastics of the high-Y series form a discrete trend on the Rb versus silica diagram 
(Figure 3.18-a) between 73 and 76 wt. % Si0 2 that joins the main trend at around 76 
wt. % Si0 2 . This trend, which is made up of rhyolites and pyroclastics in the Mt. 
Aladag and Kagizman areas, appears to have formed by minor biotite fractionation 
^(ho-nq) 2 a t intermediate, 4.5 at acid compositions). 

On the Th against silica diagram (Figure 3.19-g), acidic units of the high-Y 
series (in the north of Horasan, Mt. Aladag and Kagizman areas) form an almost 
vertical trend diverging from the main trend towards lower Th concentrations. This 
may be due to minor zircon fractionation at 72 wt. % Si0 2 . 

Nb (Figure 3.18-e), Nd (Figure 3.19-f) and partly Ce and La (Figure 3.18-h and 
g) display two diverging trends coinciding with those of the high- and low-Y series 
seen on the Y against Si0 2 diagram (Figure 3.18-c). Formation of the lower trends is 
again consistent with the amphibole fractionation during the magmatic evolution of 
the low-Y series, because these elements are partitioned moderately into amphibole at 
intermediate to acid compositions (see Table 3.2). On the other hand, Nb can also be 
partitioned into biotite while Ce and La can be accommodated in clino- and 
orthopyroxene at acid compositions although concentrations of these elements are less 
strongly affected by these minerals than by fractionation of amphibole. Although 
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amphibole fractionation was the major controlling factor in the formation of these 
lower trends, some of the decrease at the acid end can be attributed to fractionation of 
pyroxenes. 

Basic Intermediate Acid 
Amp Amp Bio cpx opx Amp Bio cpx opx 

Nb 0 . 3 1 1.4 0.2 0.2 3 . 5 3 . 5 0 . 8 0 . 7 

Nd 0 . 6 5 1.7 0.2 1 0 . 3 4 0 . 9 2.5 2.5 

a 0 . 3 5 0 . 7 0 . 1 6 0 . 4 0 . 1 1.7 0 . 7 5 1 1.5 

u 0.2 0 . 5 0 . 1 5 0 . 4 0.2 1.5 0 . 5 1.2 1.5 

Table: 3.2. Table showing partition coefficients of amphibole (amp), biotite (bio), 
clinopyroxene (cpx) and orthopyroxene (opx) for basic, intermediate and acidic magmas. 
Partition coefficient values are from a compilation presented in Section 4.3.2. 

At the more acid compositions Nb forms a small trend and behaves similar to 
Rb. It is, again, presumably controlled by a minor biotite fractionation in the acid 
lava and pyroclastic units in the north of Horasan, Mt. Aladag and Kagizman areas i f 
magma mixing between the low-Y series and acidic units of the high-Y series was 
not the major factor in the formation of this trend. This relationship is consistent with 
the fact that some ignimbrite and pyroclastic flow and fall units contain subordinate 
biotite in the eastern part of the plateau, from the north of Horasan towards the east. 

The Pasinler area is of special importance because it contains one of the most 
complete volcanic sections which is made up of several lava and pyroclastic flow and 
fall deposits with a variety of textures and chemical compositions. It is also the best 
sampled area on the Erzurum-Kars Plateau. This area can be considered to be a model 
area on the plateau for observing the detailed variations and relationships between 
the volcanic units of the high- and low-Y series. Therefore, in the following 
paragraphs, the details of the magmatic evolution of each volcanic series namely the 
high- and low-Y series, will be presented with special reference to the units in this 
area. In Figure 3.21, detailed volcano-stratigraphic profiles of major and trace 
elements are presented to show variations of these elements in different lava and 
pyroclastic deposits of the stratigraphic column. As is seen on these diagrams, the 
Kargapazari volcanics, Black ignimbrite, Ardichdag rhyolite and the Kizilveren 
amphibole dacite/andesite have the most profound affect on the patterns shown in 
these diagrams. 

On La and Ce versus S i0 2 diagrams (Figure 3.18-g and h), acid lava and 
pyroclastic units of the high-Y series exhibit two slightly curved trends one of which 
appears to be the lateral continuation of the main trend that is formed by basic to 
intermediate lavas of the high-Y series and the other shows an abrupt displacement 
from the main trend towards much higher concentrations of these elements and lies 

132 



Chapter 3: Major and trace element geochemistry 

(a (b) 1000 1000 
A 

s 6. & 

3 • 
00 00 

• A High Y banc to •ener 
tntennediatD lavu 

Q O HkhY O A inlencediats to 
A acidic lava and pyroclastic units • 0 o 0 

O Trenrittonal lava unit* 

O Low Y mvc*; intermediate to 
acidic 

SiO, wt.% SiO, wt.% 

4 5 5 5 6 5 7 5 4 5 5 5 6 5 7 5 

C (d 00 000 

S 

a 

A A 

r3o 0 100 A 

SiO, wt.% 
0 

4 5 5 5 6 5 7 5 4 5 5 5 6 5 7 5 

e) (0 100 0000 

• 
• • 1000 

A B A A A A 0 
A 

A 

00 

• 

SiO, wt,aA SiO, wt.% 
10 

4 5 5 5 6 5 7 5 4 5 5 5 6 5 7 5 

(g) (h 100 1000 
tin H I D 3 A 

• a BP 

A A 

A SB 4 A 10 00 
• • 

A A 

A 4 

0 
4 5 5 5 6 5 7 5 4 5 5 5 7 5 

bigure: 3.18. Harker diagrams of Rb, Sr, Y, Zr, Nb, Ba, LaandCe. 

133 



M. Keskin 

a) (b) 100 000 a 

oo 
00 

0 <b<s> 
• A High Y tenet : baiic lo 

intermediate bva* o 

B teriea: intermediate to 

• acidic lava and pyrcclastic unkti 
A A <> A O • • v Transitional lavs uitili 

B S I O Low Y tenet: intermedials to o £ > • « acidic 

.HO, MO, »»>/.% 
o. 

0.1 -t-
4 5 5 5 6 5 7 5 4 5 5 5 6 5 7 5 

(d) c 
000 o 1000 

^ 4& M 

100 00 

o • • 10 10 

6 • 
• a as • 

SK), wt.% SiO, wt.% 
o.i * 0. 

4 5 5 5 6 5 7 5 4 5 5 5 6 5 7 5 

e) (0 1000 i 00 

D 

• A a ^ A 00 

2 Q A A 

o 10 

• d 

AVO, »*.% •WO, wt.% 
o. 

4 5 5 5 6 5 7 5 4 5 5 5 6 5 7 5 

(g) (h) 00 00 

5 

• 
a • A • • 6 • B A 0 0 

• 
A A A A 

A A 

A 
A 

4 5 5 5 6 5 7 5 4 5 5 5 6 5 7 5 

Figure: 3.19. Harker diagrams ofSc, Cr, V, Ni, Co, Nd, Th andPb. 

134 



Chapter 3: Major and trace element geochemistry 

x B E 

X * mp ±opx 
fractionation 

55 
— ! — 

65 

Zircon 
iapatile (?) 

Si02 Wt % 

75 

• Ardiclidag rhyolile 

• Kargapazan volcanics 

<> Dykes of Kargapazan volcanics 

O Black ignimhrite 

A Tuff 

A Obsidian 

O White ignimhrite 

O Grey ignimhrile 

X Ki/ilveren porphyr. amph. dac 

X Black aphyric and/dac 

1 0 0 

S 
B 

ft. • 
C O 

• D Bo 

X 
iapatite (?) X X 

S i 0 2 % 
1 0 i 

75 65 55 

d 3 

x 4b <s9 

Si02 wu% 

9 Ardtclidag rhynlite 

• Kargapazan volcanics 

* Dykes of Kargapazan volcanics 

O Black ignimbrite 

A Tuff 

A Obsidian 

• White ignimbrite 

O Orey ignimbrite 

X Kizilveren porphyr. amph. dac 

X Black aphyric and/dac 

55 65 75 

Figure 3.20. Si02 versus Ce, La and Zr of samples from the Pasinler area. 

135 



M. Keskin 

sub parallel to the former. Both of them decrease rapidly with increasing acidity of 
the melt, presumably in response to a minor amount of apatite ± zircon fractionation 
though there is no evidence in the behaviour of Y for crystallisation of zircon. Zr 
exhibits exactly the same behaviour as these elements forming two trends that 
decrease with silica confirming the existence of minor apatite ± zircon crystallisation. 
The upper trend, which shows higher concentrations of La and Ce is mainly 
represented by the Ardichdag rhyolite which is the uppermost volcanic unit in the 
volcano-stratigraphic column in the Pasinler area (Figure 3.20). This unit appears to 
have undergone a different chemical evolution compared to other high-Y units on the 
plateau. The light rare earth enrichment (LREE) in this unit may be explained by the 
dominance of fractionating phases that lack both pyroxenes and amphibole, in an 
isolated, relatively shallow (around 13-15 km; see Section 4.2.2.1) magma chamber. 
Alternatively, it is possible that there may be a difference in source chemistry. Nd 
shows a similar, but less pronounced pattern to those of La and Ce. 

Zr shows a flat trend with increasing Rb in the formations of the low-Y series 
and in the basic to intermediate formations of the high-Y series (Figure 3.18-d). 
However, in some of the acid units of the high-Y series, it forms a separate concave 
trend that starts at much higher concentrations of Zr and then steeply decreases with 
increasing Si0 2 . This trend is mainly made up of three units: the Black ignimbrite, 
the Ardichdag rhyolite and the Grey/White ignimbrites on the Pasinler plateau 
(Figure 3.20-c). 

The Black ignimbrite contains quite different concentrations of trace elements 
from the other units on the plateau. It is composed of abundant plagioclase 
phenocrysts some of which are corroded, subordinate pyroxene and some accessory 
zircon. Most remarkably, it is strongly enriched in Zr up to 4 times greater than the 
value for average liquid line of descent, with the concentrations of up to 580 ppm (A 
point in Figure 3.22). In Figure 3.22, in Rb versus Zr diagram, data points of the 
Ardichdag rhyolite and the White/Grey ignimbrite form two close but coherent 
hyperbolic curves without overlapping. They approach the data point of the most 
primitive and Zr-rich Black ignimbrite (component A=> MK78: 92 ppm Rb, 580 
ppm Zr and 63.1 Si0 2 wt.%) and join to each other at that point. Two binary mixing 
curves have been computed for the simple mixing between the component-A and the 
most Zr depleted points of rhyolitic units (component-B: the Ardichdag rhyolite and 
C: the White/Grey ignimbrites). These are plotted in Figure 3.22. The mixing curves 
fi t the data points very neatly as an indication of two separate magma mixing events 
between a trachytic magma that gave rise to the Black ignimbrite (component-A) and 
two other rhyolitic magmas which produced the White/Grey ignimbrites (aphyric 
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rhyolite: component-C) and Ardichdag rhyolite (crystal-rich rhyolite: component-B) 
respectively. Most notably, half of the mixing curve between the Black ignimbrite 
and the Ardichdag rhyolite is made up of the data points of the Ardichdag rhyolite 
which include no black ignimbrite inclusions anywhere in the field. This may 

Components of magma mixing: 
A. the Blackignimbnte (MK78) 
B. the Ardichdag rhyolite (MK328) 
C. the White/Grey ignimbhte (MK309) 
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Figure: 3.22. Diagram showing the binary mixing lines between the Black ignimbrite and Ardiqlidag 
rhyolite and between the same unit and the White/Grey ignimbrite. 

indicate that the accessory minerals i.e. zircon and apatite. Fractional crystallisation 
of zircon would produce a similar decreasing trend to these mixing lines, but it would 
be linear and steeper. On the other hand, the accumulation of zircon in the magma 
could create a Zr enrichment as may be in the case of some of the data points which 
belong to the Ardishdag rhyolite. Therefore, mixing curves on Figure 3.22 should be 
interpreted with caution for the possible effects of zircon. Fractionation of biotite 
may also cause the Rb concentration to decrease. This should not be an important 
factor since biotite is not a major crystallising phase in the Pasinler area. 
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The Black ignimbrite 
contains abundant black 
fiamme" which display quite 
different colour, texture and 
phenocryst content relative 
to surrounding matrix 
which is mostly made up of 
scarlet to black coloured 
glassy groundmass (Photos 
2.10 and 12). This 
groundmass is made up of 

of abundant fiamme which are characterised by their brownish colour under the 
microscope. These reddish fiamme span a compositional range between 66 and 69.5 
Si0 2 wt. %, plotting in the same area (e.g. trachyte and trachydacite) with the Black 
ignimbrite in Figure 3.23. On the other hand, the black fiamme" which basically 
consist of transparent glass under the microscope and which display black, obsidian 
like lustre on the hand specimen with a typical eutaxitic texture (Photo 2.10) vary 
between 73% and 74 in Si0 2 and plot close to the field of the White and Grey 
ignimbrites (rhyolite field). Existence of these patches of rhyolitic glassy material in 
a trachydacitic matrix may indicate that the trachytic magma was also contaminated 
by the rhyolitic magma. Since it is apparent that both magmas contaminated each 
other, they must have been in contact with each other in a magma chamber where the 
magma mixing between these two magmas was taking place. 

Zircon enrichment in the Black ignimbrite and concurrent Zr depletion in 
underlying White and Grey ignimbrites can be attributed to the accumulation of 
zircon at the basal (hence more basic) part of a shallow level silicic magma chamber 
that fed the pyroclastic deposits on the Pasinler plateau. This magma chamber is more 
likely to have been compositionally and thermally zoned. Alternatively, Zr 
enrichment in the Black ignimbrite might have been achieved effectively by small 
degrees of partial melting of a garnet-bearing (relatively deep) source where garnet 
was involved in partial melting. However, there is no trace element and isotopic 
evidence for a deeper source on the plateau. 

The Black ignimbrite contains accessory zircon microcrystals. This may 

suggest that Zr enrichment in the Black ignimbrite was not related to the source, in 

fact, it appears to have been created by the fractional crystallisation process. In the 
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following paragraphs, the evidence for the presence of a compositionally zoned 
magma chamber beneath the Pasinler plateau and its temporal evolution will be 
presented together with the proposed magma chamber model. 

The high-Y lavas on the Pasinler plateau are basically composed of four volcanic 

units (Figures 2.11,13 and 16 and also 3.21). From base to the top these are: 

- the Ardiclidag rhyolite (crystal rich lavas: plagioclase, anorthoclase) (top) 

- the Kargapazari basalt 

- the Black ignimbrite 

- Aphyric rhyolitic pyroclastic fall and flow (ignimbrite) deposits (base) 

Lavas of the low-Y series are excluded from the volcano-stratigraphic column 
presented above, because they evolved in deeper magma chambers located close to 
the lower crust (Section 4.2.2.1). Since the contacts of the Black ignimbrite with 
underlying aphyric rhyolitic products and overlying basaltic andesite are planar 
without any sign of erosion and weathering all over the Pasinler plateau, these four 
units seem to have erupted one after another without considerable time interval. 
Hence this may represent different zones of a compositionally zoned shallow-level 
silicic magma chamber. 

The magma chamber model proposed for the formation of these units on the 
Pasinler plateau is presented in Figure 3.24 in five parts (a to e) each of which 
corresponds to a particular stage. In the following paragraphs, these stages will be 
described. 

Figure 3.24-a shows the initial stage of the shallow level magma chamber. In 
this stage, fractional crystallisation (FC) of basaltic magma should have produced 
relatively silica-rich derivative liquids (e.g. basaltic andesite and andesite) giving rise 
to strombolian type of eruptions on the plateau. These eruptions formed small scoria 
and spatter cones which were later buried by the rhyolitic pyroclastic fall and flow 
deposits. Some of them were observed and mapped in this study (e.g. scoria cone in 
the Harabedere gorge). According to Al-in amphibole geobarometry of Schmidt 
(1992), the depth of the chamber was around 13-15±2 km (see Figure 4.26, p.209). 

Figure 3.24-b illustrates the stage in which a lateral compositional and thermal 
zonation was established in the magma chamber. From base to the top these zones 
are: 
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a) parental basalt to basaltic-andesite at the base (the Kargapazan volcanics) 

b) trachyte to trachy-dacite with abundant feldspar crystals (the Black 
ignimbrite) 

c) crystal-rich rhyolite (the Ardiclidag rhyolite) 

d) aphyric rhyolite at the top (the Grey and White ignimbrites) 

In the silica-rich upper parts of the chamber, fractional crystallisation of 
anorthoclase, sanidine and sodic plagioclase (as indicated by the behaviour of Ba and 
Sr in Figure 3.25) together with accessory zircon (Figure 3.22) took place. According 
to Seck's (1971) graphical two-feldspar thermometer, the crystallisation temperature 
of sanidine in the chamber was around 550-600sC while that of anorthoclase was 
around 650-750^ (Figure 4.30, p. 218). Feldspars and zircon, crystallised from the 
acidic roof zone of the chamber, accumulated at the basal trachytic zone. Sanidine 
should have been corroded and completely dissolved in the hotter basal trachytic 
layer while sodic plagioclase was completely or partly corroded producing 
embayments and sieve texture in the phenocrysts. Zircon precipitation and 
accumulation seem to have created Zr enrichment in the trachytic basal zone and 
relative Zr depletion in the rhyolitic upper zone seen in Figure 3.22. In this stage, a 
magma mixing event, induced possibly by convection, took place between the 
trachytic layer and crystal-rich rhyolite producing obsidian-like crystal-rich fiamme' 
which have the same composition with the overlying rhyolitic layer. Fractional 
crystallisation caused excessive volatile enrichment towards the roof zone of the 
magma chamber, giving rise to explosive eruptions on the plateau which produced 
aphyric pyroclastic falls and ignimbrites reaching up to 300-400 m in thickness. 

Figure 3.24-c shows the stage in which the rate of precipitation and 
accumulation became higher in the crystal-rich part of the rhyolitic magma than in 
the trachytic magma. Eventually, rhyolite became more crystal-rich, viscose and 
denser than the underlying trachyte. As a result of this, magma chamber stratification 
was possibly partly or completely destroyed by convective overturn. This destruction 
was also enhanced by degassing of more basic layers at the base due to cooling of 
silica-poor magma against overlying rhyolite. Trachytic layer appears to have moved 
upwards following the walls of magma chamber and erupted on the plateau 
producing the Black ignimbrite. Geometry of the magma chamber zonation 
presumably turned into concentric with a central crystal-rich rhyolite core mantled by 
trachyte. Denser basalt resided at the bottom of the chamber. Trachydacitic magma 
erupted until its extractable volume was exhausted abruptly. 
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Figure 3.24-d illustrates the stage when Basaltic to basaltic-andesitic magma 
which represents probably the lowermost part of the chamber (the Kargapazari 
volcanics) erupted perhaps due to excessive degassing of basalt which considerably 
decreased its density. On the other hand, there is no strong evidence if this basic to 
intermediate lava sequence was derived from the same or another magma chamber 
resided deeper in the crust. 

In the final stage (Figure 3.24-e), magma chamber zonation was probably 
reorganised. Rhyolite continued to precipitate feldspar. In the west around Buyukdere 
gorge, aphyric products were erupted forming the Upper tuff unit while in the east 
around Harabedere valley, crystal-rich parts of the rhyolite namely the Ardichdag 
rhyolite) erupted forming domes on the plateau. 

In order to evaluate the extent to which fractional crystallisation of feldspars 
controls trace element distribution, trace elements, including Sr and Ba, have been 
plotted against Rb on log-log variation diagrams on which theoretical Rayleigh 
fractionation vectors have been modelled for the removal of individual minerals or 
likely mineral assemblages for basic (B), intermediate (I) and acid (A) compositions 
(Figure 3.25). Rb is chosen as the fractionation index since it has a good positive 
correlation with increasing Si0 2 for both high- and low-Y series and also it does not 
substitute in any of the major crystallising phases except biotite. The compiled 
distribution coefficients given in Table 4.12 have been used for constructing vectors. 
Theoretical vectors have been calculated using the equation given in Eq. 3.1 for 50% 
crystallisation, except for biotite calculated for 25% crystallisation. On these 
diagrams, these clusters of vectors can be moved to any presumed parental 
compositions. 

Sr forms two distinctly parallel trends coinciding with the low- and the high-Y 
series. Lavas of the low-Y series have consistently higher concentrations of Sr 
(Figure 3.18-b and 3.25). This may be interpreted as a reflection of differences in the 
fractional crystallisation histories of these two magmas. Sr decreases steadily with 
increasing Si0 2 content in both the high- and the low-Y series, however falls rapidly 
in the acidic lava and pyroclastics of the high-Y series after 67% Si0 2 as a result of 
plagioclase and alkali feldspar crystallisation. As can be seen in Figure 3.25-a, the 
trend formed by the data points of acid members of the high-Y series fits well to the 
vector modelled for plagioclase at acid compositions. 
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Figure: 3.25. Log-log plots of Y, Sr, Zr and Nb against Rb showing the contrast in trace element behaviour 
of the volcanic units of the high- and low-Y series. 
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Ba increases steadily with increasing acidity of the melt in both Y series, but 

decreases sharply at 65% Si0 2 in the acid members of the high-Y series in response 

to incoming alkali-feldspar fractionation (Figures 3.18-f and 3.25-b). Ba is also 

partitioned strongly into biotite (K^°~liq) = 6 at intermediate and 7.5 at acid 

compositions). However, if the behaviour of Nb is taken into account, it can be 

argued that biotite fractionation is 
not a major factor in causing this 
strong depletion. 

Figure 3.26 illustrates the 
relative importance of plagioclase 
and alkali feldspar fractionation in 
the volcanics of the Pasinler area. In 
the Kargapazari volcanics, the Black 
andesite/dacite and the Kizilveren 
amphibole dacite/andesite, Sr 
decreases moderately with increasing 
Ba concentration implying that 
plagioclase is the only fractionating 

only fractionating feldspar. This trend becomes flat around the Black ignimbrite, an 
indication of incoming alkali feldspar, and decreases rapidly in the Ardichdag 
rhyolite which responds to increasing alkali feldspar fractionation. It forms a sub 
vertical trend in the Grey and White ignimbrites indicating that alkali feldspar is the 
dominant phase in the fractionation history of these units. 

Ni and Cr fall rapidly in the basic to intermediate lavas of the high-Y series 
indicating that olivine was one of the most important fractionating mafic phase 
during the early stages of the fractionation of these series (Figure 3.19-b and d). In 
contrast, data points of the low-Y series are widely scattered and are not depleted in 
these elements as much as in the high-Y series. The scatter (between 1 to 10 ppm) in 
the data points of the acid members of the high-Y series arises from the analytical 
error in the detection of these elements by XRF. 

V values decrease slightly with fractionation in the low-Y series and also in the 

basic to intermediate members of the high-Y series (Figure 3.19-c). In contrast, they 

fall rapidly after around 63% Si0 2 in the intermediate to acidic lavas of the high-Y 

and also in the transitional series. This may indicate the greater importance of 

magnetite fractionation in these series. V may also be strongly partitioned into 

amphibole (K^-iv) =32 and magnetite K(™g~lul) =30 at intermediate compositions). 
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Figure: 3.26. Ba against Sr log-log graph 
displaying the relative importance of 
plagioclase and alkali-feldspar fractionation in 
the volcanic units of Pasinler area. Key 
svmbols are the same as Fie. 3.22. 
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However, the behaviour of Y and other R E E invalidates amphibole fractionation in 
these series. 

Co behaves in a similar way to V, forming a relatively flat trend in the low-Y 
and basic units of the high-Y series and decreasing in the acid units of the high-Y 
series after 63% Si0 2 in response to magnetite and perhaps orthopyroxene 
crystallisation (Figure 3.19-e). 

3 J . Eare eaurttlfo elemmenntt patterns 

Among trace elements the rare earth elements (REE) which are represented by 
14 elements with atomic numbers 57 to 71, from lanthanum (La) to lutetium (Lu), 
have a special significance because they form a group whose members have similar 
physico-chemical properties. The REEs exhibit small regular differences in their 
mass and ionic radius as a result of a phenomenon called 'the lanthanide contraction' 
which is controlled by the increasing positive nuclear charge with increasing atomic 
number. This results in a regular decrease in ionic radii from La to Lu controlling the 
progressively change in chemical behaviour of REEs. The R E E pattern of an igneous 
rock is controlled by the R E E chemistry of its source and crystal-melt equilibria 
which have taken place during its evolution (Rollinson, 1993). Therefore, REEs can 
be used as a powerful tool to solve specific problems of petrology. 

The relative abundance of the REEs changes regularly under the influence of a 
number of petrologic processes, e.g. partial melting and fractional crystallisation, 
depending upon their KA values. Rock-forming minerals preferentially substitute or 
exclude some of these elements in a regular fashion, due to the fact that the REEs 
have progressively changing chemical properties created by the progressive change in 
their ionic radius. Among these minerals, garnet, amphibole and pyroxenes take more 
of the HREEs which have low ionic radii. Garnet has quite low Kd values for the 
LREEs and increasingly higher KAs for the HREEs. Therefore, if garnet is a 
crystallising phase, it creates a strong depletion of heavy REEs and enrichment in 
LREEs in the magma. Feldspars have a minor effect on the R E E pattern of the melt 
since they have low K^s for all REEs except for Eu. In general, feldspars and apatite 
take the LREEs, which have high ionic radii. Ortho- and clinopyroxene in general 
have A ŝ that are lower than 1 for REEs. For pyroxenes, the A"ds of the LREEs are 
slightly lower than those of the M- and HREEs. Therefore fractional crystallisation of 
pyroxenes causes a L R E E enrichment in the melt in most cases. Partition coefficients 
of REEs for amphibole are highest in the MREEs. They are strongly dependent upon 
the composition of the melt, coefficients reaching 10 for acidic compositions (see 
Table 4.12). Therefore, fractional crystallisation of amphibole results in relative 
depletion in MREEs (especially Ho, Er, Tm and Y) and, to an extend, in HREEs with 
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respect to LREEs at intermediate to acidic compositions. Because, KA values of R E E 
for biotite are generally lower than 1, its presence has a little effect on R E E patterns. 
Kd values for olivine are all less than 0.1. Consequently, fractionation of olivine 
causes all REEs to enrich in the successive melts. Another point which should be 
taken into account is that the effect of the crystallisation of one of these minerals on 
R E E patterns increases with increasing Si0 2 since Kd values of elements are strongly 
dependent upon the Si0 2 content of the melt (Section 4.3.1). To sum up, the observed 
R E E distributions can be used to deduce which minerals have been involved in partial 
melting or fractional crystallisation processes as long as we know the degree to 
which REEs are held by a particular mineral (i.e. the partition coefficients for these 
minerals). 

In this study, the R E E data obtained from the ICP-MS (Inductively Coupled 
Plasma-Mass Spectrometry) analysis of 34 samples (Table 3.3) have first been 
normalised to the chondrite composition proposed by Sun and McDonough (1989) to 
eliminate the Oddo-Harkins effect1. The data are then plotted in Figure 3.27 (a-i) in 
eight parts, each of which coincides with one of the stratigraphic levels of the high-
and low-Y series. Samples are plotted in accordance with the increasing Si0 2 content 
of the rock samples as presented on the legend of each spidergram. LREE/MREE and 
MREE/HREE ratios have been calculated using the normalised ratios of (La/Eu*)N 

and (Eu*/Yb)N respectively and plotted in Figure 3.27-j and -k. Eu* represents the 
extrapolated Eu value calculated using the normalised values of Sm, Gd and Eu as 
presented in Equation 3.2. Remarkably, lavas of the high-Y series are in general 

rEu rGd _ rSm rGd /*»3t 0.947 
r N -CN CN -CN r =1 17 
^-Eu ^Gd ^Gd Eu1* 

cn _ {rEu-rGd){CN

Sm-CN

Cd) N = 0.958 
rsm~rGd ^ = 0 . 9 3 8 

Gd 

rEu' rGd' rSm • ' o m c ra<*'' ofEu, Gd and Sm in A as given above, 

Ceu ) , C^m: the chondrite normalised values of Eu, Gd and Sm. 

Eq. 3.2 

Qddo-Harkins effect: elements with even atomic numbers always have higher concentrations 
compared to those with odd atomic numbers. This phenomenon causes zig-zag form on the R E E 
pattern if the REEs are not normalised to their abundances in carbonaceous chondritic meteorites that 
are believed to be representative of primitive solar system material which may have been parental to 
the Earth (Coryell, et al., 1963 and Nakamura, 1974). On the other hand, it has recently been apparent 
that chondritic meteorites are quite variable in composition and chondrites with the standard chondritic 
R E E abundances are quite rare (Boynton, 1984). 
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enriched variably in L R E E while the low-Y series exhibit a distinctive MREE and 
HREE depletion relative to the high-Y series. In the following paragraphs, 
differences in R E E patterns of main stratigraphic units of the high- and low-Y series 
will be presented with special reference to their petrologic significance. 

33.1. MME jpattermis of ttflie taiglhi=Y series 

The high-Y basic lavas of the olivine-bearing plateau lavas in the Horasan area 
(i.e. the Horasan plateau unit), which comprises one of the most basic rock suites on 
the plateau, has an almost flat R E E pattern with slight L R E E enrichment (Figure 
3.27-c). They have a LREE/MREE ((La/Eu*)N) ratio of around 2-3 and 
MREE/HREE ((Eu*/Yb)N) ratio of about 1.5-1.7. In this unit, MREE and HREEs 
increase slightly with increasing S i0 2 without any change in pattern shape. This is to 
be expected in volcanic units which are dominated by the crystallisation of anhydrous 
phenocryst phases (i.e. olivine, pyroxenes and plagioclase) as the REEs are in general 
incompatible with these phases and thus become increasingly concentrated in the 
more evolved liquids. A line representing the R E E pattern of the Horasan plateau unit 
has been plotted on all graphs as a reference to facilitate a comparison between 
different lava units. The only other sample to show exactly the same pattern to the 
Horasan plateau reference line is MK289 (49.1 Si02%) which was collected from one 
of the most basic volcanic units, the Karapinar basalt, at the base of the plateau in the 
Kargapazari area (Figure 3.27-f). 

Other members of andesitic to basaltic-andesitic (53.7-60.3% Si0 2) lavas of the 
olivine-bearing plateau lavas (i.e. the Kargapazan volcanics: MK63 and MK101, the 
Aladag andesite: MK159 and the Kars Plateau unit: MK175 and MK162; see Table 
3.3) all follow roughly similar patterns to that of the Horasan Plateau unit, but with a 
distinctly greater L R E E enrichment (Figure 3.27-d and e). For these samples, the 
LREE/MREE ratio ranges between 3 and 5.5, reflecting the L R E E enrichment, 
whereas the MREE/HREE ratio is very close to that of the Horasan plateau unit with 
ratios of 1.5-2. Samples MK175, MK63 and MK159 have exactly the same MREE 
and HREE profiles as the Horasan Plateau unit, while MK162 and MK101 display a 
slight depletion in MREE and HREE (Figure 3.27-e) reflected by a slight increase in 
(Eu*/Yb)N ratio relative to Horasan Plateau unit in Figure 3.27-k. In these units, 
REEs slightly increase with increasing Si0 2 without any substantial change in the 
pattern. However, LREEs seem to behave in a more complex way showing an inverse 
correlation with Si0 2 (MK159 and MK63). The L R E E enrichment together with the 
slight depletion in M- and HREEs may be caused by variable degrees of ortho- and 
clinopyroxene and/or subordinate amphibole fractionation. 
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The basal basic to intermediate lavas (Figure 3.27-f and g) also have broadly 
similar patterns to that of the olivine-bearing plateau lavas showing a slight 
enrichment in LREEs (Figure 3.27-j and k). This also appears to be caused by 
pyroxene crystallisation in these volcanic units. Except for MK138 and MK117, their 
LREE/MREE and MREE/HREE ratios are around 3-5 and 1-2 respectively. The 
LREE/HREE and MREE/HREE profiles of MK117 (the Black andesite, Pasinler) 
and MK138 (the Kotek basalt, Horasan) resemble those of MK101 (the Kargapazari 
volcanics, Pasinler), and MK162 (the Aladag andesite) with a slight depletion in M-
and HREEs compared to the Horasan plateau reference line. 

Alkali-calcic suites of the basal acidic lavas which are represented by two 
obsidians (MK70 and MK345), a porphyritic rhyolite (MK338) and a dacite 
(MK174), show much steeper LREE/MREE profiles (almost as high as the 
amphibole bearing porphyritic lavas of the low-Y series, except for MK174) with 
respect to the reference line of the Horasan plateau lavas, with (La/Eu*)N values 
varying between 4 and 8 (Figure 3.27-j). This may be interpreted as an indication of 
pyroxene crystallisation in these volcanic units. These units have the highest total 
R E E content (138-258 ppm) of all the volcanic units on the plateau (Table 3.3). 
The trend to evolved compositions is the same as that seen in the olivine-bearing 
plateau lavas (increasing REEs with increasing Si0 2 content of the melt) with the 
exception of MK338 (the Ardiclidag rhyolite, Pasinler). Except MK174 (66.5 wt.% 
Si0 2 ), all samples of this unit show a distinctive negative Eu anomaly, increasing 
with the acidity of the melt, in response to plagioclase and/or alkali feldspar 
crystallisation under conditions of low oxygen fugacity (see Sections 4.2.3.1 and also 
4.3.1.2). Despite their L R E E enrichment and strong negative Eu anomaly, basal 
acidic lavas of the high-Y series exhibit broadly similar MREE and HREE 
patterns to the Horasan plateau unit reference line with Eu*/Yb values varying 
between 1 and 2. When we take all these findings into account, it can be argued that 
alkali-calcic suits of the basal acidic lavas and pyroclastics are dominated by the 
crystallisation of anhydrous phenocryst phases i.e. plagioclase, alkali feldspar and 
pyroxenes, like the other units of the high-Y series. 

3.3.2. R E E patterns of the low-Y series 

Amphibole-bearing porphyritic and aphyric lavas of the low-Y series have 
similar LREE/MREE profiles to the volcanics of the high-Y series but they show 
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Sample Format ion G r a p h S i 0 2 Y (ppm) T o t a l T o t a l Tota l T o t a l 
L R E E M R E E H R E E R E E 

A. The low-Y series 
1. A M P H I B O L E - B E A R I N G P O R P H Y R I T I C L A V A S 

M K 9 3 Dumlu amph. dac/and, Mt. Dumlu 63.49 17.3 130.5 12.1 3.1 145.8 

M K 1 3 2 Koroglu amph. and/dac, Horasan 64.18 15.6 147.1 12.2 2.9 162.2 

MK251 Dumlu amph. dac/and, Mt. Dumlu 65.08 13.6 116.6 10.7 2.5 129.8 

M K 2 6 8 Gollersiizii amph. dac/and, Kargapaz 3.27-a 65.47 15.7 99.0 11.3 3.1 113.4 

M K 4 9 Dumlu amph. dac/and, Ml.Dumlu 66.26 17.8 111.7 12.0 3.4 127.0 

M K 1 1 2 K m l v e r e n amph dac/and, Pasinler 66.81 18.3 98.4 12.3 3.6 114.4 

M K 1 5 4 Sacdag dacite, South of Horasan 66.91 9.0 105.6 8.9 1.5 116.0 

2. A P H Y R I C L A V A S W I T H O U T A M P H I B O L E || 

M K 2 3 7 Gungormez and/dac, Mt. dumlu 56.47 16.8 107.8 12.9 3.7 124.3 

M K 2 4 3 Giingdrmez and/dac, Mt. dumlu 57.99 17.5 102.6 12.3 3.3 118.2 

M K 2 1 5 Gungormez and/dac, Mt. dumlu 3.27-b 58.53 16.4 100.0 12.0 3.4 115.3 

M K 2 7 7 Gungormez and/dac, Kargapazari 60.58 15.9 101.3 10.9 3.3 115.5 

M K 2 6 5 Kiisk pyroxene andesite, Kargapazari 63.90 16.1 101.9 11.5 2.8 116.2 

B. The high=Y series 
1. O L I V I N E - B E A R I N G P L A T E A U L A Y E R 

M K 1 3 9 Horasan plateau unit, N of Horasan 49.67 25.5 62.6 14.7 5.5 82.9 

M K 1 3 5 Horasan plateau unit, N of Horasan 3.27-c 50.02 29.5 58.6 17.4 6.3 82.3 

M K 1 3 0 1 lorasan plateau unit, N of Horasan 54.36 31.8 65.9 18.0 7.1 91.0 

M K 1 7 S Kars plateau unit, Kagizman 53.66 29.6 126.8 18.2 6.7 151.6 

MK.63 Kargapazari volcanics, Kargapazari 3.27-d 54.39 26.8 127.3 19.5 6.6 153.4 

M K 1 5 9 Aladag andesite, Mt. Aladag 60.26 32.5 97.4 19.7 7.0 124.1 

M K 162 Kars plateau unit, Kagizman 3.27-e 55.25 23.4 81.3 13.6 4.6 99.5 

MK101 Kargapazari voicanics, Pasinler 57.01 23.1 112.9 14.8 5.0 132.7 

2. B A S A L B A S I C T O I N T E R M E D I A T E L A V A S 

M K 1 4 4 Kotek basalt, Horasan 48.76 25.0 141.5 19.1 5.0 165.7 

M K 2 8 9 Karapmar basalt,Kargapazari 3.27-f 49.09 25.8 57.2 14.7 6.0 78.0 

M K 158 Aladag andesite, Mt. Aladag 61.74 36.6 134.0 21.1 7.9 163.0 

M K 1 3 8 Kotek basalt, Horasan 53.63 20.5 76.2 12.6 4.2 93.1 

M K 2 8 0 Gungormez and/dac, Kargapazari 3.27-g 56.14 30.8 100.4 18.4 6.0 124.9 

MK281 Gungormez and/dac, Kargapazari 56.99 32.8 103.2 19.1 6.4 128.7 

M K 1 1 7 Black andesite, Pasinler 62.14 20.8 76.5 11.6 4.5 92.6 

3. B A S A L A C I D I C L A V A S A N D P Y R O C L A S T I C S 1 

M K 3 3 8 Ardtclidag rhyolite, Pasinler 71.00 30.0 232.0 20.0 6.6 258.7 

M K 7 0 Obsidian in Lower tuff, Pasinler 3.27-h 75.87 35.8 175.9 17.0 8.8 201.7 

M K 3 4 5 Obsidian in Lower tuff, Pasinlcr 75.33 36.3 170.8 16.5 8.4 195.8 

M K 174 Pash trachydacite, Kagizman 66.48 33.5 112.3 18.9 6.9 138.1 

C. The Middle Miocene and Eocene Volcanics 
M K 3 7 5 Pasinler (Miocene Tuzluyollari dacile) 70.13 15.8 98.7 10.3 3.4 112.4 

M K 3 6 4 Pasinler (Upper Eocene) 3.27-1 53.81 21.9 57.9 12.5 5.0 75.3 

M K 1 2 2 Pasinler (Upper Eocene) 53.61 25.8 92.3 15.8 5.7 113.8 

Table: 3.3. Table showing detailed information about names of formations, Si02 wt.% and Y contents 
and total REE abundance of ICP-MS samples. For full dataset see Appendix E. 

a distinctive depletion in MREEs and HREEs (Figure 3.27-a and b) which is 
indicated by an increase in their (La/Eu*)N (5 to 8) and (Eu*/Yb)N (2 to 4.5) ratios 
(Figure 3.27-j and -k). Total REE, in general decrease with increasing S i0 2 content 
in the aphyric lava units without amphibole whereas, in amphibole-bearing 
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porphyritic lavas, there is no clear relationship between R E E profiles and Si0 2 

content. Decrease in MREEs and partly HREEs associated with enrichment of 
LREEs appears to be caused by the strong partitioning of these elements into 
amphibole, especially in felsic and intermediate liquids. This is evident from the 
partition coefficient patterns of amphiboles (Figure 4.38, p.236) showing a slightly 
convex-upward pattern from the light to the heavy REEs. A part of the L R E E 
enrichment may be related to pyroxene fractionation. The contrast between the 
amphibole-free high-Y series and the amphibole-bearing low-Y series is reflected by 
the total M- and HREE and also (La/Yb)N versus Si0 2 diagrams presented in Figure 
3.28 and 3.29 respectively. Figure 3.28-b and -c show two distinctive trends 
coinciding with the low- and high-Y series. Total MREE and HREE of the low-Y 
series consistently decrease with increasing SiO z in contrast to the high-Y series 
whose total M- and HREEs increase slightly with increasing Si0 2 . All these 
features, together with the geobarometer calculations based on the Al contents of 
amphiboles, are consistent with crystallisation of an amphibole-bearing hydrous 
assemblage at 20-28 km depth (see Section 4.2.2.1). Modelling of Rayleigh 
fractionation vectors in Figures 3.11 and 12 also supports this idea. 

3.3.3. Multi-element patterns 

Pearce (1983) proposed a spidergram whose elements are normalised to Mid 
Ocean Ridge Basalt (MORB) to assess the extent of involvement of different 
components (i.e. metasomatised sub-continental lithosphere, mantle, subduction and 
crustal contamination components) in magma genesis. He based his spidergrams on 
two parameters: ionic potential (ionic charge for the element in its normal oxidation 
state, divided by ionic radius) and the bulk distribution coefficients of elements 
between garnet lherzolite and the melt. The first one, ionic potential is used as a 
measure of the mobility of an element in aqueous fluids. Elements with low (<3) and 
high (>12) ionic potentials are mobile and those with intermediate values are 
generally immobile. In order to produce a smooth and comparable pattern, he 
placed mobile elements e.g. Sr, K, Rb and Ba on the left of the diagram and arranged 
all elements so that the incompatibilities of both the mobile and immobile elements 
increase from the outside to the centre of the pattern during lherzolite melting (Figure 
3.30-c). Pearce (1983) showed that, except for Sr, which is strongly influenced by the 
fractionation of plagioclase, variations both in degree of partial melting and fractional 
crystallisation can change the level of the pattern but have a little effect on its shape 
if unusual conditions are not operational (e.g. very low degrees of partial melting or 
unusual crystallisation histories such as those that involve abundant amphibole 
and garnet). 
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Middle Miocene and Eocene volcanics 
High-Y series: Average 
I lorasan Plaleau Layer 

MK122 (Pasin. <Eocene> 
Si02:53.6, Y:25) 

MK364 (Pasi.n. <Eotene> 
Si02:53.8, Y:22) 

MK375 (Pasin. <Mioccnc> 
SiO2:70.1, Y:15) 
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Low-Y: ABPL: amphibole bearing porpyritic lavas 

Low-Y: ALWA: aphyric lavas without amphibole 

High-Y: OBHOPL: olivine bearing plateau lavas of the Horasan area 

High-Y: OBPL: olivine bearing plateau lavas 

High-Y: BBIAL: basal intermediate to acidic lava layer 

High-Y: BALP: basal acidic lavas andpyroclastics 

Figure: 3.27. (Continued). 
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Figure: 3.28. Total LREE (from La to Nd), MREE (from Sm to Ho) and HREE (from Er to Lu) 
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Therefore, this type of diagram can be conveniently used to contrast source 
composition and relative involvement of different components across a volcanic 
province. 

Each component that is enriched in a set of different elements from the other 
components has a unique enrichment pattern on the MORB normalised spidergrams. 
Basalts derived from mantle enriched by a subduction component (i.e. trace element 
enriched metasomatised sub-continental lithosphere) display selective enrichment in 
the large ion lithophile (LLL) elements Sr, K, Rb, Ba, Th and LREEs and to a lesser 
extend in Sm (Pearce, 1983), because these elements are very mobile (i.e. their ionic 
potential is either lower than 3 or greater than 12). They are thought to be transported 
by aqueous fluids from the subduction zone to the overlying zone of mantle melting 
(Pearce, 1983) and hence enriched in the mantle. On the other hand, plume 
asthenosphere, or lithosphere enriched by small volume melts from the asthenosphere 
creates humped patterns with Ba, Th, Ta and Nb the most enriched elements (Pearce 
et al., 1990). These are the most incompatible elements for small degrees of partial 
melting of lherzolite. Crustal assimilation shows a similar effect to the subduction 
component resulting in an enrichment in LBL elements (i.e. the elements which are 
enriched in the crust), especially in Ba and Th. However, it is far from being 
diagnostic since the crust has a very heterogeneous composition for those elements 
from one place to another. 

Partial melting or crystallisation of some minerals that have high bulk partition 
coefficients for the elements that comprise the diagram may significantly effect the 
shape of the patterns. For example, if amphibole is a crystallising phase, K, Y and the 
MREEs are significantly depleted while Sm, Ta and Nb are slightly depleted (Pearce 
et al, 1990). The degree of depletion increases as the magma fractionating amphibole 
evolves to acidic compositions because partition coefficients (Kd) of MREEs and Y , 
for amphibole are as much as seven to ten times greater in acidic compositions than 
they are in basic compositions (see Table 4.12). If garnet is a residual phase in the 
source, M- to HREEs and also Y are depleted (Pearce et al, 1990) since garnet 
significantly retains these elements during partial melting. A useful precaution is to 
consider multi-element patterns only for basalts since K^s for amphibole are the 
smallest at basic compositions and also the relative amount of amphibole in the 
crystallising assemblage increases towards intermediate and acidic compositions. 
These patterns are most reliable when pyroxene, plagioclase and oxides, those 
minerals that have considerably lower partition coefficients of the elements under 
consideration (excluding Sr), are the only residual and crystallising phases (Pearce et 
al, 1990). 

158 



Chapter 3: Major and trace element geochemistry 

In Figures 3.30, representative volcanic rock samples from different 
stratigraphic levels of the Erzurum-Kars plateau are normalised to the average mid-
ocean basalt (MORE) of Sun and Donough (1989). The plots are presented in nine 
multi-element diagrams (from 3.35-a to -i), each coinciding with one of the distinct 
units on the plateau. Among these samples only MK135, MK139, 'MK144 and 
MK289 fall into the basalt field of Le Bas et al. (1986) (Table 3.3) while MK63, 
MK101, MK130, MK175, MK162 and MK237 classify as basaltic andesites. Apart 
from only one basaltic-andesite sample from the low-Y series (MK237), all of these 
basic samples belong to the high-Y series. The more evolved samples (i.e. andesites, 
dacites and rhyolites) that have been plotted onto the diagrams in Figure 3.30 should 
be interpreted carefully because of the possible effects of fractionation of some 
minerals such as amphibole. 

Notably, all samples show a selective enrichment in L I L elements (Sr, K, Rb, 
Ba, Th) (25-lOOxMORB) and the LREEs (La and Ce) (4-10xMORB) and also a 
slight enrichment in the incompatible high field strength elements (HFS: Ta, Nb, Hf, 
Zr and Y) (l-3xMORB) relative to MORB. The patterns closely resemble to active 
continental margin patterns of Pearce (1983) involving a characteristic subduction 
component. Therefore these patterns suggest that the lavas forming the Erzurum-Kars 
Plateau were derived from mobile trace element enriched, metasomatised, sub
continental lithosphere although assimilation of crust could also contribute 
significantly to the formation of this pattern. According to Pearce et al. (1990), this 
subduction component was inherited from pre-collision subduction events which 
were operational during Cretaceous and Eocene times as a result of the subduction of 
the oceanic plate of the Neo-Tethys ocean beneath the region. 

Basalts from the Horasan plateau unit (MK130, MK135 and MK139), which 
exhibit the flattest R E E patterns (Figure 3.27-c) with the highest radiogenic isotope 
ratios, comprise the least L I L E and MREE enriched samples (see Figure 3.30-d). The 
most mobile elements, K, Rb, Ba and Th, are enriched in these samples between 10 to 
25 times the abundance of MORB. In contrast, other basalts (MK144 and MK289) 
from the basal basic lava layer of the high-Y series are enriched in these elements 20 
to 100 times (Figure 3.30-d and f). Therefore, the basaltic lavas of the Horasan 
plateau lavas may be considered to be the most primitive lavas on the plateau, having 
relatively little contamination from the continental crust. They represent the closest 
composition to that of the sub-continental lithosphere component with a distinctive 
subduction signature. They also appear to be free of the effects of fractional 
crystallisation of amphibole. 
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G) The Middle Miocene and Eocene volcanics 
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MK375 (Pasta. <Mioccne>. SO2:70.l, 
Y:I5I 

100 
MK364 (Pasin <Eocene> SiQ2 J3.S, 
\\22i 

MK122 (Pasjn <Eocene> SiCE33.6, 
Y.25) 

8. 10 

1 

0.1 

Sr Rb Ba Th Ta Nb La Ce Nd Hf Zr Sm Tb Ti K Yb 

Sample Area Formation Graph S i 0 2 Y (ppm) 

BASALTS 
The high-Y series 

1. O L I V I N E B E A R I N G P L A T E A U L A Y E R 

MK139 North of Horasan Horasan plateau unit 3.24-d 49.67 25.5 
MK135 Horasan plateau unit 50.02 29.5 

2. B A S A L B A S I C T O I N T E R M E D I A T E L A V A S 

MK144 North of Horasan Ko'tek basalt, Horasan 3.24-f 48.76 25.0 
MK289 Mt. Kargapazari area Karapinar basalt 49.09 25.8 

BASALTIC ANDESITES 
The high-Y series 

1. O L I V I N E B E A R I N G P L A T E A U L A Y E R 

MK63 Kargapzan area Kargapazari volcanics 3.24-e 54.39 26.8 

MK101 North of Pasinler Kargapazari volcanics 3.24-e 57.01 23.1 

MK130 North of Horasan Horasan plateau unit 3.24-d 54.36 31.8 

MK175 North of Kagizman Kars plateau unit 3.24-e 53.66 29.6 

MK162 Kars plateau unit 55.25 23.4 

The low-Y series 
2. A P H Y R I C L A V A S W I T H O U T A M P H I B O L E 

MK237 Mt. Dumlu area Giingdrmez andesite/dacite 3.24-c 56.47 16.8 

Table: 3.4. Table showing detailed information about names of formations, Si02 

wt.% and Y contents and total REE abundance of the most basic samples 
analysed by ICP-MS. For full dataset see Appendix E. 
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In Figure 3.30-i, multi-element patterns of two basaltic-andesitic samples from 
the Upper Eocene Kislakity volcanics (MK364 and MK122) from the north of 
Pasinler and a sample from the Early to Middle Miocene Tuzluyollan dacite 
(MK375) from the south of Pasinler are presented. The Eocene volcanics are 
representative of the active continental margin volcanism that is responsible for the 
metasomatism of the sub-continental lithosphere by supplying LIL and LREEs during 
the Cretaceous-Eocene period. As can be expected, their multi-element patterns are 
very similar to those of the Erzurum-Kars Plateau volcanics with a distinctive 
subduction signature. 

3.4. Trace element foivariate diagrams 

In Figure 3.31, the Th/Yb ratio of the basic to intermediate volcanic rock 
samples selected from representative levels of the Erzurum-Kars Plateau has been 
plotted against their Ta/Yb ratio in order to investigate the contribution from 
subduction, mantle and assimilation components. This diagram, which was proposed 
by Pearce (1982), is based upon the difference in behaviour between Th and Ta. Yb, 
which is the least incompatible and mobile REE, is used here as the normalising 
factor in order to minimise variations created by partial melting and fractional 
crystallisation provided that olivine, pyroxenes and plagioclases are the dominant 
crystallising or residual phases. Ta and Th are selected since they are highly 
incompatible with the possible fractionating minerals in basaltic liquids, a feature that 
significantly eliminates the effects of fractionation in the distribution of these 
elements. Unlike Th, other mobile elements i.e. Sr, K, Rb and Ba that characterise the 
subduction component, are compatible with some of the crystallising phases. 
Therefore, these elements cannot be conveniently used for this type of diagrams. The 
Th/Ta ratio is almost constant in MORB source. Therefore, basalts derived from the 
convecting upper mantle, plume asthenosphere or lithosphere enriched by low-degree 
melts from the convecting upper mantle lie on the diagonal trend named the mantle 
metasomatism trend (Pearce et al., 1990). The reason is that both Th and Ta behave 
in a similar fashion under these conditions since both are incompatible elements with 
similar low Kds. Source heterogeneity in the mantle affects both Th and Ta equally 
resulting in an alignment along the diagonal trend. In contrast to the MORB source, 
the greater mobility of Th in aqueous fluids created by the subduction component 
results in an increase in Th relative to Ta. This results in a parallel trend to that for 
mantle metasomatism but shifted towards the Th/Yb axis on the diagram. 
Assimilation of crust in general creates almost the same effect, although assimilation 
of granulite facies crust, which has low Th concentrations, can cause a shift in the 
opposite direction (Pearce et al., 1990). Crystallisation of amphibole decreases Ta/Yb 
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slightly more than Th/Yb because the Kd value of Ta for amphibole in basic 
compositions is 0.25 which is five times higher than that of Th (0.05) (see Table 
4.12). 

Figure 3.31 shows that all lavas of the Erzurum-Kars Plateau display a 

consistent displacement from the mantle metasomatism trend towards higher Th/Yb 

values forming a sub-parallel trend to the mantle array. This can be explained i f these 

Low-Y lavas without amphibole 

High-Y: Olivine bearing plateau 
layer 

High-Y: basal basic to intermediate 
lavas 

N-lypeMORBofSun& 
McDonough(1989) 

Average upper continental crust of 
Taylor and McLennan (1985) 

FC (pl.5hbl.5) 

AFC 

SZ: subduction zone enrichment 
w: within plate enrichment 
FC: fractional crystallisation 

(for F=0.5) 
AFC: assimilation combined with 
fractional crystallisation (for r=0.3, 
i.e. 30% assimilation) 

Figure: 3.31. Th/Yb versus TalYb diagram (after Pearce, 1983) for basaltic to intermediate 
lavas (< 60% Si02) from the Erzurum-Kars Plateau. 

lavas were derived from lithospheric-mantle that had been previously enriched by a 
subduction component. The model is in good agreement with Pearce et al.'s (1990) 
interpretation for the eastern part of the plateau. This enrichment is represented on 
the diagram by the vertical arrow labelled SZ located between the mantle array and 
the subduction component enriched trend. Notably, the basic rocks of the Horasan 
Plateau unit and basal basic to intermediate lavas of the high-Y series have the lowest 
ratios of Th/Yb and Ta/Yb. These ratios increase with increasing acidity of the melt. 
In order to show the relative affects of different components and processes, both AFC 
and FC vectors have been modelled and plotted on Figure 3.31. Both vectors are 
modelled for the fractionation of an amphibole (50%) plagioclase (50%) assemblage 
in an intermediate magma because fractional crystallisation of amphibole is not only 
the dominant process in the whole evolution of the low-Y series but also in the early 
stages of the high-Y series on the Erzurum-Kars Plateau as shown in the earlier 
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sections. The AFC vector is calculated for 30% assimilation of the continental upper 
crust (r=0.3). This ratio agrees well with the results of oxygen isotope modelling 
which suggest an assimilation rate of around 30-35% (see Section 5.2.3, Figures 5.11 
to 5.17, pp.291-299). The upper crustal composition is taken from Taylor and 
McClennan (1985). One or both of these two processes (FC and AFC) may be 
responsible for the formation of this trend. 
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MINERAL GEOCHEMISTRY 

In this chapter geochemical analyses of plagioclase, ortho- and clinopyroxenes, 
olivine and amphibole in samples from the different stratigraphic levels of the 
Erzurum-Kars Plateau will be presented in order to assess variations in their 
compositions in terms of conditions of crystallisation. Analytical data have been 
obtained using three different techniques: electron micro-probe (Durham), ICP-MS 
(Inductively Coupled Plasma Mass Spectrometry) (Durham) and multicollector mass 
spectrometer (NERC, Nottingham). Details of each analytical technique, sample 
preparation, accuracy and precision of the data together with the ful l geochemical 
dataset are presented in Appendix F. 

The chapter is subdivided into three main sections: 

4.1. Classification of minerals: this part utilises the calculation of mole 
fractions of end-member minerals for each rock forming mineral using 
results of electron probe analyses and subsequent classification according 
to the conventions established by the International Mineralogical 
Association (IMA) 

4.2. Geothermo-barometer calculations: in this section, crystallisation 
temperature and pressure calculations of different minerals and also 
mineral assemblages are presented based on their major and trace 
element compositions and isotopic ratios. These calculations can provide 
important information about the physio-chemical conditions (P/T) of 
magma processes. 

4.3. Calculation of distribution (or partition) coefficients of the elements: this 
section focuses on the calculation of the distribution of trace, rare earth, 
and some major elements between different minerals and magma liquid 
using electron probe and ICP-MS data. It also involves the results of an 
extensive compilation of partition coefficients proposed by several 
researchers. 
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4.L Classification!} off Mnmeirafls 
4.1.1. Bisttdbwdioim off to© composittioini off plagiodases 

A total of 355 point analyses were performed on a sum of 73 representative 
samples selected from the key levels of five sub-areas (i.e. Mt. Dumlu, Mt. 
Kargapazari, Pasinler, Horasan and Kagizman) using a Geoscan electron microprobe 
at the University of Durham. In each sample, mega- and phenocrysts, 
microphenocrysts, and microlites were analysed to reveal the compositional 
differences between different crystallising phases. Phenocrysts which show particular 
crystal textures such as zoning, resorption or magmatic corrosion were emphasised in 
selecting samples for analyses. Analyses of at least two points, one near the rim the 
other in the centre, were conducted on zoned phenocrysts. The mole fractions of the 
three feldspar end-members i.e. albite, anorthite and orthoclase were calculated using 
the Na, Ca and K contents of plagioclases (in atoms per formula unit). Then the data 
were plotted on albite-anorthite-orthoclase ternary classification diagrams and 
presented in five figures each of which coincides with one of the five sub-areas 
mentioned above (Figure 4.1-4.5). Each figure is made up of several diagrams which 
are arranged to reflect the volcano-stratigraphic position of formations they contain. 
These are presented from base to top. At the top of each diagram, a frequency 
distribution graph of the data is also presented. 

Mt. Dumlu area (Figure 4.1): in this area, there are basically two units: the 
Giingormez andesite/dacite and the Dumlu amphibole dacite/andesite. The 
Giingormez andesite/dacite is displayed in three diagrams coinciding with the 
different stratigraphic levels of this unit (i.e. lowermost, basal part and upper lens). 
There are only four analyses available from the base of the unit; these fall into the 
labradorite and andesine fields. Plagioclases of the basal part of the volcanic 
sequence are characterised by almost the same composition as the lowermost part, 
with only one exception plotting in the oligoclase field. The distribution of 
plagioclase compositions at this level is continuous as shown by the frequency 
distribution plot which displays a smooth shape between A n 3 0 and A n 6 0 . The upper 
lens shows almost the same compositional range as the lowermost and basal lenses 
however, the data tend to plot into two separate compositional areas i.e. andesine and 
labradorite. Compared to the Giingormez andesite/dacite, the amphibole-bearing 
lavas of the Dumlu dacite/andesite cover a narrower compositional range between 
andesine and labradorite (An 3 5 . 6 5 ) . They too plot into two discrete areas which are 
roughly separated by the border between the andesite and labradorite fields. In fact, 
over 60% of plagioclases in this unit have A n 5 0 . 6 0 . Two analyses fall into the andesine 
field and are shown by cross shaped symbols belong to Arzutu amphibole 
dacite/andesite. 
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Mi. Kargapazari (Figure 4.2): apart from one sample falling into the oligoclase 
and another into the bytownite fields, the plagioclases of the Giingoimez 
andesite/dacite vary in composition between labradorite and andesine. Most of the 
plagioclases lie in the range A n 5 0 . 6 0 . Both the Cobandede dacite and the Black 
ignimbrite contain only andesine with one exceptionally calcic analysis from the 
Cobandede dacite plotting in the bytownite field. Anorthite varies between 30-40 % 
in the plagioclases of these two units. The composition of plagioclases from the 
Kargapazari volcanics at the top of the volcanic pile is basically characterised by 
bytownite and labradorite with only one relatively sodic analysis plotting into the 
andesine field. The most abundant compositional range for this unit is A n ^ Q with a 
peak of about 35-40% An, as is seen in the inset frequency-distribution graph. The 
data appear to plot into two separate areas with a break at around A n 6 0 . 

Pasinler area (Figure 4.3): The Eocene Kislakoy volcanics which make up the 
apparent basement of the Pasinler area have a narrow range of plagioclase 
compositions (An^.^) . The Black andesite also displays a relatively narrow range in 
its plagioclase composition, mainly in the labradorite field. Plagioclases of the 
Kizilveren amphibole dacite/andesite unit mainly fall in the andesine and labradorite 
fields displaying a similar distribution to the compositional distribution of 
plagioclases in the Mt. Dumlu amphibole dacite/andesite. The composition of 
plagioclases in the Black ignimbrite spans a very wide range from labradorite to 
oligoclase with one sample falling into anorthoclase field. The data on this diagram 
seem to plot into three separate areas as follows: An 2 4 . 3 3, A n 3 8 j W , A n ^ . ^ . The 
Kargapazari volcanics contain the most calcic plagioclases of the volcanic units in 
this area, classifying as bytownite and labradorite (An 5 2 . 7 8 ) . As can be expected, the 
distribution of plagioclase compositions in this unit closely resembles that of the 
Kargapazari volcanics in Mt. Kargapazari area. The Ardichdag rhyolite contains the 
most sodic and potassic feldspars on the plateau. Except for one sample falling into 
the andesine field, the feldspar compositions concentrate in two main areas: the first 
covers the oligoclase field and the border between anorthoclase and oligoclase; and 
the second falls mainly into the sanidine field (Or 5 3 . 6 0 ) . 

Horasan area (Figure 4.4): Plagioclases from the Sacdag dacite in the south of 
Horasan are mainly composed of andesine and oligoclase (An 2 7 .44) . The Koroglu 
amphibole dacite/andesite has plagioclases varying in composition between A n 4 0 and 
A n 5 7 which is a similar but narrower compositional range to those of the Dumlu (Mt. 
Dumlu) and the Kizilveren dacite/andesite units. The uppermost formation, the 
Horasan plateau unit, contains plagioclases whose compositional range is mainly 
between A n 5 5 and An 7 3 . Only two samples from this unit fall into the andesine field. 
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Kagizman area (Figure 4.5): plagioclases from the Aladag andesite, which 
covers a large area around the volcanic cone of Mt. Aladag, are mainly represented by 
labradorite and andesine (An 3 8 ^ 8 ) . Over 60% of plagioclases in this unit lie in the 
range A n 5 0 . 6 0 . The Cukurayva rhyolite and the Pash trachy-dacite contain much more 
sodic plagioclase plotting into the andesine, oligoclase and anorthoclase fields. The 
uppermost unit, the Kars plateau unit contains only labradorite-type plagioclases. 

Figure 4.6 displays the plagioclase compositions of the cores and rims of zoned 
individual plagioclase phenocrysts in the formations of the Erzurum-Kars Plateau. 
An additional point analysis, called the 'mid-point', was sometimes performed 
between the rim and core of some coarse phenocrysts. It is apparent from the figure 
that oscillatory and/or reverse zoning is quite common in the plagioclase phenocrysts 
of the volcanics on the plateau. Petrographic studies also support that plagioclase 
phenocrysts have complex zoning patterns. Some phenocrysts, such as those 
numbered MK36-7 and MK112-1, have less calcic mid-points compared to their 
cores and rims. In Figures 4.7 and 4.8, the anorthite (An) compositions of plagioclase 
crystals ranging from mega-crystals to microlites in grain size are plotted against the 
Si0 2 (Figure 4.8) and Mg-number of their host rocks (Figure 4.7). Figure 4.8 is 
presented in six parts, each of which corresponds to one of the main stratigraphic 
levels on the Erzurum-Kars Plateau. In Figure 4.7, the same data are divided into ten 
series with respect to different crystal textures and sizes of plagioclases and plotted 
against S i0 2 and Mg number of the melt. Even though a trend between anorthite 
content of plagioclases and acidity of the melt exists (Figure 4.7-a and b) there is a 
widespread scatter on all these diagrams. For comparison a linear regression line has 
been plotted through about 350 data points. In theory, i f they had been crystallised in 
equilibrium with the magma, their anorthite value would have decreased 
progressively with increasing Si0 2 of the host rock, forming a linear or sublinear 
trend with negative gradient and without substantial scatter. This relationship thus 
indicates that most of the plagioclase megacrysts and phenocrysts were not in 
equilibrium with the magma as represented by the surrounding groundmass. In other 
words, they are xenocrysts in their groundmasses. It can thus be argued that a 
considerable amount of the plagioclase phenocrysts from different units of the 
plateau crystallised at depth in equilibrium with magma(s) of different 
composition(s) from their groundmass. 

4.1.1.1. Composition of Plagioclases and their inclusions as evidence 
of magma mixing 

Kuno (1936 and 1950) was the first researcher to provide petrographic 
evidence of magma mixing such as reverse zoning of pyroxenes and dusty cores of 
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Ca-rich plagioclase phenocrysts in intermediate lavas. Recent studies show that 
magma mixing is a widespread igneous phenomenon and seems to be operational 
particularly in systems where magma is vapour-saturated. In one of these studies, 
Eichelberger (1975) showed petrographic evidence of desegregation and dispersal of 
fragments of basic rocks in acidic melts. Anderson (1976) presented evidence of 
magma mixing of two or more compositionally distinct magmas by using inclusions 
of glass in large phenocrysts. He describes these inclusions of glass as tiny windows 
looking into the magma reservoir. More recently, Gourgaud and Villament (1992) 
emphasised the magma mixing process from the simultaneous eruption of two 
contrasting magmas (basalt and trachyte) to the genesis of trachyandesite, the product 
of magma mixing in the Grande Cascade sequence in Massif Central, France. 

Halsor (1989) argues that andesites may be produced by magma mixing by 
means of repeated or episodic injection of fresh hydrous basaltic magma into an 
existing rhyolitic magma chamber. He believes that, during the injection, density 
instabilities are created when volatiles are released during crystallisation. The 
resultant mixing causes rapid skeletal growth of plagioclase in the rhyolite, trapping 
pockets of the magma which solidifies eventually as 'rhyolitic glass inclusions'. 
According to the author, these glass inclusions are not in equilibrium, either with the 
whole rock or with the groundmass. 

Plagioclase mega- and phenocrysts containing brownish coloured clear rhyolitic 
glass inclusions are common in the amphibole-bearing porphyritic lavas of the 
Erzurum-Kars Plateau especially in the Mt. Dumlu area. Unfortunately only two of 
these inclusions were analysed by electron microprobe, as presented in Table 4.1 
together with the analysis of their host plagioclase phenocryst and the whole rock 
XRF analysis. The compositions of these inclusions are quite different from those of 
both host plagioclase and the whole rock. They are strongly enriched in Si0 2 (72.5-
74 %) and K 2 0 and depleted in all other major elements. They probably represent the 
composition of the rhyolitic magma before mixing. These textures, together with the 
complex compositional zonal patterns and reaction textures (i.e. reaction rims, and 
textures of resorption and corrosion) indicate that 'magma mixing' between a rhyolitic 
to andesitic magma and injecting basaltic magma might be operational in the 
evolution of the low-Y series of Erzurum-Kars Plateau volcanics. Results of the A l -
in-hornblende barometer of Schmidt (1992) shows that most of these magma 
chambers that fractionated amphibole-bearing mineral assemblages located at a depth 
of around 20-30 km (see section 4.2.2.1). The absence of equilibrium between 
plagioclase phenocrysts and the matrix (Figures 4.7 and 4.8) indicated by widespread 
scatter of data points also appears to support the idea of magma mixing. Vertical 
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thermal and compositional zonation and the lowering of pressure as magma rises to 
the shallower depths might also be partly responsible for these complexities. 

The rapid injection of basaltic magma not only changes the entire composition 
of magma in the chamber but also results in an increase in temperature of the 
reservoir. This may give rise to resorption of existing crystals and subsequent 
crystallisation of more calcic plagioclase at the outer zones of phenocrysts. The 
experiments of Tsuchiama (1985) suggest that, i f basic and acid magmas mix, sodic 
feldspar in the acid magma dissolves because of the heat effect developing sieve 
textures. When crystallisation eventually resumes, the sieve texture is coated by 
euhedral growths of more calcic plagioclase. Repetitive or sporadic injection of hotter 

MK93 MK93-3c MK93-llgl MK93-llg2 
w.r. Pig Glass inc. Glass inc. 

S i0 2 63.49 53.13 72.51 74.07 
T i 0 2 0.75 0.16 0.56 0.41 
A1,0 ? 16.1 28.33 11.68 11.76 
FeO 4.71 0.64 1.32 1.74 
MnO 0.07 0.00 0.00 0.09 
MgO 2.43 0.31 0.16 0.13 
CaO 4.94 12.20 0.91 0.91 
Na,0 3.58 4.75 2.89 2.52 
K , 0 2.76 0.24 5.74 5.90 
Total 98.83 100.05 95.76 97.56 

Ab 40.82 
An 57.82 
Or 1.36 

Table: 4.1. Table displaying the composition of whole-rock 
(w.r.), plagioclase megacryst (Pig) and glass inclusions 
(Glass inc.) it contains. 

basic magma into an acidic magma chamber, which is associated with turbulent 
mixing in a semi-open system, creates complex oscillatory zoning which is marked by 
several resorption cycles producing rounded crystal shapes and reaction rims e.g. 
sieve texture. These kinds of textures are also present in the zoned plagioclase 
phenocrysts of the Erzurum-Kars plateau volcanics. Furthermore, the results obtained 
from Sun et al.'s (1971) plagioclase thermometer, which are in good agreement with 
Lindsley and Andersen's (1983) two pyroxene scheme, give temperatures varying 
between 1000 and 1050°C (see section 4.2.1 and 4.2.3.1). These are higher than that 
which can be expected from dacitic/andesitic magmas and may also be attributed to 
the addition of hotter basic magma into the intermediate to acidic magma chambers 
that fed the volcanic eruptions of the amphibole-bearing porphyritic lavas on the 
Erzurum-Kars Plateau. As can be seen in Figure 4.7-a and c, corroded plagioclase 
mega-and phenocrysts are generally characterised by a wider scatter in their An 
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content compared to uncoroded and zoned plagioclases that contain An 1 0 . 7 5 . 
Surprisingly, plagioclase microlites display almost the same anorthite range as 
mega- and phenocrysts (Figures 4.7-b and d). 

4.1.2. ©nsttrntowittnoim off line composnliomi off pyroxenes amdl tlhenr 

daissDlFkattiioini 

4.1.2.1. CalcMlatiomis of pyroxemie erad-imeinnifoers 

Some of the earlier calculation schemes for pyroxene end-members have been 
suggested by Banno (1959), Kushiro (1962), Yoder and Tilley (1962), White (1964) 
and Essene and Fyfe (1967). Since most of these methods in general are sequential 
schemes that usually differ in the order of the sequence, they may lead to an 
overestimation of the component calculated first. Although Dietrich and Petrakakis 
(1986) have developed an algebraic method which involves the calculation of 11 
linearly independent pyroxene components to overcome this problem, Lindsley 
(1986) showed the invalidity of this calculation for some special cases by comparing 
the results with crystal-chemistry experiments. Except for Essene and Fyfe (1967), all 
of the methods mentioned above have a major disadvantage in that acmite 
NaFe 3 + Si 2 0 6 is the first end-member to be calculated. However, there is no way of 
estimating acmite content, since the Fe 2 0 3 content cannot be determined by electron-
microprobe. Therefore the possible error from this unknown Fe 2 0 3 may be 
propagated throughout the calculation of all subsequent end-members. Mysen and 
Heier (1972) have suggested a recalculation scheme for ferrous and ferric iron 
contents of pyroxenes to produce a sum of cations equal to 4.00. Despite its 
superiority to other calculation schemes, the method of Essene and Fyfe (1967) has 
an important weakness since it ignores T i 0 2 and K 2 0 content in the calculation of 
pyroxene end-members. This cannot be justified since some titanaugites may contain 
over 4% Ti0 2 . Cawthorn and Collerson (1974) have suggested an alternative scheme 
which minimises the significance of Fe 2 0 3 contents and allows for a more rigorous 
determination of end-member concentrations. The method they have put forward is 
somewhat similar to that of Kushiro (1962), except that jadeite is calculated before 
acmite. In their method, all 12 major element oxides may be recalculated into 
pyroxene end-members such that the effect of unknown Fe 2 0 3 content is minimal. 
Their technique thus allows the important end-members of pyroxenes to be calculated 
in a way which is independent of oxidation ratio. Several other calculation methods 
have been developed to calculate the structural formulae of the pyroxenes (e.g. 
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Dollase and Newman, 1984) however, the well known scheme of Yoder and Tilley 
(1962) has remained the most used. When this method is followed, the pyroxene 
formula unit is normalised to 6 oxygen atoms. 

More recently, the Subcommittee on Pyroxenes of the Commission on New 
Minerals and Mineral Names of the International Mineralogical Association (IMA) 
approved a new classification for pyroxene minerals which compiles the widely 
accepted methods of classifying pyroxenes and simplifies the nomenclature 
(Morimoto, 1989). As the IMA proposes, if Fe 2 0 3 is not available, the formula is 
calculated to four cations (Fe, Mg, Ca and Na) to estimate the Fe 3 + by charge balance. 
Cations are then allocated to their structural sites. According to the IMA proposal, 
S i 4 + and particular amounts of A l 3 + and Fe 3 + are situated in tetrahedral sites. The 
remaining cations are considered as belonging to Ml and M2 sites. Each pyroxene is 
then assigned to one of the four chemical groups defined by Morimoto and Kitamura 
(1983) as follows: (1) Ca-Mg-Fe pyroxenes (Quad), (2) Na-Ca pyroxenes (Na-Ca), 
(3) Na pyroxenes (Na) and (4) other pyroxenes (Other). The quad pyroxenes are 
classified in the enstatite-ferrosilite-diopside-hedenbergite quadrilateral whereas the 
Na-Ca and Na pyroxenes are plotted in the Quad-Jd-Ae triangle. Despite the use of 
this new classification system, the calculation of pyroxene end-members remains 
necessary for many studies. For this, some authors (e.g. McHone, 1987 and G6mez, 
1990) have developed computer programs. Among them, the PX program developed 
by Gomez (1990) (written with the TurboBasic compiler) operates on IBM-PC 
computers and can simultaneously calculate the two normalisation schemes of 
Kushiro (1964) and Cawthorn and Collerson (1974) and classifies the pyroxenes 
according to IMA suggestions. In addition to that, the program also calculates the 
wollastonite (Wo) -enstatite (En) and ferrosilite (Fs) parameters, following the 
scheme devised by Lindsley and Anderson (1983), so that these components can be 
directly plotted on the graphical thermometer calibrated by Lindsley (1983) (see 
section: 4.2.1). 

4.1.2.2. Distribution of the compositions of pyroxenes on the Erzurum-Kars 

Plateau 

A total of 61 representative volcanic rocks samples from the 6 sub areas and 12 
volcanic units on the Erzurum-Kars Plateau were selected for analyses (table: 4.2). 
Polished thin sections of these samples were studied microscopically, then analysis of 
a total of 308 pyroxene crystals was carried out using the Geoscan electron 
microprobe at the University of Durham. Up to 10 points were analysed in each rock 
for pheno-, micro-phenocrysts and microcrysts in order to study within-grain 
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compositional differences. The data obtained were used to calculate end-member 
compositions of the analyses using the PX program of G6mez (1990). Then they 
were plotted on the enstatite (En: Mg 2Si 20 6) - ferrosilite (Fs: Fe 2 Si 2 0 6 ) - diopside 
(Di: CaMg 2Si 20 6) - hedenbergite (Hd: CaMg 2Si 20 6) classification quadrilateral in 
terms of the molecular end-members of these minerals. They are presented in Figure 
4.10 in twelve parts (a-1) each represents one of the 12 representative units on the 
plateau. 

Area Formation Area & formation 
1. Mt. Ouimlu Area Dumlu amphibole dacite/andesite 4. Horasan plateau unit 

= ^ ^ = ^ = ^ ^ ^ = ^ ^ ^ = ^ OilngOrmez andesite/dacite 
2. Mt. Kargapazari Giingflrmez andesite/dacite 5. Aladag andesite 

Kargapazan volcanics 

_ Cobandede dacite 6. Kars plateau unit 
3. Pasinler Kargapazan volcanics 

Black ignimbrite 
Kjzilveren amphibole dacite/andesite 

_ _ Black andesite/dacite 

Table 4.2. showing areas and volcanic units from which representative samples selected for electron 
microprobe analyses. 

Mt. Dumlu area: Clinopyroxene pheno- and micro-phenocrysts of the 
Gungormez andesite/dacite in Mt. Dumlu area form a relatively tight group plotting 
onto the border between the endiopside and augite fields (Figure 4.10-a). On the other 
hand, orthopyroxenes mainly fall into the bronzite field. The Dumlu amphibole 
dacite/andesite contains slightly more calcic and Fe-rich clinopyroxenes compared to 
the Gungormez andesite/dacite. Clinopyroxenes of this unit mainly classify as augite 
with a few samples falling into the salite and only one sample plotting into the 
endiopside field. Orthopyroxenes of the unit classify mainly as bronzite and partly 
hypersthene (Figure 4.10-b). 

Mt. Kargapazari: clinopyroxenes of the Gungbrmez andesite/dacite in Mt. 
Kargapazari fall into the diopside, salite, endiopside and augite fields. However, they 
predominantly concentrate on the intersection of the four borders dividing these four 
fields (Figure 4.10-c). Orthopyroxenes of this unit cover the entire length of the 
bronzite field with only two samples plotting into the hypersthene field. There are 
only three analyses available from the Cobandede dacite. The only clinopyroxene 
analysis plots in the augite field close to the border between augite and salite and two 
orthopyroxenes fall in the middle of the bronzite field (Figure 4.10-d). 
Clinopyroxenes of the Kargapazan volcanics form a similar compositional pattern to 
that shown by the Gungormez andesite/dacite though they are slightly less calcic. 
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Except for one sample, they all classify as augite and endiopside (Figure 4.10-e). 
Orthopyroxene is rather rare in this unit. It plots in the less magnesian part of 
bronzite field. 

Pasinler area: except for one sample falling into the ferroaugite field, 
clinopyroxenes of the Kargapazari volcanics in the Pasinler area plot into both the 
endiopside and augite fields, similar to those in Kargapazari area (Figure 4.10-f). 
Orthopyroxenes of this unit plot as bronzite. Clinopyroxenes of the Black ignimbrite 
all classify as augite while orthopyroxenes are confined into a restricted area of the 
bronzite field (Figure 4.10-g). Similar to the Black ignimbrite, clinopyroxenes of both 
the Kizilveren amphibole andesite and the Black andesite/dacite plot in the augite 
field whereas orthopyroxenes span a wider compositional range from bronzite to 
hypersthene (Figures 4.10-h and i). 

Clinopyroxenes of the Horasan plateau unit, Aladag andesite and Kars plateau 
unit all predominantly plot in the augite field on the classification quadrilateral with 
the exception of a few which scatter into the endiopside field from the Horasan 
plateau unit and Aladag andesite (Figures 4.10-j to 1). In addition, four samples from 
the Horasan plateau unit plot into the salite field. Orthopyroxenes from both the 
Horasan plateau unit and the Aladag andesite vary in composition between bronzite 
and hypersthene. 

CaSIO, a Phenocrysts 

8 

7 \ Z ttt / • \ l̂lfWWW \ / 
MgSIO, MegacryBtala FeSO, 

CtroTrcsatto Cfwfi'Tfir*Ttto 

Mlcrophenocryata Mlcrocrystals 
a 

/ / / z 
J W ^ g | | g / » 

Figure: 4.9. Distribution of the composition of pyroxene mega- (a), pheno- (b), microphenocrysts 
(c) and microcrysts (d: groundmass crystals) from the Erzurum-Kars Plateau. 

Distribution of the compositions of pyroxenes with respect to crystal grain size 
is assessed above in Figure 4.9. The composition of orthopyroxenes for all grain sizes 
does not show any clear variations. It covers a compositional range between bronzite 
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and hypersthene. However, clinopyroxenes tend to be more calcic and also iron-rich 
when grain size gets smaller. 

4.1.3. CSassiffkMioBii annul distdtoMtiomi off the composSttioe off amphibolies 

Amphiboles form an enormously diverse mineral family whose compositional 
space is defined by A, B, C and T site occupancies. These sites are subdivided mainly 
into 13 tetrahedral domains which basically constitute their main end-members 
(Currie, 1991). The conventions for naming amphiboles have been established by the 
International Mineralogical Association (IMA) (Leake, 1978; Leake and Winchell, 
1978; Rock and Leake, 1984). According to the IMA, an amphibole has the ideal 
formula: 

A 0 . 1 f i 2 C 5 r 8 O 2 2 (OH,F,Cl) 2 

where the A site is generally occupied by Na and K, the B site by Na, Li , Ca, Mn, Mg 
and Fe 2 + , the C position by Mg, Fe 2 + , Mn, Al, Fe 3 + and Ti, and finally the T position 
is occupied by Si and Al. These 13 end-members and their site occupancies are 
presented in table 4.3 together with a more detailed subdivision of each end-member. 

tremolite 

(A) (B) (C) (T) 
( ) (Ca 2 ) (Mg 5 ) (S i 8 ) 

ferro-actinolile 
ferro-amhophyllitc 
magnesio-
anthophyllite 
tiroditc 
dannemorite 

winchite 
( )(CaNa)(Mg 4 Al)(Si 8 ) 

ferro-alumino 
ferro-ferri 
magnesio-ferri 

riebeckite 
( ) ( N a 2 ) ( F e 3 +

2 F e 2 +

3 ) ( S i 8 ) 

magnesio- riebeckite 
ferro-glaucophane 
glaucophane 
holmquistite 

hornblende 
( ) (Cap (Mg 4AI) (Si 7Al) 

ferro-alumino 
ferro-ferri 
magnesio-ferri 

barroisite 
( ) (CaNa) (Mg3Al 2 ) (Si 7AI) 

magnesio-alumino 
ferro-alumino 
ferro-ferri 
magnesio-ferri 

tschermakite 
( ) (Ca 2 ) (Mg 3 Al 2 ) (S i 5 Al 2 ) 

magnesio-alumino 
ferro-alumino 
ferro-ferri 
magnesio-ferri 

richterite 
(Na) (CaNa) (Mg5) (Si 8) 

ferro-richterite 

Table: 4.3. Table showing amphibole end-i 
suggested by Currie (1991). 

arfvedsonite 

(A) (B) (C) (T) 
(Na)(Na 2 ) (Fe 3 + Fe 2 +

4 ) (Si g) 

magnesio-arfvedsonite 
eckermannite 
ferro-eckerm arm i te 
kozulite 

edenite 
(NaHCajMMgjMSi,,) 

magnesio-edenite 
ferro-edenite 

kataphorite 
(Na) (CaNa) (Mg„Al) (Si 7Al) 

magnesio-alumino 
ferro-alumino 
ferro-ferri 
magnesio-ferri 

nyboite 
(Na) (Naj) ( M g j A y (Si 7Al) 

magnesio-alumino 
ferro-alurnino 
ferro-ferri 
magnesio-ferri 

pargasite 
(Na) (Cap (Mg 4Al) (Si^) 

ferro-pargasite 
hastingsite 
magnesio-hastingsite 

taramite 
(Na)(Na 2 )(Mg 3 Al 2 )(Si 6 AL ! ) 

magnesio-alumino 
ferro-alumino 
ferro-ferri 
magnesio-ferri 

which are used in the calculation scheme 
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In theory, it is possible to calculate mole fractions of the end-member minerals 
by using analyses of amphiboles as source data and by assigning elements to A, B, C 
and T sites. However, this is an overwhelmingly difficult task since it requires 
complex and time-consuming calculations involving site occupancies and valances of 
elements. Another problem in this determination is to reduce results of microprobe 
analyses lacking H 2 0 and Fe 3 + . To perform the recalculation of chemical analyses of 

riebecklte 

winch! te 6 
arfvedsonlte 

tremolite 
barroislle 

i .5 
nybolte 

hornblende anthophylitte 

kataphorlte 6 

taramlte 

sodium pargaslte antophyllite 
gedrlte 

sodium 
gedrite 

Figure: 4.11. Illustration of the compositional space of amphiboles based on their site 
occupancies in the amphibole formulae (Currie, 1991). In fact, each space may contain more 
than one end-member. Amphibole composition space is located between two plains as 
follows: edenite-tremolite-richterite and riebeckite-barroisite-tschermakite-taramite-nyboite. 

amphiboles into their structural formulae and eventually to classify them according to 
the IMA scheme, Richard and Clarke (1990) and Currie (1991) developed computer 
programs. Currie's (1991) AMPHIBOLE program, which is written in BASIC and 
runs on IBM computers, starts from the composition of an individual amphibole and 
carries out site assignments of end-members followed by calculation of mole fractions 
based on these assignments. He argues that this assignment cannot be made in totally 
unambiguous fashion especially when it comes to reducing the results of electron 
microprobe analyses which lack H 2 0 and Fe 3 + . 

In this work, amphibole end-member mole fractions of a total of 57 electron 
microprobe analyses gathered from a subset of 21 representative samples have been 
calculated using Currie's (1991) software. The results together with electron 
microprobe analyses are presented in Appendix F . l . The mole fractions of main end-
members of individual samples from a total of 8 volcanic units on the plateau are 
plotted in Figure 4.15 while average values for each unit are presented in Figure 4.12. 
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As is seen in Figures 4.12 and 4.15, amphibole phenocrysts of the Erzurum-Kars 
Plateau volcanics are made up mainly of five end-members as follows: barroisite, 
tschermakite, edenite, kaersutite and taramite. Variation between the phenocrysts of 
individual samples is minor and is mostly between different phenocrysts, except for 
samples MK36, MK90, MK261, MK337, MK318, MK133 and MK154. The relative 
abundance of barroisite changes between 0 and 25% among the volcanic units of the 
plateau with an average of 10% (Figure 4.15). It is at a maximum in the Ardichdag 
rhyolite (Pasinler) and absent in Pasli trachy-dacite (Kagizman). The most abundant 
end-member is represented by tschermakite whose abundance spans a range of 25-
45% with an average of about 32%. Edenite is also an abundant end-member ranging 
from 8-10% to 30% with an average of slightly less than 20%. Kaersutite is a 
relatively less abundant end-member in amphiboles of the plateau. On average it is 
around 10% with a maximum percentage of 15. Interestingly, amphiboles from the 
Ardichdag rhyolite (Pasinler area) and Horasan plateau unit do not contain any 
kaersutite at all. The final end-member, taramite, constitutes 16-17% of the end-
member compositions of average amphiboles and varies between 15-30% among 
different units on the plateau. 

100% 

Wil l 80% 
I s Taramite 

m Kaersutite 

1 -60% A I B 4 S J 6 

M AlB4SiS 

40% 

• TsdienraHe 

B Banuisile 

20% 

• 0% 
•C4 •00 00 •8 2 81 CO J e a 1 I I -a -g • 9 -a 

•3 § 1 •e •a s & 
3 

Figure: 4.12. Distribution of the average composition of amphibole phenocrysts in 
different units of the Erzurum-Kars Plateau. 

Figure 4.16 illustrates the distribution of the relative abundance of more detailed 
end-members in different volcanic units on the plateau. Most notably, magnesio-types 
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of the end-members are very abundant compared to ferro-types with the exception of 
the Ardichdag rhyolite. 

To make a comparison between the different classification schemes, the same 
data have been plotted on the classification diagram of Hawthorne (1981) (Figures 
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Figure: 4.13. Amphibole phenocrysts plotted on the classification diagram of Hawthorne 
(1981) 

+ 
I 
5. 

0.5 <#= 

Borders are those of Hawthorne (198J) 

Edenibc 
hornblende 

Pargasitic 
hornblende 

Ferroan 
pargasitic 

hornblende 

Pargasite 

Ferroan 
pargasite 

=J Si 

Figure: 4.14. Diagram displaying a zoomed view of Figure 
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4.13 and 4.14). According to Hawthorne's (1981) scheme, amphiboles 
predominantly classify as ferroan pargasitic hornblende, ferroan pargasite, partly 
edenitic hornblende and rarely pargasitic hornblende. In contrast, the composition of 
amphiboles from the Ardichdag rhyolite fall into a discrete area which in general 
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coincides with ferro edenitic hornblende and partly with ferro edenite. Strikingly, 
the main data appear to follow two closely located trends one having relatively high, 
the other low Mg/(Mg+Fe). These trends span a compositional area that includes 
edenitic hornblende, ferroan-pargasitic hornblende and ferroan pargasite. The high 
Mg/(Mg+Fe) trend is composed of the Dumlu amphibole dacite/andesite, the Black 
ignimbrite (Pasinler) and the Horasan plateau unit, whereas the low Mg/(Mg+Fe) 
trend includes the Kizilveren amphibole dacite/andesite, the Sacdag dacite (S of 
Horasan) and the Pash trachy-dacite (Kagizman) units. The Koroglu amphibole 
dacite/andesite is transitional between these two trends. Figure 4.14 is a close-up 
diagram of Figure 4.13 which illustrates these trends in more detail. 

Amphibole formula units of Ti, Al and Mg, normalised to 23 oxygen atoms, 
are plotted against the Si0 2 content of their host rocks in order to examine low and 
high Mg/(Mg+Fe) trends more closely (Figure 4.17). Amphiboles of the low 
Mg/(Mg+Fe) trend, in general, contain lower abundance of Ti and Mg than those of 
the high Mg/(Mg+Fe) trend. This might be interpreted as an indication of 
replacement of some of the pyroxene phenocrysts by amphiboles (as pseudomorphs) 
since pyroxenes contain lower concentrations of Ti, and Mg than amphiboles, 
resulting in lower concentration of these elements in transformed amphiboles. 

In Figure 4.18, the distribution of the end-member compositions of each 
amphibole phenocryst is plotted against the Si0 2 content of its host-rock. As can be 
seen from the figure, mole fractions of amphibole end-members whose A, B and C 
sites are generally occupied by Na, Ca, Mg and Al (i.e. barroisite and edenite except 
for taramite) increase with increasing Si0 2 in accordance with the increase of these 
elements including Na in the melt with differentiation. Barroisite, edenite and 
kaersutite display a widespread scatter along the silica range of the melt from 63% 
to 69% showing a positive correlation with increasing Si0 2 (Figure 4.18-a and b). In 
contrast, mole fractions of tschermakite and taramite remain almost constant, at 
about 45-50% and 20-30% respectively, along the compositional range of Si0 2 from 
63% to 69%. They decrease with differentiation between 69% and 70% SiO z. 
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4 . 1 . 4 . Olivine 

Olivine is a scarce phenocryst phase on the Erzurum-Kars Plateau. Generally, it 
occurs as micro-phenocrysts and micro-crystals in the groundmass of basaltic and 
basaltic-andesitic rocks. Apart from a few samples from the Giingormez 
andesite/dacite in the Mt. Kargapazari area, the only formations on the plateau which 
contain olivine are the Karapinar basalt(Mt. Kargapazari), the Kargapazari volcanics 
(Mt. Kargapazari and Pasinler), the Horasan Plateau unit (north of Horasan), and the 
Kars plateau unit (north of Kagizman). These formations basically constitute the 
olivine-bearing plateau lavas differentiated earlier in the Stratigraphy Chapter (Table 
2.1). Figure 4.19 illustrates that the distribution of the average composition of olivine 
from different formations occupies a relatively narrow range between chrysolite 
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mmtm I I I 

l i i l 
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F: forsterite 
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Figure: 4.19. Distribution of average composition of olivine phenocrysts, microphenocrysts and 
microcrysts from the different formations of the Erzurum-Kars Plateau. 

(Forsterite (Fo): Mg£i04; Fayalite (Fa): Fe2Si04). Numbers on the bars represent the 
number of point analyses from each unit. 

(Fo 8 5) and hyalosiderite (Fo 6 8). The most forsterite-rich olivines come from 
Karapinar basalt in Mt. Kargapazari area while the most fayalite-rich ones are from 
GiingOrmez andesite/dacite. Figure 4.20 shows the composition of individual point 
analyses of olivines from different formations on the plateau in five parts. They are 
arranged according to the increasing Si0 2 content of the melt from left to right. 
The numbers on the labels presented on each bar represent the Si0 2 weight % of 
host-rocks. 
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Figure: 4.21. Distribution of the composition of olivines plotted against 

SiOy content of their host-rocks. 

Figure 4.21 shows the distribution of forsterite against silica content of the melt. 
Even though there is a wide scatter especially in data points of the Horasan plateau 
unit, Forsterite (Mg 2 Si0 4 ) appears to decrease slightly in the Si0 2 between 48 and 
60%. After 60% Si0 2 it decreases rapidly with fractionation. 
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4.2. Cffikunflantfioini off §©lii«ta§ pressures amid temniperatores using the 
©finemnikal coinnip©§Sfi;DOini ©f mmSmieiralls 

In recent years, as a result of developments in experimental techniques, which 
enable researchers to simulate natural systems in the laboratory, several methods for 
calculating solidus pressures and temperatures of different minerals have been 
proposed. Some of these methods are accurate to approximately 20° to 30°C for 
geothermometry calculations and ± 0.5 kbar for geobarometry calculations. Four 
different geothermo-barometers have been applied to the samples from the Erzurum-
Kars Plateau. These are: 

4.2.1. The two-pyroxene geothermometer of Lindsley and Andersen 
(1983). 

4.2.2. Amphibole-plagioclase geothermometers and geobarometers: 
4.2.2.1. Al-in-hornblende barometer of Schmidt (1992) 
4.2.2.2. Amphibole-plagioclase geothermometer of Blundy 

and Holland (1990). 

4.2.3. Feldspar geothermometers 

4.2.3.1. Calculations based on temperature dependence of Eu 
and Sr distribution coefficients of plagioclases (Sun et 
al., 1974) 

4.2.3.2. Plagioclase thermometer of Kudo and Weill (1970) 
4.2.3.3. Two feldspar thermometer of Seek (1971) and Brown 

and Parson (1981) 

4.2.4. The oxygen-isotope thermometers: using 8 1 8 0 of cogenetic 
plagioclase, amphibole and biotite. 

In the following paragraphs calculations carried out with respect to these 
methods will be presented followed by a comparison between these different methods 
using the same samples. 

4.2.1. The two-pyroxene thermometry 

The Ca content of high-Ca pyroxene (augite) decreases with increasing 
temperature, while that of the low-Ca phase (orthopyroxene or pigeonite) increases. 
This property has been used by some petrologists to determine temperatures of the 
formation of many igneous rocks. Calculation of the pyroxene end-members has 
critical importance because pyroxene-thermometer calculations rely on the precision 
of the end-member calculations. 
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Most of the two-pyroxene thermometers have been designed for pyroxene pairs 
whose compositions plot in the diopside-enstatite-hedenbergite-ferrosilite 
quadrilateral that is, wollastonite+enstatite+ferrosilite usually total 90% or more. 
These methods involve at least two steps, as follows: (1) projection onto the 
quadrilateral which is followed by (2) using the quadrilateral to determine 
crystallisation temperatures of the pyroxenes. The first attempts were made by Boyd 
(1969 and 1973), Wood and Banno (1973), Wells (1977), Saxena (1976), Mercier 
(1976) and Kretz (1982). Ishii (1975) developed a three pyroxene thermometer using 
augite + pigeonite + orthopyroxene. Lindsley (1983) showed that only the two-
pyroxene thermometers of Kretz (1982), Lindsley and Andersen (1983) and Ross and 
Huebner (1979) were successful over a wide range of temperatures and pyroxene 
compositions. The most frequently used thermometers project the quadrilateral 
compositions to the diopside (Di) - enstatite (En) join and employ either a phase 
diagram or solution model for that join to yield temperatures (Lindsley, 1983). The 
most successful of all these thermometers is that of Lindsley and Andersen (1983). 
This uses an empirical projection scheme that approximates the activities of 
wollastonite (Wo), enstatite (En), and ferrosilite (Fs) in natural pyroxenes, thereby 
permitting the use of quadrilateral phase relations for thermometry. 

Lindsley and Andersen (1983) estimated that the placement of the isotherms on 
the diagrams is accurate to approximately 20° to 30°C within the experimentally 
calibrated range. Lindsley (1983) indicates that, when possible errors in composition 
are taken into account, the thermometer is probably accurate to ±50°C for pyroxenes 
having low contents of non-quadrilateral components. 

In this study a sub-group of 33 volcanic rock samples, which contain 
coexisting clino- and orthopyroxene phenocrysts and are representative of the 
different levels of the volcanic succession on the Erzurum-Kars Plateau, were 
selected for the pyroxene-thermometer calculations. A total of 200 points of 
pyroxene crystals (93 ortho- and 107 clinopyroxene) from these samples were 
analysed by a Geoscan Electron Microprobe, using the energy dispersive system at 
the University of Durham. Details of analytical procedures and conditions of 
analyses are presented in Appendix B. The data gathered were used to calculate the 
Wo-En-Fs parameters according to the projection scheme suggested by Lindsley and 
Andersen (1983). Calculations were performed on an IBM-PC computer using the 
PX program developed by G6mez (1990). Having completed the calculations, the 
data were plotted on the Di-En-Hd-Fs quadrilateral of Lindsley (1983) which is 
calibrated for 1 atmosphere pressure and contoured at 100°C intervals using these 
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Wo-En-Fs parameters. In fact, the use of low-pressure diagram for pyroxene 
phenocrysts is appropriate only i f the host magmas resided and fractionated in 
relatively shallow magma chambers. However, pressures gathered from amphibole 
phenocrysts, following the scheme proposed by Schmidt (1992) (see section 4.2.2.1) 
varies between 3.5 and 7.5 kbar, with an average of 5.8 kbar, indicating a rather deep 
crystallisation story for that particular phase. In any case estimated pyroxene 
temperatures would be negligibly different at 5 kb, since there is only a slight 
difference between the contours of the diagrams calibrated for 1 and 5 kb. These 
diagrams are presented in Figure 4.23 and distribution of the pyroxene solidus 
temperatures for different levels of the volcanic succession is illustrated in Table 4.4. 
On these diagrams, both clino- and orthopyroxene compositions indicate similar 
temperatures; however, the much wider variation in Ca composition in clinopyroxene 
allows for more precise temperature estimates. 

Figure 4.22 shows the distribution of two-pyroxene temperatures plotted 
against S i0 2 % of their host rocks. As can be seen on the diagram, there is a negative 
linear correlation between the pyroxene temperatures and Si0 2 content of the host 
rock indicating that acidity of the melt has a strong influence on the pyroxene 
temperatures. There seem to be two parallel trends on the diagram as low and 
relatively high temperature trends. The two-pyroxene temperatures for the low-
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Figure: 4.22. Figure showing the distribution of two-pyroxene temperature of the 
volcanic units for different sub-areas and levels of the Erzurum-Kars Plateau. The 
accuracy of the thermometer (±50°C) is presented by a vertical line located between 
two trends. 

temperature trend decrease from about 1075°C at 58% Si0 2 to 800°C at 65% Si0 2 

while the temperatures for the high-temperature trend decrease from 1150°C to 975-

1000°C in a silica range between 60-61 and 66-67 wt. % Si0 2 . The low-temperature 
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trend, in general, belongs to the more calcic clinopyroxene microcrysts and micro-
phenocrysts that generally make up groundmass, whereas the high-temperature trend 
predominantly consists of less-calcic clinopyroxene phenocrysts. Therefore, the lower 
temperatures may constrain the eruption temperature while the higher ones may 
indicate minimum liquidus temperatures. The temperatures listed in Table 4.4 are 
probably reasonable estimates for the crystallisation range. Given the probable ±50°C 
accuracy, a substantial amount of these estimates appear to be the same temperatures. 

Table 4.4: Two pyroxene thermometer results of the samples from different levels of the 
volcanic succession on the Erzurum-Kars plateau. 

Area Y Formation Sample Pyroxene 
series no thermometer 

Mt. Dumlu low Dumlu amphibole dacite/andesite MK251 1050°C 
MK228 1100°C 
MK36 1050-1100°C 
MK93 1100°C 

low Giingormez and./dac. (Upper lens) MK217 1000°C 
low Black dacite MK50 1000-1100°C 
low Arzutu amphibole dacite MK261 800°C 
low Giingormez and./dac. (Lower part) MK38 1150°C 

MK41 1100°C 
low GUngormez and./dac. (Lowermost part) MK259 1050°C 

Mt. Kargapazari low Cobandede dacite MK17a 950-1050°C 
lew Gungormez andesite/dacite MK15 950-1050°C 

MK21 800-950°C 
MK23 750-950°C 
MK83 1000-1100°C 
MK84 1000-1100°C 
MK90 900-1100°C 
MK98 1000-1150°C 
MK275 900°C 

low Kdskjiyroxene dacite MK265 1000°C 

Pasinler high Kargapazari volcanics MK323 1000°C 
MK310 1050°C 

high Black ignimbrite MK318 950-1050°C 
MK337 950-1050°C 

low Kizilveren amphibole dacite/andesite. MK112 1000°C 
high Black dacite MK116 1000-1050°C 

MK117 900-950°C 

Horasan high Horasan plateau unit MK131 1050-1100°C 
MK134 1000-1200°C 

Mt. Aladag high Aladag andesite MK147 1050-1200°C 
MK148 1150°C 
MK159 1050-1100°C 
MK166 1000-1150°C 
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Figure; 4.23. (continued) 

PasnMeir r A MK323 cpx 
^ MK323 opx 

r A MK31Scpx O MK310 cpx 
O MK318 opx • MK310opx 

Hd O MK337 cpx 
(cumulus) 

• MK337 opx 500" 600 700 800" 
A MK117cpx 

[MKU2: dacitej <> MKlHopx 
O MK116cpx A \ 
• M K H 6 0 D X 

Di ^ /// 900 A 
II \ 1 atm 800° 

II / A n o r il \ I8B° Ton's. 500* 
\ /// A 

I tor V 

f 
X M0* 

7< 500* 

\ ® 1 I M 1 1600° (90* 
500* 

•ToO 

MK134: dacite 

A cpx phenocrysts 
{ MK13I: basaltic ^ A cpx microciysts andcsjle 

v opx microciysts A kumulus cpx Hd 
A cpx microcrysls 
v opx microcrysts 500 J 600 Di 700 800 

1 atm \\ 
A centre \ 

// \ 
11/ 900 A 

goof 
J- 00* BOO" 

500 £23 

A 
300* \ 

/ 
100 I I 

En Fs 

r A MK148 cpx MK147: amies He 
O MK166 cpx A cpx phenocrysts 
*> MK148 opx A cpx microcrysts 

IC. O MK166 opx Ionian a g 
A cpx microhtos Hd 
4} opx phenocrysts 
V opx microcrysts 500° «00° 700° 800° 

f MK159: anitesite] 
Di X 

^ 1 aim 
\ \ 900 90-

\ 
800° 

A core 
// \ I too* 

7< 1M 

/// 
Fs 

1100* tse* 3MT_M«* 500̂  I E 

X SW 

En Fs 

205 



Chapter 4: Mineral geochemistry 

4.2.2. AmpIhilbofl®=plagnocla§e geotttoeraoimieter mad geotoaromniefter 

4.2.2.1. Afl=Sim=flii©iraMem<dle barometer 

The linear increase in A l t o t content of magmatic hornblende with pressure and 
its usability as a geobarometer were first discussed by Hammarstrom and Zen (1986). 
These authors proposed the empirical calculation, presented in equation 1. By using a 
bigger data set, Hollister et al. (1987) produced a better calibration with a reduced 
error (equation 2). Johnson and Rutherford (1989) also performed an experimental 
calibration at high temperatures (equation 3). More recently, Schmidt (1992) 
experimentally calibrated A l t o t of magmatic hornblende under water-saturated 
conditions at pressures of 2.5-13 kbar and temperatures of 700-655°C (equation 4). 

^ ± 3 kbar) = -3.92 + 5.03 Al"" r 2 = 0.80 (Eq. 1) 
P{± 1 kbar) = -4.76 + 5.64 A l 1 0 ' r2 = 0.97 (Eq. 2) 
P(± 0.5 kbar) = -3.46 + 4.23 Al«* r 2 = 0.99 (Eq. 3) 
P(± 0.6 kbar) = -3.01 + 4.76 Al '° l

h b l r2 = 0.99 (Eq. 4) 

In the formulae above, A l t m is the total A l content of hornblende in atoms per 
formula unit. According to Schmidt (1992), one point which should be taken into 
account is that as the pressure calculated from hornblende composition is indirectly 
also a function of fluid composition, any indications of fluid should be carefully 
considered. Furthermore, Blundy and Holland (1990) argue that the existence of sub-
solidus re-equilibration and patchy amphibole zoning (especially in plutonic rocks) 
may cast doubt upon the assumption on which these barometers are based. 

In this study, 57 point analyses by electron microprobe at Durham University 
were carried out on a subset of 21 representative amphibole-bearing samples. These 
were selected from a total of 8 volcanic units on the plateau (Table 4.5). Solidus 
pressures for these minerals were then calculated by applying Schmidt's (1992) 
equation to the data set. The calibration line between A l t o t and pressure, and the 
distribution of solidus pressures between different units on the Erzurum-Kars 
Plateau, are illustrated in Figures 4.24 and 4.25 respectively. Most notably, 
porphyritic amphibole-bearing units i.e. the Dumlu (Mt. Dumlu), the Kizilveren 
(Pasinler area), the Koroglu amphibole-andesite/dacite (North of Horasan) and also 
the Pash trachy-dacite (Kagizman area) all have considerably higher solidus 
pressures. These are in the range of 5.5-7.5 kbar, compared to the other units on the 
plateau i.e. the Ardichdag rhyolite (3.5-4 kbar) and the Horasan plateau unit (4.5-5 
kbar). The solidus pressures of amphibole crystals vary in each volcanic formation as 
presented in Table 4.5. Some rock samples contain both high and low pressure 
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crystals (e.g. MK228, MK251 and MK337). This may be ascribed to at least two 
phases of amphibole crystallisation at different depths since it is believed that these 
differences are not related to analytical errors. 

Area Pressure (kb) Sample no 

JJ '4 
Dumlu amphibole dac/and 
(low-Y; CA) 

6.8 - 7.2 MK261 
MK251* 
MK228* 

6.5 - 6.7 MK90 
(MK228*) 
(MK251*) 

5.3 - 5.7 MK36 
MK52A 
MK93 

Pasplerarea, JJ JJ 
Kizilveren amphibole dac/and 
(low-Y; CA) 

7.1-7.3 

6.3 - 6.5 

MK337* 

MK118 

5.5-5.9 MK112 
MK337* 

Black ignimbrite (high-Y; AC) 5.6 - 5.5 MK359 
MK106 

4.1-5.3 MK318 
MK319 

Ardichdag rhyolite (high-Y; AC) 3.7-4.1 MK125 
MK330 

Horasan area JJ JJ 
Koroglu amphibole dac/and 
(low-Y; CA) 

7.1 

5.1-5.9 

MK133 

MK140 
Horasan plateau unit (high-Y; CA) 4.8-5.1 MK134 
Sacdag dacite (low-Y; CA) 6.2 - 7.3 MK154 

JJ JJ 
Pasli trachy-dacite (high-Y; AC) 6.2-7.3 MK174 

Table: 4.5. Table displaying the crystallisation pressures of amphibole phenocrysts collected 
from a total of 8 volcanic units on the Erzurum-Kars Plateau. '*' sign indicates the samples 
those contain both high and low pressure amphibole phenocrysts. 
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Figure: 4.24. Total Al contents of amphibole 
pheno-crysts plotted versus calculated solidus 
pressures (kbar). Key symbols are the same as 
presented in Figure 4.27. 

pressure 
results, it is possible to calculate 
the depth of the magma chamber 
in which the amphibole 
fractionation took place, based on 
the assumption that the 
hydrostatic pressure in the 
chamber was equal to the 
lithostatic pressure. The density 
of the overlying column is of 
special importance for this 
calculation, because the pressure 
is directly related to the density as 
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related to the density as can be seen in the following equation: 

P = hpg (Eq. 4) 

where 

P: is the pressure in Pa, 

h: is the depth in m 

p: is the density of the overlying column (kg.m~3) 

g: the acceleration due to gravity (9.80665 m.s2) 

The overlying column should be represented predominantly by the continental crust 
which is theoretically supposed to be made up of granitic-type material (p=2600-
2700 kg.nr 3) i f the assumed thickness of the continental crust in Eastern Anatolia of 
about 50 km is taken into account. On the other hand, it is apparent that the crust in 
the region cannot be considered completely homogeneous since it is known to contain 
considerable volumes of ophiolitic rock and ophiolitic melange material. However, it 
is almost impossible to add this variable to the calculation since we do not have any 
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Figure: 4.25. Distribution ofsolidus pressures of amphibole phenocrysts from the different 
levels of plateau from the west (left) to the east (right). 

reliable information about the relative volume of denser ophiolitic material in the 
crust. Therefore, the density of the overlying column is presumed to be around 2700 
kgnr 3 which is close to that of continental crust (2600-2700 kgm 3 ) . Equation 4 can 
be converted into 

h (km) = 
P (pascal) 

p (kg.m 3 ) x g (m.s 2 ) x l 0 3 

P x l Q 8 (kbar) 

2700 x 9.80665 x l O 3 
(Eq. 5) 

h = 
0.2648 

h is in km (Eq. 6) 

The depth of amphibole fractionation of different units from different areas on 
the plateau has been calculated based on the above equation and the results are 
presented in Figure 4.26. On this diagram the amphibole bearing porphyritic lava 
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units which coincide with the low-Y series dominantly plot into a depth range 
approximately between 19-28 km. In contrast, volcanic units of the high-Y series 
display relatively shallow depths except for the Pash trachy-andesite (Kagizman 
area). The Ardi§hdag rhyolite and the Horasan plateau unit span much narrower 
ranges, between 14-15.5 and 18-19 km respectively while the Black ignimbrite 
covers a range between 16 and 23 km. The Pash trachy-dacite (Kagizman area) plots 
in a much deeper range between 23.5-27.5 km compared to the other units of high-Y 
series. It should be emphasised again that these calculations rely on the estimate of 

Dumlu Kizilveren 
porp. porp. Kdtoglu 
am ph. am ph. Black Ardicbdag porp. hbl 

dac/and dac/and ignimbrite rhyolite dac/and 
Sac, dag 
dacite 

Horasan 
Plateau 
layer 

Pasu 
trachy-
dacite 

E 

20 • 

22 • 

24 

26 

28 

30 
-f> E 

Figure: 4.26. The diagram showing the depth of crystallisation of'amphibole crystals from 
different parts and units of the plateau. They are arranged from west (left) to east (right). 

the density of the lithosphere and also on the accuracy of the chemical analyses. For 
instance, a slight increase in the density dramatically decreases the depth. Therefore, 
they should be considered as internally-consistent, broad approximations to the reality 
and probably maximum estimations of the depth of amphibole fractionation. 

4.2.2.2. Amphibole-plagioclase geothermometer 

Experimental studies carried out using a wide range of starting materials and a 
wide range of pressures and temperatures have proven that amphibole has the 
important potential for indicating crystallisation conditions. However, their 
compositional complexity has restrained their use as geothermometers and 
barometers. As Hammarstrom and Zen (1992) discussed, formulations of 
thermobarometers involving amphiboles are inherently problematic because of the 
theoretical handicap of using a single equation to relate two intensive variables, P and 
T, to measured compositions. Therefore, to date, there are few publications on 
thermometric applications of amphibole compositions. Most of these papers 
concentrate on the use of amphibole stability in the calculation of crystallisation 
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temperature of metamorphic amphiboles (e.g. Holland and Richardson, 1979; 
Graham and Powell, 1984). Nabelek and Lindsley (1985) are the first researchers to 
propose a preliminary empirical calibration of a hornblende-plagioclase thermometer. 
More recently, Blundy and Holland (1990) have suggested a new amphibole-
plagioclase geothermometer by using their experimental data on amphiboles together 
with the data gathered from several previously published articles. Their semi-
empirical thermodynamic model uses the A l i v content of amphibole coexisting with 
plagioclase in silica-saturated rocks as the main parameter, since they believe that the 
aluminium content of hornblende is a strong function of temperature. Blundy and 
Holland (1990) have analysed the data using three different amphibole activity 
models to calibrate the thermometer reactions and obtained equations 7 and 8. These 
model reactions are: 

edenite + 4 quartz = tremolite + albite 
pargasite + 4 quartz = hornblende + albite 

According to the authors, the thermometer is tolerant of ferric iron recalculation 
procedures from electron-probe data and should yield temperatures of equilibration 
for hornblende-plagioclase assemblages with uncertainties of about ±75°C (2a) over 
a equilibration temperature range of 500°-1100°C. The thermometer should only be 
used in this temperature range for assemblages with plagioclase less calcic than A n 9 2 

and with amphiboles containing less than 7.8 Si atoms. The equations are: 

_ 0.677F-48.98 + K ^ 
T = (Eq. 7) 

-0.0429 - 0.008314 In K M 

and 

S~SiJ Ab (Eq. 8) 

Si: is the number of Si atoms per formula unit in amphiboles, 
P: is the pressure in kbar, 
T: is the temperature in K (Kelvin), 
Y: represents plagioclase non-ideality 
Y=0 for XAb > 0.5 and Y=-8.06+25.5(l-XAb)2for XAb < 0.5 

As seen from the formulation, the required input variables are pressure, Ab content of 
coexisting plagioclase and the atomic Si content of the amphibole. 

Blundy and Holland (1990) have deduced that the Al-in-hornblende 
geobarometers of Hammarstrom and Zen (1986), Hollister et al. (1987), Johnson and 
Rutherford (1989) and Schmidt (1992) are subject to considerable uncertainty unless 
the equilibration temperature is well known. They also added that A l i v in these 

where: 
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amphiboles is strongly temperature-dependent and that this dependency masks any 

pressure effect, although a weak pressure correlation is evident. 

Blundy and Holland's (1990) paper has become the focus of a series of 
theoretical discussions by researchers who work in this field. Recently, a number of 
comment and reply papers evaluating Blundy and Holland's (1990) paper have been 
published. In one of these papers, Hammarstrom and Zen (1992) have tested Blundy 
and Holland's geothermometry on representative samples of tonalites and 
granodiorites and concluded that the hornblende geobarometer is temperature-
independent. They also criticised the Blundy and Holland's proposed equilibria 
(edenite + 4 quartz = tremolite + albite; pargasite + 4 quartz = hornblende + albite) 
claiming that it may not account for all the pressure-sensitive compositional 
variations in calcic amphiboles. They chose not to use A l i v content alone, which was 
the main component in Blundy and Holland's (1990) paper, in formulating their 
barometer because, its computation is so dependent on the mineral formula 
calculation scheme chosen. Rutherford and Johnson (1992) suggested that the strong 
"temperature effect" is also the result of increased Si0 2 activity. They based this 
suggestion on experiments at successively greater degrees of crystallisation than those 
on which Blundy and Holland (1990) have based their formulation. Hornblende 
tetrahedral sites are occupied only by Si and A l cations, and the A l i v abundance is 
clearly a function of both A1 2 0 3 and Si0 2 activities. They have cited Spear's (1981) 
paper as an example in which this effect is well demonstrated. Spear (1981) found 
that the Si occupancy in amphibole crystallised from basalt increased by 20 % (0.8-
1.0 per formula unit) when Si0 2 saturation was forced on the system. Rutherford and 
Johnson (1992) argue that, even though Blundy and Holland (1990) recognised the 
importance of Si0 2 activity, they did not hold it constant or quantified in their 
experimental calibration. According to Rutherford and Johnson (1992), i f variations 
in silica activity are not considered, the geothermometer is really an expression of the 
combined effects of T and Si0 2 activity. In addition to these comments, Poli and 
Schmidt (1992) have also criticised Blundy and Holland's (1990) theoretical 
approach in interpreting of amphibole crystal chemistry. 

In this study, Blundy and Holland's (1990) equation has been applied to 57 
electron micro probe analyses, from a subset of 21 samples, whose coexisting 
plagioclase phenocrysts had also been analysed for which solidus pressures had 
previously been calculated using Schmidt's (1992) equation (Table 4.5). Non of these 
amphibole phenocrysts have more than 7.8 Si atoms per formula unit nor are the 
coexisting plagioclase phenocrysts more calcic than An 9 2 , satisfying all prerequisites 
for the calculation. Since geothermometer calculations of some of these samples are 
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also conducted using three other different methods, this presents a good opportunity 
to correlate the results of these methods with Blundy and Holland's (1990) method. 

Figure 4.27 demonstrates the relationship between the distribution of solidus 
temperatures of amphibole phenocrysts and the SiO z content of their host rocks. 
Notably, solidus temperatures decrease with increasing Si0 2 content of magma from 
925°C at 63% Si0 2 to 700°C at 74% SiO z emphasising the importance of 
composition of magma on crystallisation temperatures. Figure 4.28 shows a positive 
linear correlation between the solidus temperatures and pressures. These results 
should be interpreted with caution because some plagioclases are not in equilibrium 
with melt and hence they may not be in equilibrium with amphiboles. 
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Figure: 4.27. Distribution of geothermometer calculations of 
amphiboles from different units and areas of the plateau plotted 
against Si02 contents of their host rocks. 
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Figure: 4.28. Diagram illustrating a positive correlation between 
liquidus pressures and temperatures of amphibole phenocrysts 
calculated by using Schmidt's (1992) and Blundy and Holland's 
(J 990) formulations respectively. Key symbols are the same as 
presented above in Figure 4.27. 

212 



Chapter 4: Mineral geochemistry 

4.2.3. Feldspar geoJlheriimometers 

4.2.3.1. CafcusSatiomis based on the temperature dependence of E M ami 
Sr dlsirifouiioBi coefficients im plagioellases 

Distribution coefficients are not only a function of bulk composition but also 
functions of temperature, pressure and oxygen fugacity of a melt system. In order to 
understand the effects of these controlling factors some researchers carry out 
experimental studies in which synthetic or natural starting materials are doped with 
the element of interest. The advantage of this approach is that variations in the 
physical conditions of the system (i.e. temperature, pressure and oxygen fugacity) can 
be more adequately monitored. In such a study Sun et al. (1974) experimentally 
investigated the distribution coefficients of Eu and Sr for plagioclase-liquid and 
clinopyroxene-liquid pairs, as a function of temperature and oxygen fugacity, using 
an oceanic ridge basalt enriched with Eu and Sr as the starting material. They 
conducted their laboratory experiments between 1190° and 1140°C over a range of 
oxygen fugacities between 10"8 and 10"14 atm. One of the most interesting findings 
from their study was that distribution coefficients for Sr were strongly dependent 
upon temperature but independent of oxygen fugacity, a feature that enabled 
researchers to use these values in their calibrations for geothermometer calculations. 
They used linear regression to derive the following equations: 

l o g D s ? = ( 6 5 7 ^ 3 0 0 ) _ ( 4 3 0 ± 0 2 1 ) ( £ q 9 ) 

| o g g r = ( 1 8 4 3 0 ± 2 1 4 0 ) - ( 1 3 6 2 ± 1 4 9 ) ( E q l Q ) 

According to the authors, the standard deviations about the mean of AT {AT = 
ĉaicuiated'̂ measured) ^ around ±10°C at the 2c level. Therefore, they claim that these 

equations can define geothermometers of very high precision. Sun et al. (1974) also 
proposed the following equation related to the distribution coefficient of Eu: 

l o g £ £ = ( 2 4 6 Q ^ 9 3 0 ) - ( 0 . 1 5 ± 0 . 0 1 ) l o g / O 2 - (3 .86±0 .65) (Eq. 11) 

This equation may give important information on the oxidation conditions of the 
magma in which plagioclase fractionation takes place. 

In this study, the crystallisation temperature of plagioclase phenocrysts and the 

oxygen fugacity of magma from which these crystals grew are calculated using Sun et 

al.'s (1974) equations and previously defined Sr and Eu mineral/melt (matrix) 

partition coefficients of eight plagioclase mineral separates. The results are presented 
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in Table 4.6 (see section 4.3.1 for the calculation of Kd values). The temperatures 
display a rather narrow range between 1040°-1120°C while oxygen fugacities span a 
range between l O 1 2 and lO 1 4 - 7 arm. Table 4.6 also illustrates two-pyroxene 
temperatures for three samples which have been calculated using the composition of 
coexisting ortho- and clinopyroxene crystals following the Lindsley and Andersen 
(1983) method. Except for sample MK277, both methods produce consistent results 
with just a maximum of 44°C difference. 

Some of the plagioclase phenocrysts of the low-Y series (all samples except 
MK277 and MK174) appear to be not in equilibrium with matrix perhaps due to 
magma mixing between dacitic and basic magmas at depth (Section 4.1.1). 
Therefore, calculations based on the temperature dependence of Eu and Sr 
distribution coefficients of plagioclases should be interpreted with caution (Section 
4.3.1). On the other hand, close agreement between the two pyroxene geothermometer 
of Lindsley and Andersen (1983) and the method of Sun et al. (1974) (within ±40°C 
difference) may indicate that these results are reliable (see Figure 4.34). 

Sample no MK277 MK132 MK251 MK268 MK49 MK174 MK112 MK154 

Rock type Andesite Dacite Dacite Dacite Dacite Docile Dacite Dacite 

SiOlwt % of host rock 60.58 64.18 65.08 65.47 66.26 66.48 66.81 66.91 

Kudo and Weill (1970) thermom 1189 1177 1212 1212 1210 1209 1205 1180 
Two pyroxene thermometer (°C) 900 1050 1000 

Z 7 0 ~ 3.34 3.22 3.65 2.85 2.64 4.87 3.45 

1.20 0.69 0.56 1.47 2.96 1.24 0.63 0.78 

T°K (Kelvin) 1388.4 1362.1 1366.5 1351.1 1382.1 1391.3 1317.4 1358.0 

T°C 1115.3 1089.0 1093.3 1077.9 1108.9 1118.1 1044.2 1084.9 

Oxygen fugacity (10*) atm 10-14.5 10-12.6 , 0-12.1 1 0 1 4 7 ,0-w.o ,0-14.6 ,0-12.0 ,0-12.9 

Table: 4.6. Table demonstrating the results of geothermometer and oxygen fugacity calculations 
based on Sun et al.'s (1974) equations. 

4.2.3.2. Plagioclase thermometer of Kudo and Weill 

Albite (NaAlSi 3O g) and anorthite (CaAl 2Si 20 8) form a continuous solid 
solution series at high temperatures. In such an ideal solution, melting temperatures 
are related to mole fractions of the main constituents of these two minerals in the 
coexisting phases, namely plagioclase and magma. Therefore, in theory, it is possible 
to calculate crystallisation temperatures using these mole fractions. However, this is 
not an easy task because it involves complex multicomponent magmatic systems 
necessitating a good understanding of the activities of plagioclase constituents in the 
magmatic liquid. In their empirical approach, Kudo and Weill (1970) derived an 
expression for the activity coefficients of the plagioclase constituents, Na, Ca, A l and 
Si and subsequently suggested a plagioclase thermometer described by a set of linear 
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regression trends for different conditions of crystallisation (equations 15-18). The 

data they used were gathered from the electron microprobe analyses of coexisting 

plagioclase and liquid (glass) of quenched samples from equilibrium melting 

experiments of natural granitic rocks at water pressures from 0.5 to 5 kbar. In this 

study Kudo and Weill's (1970) equations (Eq. 15: 5 kbar water pressure) have been 

used to calculate the crystallisation temperatures of the plagioclase phenocrysts whose 

temperatures had been previously calculated using Sun et al.'s (1974) scheme. The 

results are presented in Figure 4.29 and also in Table 4.6 for comparison. 

In X/c + 1.29 x lO-^ ' / r = 10.34 x 10 3 T - 17.24 (dry) (Eq. 12) 

In 7Ja + 1.29 x 10*ty/T = 11.05 x 10-3T -17.86 ( P ^ Q ^ O . 5 kb) (Eq. 13) 

In Uc + 1.29 x 1 0 ^ 7 7 = 11.14 x 10-3T -17.67 ( P ^ L O kb) (Eq. 14) 

In l/c + 1.29 x l(H(|>yr= 12.18 x 10-3T -16.63 (P H 2 O =5.0kb) (Eq. 15) 

and 

x = ^ v A l (Eq. 16) o = ^ (Eq. 17) 
^Ca^AI %An 

Q = X C a + X A I - X C a - X S i (Eq.18) 

where 
XNa, XSi, XCa, XAl: mole fractions of the oxides of element, Na, Si, Ca and Al, in 
the magma. Their sum equals to 1. 

XAb, XAn : mole fractions of Albite and Anorthite in the plagioclase phenocrysts. 
T: is the temperature in Kelvin. 

Equations can be solved following the method presented below (for Eq. 12): 

i£A + ^ 9 x l O ^ ' , 1 0 . 3 4 X 1 0 T - 1 7 . 2 4 
G T 

(l 0.34 x 1 (T3 )T2 - +17.24 j r -1.29 x 10 4 <J)' = 0 

« = + 10.34xl0- 3 ( E q - 1 9 ) 

fr = _ ^ + 1 7 . 2 4 ) 

c = 1.29xl0"4<))' 

A = b2-4ac 

_-b + J& 
u " 2a 

Kudo and Weill (1970) suggested that their equations yield reasonable 

plagioclase crystallisation temperatures when applied to magmatic systems. 

However, subsequent work (Stormer and Carmichael, 1970; Brown and 
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Carmichael, 1971; Mathez, 1973) showed that temperatures calculated following 
Kudo-Weill's scheme were always higher than the expected values. In this study, 
the results calculated using Kudo and Weill's (1970) method are consistently 100-
150°C higher than those obtained by Sun et al.'s (1974) scheme (Figure 4.26, 
Table 4.6) supporting the conclusion of Stormer and Carmichael (1970), and 
Brown and Carmichael (1971). 
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Figure: 4.29. Comparison of plagioclase thermometers of Sun et al. (1974) 
and Kudo and Weill (J970). Numbers that are presented at the top of each 
sample represent the difference between the results of two methods. 

4.2.3.3. Two feldspar thermometers 

There are several methods in the literature that use the compositions of 
coexisting high-Na plagioclase and high-K feldspar in the calculation of the 
crystallisation temperatures of these minerals. The temperature calculations are based 
on the assumption that, i f complete stable equilibrium between feldspars was 
attained, the composition of coexisting feldspar pairs would depend only on pressure 
and temperature, for a given total feldspar composition. I f equilibrium is attained 
only with respect to alkali exchange, the compositions also will depend on Al-Si order 
in both frameworks. However, many rocks may contain feldspar pairs which were not 
in equilibrium (Brown and Parsons, 1981). 

Barth (1951, 1968) is the first researcher to propose a two-feldspar 
geothermometer. His empirical calibration is based on the supposition that the 
distribution coefficient KD = Nj^^N^ P L (where 7VA b > A F and N A b

 t n e albite 
contents of the alkali feldspar and plagioclase respectively) depends to a negligible 
extend on pressure (P), Al-Si order and bulk composition of the feldspar, but is 
mainly a function of temperature (T). He later recognised that KD is not independent 
of composition and eventually modified his method. Perchuk and Ryabchikov (1968) 
also constructed a geothermometry method using ternary experimental data. More 
recently, Seek (1971) developed a two-feldspar thermometer using his experimental 
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data and proposed his model as a ternary diagram on which he drew isotherms 
terminating at the line KD = 1. There are also several authors who tried to improve 
earlier graphical thermometer methods by putting them on a theoretical, 
thermodynamic, basis, Stormer (1975) and Powell and Powell (1977). Finally, Brown 
and Parsons (1981) presented an extensive review of literature on this topic and 
discussed the thermodynamic basis of earlier two-feldspar thermometers. They made 
several modifications to Seck's (1971) thermometer and proposed a more practical 
and reliable thermometer. Their thermometer is calibrated for P = 1 Kbar, but may be 
used at higher pressures by adding 18°C/kbar to the temperature obtained. They argue 
that, to apply their thermometer it is necessary to be sure that feldspar pairs are in 
equilibrium, though accept that it is difficult to be sure about this in most cases. 

A total of 42 coexisting sanidine, sodic-plagioclase and anorthoclase 
phenocrysts (22 sanidine/anorthoclase and 24 plagioclase), from 6 samples, gathered 
from three rhyolitic formations on the plateau, were analysed by electron microprobe. 
Mole fractions of these minerals were calculated from their constituent elements. The 
data were plotted onto Seck's (1971) graphical thermometer and presented in five 
parts in Figure 4.30. The same data were also plotted in Brown and Parson's (1981) 
diagram (Figure 4.31). The results from these two methods are presented in Table 4.7 
for comparison. Crystallisation temperatures of plagioclase and anorthoclase 
phenocrysts calculated using the method of Seek (1971) are consistently higher than 
solidus temperatures for sanidine with a difference of around 100-200°C. 
Geothermometer results obtained using Brown and Pearson's (1981) graphical 
method give similar temperatures to those gathered from plagioclase compositions 
using Seck's diagram. Both methods give exactly the same temperatures for the 
samples MK125 and MK330 however, there is about 100°C difference for the 
samples MK108 and MK332. 

Area Formation Sample no 

Graphical thermometers (°C) 

Area Formation Sample no Seek (1971) Brown&Pearson (1981) Area Formation Sample no 
Sanidine Plagioclase 

anorthoclase 

Brown&Pearson (1981) 

Pasinler area Ardichdag 
rhyolite 

MK108 -550 750 825 Pasinler area Ardichdag 
rhyolite MK125 -550 650 650 

Pasinler area Ardichdag 
rhyolite 

MK330 
MK332 

-550 
-550 

650 
-700 

650 
825 

Mt. Aladag area Odalar rhyolite MK171 750-800 
Kagizman area Pasli trachy-dacite MK167 825 

Table: 4.7. The results and comparison of two-feldspar geothermometers of Brown and Parsons 
(1981) and Seek (1971). 
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5>( 
05 

• 

0.8 

825 
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1 "o 1 1 ^ 657 

0.6 
1 

/ j 

I. 
! r. 1 • MK.108 

/ 1 ; / 1 
x MK125(I) 

1 
Hi A MK125 (II) 

' /// 
• MK330 ' 1 J 1 . 0.2 0 MK332 

'/'///// 

Brown and Parsons (1981) 
0 I 

0.2 0.4 0.8 

N Ab,AF 
Figure: 4.3J. Electron microprobe data of five samples plotted in the 
graphical two-feldspar thermometer of Brown and Parsons (1981) which is 
adjusted to 1 k bar. Lines with temperatures are the isotherms contoured in 
NAn PL. Lines without numbers intersecting the isotherms are contoured in 

4.2.4. S 1 8 0 isotope geothermometer 

The temperature control on isotopic fractionation of elements with low atomic 
numbers has long been recognised and applied in isotopic thermometry for low 
temperature systems, such as in the study of sedimentary rocks i.e. determination of 
the temperature of ancient ocean waters. Subsequently, this method has been adopted 
for higher temperature systems based on the distribution of stable isotopes between 
cogenetic mineral pairs. Isotopic fractionation occurs due to slight variations in the 
physical and chemical properties of isotopes and is proportional to differences in their 
masses (Faure, 1986). It is greatest where there is a large relative difference in mass 
between the isotopes of two atoms. These kind of elements are the ones which have 
low atomic numbers, like O and H. The isotopic fractionation is highest at low 
temperatures and gets smaller when the temperature is increased. Therefore, they 
become less sensitive at high temperatures. The isotopic fractionation is indicated by 
the "fractionation factor a " which is defined as: 
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a = ^ (Eq. 20) 
KB 

where 

RA: is the ratio of the heavy to the light isotope in phase A, 
RB: is the same in phase B 

The equilibration of oxygen isotopes ( l s O/ 1 6 0) between individual minerals has 
been measured experimentally by several researchers over a wide range of 
temperatures (e.g. Chiba et al., 1989; Matthews et al., 1983 and Matsuhisa et al. 
1979). Subsequently, the data have been used to calibrate geothermometers. The 
relationship between temperature and fractionation factor is defined by the equation 

1 
In a (Eq. 21) 

where 

a: fractionation of , 8 0 isotope between two minerals 
T: is the absolute temperature (Kelvin). 

This equation is valid only at high temperatures over 1000 Kelvin and minerals 
without hydrogen in the form of hydroxyl ions or water. Values for a are close to 
unity and vary in the third decimal place. Therefore, the natural logarithm of such 
numbers enables the following mathematical approximation (Faure, 1986): 

1 0 0 0 I n = A( l0 6 / T2) + B (Eq. 22) 

where 

T: absolute temperature in Kelvin 
A and B: are constants determined by experiments 

A further useful approximation enables us to use 5 1 8 0 values in the formulation to 
calculate solidus temperatures of mineral pairs (Faure, 1986): 

A ^ - n o n * = S n * u » " " 1000In = A( l0 6 T- 2 ) + B (Eq. 23) 

The basic assumptions of oxygen isotope geothermometry are that the coexisting 
minerals reached isotopic equilibrium with one another and with the source of 
oxygen, namely magma, and that isotopic compositions have subsequendy not altered 
(Hall, 1987). Therefore, the reliability of this method is not only limited by the 
accuracy and precision of the analytical data but also by the existence of an isotopic 
equilibrium when minerals exchanged oxygen isotopes with water and each other at 
high temperatures. 

In this study, equilibration temperatures of 7 mineral pairs, which were 
separated from a total of 6 samples and were supposed to be crystallised in 
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equilibrium with each other, have been calculated using the equation presented above 
and 8 l s O analyses of 13 mineral separates (one plagioclase-orthopyroxene, five 
plagioclase-amphibole and one plagioclase-biotite). The results are presented in Table 
4.8. A and B are the coefficients from the equation 15. These values are taken from 
the compilation of Friedman and O'Neil (1977) who recalculated Bottinga & Javoy's 
(1975) data to a fractionation factor of 1.0412 for C0 2 -H 2 0 in the light of recent 
experimental work by Matsuhisa et al. (1979) and Matthews et al. (1983). The 
coefficient, A, is calculated according to the equation A=1.70-1.040, as suggested by 
Faure (1986), where p is the mole fraction of anorthite in the coexisting plagioclase. 

Mineral pair Plg-Px Pig - Amph Pig-Bio 

Sample no MK251 M K l l l ! MK1S4 MK49 MK93! MK268 MK1S4 
Two-Px therm. 1050°C 1000°C| noo°c! 

P 
A 

0.551 0.48; 0.36 o.5o: 0.50! 0.50 0.36 P 
A 1.12696 1.681 1.80 1.66; 1.66} 1.66 1.80 
B 0 -0.3! -0.3 -0.3: -0.3} -0.3 -0.6 
T range >500 >500 >500 
8 1 8 0 . pig 

1A 7.9; 7.7 8.4: 7.9; 8.3 7.7 

8 1 8 0 
opx 

6.3 

°180„„> 6.9 6.8 7.7! 6.7 j 7.2 

8 1 8 0„io 6.2 

A 1.1 li 0.9 0.71 1.2j 1.1 1.5 

T (Kelvin) 1012.2 1137.0; 1224.5 1289.51 1052.9! 1088.2 925.6 
T°C 739.0 863.81 951.3 1016.4! 779.7 j 815.1 652.5 

Table: 4.8. Table showing the &80 geothermometer results of 7 mineral pairs. Pig: 
plagioclase, Px: pyroxene, Amph: amphibole and Bio: biotite. Lindsley's (1983) available 
two pyroxene thermometer results are also presented in the table for comparison. 

As can be seen in the table, 8 1 8 0 temperatures are consistently lower (between 
136 and 320°C) than those determined by the two-pyroxene thermometer of Lindsley 
(1983). One of the samples, MK154, contains 8 1 8 0 analyses of three mineral 
separates; plagioclase, amphibole and biotite. There is a 298°C difference between 
the thermometry results of plagioclase-amphibole and plagioclase-biotite pairs. I f 
these minerals were equilibrated isotopically at the same temperature, then pairs of 
these minerals would yield the same temperature. Therefore, this may be a sign of 
disequilibration among these minerals, assuming that alteration was not effective 
after the solidification of this rock. In fact, this result appears to be quite normal since 
biotite, in general, would be expected to crystallise after plagioclase at relatively 
lower temperatures. Denies (1977) draws attention to the fact that less than 50% of 
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mineral triplets published until now yielded similar temperatures using oxygen 
isotope geothermometry. 

4.2.5. Comparison of geothermometer results gathered using different 
methods 

Figures 4.32 and 4.33 illustrate the comparison of geothermometer results for 
individual samples taken from the different volcanic units of the Erzurum-Kars 
Plateau. Except for MK277, temperature estimates from the two pyroxene 
geothermometer of Lindsley and Andersen (1983) and those using the method of Sun 
et al. (1974) agree to within ±10°C difference (Figure 4.29). In contrast, the 

Ml. Kargapazan 

1400 -r 

1200 - -

1000 - -

V 
o 
H 

MtDumlu 

63.49 

600 - -

400 - • 

200 - • 

H Two pyroxene thermometer of Lindsley (1983) 

• KudoardWeUrs(1970)plgiheni»meter(SKbarH2 
pressure) 

• Sun etd.'s( 1974) geothermometer 

• Blundy and Holland's (1990) arnp-plg thermometer 

^ O isotope thermometer (Flag-amp par) 

Ei] O Isotope thermometer (Ptag-px par) 

MK49 MK251 MK93 MK268 MK277 

1400 x 

1200 - -

1000 i 

U o 
H 

800 

400 -• 

200 - • 

Pasialer 

111 
• 

MK112 

Not 
Horasan 

MK132 

Sot 
Horasan 

66.91 

MK154 

Kagizman 

m Two pyroxene thermaneter of Linasley (1983) 
• Kudo and Weill'i (1970) pig thermometer (5 Khsr 

H20 pressure) 

• Sun et al.'s (1974) gcolhennametcr 

• Btundy and Holland's (1990) amp-pig thennaneter 

^ O isotope thcrmcmeier (Flag-amp pair) 

§ O isotope thermometer O âg-bio pair) 

MK174 

Figure: 4.32. Comparison of techniques used for calculation of liquidus 
temperatures of different minerals in individual samples. Si02 content of 
each host rock sample is presented on the labels on each bar. 
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amphibole-plagioclase geothermometer of Blundy and Holland (1990) gives 
temperatures which are consistently about 220°C lower (in a range between -160 and 
-276°C) than those obtained by these two methods (Figures 4.29, 30 and 31), while 
the plagioclase thermometer of Kudo and Weill (1970) yields consistently the highest 
temperatures among all the methods. 8 l s O isotope geothermometers using 
plagioclase-pyroxene, plagioclase-amphibole and plagioclase-biotite pairs also give 

1200 

1000 

4 0 0 

2 0 0 

MK318 MK337 

0 Two pyroxene thermometer of Lindsley 
(1983) 

• Blundy and Holland's (1990) amp-pig 
thermometer 

1. Mt. Dumlu: Dumlu porphyrtic 
amphibole dacite/andesite 

2. Ml. Kargapazari: GUngormez 
dacite/andesite 

3. Pasinler: Black ignimbrite 
4. Pasinler: Kizilveren porphyritic 

amphibole andesite/dacite 
5. N of Horasan: Horasan plateau 

layer 

MK228 MK36 MK261 

Figure: 4.33. Comparison between the geothermometer methods of 
Lindsley (1983) and Blundy & Holland (1990). 

consistently lower temperatures than Lindsley and Andersen's (1983) and Blundy and 
Holland's (1990) temperatures, the difference varying from 70 to 300°C. Notably, the 
8 1 8 0 values of the plagioclase-amphibole pairs tend to give higher temperatures than 
plagioclase-pyroxene and plagioclase-biotite. 

Figure 4.34 illustrates the relationship between temperatures obtained from 
different geothermometry methods and the Si0 2 content of the melt. All the 
temperatures obtained using different methods steadily decrease with increasing S i0 2 

content of the melt except for Kudo and Weill's (1970) geothermometer. Therefore, 
Kudo and Weill's (1970) calculation scheme which gives consistently the highest 
liquidus temperatures appears to be in error. With the exception of two plagioclase-
amphibole pair, all oxygen isotope thermometer results yield consistently lower 
temperatures than those of Lindsley and Andersen (1983) and Sun et al. (1974). 
Among all of these geothermometer calculation schemes, the methods proposed by 
Lindsley and Andersen (1983) and Sun et al. (1974) appear to be the best estimates 
for liquidus temperatures of the volcanic units on the Erzurum-Kars Plateau because 
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they closely agree to each other within ±10°C difference and are reasonable estimates 
for the crystallisation range. 

1300 

T°C 
1200 

1100 
D TwopyTtoottihaimiitttCTrfLjjMlilcy(1983) 

a • SUD cuL'iplg (1974) genthcrmomaa 
1000 

Kudo and Woll'i (1970) pig ibermarraur (S Kbar H20 
pressure) 

v Bhindy tod Holland's 0990) ttnro-dj tbmnaraaex 
900 

O tmope thermometer (Rag-ox nati) 

u O i»otopc ihoroomctcr (Plia-arnp ran) 
8 800 ° O utotopc thermometer (Pbg-bio pair) 

700 

Si02 wt.% of the host rock 
600 • 

75 65 70 60 55 

Figure: 4.34. Comparison of geothermometer results which were obtained using 
seven different calculation methods plotted against Si02 content of the host 
magma. 
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4o3» Pairtittiom Coefflfndenitts 

When a mineral is in chemical equilibrium with a liquid, trace elements are 
partitioned between the two phases according to their chemical activity in each (Cox 
et al., 1989). The extent to which an element is incorporated into a mineral 
crystallising from a magma can be expressed conveniently by means of a partition 
coefficient which is defined by the following equation: 

mineral 

where 

element> 

Kd : partition coefficient of an element, 

Clemen' •' concentration of an element in a particular mineral (in ppm), 

^element •' concentration of an element in magma (in ppm). 

This equation is valid only for the elements whose concentrations are lower than 1%. 
The validity of measured partition coefficients is also dependent upon the existence 
of an equilibrium between the phenocryst phases and the melt. Mineral phenocrysts 
can be examined for the existence of equilibrium or disequilibrium following two 
main ways; petrographic studies and stable isotopic analyses of minerals. 

In petrographic studies, phenocryst reaction rims or corrosion, the coexistence 
of phenocrysts of incompatible mineralogical or chemical compositions are all 
considered to be the evidence for disequilibrium. In addition to these, in the case of 
zoned phenocrysts e.g. plagioclases the partition coefficients theoretically apply only 
to the outermost zone since it is the only part which was in contact and hence in 
equilibrium with the magmatic liquid presently represented by the groundmass. 
However, in most cases, separating the outer zones from the phenocrysts is almost 
impossible. Therefore, the calculated partition coefficients of zoned minerals such as 
plagioclases should be considered as approximate values. 

Isotopes of the elements having low atomic numbers especially those of 
hydrogen and oxygen ( 1 8 0 / 1 6 0) are fractionated between different minerals and the 
melt as a function of temperature of the system i f they crystallise in equilibrium with 
each other and with the melt. This provides a good opportunity to examine whether or 
not equilibration was maintained during the crystallisation. The equilibration of these 
isotopes between minerals and melt has been measured by several researchers for 
different temperatures and calibrated for geothermometer calculations (see section 
4.2.4). Consequendy, it is theoretically possible to calculate crystallisation 

225 



Chapter 4: Mineral geochemistry 

temperatures of minerals by using the distribution of stable isotopes between 
oogenetic mineral pairs. When there is more than one mineral pair available in a 
sample, temperatures calculated from these coexisting mineral pairs should be similar 
to each other i f they crystallised in equilibration with each other and the magmatic 
liquid. However, it should be emphasised that the results are also sensitive to errors in 
analytical data and to the alteration after solidification. 

Mineral/melt partition coefficients of an element are direct indicators of its 
compatibility or incompatibility in a mineral-magmatic liquid system. A value of 
greater than 1 indicates that this particular trace element is preferentially enriched in 
a particular mineral phase and is therefore a compatible element. I f it is lower than 1 
it is called incompatible element. Almost all REE and Large Ion Lithophile (LIL) 
elements are incompatible with most of the rock forming minerals except for some 
ferro-magnesian minerals e.g. amphibole and pyroxenes. 

The value of Kd depends on several variables such as composition, pressure, 
temperature and oxygen fugacity of the mineral-liquid system, and also on crystal 
chemistry. Therefore, a single KA value for a mineral alone is usually meaningless. 
Partition coefficients ideally should be evaluated as functions of one or a set of these 
physical and chemical variables, many of which are co-variant in natural systems. In 
most cases, isolating one of these effects from others is a difficult problem. 

Another point which should be taken into account is that Kd values may vary 
from one volcanic suite to another as can be well exemplified by high-silica rhyolites 
of Mahood and Hildreth (1983). Therefore, more care should be paid to selecting the 
most appropriate values for a particular magmatic suite for use in petrologic 
modelling. The best attempt could be the determination of Kd values by using samples 
collected from that particular magmatic suite under consideration. 

In order to obtain the most appropriate Kd values for this study, a subset of 
representative rock samples were selected to calculate partition coefficients of rock 
forming minerals in the volcanics of the Erzurum-Kars Plateau. Details of sample 
preparation and calculations are presented in the following paragraphs. 

4.3.1. Calculation of Partition Coefficients 

Porphyritic rock samples collected from different levels and formations of the 
Erzurum-Kars plateau were studied microscopically in order to select the phenocrysts 
that are freshest and have no accessory mineral inclusions and zoning. Twelve 
representative samples which conform to these prerequisites and cover a Si0 2 range 
from 63.5 to 71.0 wt.% were selected for mineral separation. These fresh rock 
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samples were broken into small pieces by a jaw-crusher. To avoid contamination of 
the next sample, the jaw-crusher was cleaned by wire brush and alcohol prior to each 
session of crushing. Then the samples were sized by sieving with a mesh to get rid of 
very fine and coarse particles. Phenocryst fragments were separated from the sieved 
rock samples by hand-picking under the binocular microscope. Not all mineral phases 
could be obtained from each sample. Mineral fragments, especially transparent 
minerals (e.g. feldspars) were carefully examined for accessory mineral inclusions. 
When found, the inclusions were removed from the phenocryst fragments, by 
breaking the crystals and discarding the piece containing the inclusion. I f that proved 
impossible, the grains were completely rejected. This procedure could not be carried 
out on mafic and non-transparent minerals such as amphiboles and pyroxenes. 
Therefore, darker minerals provided greater possibilities for unobserved inclusions. 
The purity of mineral separates in general is better than 95% as judged from 
microscope inspection. Microscopic work and microprobe analyses indicate that 
phenocrysts with the exception of plagioclase from dacites display little or no zoning. 

A total of 23 mineral separates were obtained from a total of 12 rock samples as 
presented in Table 4.10. These separates were cleaned in reagent grade acetone 
followed by de-ionised water. Then they were prepared for the ICP-MS analyses 
together with the whole-rock samples following a series of acid digestion and 
evaporation stages as described in Appendix B. 

Major elements of these minerals were analysed on polished thin sections of the 
samples by using a Geoscan electron micro-probe while the analyses of major 
elements of the whole-rock samples were done on their fusion disks by a Phillips 
PW-1400 X-Ray Fluoresance Spectrometer (XRF) at the University of Durham. 
Trace elements of whole-rock samples were analysed on pressed-powder pellets using 
the same XRF. Rare Earth Elements (REEs) and a subset of trace elements (Rb, Sr, 
Y, Zr, Nb, Cs and Ba) in both whole rock and mineral separates were analysed on a 
VG-Plasmaquad Inductively Coupled Plasma Mass Spectrometer (ICP-MS) at the 
Industrial Research Centre, University of Durham. Mineral and whole rock datasets 
are presented in Tables 4.13 to 4.17 and also in Appendix E and F. 

Figure 4.35 illustrates the distribution of end-member compositions of 

plagioclase, clino- and orthopyroxene and amphibole mineral separates. Composition 

of plagioclase phenocrysts spans a range between A n 3 5 and A n ^ (andesine and 

labradorite) with a few scatter falling into the oligoclase field (MK154 and MK174). 

All orthopyroxene separates fall into the bronzite field while clinopyroxene 

phenocrysts (MK265) classify as endiopside and only one of them as augite. The 

most abundant end-member of amphibole is represented by tschermakite whose 
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percentage changes roughly between 40-50. Edenite and taramite are also abundant 
ranging from 8-10% to 33%. Barroisite and kaersutite constitute relatively less 
abundant end-members in the amphibole separates. 

Some of the mineral separates have been analysed for 6 1 8 0. One of them, 
MK154, contains 8 1 8 0 analyses of three mineral separates (plagioclase, amphibole 
and biotite) enabling the inspection of the existence of equilibration between these 
minerals. Oxygen isotope thermometry calculations have been conducted on 
plagioclase-amphibole and plagioclase-biotite pairs on this sample and a 298°C 
difference has been found between these two pairs (section 4.2.4). This can be 
interpreted as an indication of disequilibration among these minerals. Therefore, the 
calculated partition coefficients of these three minerals in MK154 should be 
interpreted with caution. Most probably, among them, the only mineral that 
crystallised in equilibrium with the magmatic liquid may be biotite since it would be 
expected to crystallise after all these minerals. The widespread scatter in the 
distribution of composition of plagioclase phenocrysts (see section 4.1.1, Figures 4.7 
and 4.8) against Si0 2 and magnesium number of their host-rocks suggest that most of 
the plagioclase phenocrysts in the volcanics of the Erzurum-Kars Plateau are 

Area formation sample 
no 

SiO? % of 
whole-rocks 

mineral separates 

Mt. Dunilu area Dumlu amphibole 
dacite/andesile 

MK49 66.26 amphibole (amph) 
plagioclase (pig) (An 4 S 5 5 ) 

Mt. Dunilu area Dumlu amphibole 
dacite/andesile 

MK93 63.49 amph 

Mt. Dunilu area Dumlu amphibole 
dacite/andesile 

MK251 65.08 orthopyroxene (opx) (Bronzite) 
amph 
p l g ( A n K < a ) 

Mt. Kargapazari GOUerdUzil amphibole 
dacite/andesite 

MK268 65.47 amph 
plfi 

Mt. Kargapazari 

Kojk pyroxene 
andesite/dacite 

MK265 63.90 clinopyroxene (cpx) 
(endiopside and augile) 

Mt. Kargapazari 

Gungormcz 
andesite/dacite 

MK277 60.58 opx (Bronzite) 

P'g (Anso-ss) 

Pasinler Ardiclidag rhyolite MK338 71.00 anorthoclase Pasinler 
Kizilveren amphibole 
dacite/andesite 

MK112 66.81 amph 

P'g (^44-55) 

Horasan Kttroglu amphibole 
dacite/andesite 

MK132 64.18 opx 
amph 

P'g (^40-49) 

Horasan 

Sa^dag dacite MK154 66.91 biotite (bio) 
amph 
pig ( A n ^ j ) 

Horasan 

Kotek basalt MK144 48.76 olivine (olv) 

Kagizman Pasli trachy-dacite MK174 66.48 amph 
Pig (Anj, .^) 

Table: 4.10. Table presenting detailed information about mineral separates. For the classification of 
amphiboles see Figure 4.35. 
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Figure: 4.35. The distribution of end-member compositions of plagioclase, clino- and orthopyroxene 
and amphibole mineral separates. 
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xenocrysts. Geobarometry calculations based on the Schmidt's (1992) equations (see 
section 4.2.2.1) indicate a 25-30 km deep crystallisation history for some of the 
amphibole phenocrysts implying that some amphiboles may also be in disequilibrium 
with their matrix. 

Almost all whole-rock samples contain various amounts of phenocrysts of 
different minerals. Therefore, analysed whole-rock concentrations, in theory, do not 
represent those in liquid magma. In order to determine the percentage of each 
phase and correct this effect, modal analyses of minerals were performed using the 
photographs of thin sections of the samples. Liquid magma or in other words, matrix 
compositions of the samples were calculated from these modal analyses by 
subtracting the total mineral effect from each whole-rock analyses. The total mineral 
effect for each element in each sample was calculated by using equation 25. The 
results of these calculations, together with the whole-rock and mineral analyses are 
presented in Table 4.13. 

CwHou-rock ~ ( % m i n A x C ^ + %minB x C ^ + +%mm, xCV ) 
i 

1 - ^ minx 

min=A 

(Eq. 25) 

concentration of a particular element in magma liquid, 

volumetric percentage of mineral A in the rock obtained from modal analyses, 

concentration of the same element in mineral A, 

concentration of the element in whole-rock sample. 

As mentioned earlier, in the case of zoned crystals and some xenocrysts that 
crystallised earlier in equilibrium with a magma whose composition is different from 
surrounding matrix, the only part that can be used to calculate partition coefficients is 
the outermost zone. This zone, in general, cannot be practically separated from 
crushed rock samples and can only be analysed using one of the microbeam 
techniques e.g. ion-probe when available. Consequently, under these conditions, 
calculated matrix compositions (using Eq. 25) are not representative of the magmatic 
liquid hence, resultant partition coefficients may be in error. In order to overwhelm 
this effect, both mineral/whole-rock and mineral/calculated matrix partition 
coefficients have been computed in this study. Theoretically, the real Kd value should 
locate between these two partition coefficient values. 

liq-magma 

where 

^liq-magma 

%minA 

minA 

c 
whole-rock 
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Mineral/melt (calculated matrix) and mineral/whole rock partition coefficients 
for 8 amphibole, 8 plagioclase, 3 ortho- and 1 clino-pyroxene, 1 olivine, 1 
anorthoclase and 1 biotite mineral separates were calculated and presented in tables 
4.14, 4.15, 4.16 and 4.17 in four parts. It should be noted again that the mineral-
matrix KA values presented in these tables are all true partition coefficients that are 
valid only for equilibrium crystallisation conditions. 

Among the variables controlling # ds the melt composition, especially the Si0 2 

content of the melt, is the most important single factor controlling mineral/melt 
partition coefficients (Rollinson, 1993). Other factors, temperature, pressure and 
oxygen fugacity of the melt also result in variations in Kd values. However, in most 
cases Si0 2 correlates with all these factors as well (Pearce and Norry, 1979). 
Therefore, at this stage, assessing the partition coefficients as a function of S i0 2 

content of the melt seems to be the best approach to exhibit the relationship between 
different Rvalues. 

Since some of the plagioclases are not in equilibrium with matrix probably due 

to magma mixing between dacitic and basic magmas at depth (Section 4.1.1), the 

S i0 2 content of the melt with which they theoretically equilibrated should be 

SiO, of 

host-rock 

(a) 

Average 

predicted 

SiO, 

(b) 

MK49 63.49 63.03 

MK251 65.08 61.43 

MK277 60.58 61.77 

MK112 66.81 63.15 

MK132 64.18 64.37 

MK154 66.91 65.74 

MK174 66.48 64.72 
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Figure: 4.36. 

estimated before plotting the plagioclase K^s against silica. This can be done by 

means of a regression line or a best-fit line calculation taking Si0 2 as the dependent 
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and anorthite content as the independent variable. The linear regression calculation 
has been carried out on a sum of 330 plagioclase analysis to draw the best-fit line 
presented in Figure 4.36 and to obtain predicted Si0 2 values shown in the inset table. 
Each sample contains at least three point analysis that differ in An content. Therefore, 
predicted Si0 2 values for each sample have been averaged to determine a single value 
that can be used for mineral separates since the each separate is supposed to be a 
mixture of these minerals. 

In Figure 4.37 the mineral/melt (matrix) partition coefficients of six minerals: 
ortho- and clinopyroxene, amphibole, plagioclase, anorthoclase and biotite have been 
plotted against the SiO z content of the melt to examine the relationship between these 
two variables. Predicted Si0 2 values (Figure 4.36) have been used for the partition 
coefficients of plagioclases. A line has been drawn through data points of each 
mineral to show the general trend between Kd values and acidity of the melt. 
Strikingly, most of the Kd values, especially for the elements Sr, Y, Zr, Nb, Ce, Nd, 
Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Hf, exhibit a reasonable positive linear 
correlation with increasing Si0 2 content of the melt even though Si0 2 varies in a 
relatively narrow range from 60 to 71 Si0 2 wt.%. The difference in KA between the 
most acidic and basic ends of the diagrams sometimes reaches as much as three to 
four times the value of the most basic one supporting the idea that silica content of 
the melt is the most significant factor controlling Kd values of the collision-related 
volcanics of the Erzurum-Kars Plateau. The scatter in the data points of each mineral 
is probably caused by other factors such as temperature, pressure and oxygen activity 
of the melt reflecting the difference in the conditions under which these minerals 
formed. 

Figure 4.38 shows chondrite-normalised REE diagrams of mineral separates 
and their partition coefficients. REE partition patterns gathered from a compilation of 
partition coefficients (see section 4.3.2) are also presented in inset diagrams for basic 
(50% Si0 2 ) , intermediate (60% Si0 2 ) and acidic (70% Si0 2) rocks (arranged from 
base to top respectively) for comparison. It is apparent from the partition coefficient 
patterns that plagioclase separates MK49 and MK268 and amphibole separate MK49 
have much higher Kd values, probably due to accessory mineral inclusions such as 
zircon and also due to disequilibration between minerals and melt. The difference in 
crystallisation temperatures calculated for plagioclase-amphibole and plagioclase-
biotite pairs for MK154 indicates a disequilibrium between these minerals as 
mentioned earlier. Therefore, these separates are excluded from the calculations and 
compilation and are not presented in Figure 4.39. All analysed phenocrysts display 
the LREE enriched (chondrite-normalised) pattern of their host rocks. Phenocrysts of 
amphibole, ortho and clinopyroxenes also show a slightly Eu-depleted pattern. 
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Figure: 4.37. Calculated mineral-magmatic liquid partition coefficients of six minerals; amphibole, 
plagioclase, ortho- and clinopyroxenes, anorthoclase and biotite, plotted against SiO^ contents of 
their host melt. The lines have been drawn through data points of the partition coefficients of each 
mineral to exhibit the relationship between K$ values and S1O2 of the magma liquid. 
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Figure: 4.37. (continued) 
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Figure 4.39 displays the partition coefficient patterns of 26 elements arranged 
according to the order of their incompatibility which decreases from Cs to Lu and 
Fe. In order to make a comparison between the values obtained in this study and the 
published values, compiled KA values for basic, intermediate and acidic rocks are also 
plotted onto the diagrams. 

4.3.LL Ampfinifijok 

The amphibole partition coefficients display a slightly convex-upward pattern 
from the light (LREEs) to the heavy rare earth elements (HREEs) with a slight 
negative Eu anomaly (Figure 4.38). This negative Eu anomaly is also present in clino-
and orthopyroxenes. The reason is that Eu is in divalent state at low oxygen fugacity 
conditions resulting in its preferential incorporation into plagioclase (Drake, 1975) 
and rejection from the ferromagnesian minerals like pyroxenes and amphibole. The 
partitioning of REE increases from 0.6-1.5 for La to 3-8 for the elements between Gd 
and Er. Two of the amphibole separates, MK154 and MK49, show an abnormal 
enrichment in HREEs compared to others. This may be caused by the contamination 
effects of some accessory mineral inclusions such as zircon which are preferentially 
enriched in HREEs and/or disequilibration between the mineral and magma liquid. 
Amphibole partition patterns in Figure 4.39 are in a very good agreement with 
published values except for two samples: MK174 which is about four times enriched 
in Zr and Hf and MK132 which displays a minute enrichment in Rb and Th with 
respect to compiled values. 

Romick et al. (1992) argue that amphibole partition coefficients for the REEs 
are highly dependent upon melt composition, temperature and pressure. According to 
these authors, distribution coefficients for amphibole increase at constant pressure 
with decreasing temperature and increasing silica content of the melt. This is evident 
from the positive correlation between amphibole partition coefficients and S i0 2 

content of the melt (Figure 4.37). As the magma evolves to high dacitic compositions, 
amphibole REE KAs increase to high values and amphibole fractionation becomes the 
dominant influence on the REE concentrations. The preferential extraction of the 
MREE and HREEs by hornblende (Figure 4.38) creates a downward concave REE 
pattern and high La/Yb ratios, an important feature which is well seen in the volcanic 
formations of low-Y series on the Erzurum-Kars Plateau (see Section 3.3.2). 

43.1.2. Plagioclase 

Plagioclase is depleted relative to the host magma in all trace and rare earth 
elements except Sr, Eu and, to some extent, also in Ba (Figure 4.37). The chondrite 
normalised and partition coefficient patterns of plagioclases which are presented in 
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Figure 4.38 indicate that plagioclase shows a preference for light rare earth elements 
(LREEs) over medium rare earth elements (MREEs) and HREEs. Except for one 
anomalous plagioclase separate (MK154), the chondrite-normalised REE 
concentrations of plagioclases exhibit a steep but smooth decrease from around 30-60 
times chondrite for La to 1-2 for Lu with a positive anomaly at Eu. The partition of 
REEs decreases steadily from 0.15-0.4 for La to 0.1-0.2 for Lu. Eu, Sr and Ba are 
significantly enriched in all plagioclase separates almost 3 to 6 times for Sr, 0.7 to 1.5 
times for Eu and 0.4 to 2 times for Ba over the magma liquid (Figures 4.36 and 37). 

Similarities between partition behaviour of Eu and Sr can be explained by their 
similar ionic radii (Eu 2 + and Sr 2 +). The anomalous enrichment of Eu in plagioclase is 
attributed to its partial existence in the divalent state (Eu 2 +) in contrast to the other 
REEs which are always trivalent. The valance state of Eu is controlled 
predominantly by oxygen activity of the melt however, it is independent of 
temperature (Drake, 1975). Europium forms Eu 2 + at low oxygen activities under 
relatively reducing conditions and Eu 3 + at high oxygen activities i.e. atmospheric 
conditions. Eu 2 + is much more compatible than Eu 3 + in plagioclase. Therefore, 
plagioclases that formed under low oxygen fugacities display higher partition 
coefficients for Eu which are generally greater than 1. This property has been used by 
some researchers (e.g. Sun et al., 1974) to construct equations constraining oxygen 
fugacity of the melt in which plagioclase phenocrysts were formed. In contrast to Eu, 
distribution coefficients for Sr are strongly depended upon temperature but 
independent of oxygen fugacity of the melt; a feature that was used by Sun et al. 
(1974) to construct their experimental plagioclase geothermometer (see Section 
4.2.3.1). 

Partition coefficients of plagioclases presented in this study (Figure 4.38) are 
almost completely within the range of published values. However, they tend to be 
slightly higher than the compiled values of acidic rocks especially for Cs, Th, U, Ta, 
Nb, Zr, Hf, Yb and Lu. Because of the presence of disequilibrium between 
plagioclase phenocrysts and magma liquid, the Kd values for plagioclase should be 
considered as approximate values and used with caution. 

4.3.1.3. Anorthoclase 

Anorthoclase exhibits a preference for LREE over HREE showing similar REE 

and Kd patterns to the plagioclase with a characteristic positive Eu anomalies (Figure 

4.37). The partition coefficients of REE decrease from 0.3 for La to 0.15-0.10 for Lu. 

Anorthoclase concentrates Eu, Sr and Ba three times for Eu, ten times for Sr and nine 

times for Ba over the liquid (Figure 4.37). These values are almost two times greater 
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than those of plagioclase. Another difference between the R E E Kd patterns of 
anorthoclase and plagioclase is that anorthoclase partition coefficients for L R E E and 
some MREE (Pr, Nd and Sm) are almost twice the values of those of plagioclase, 
except for one anomalously low Ce value. 

4.3. L4„ Ortlnopyroxeinie 

The partition coefficient patterns of orthopyroxene illustrate a relative 
enrichment of HREE over L R E E . One of the separates, MK132, show unusually 
higher R E E values presumably caused by some sub-microscopic accessory mineral 
inclusions. In addition, MK251 exhibits a Tm anomaly. Except for MK132, the 
partition of R E E increases fairly steadily from 0.3 for La to 1.0 to 1.5 for Yb. 
MK277 and MK132 display slight negative Eu anomalies. The partition coefficients 
of orthopyroxene plots about in the limits of the published range except for MK132. 

4.3.1.5. Clinopyroxene 

Clinopyroxene exhibits a higher partition coefficients for the MREEs and 
HREEs compared to the LREEs. La and Ce behave in a fashion antithetic to other 
LREEs. Partition coefficients of all elements between Gd and Lu including Y exceed 
1. This is presumably related to preferential substitution of HREE ions at the Mg-site 
in the clinopyroxene as previously discussed by Nagasawa (1973). Partition 
coefficients of clinopyroxene are completely consistent with the compiled values as 
can be seen in Figure 4.39. 

4.3.1.6. Biotite 

Biotite shows a slight preference for HREE over L R E E with respect to the 
concentrations of these elements in magma. Notably, it displays a positive Eu 
anomaly. This positive Eu anomaly could be due to slight contamination of the 
separate by plagioclase. Except for Eu, partition coefficients for biotite are in good 
agreement with the published values reported by several authors as evidenced by 
Figure 4.39. Elements that are strongly enriched in biotite over the host magma 
liquid are Cs (2 times), Rb (4.5 times), Ba (7 times), Ta (-1.5 times) and Nb (3 
times). It is less strongly enriched in MREE and HREE. Biotite is depleted relative 
to matrix in Th, U and Sr (Figure 4.37). 

4.3.2. Compilation of partition coefficient values 

Partition coefficient data for trace and rare earth elements for the minerals; 
amphibole, plagioclase, sanidine, anorthoclase, clino- and orthopyroxene and biotite 
have been compiled from a total of about 70 articles and added to the data obtained in 
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this study to construct a table of recommended mineral-melt partition coefficients for 
acidic, intermediate and basic volcanic rocks. Only those papers which have 
specifically aimed establishing appropriate partition coefficients have been used for 
the compilation. Host-rock and, when available, matrix compositions presented in 
these papers completely cover the SiO z compositional range from basalt to high-silica 
rhyolites. The source of partitioning data is summarised in Table 4.11. 

The mineral-melt partition data come from two basically different sources: (1) 
analyses of phenocryst-matrix pairs of natural rock samples; and (2) synthesis of 
equilibrium crystalline and melt phases using experimental techniques that are carried 
out under controlled melt composition, temperature, pressure and oxygen activity 
conditions followed by their analysis. 

Among the papers published to date, most of the data have been obtained by 
analyses of separated mineral phenocrysts and the matrix which theoretically 
represents the magmatic liquid in which these phenocrysts crystallised. Different 
analytical techniques having different sensitivities including X-Ray, Electron Probe, 
Instrumental Neutron Activation (INAA) and recently Inductively Coupled Plasma 
Mass Spectrometer (ICP-MS) analysis have been used by the researchers to 
determine the major and trace element concentrations of these two phases for several 
rock-forming minerals. In this method, analytical error is only one of the factors 
affecting the reliability of partition coefficient (K^) determinations. Variations in 
values arise from several factors predominantly as a result of the complexity of 
natural systems including change in distribution coefficients during crystal growth 
(Pearce and Norry, 1979), disequilibration between the minerals and magmatic 
liquid, and presence of sub microscopic accessory mineral inclusions which are 
generally strongly enriched in some trace and R E E elements. Inefficiency of phase 
separation also causes errors. One of the weakest aspects of this method is that, in 
most cases, it is difficult to determine the crystallisation conditions i.e. temperature, 
pressure and oxygen activity of the mineral-melt system upon which Kd values are 
strongly dependent. Therefore, values obtained using this technique by different 
authors may vary within large ranges, especially when measured element ratios 
between matrix and phenocrysts in natural rocks are compared with the partition 
coefficients that have been determined by experimental techniques in equilibrium 
conditions. In recent years, experimental methods have increasingly been used in 
determination of partition coefficient values of different elements for rock-forming 
minerals under controlled conditions. Some of the experiments use natural starting 
materials while the others facilitate the use of synthetic materials. In some of these 
experiments starting materials are doped with the elements of interest up to percent 
levels so that they can be detectable by the electron microprobe. Some researchers 
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have developed new and more sophisticated doping techniques by using a-, fi- or y-
active or fissionable isotopes followed by auto-radiography. 

Having completed synthesis of crystal-melt phases, element concentrations of 
these phases are determined either in-situ by using a microbeam technique e.g. 
electron microprobe or separating these phases using conventional heavy liquids and 
hand-picking followed by analysis by precise techniques e.g. Instrumental Neutron 
Activation Analysis (INAA). The advantage of the experimental techniques over the 
natural phenocryst-matrix method is that the dependence of partition coefficients on 
physico-chemical conditions and the behaviour of various trace elements as a 
function of the atomic structures of crystals and melts can be examined 
quantitatively (Irving, 1978). However, this method also has some significant 
limitations because, an experimental system created in a laboratory environment 
cannot exactly simulate complex natural systems. In his review Irving (1978) has 
presented an extensive discussion on potentials and weaknesses of experimental 
determination techniques of partition coefficients published until 1978. 

In recent years, developments of sophisticated and high precision analytical 
techniques have stimulated the research on more accurate and in-situ Kd 

determination. One of these techniques developed is the ion microprobe, an analytical 
device which is capable of detecting several elements simultaneously and in general 
more accurately than electron probe at natural low concentration levels even without 
need for doping. However, this method suffers from molecular ion interferences with 
analytical peaks of element ions and also poorly defined roles of structural and 
chemical matrix effects on ion yields (Kuehner et al., 1989). It also involves complex 
correction and calibration procedures. Ray et al. (1983), Kuehner et al. (1989) and 
Hart and Dunn (1993) are some of the researchers who used this technique in their 
determinations. 

Another technique which has recently been developed for determination of in-
situ Kd is the proton microprobe which is basically another microbeam technique. It 
has many advantages compared to other techniques for analysing natural and 
experimentally produced mineral-glass pairs. Its precision and accuracy are very 
high, it can even determine concentrations of only a few ppm and, unlike the ion-
probe technique, it does not require calibration procedures since it is a standardless 
technique. Determinations of this sort are employed by few researchers such as Green 
et al. (1989) and Adam et al. (1993). 

As can be expected, the evaluation of a vast amount of trace and rare earth 
element partition coefficient data for different minerals compiled from several 
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Table: 4.11. Source of compilation ofpartition coefficient data. 

A M P H I B O L E 

1 M. Kcskih (this study) 
2 Schnclzlcr and Philpolts (1968) 
3 Higuchi & Nagasawa (1969) 
4 Schnclzlcr & Philpotts (1970) 
5 Prrilpotts&Sehnetzier(1970) 
6 Nagasawa and Schnetzler (1971) 
7 Nagasawa (1973) 
8 Sun&Hanson(1976) 
9 Arui& Barker (1976) 

10 Schock(1977) 
11 Compilation of Pearcc & Norry (1979) 
12 Compilation of Cox et al. (1979) 
13 Compilation of Gill (1981) 
14 Villemant et al. (1981) 
15 Compilation of Henderson (1982) 
16 Dupuyetal(l983) 
17 Dostal elal(1983) 
18 Womerctal. (1983) 
19 Fujimaki d ol. (1984) 
20 Irving & Frcy(1984) 
21 Lcmorchand ol al. (1987) 
22 Bacon and Druilt (1988) 
23 Romkkclol.(1992) 
Experimental 
24 Drake &Holloway( 1977) 
25 Mysen(1978) 
26 Nicholls & Harris (1980) 
27 Green & Pearson (1985b) 
28 Adametal. (1993) 

O L I V I N E 

1 M. Keskin (this study) 
2 Schnctzlcr and Philpotts (1968) 
3 Schnct/lcrft I,liilpolls(l970) 
4 Philpotts & Schnclzlcr (1970) 
5 Hart & Brooks (1974) 
6 Compilation of Pearcc & Norry (1979) 
7 Compilation ofCox el ol. (1979) 
8 Compilation of Gill(198l) 
9 Compilation of Henderson (1982) 

10 Mahood&Hildrclh(1983) 
11 Lcmarchandqlal(l987) 
12 Michael (1988) 
13 Mahood and Slimacl 1990) 

Experimental 
14 Myscn(l978) 

G A R N E T 

1 Schnetzler & Philpolts (1970) 
2 Philpolts & Schnetzler (1970) 
3 Irving AFrey (1978) 
4 Compilation of Pcarcc & Norry (1979) 
5 Compilation or Cox el al. (1979) 
6 Compilation of Gill (1981) 
7 Compilation of Henderson (1982) 

Experimental 
8 Myscn(l978) 
9 Nicholls & Harris (1980) 

10 Green ctal. (1989) 

P L A G I O C L A S E 

1 M. Keskin (this study) 
2 Schnctzlcr & Philpotts (1968) 
3 Higuchi & Nagasawa (1969) 
4 Schnelzler & Philpolls (1970) 
5 Philpotts & Schnctzlcr (1970) 
6 Dudasetal.(1971) 
7 Nagasawa (1971) 
8 Nagasawa and Schnctzlcr (1971) 
9 Nagasawa (1973) 

10 HartftBrooks(1974) 
11 Arth(l976) 
12 Arth& Barker (1976) 
13 Sun and Hanson (1976) 
14 Compilation of Cox ct al. (1979) 
15 Compilation of Pearcc & Norry (1979) 
16 Compilation or Gill(1981) 
17 Compilation of Henderson (1982) 
18 Dostal etal (1983) 
19 Wdmeretnl.(1983) 
20 Nosh aCrccraft (1985) 
21 Lcmarchandclal. (1987) 
22 Bacon and Drain (1988) 
23 Slix and Gorton (1990) 
24 Romickctal. (1992) 
Experimental 
25 Sun el al. (1974) 
26 Drake & Weill (1975) 

S A N I D I N E 

1 Philpotts & Schnetzler (1970) 
2 Nagasawa (1971) 
3 Nogasown(l973) 
4 Arlh(l976) 
5 Hildreth(1977) 
6 Compilation of Cox el ol. (1979) 
7 Leeman&Phclps(l981) 
8 Villemant el al. (1981) 
9 Mohood&Hildreth(1983) 

10 Worncrelal. (1983) 
11 Nash&Crccrafl(1985) 
12 Umarchand ctal. (1987) 
13 Mahood and Slimac (1990) 
14 Slix and Gorton (1990) 

Experimental 
15 Guo& Green (1989) 

A P A T I T E 

1 Nagasawa&Schnctzlcr(l971) 
2 Nogasawa(l970) 
3 Fujimaki (1986) 
4 Mahood and Stimac (1990) 
5 Bocon and Druill (1988) 
6 Irving &Frey( 1984) 

C L I N O P Y R O X E N E 

1 M Keskin (this study) 
2 Onumaclal.(l968) 
3 Schnctzlcr and Philpotts (1968) 
4 Schnclzlerft Philpotts (1970) 
5 Nagasawa&SchnctzJer(197l) 
6 Nagosowa(1973) 
7 Hartfi Brooks (1974) 
8 Sun and Hanson (1976) 
9 Schock(1977) 

10 McCellum and Charette (1978) 
11 Compilation of Pcarcc & Norry (1979) 
12 Compilation of Cox ctal. (1979) 
13 Larsen(1979) 
14 CompilationofGill(1981) 
15 Compilation of Henderson (1982) 
16 Mahood&Hildrcth(1983) 
17 Dostalctal(l983) 
18 Dupuyctal. (1983) 
19 Werner etal. (1983) 
20 Irving & Frcy (1984) 
21 Fujimaki ctal. (1984) 
22 Nash&Crccraft(1985) 
23 Umarchand ctal, (1987) 
24 Michael (1988) 
25 BaconandDruitt(|988) 
26 Mahood and Stimac (1990) 
27 Sisson(199l) 
Experimental 
28 Sun etnl. (1974) 
29 Mysen(1978) 
30 Nicholls & Harris (1980) 
31 Ray ctal. (1983) 
32 Green & Pearson (1985a) 
33 Grccnclol.(1989) 
34 Kuehneretal.(1989) 
35 Adametol.(l993) 
36 Hart & Dunn (1993) 

A N O R T H O C L A S E 

16 M. Keskin (this study) 
17 Sun and Hanson (1976) 
18 Mahood and Slimoc (1990) 

M A G N E T I T E 

1 Schock(1977) 
2 Schock (1979) 
3 Compilation of Pearce & Norry (1979) 
4 Compilation of Gill (1981) 
5 Compilation of Henderson (1982) 
6 Womeretal. (1983) 
7 Mahood &Hildrelh (1983) 
8 Dostal etal (1983) 
9 Nash ACrecraH (1985) 

10 Smith and Ucman (1987) 
11 Lemarchandctal. (1987) 
12 Bacon and Drain (1988) 

O R T H O P Y R O X E N E 

1 M. Keskin (this studs ) 
2 Onumactal.(l968) 
3 Schnctzlcr & Philpolls (1970) 
4 Philpolls & Schnclzler (1970) 
5 Nagasawa&Schnctzlcr(l971) 
6 Schock (1977) 
7 Compilation of Pcorcc & Norry (1979 
8 Compi lalion of Coxct al. (1979) 
9 Compilation of Gill(198l) 

10 Compilation of Henderson (1982) 
11 Mahood&Hildrclh(1983) 
12 Fujimaki ctal. (1984) 
13 Irving &Frey (1984) 
14 Nash&Crecran(1985) 
15 Bacon and Drain (1988) 
16 Sisson(l991) 
Experimental 
17 Mysen(l978) 
18 Colsonci ol. (1988) 
!9Colson&Gusl(l9K9) 
20 Green ct ai. (1989) 
21 Nielsen ctal. (1992) 

B I O T I T E 

1 M. Keskin (this study) 
2 Higuchi & Nagasowa (1969) 
3 Sclmcl/Jcr & Philpolls (1970) 
4 Philpolts & Schnctzler (1970) 
5 Compilation of Cox etal (1979) 
6 Villemant ct ol. (1981) 
7 Compilation of Henderson (1982) 
8 Mahood&Hildreth(1983) 
9 Irving & Frcy (1984) 

10 Nash&Crccraft(l985) 
11 Adam cl al. (1993) 

A L L A N I T E 

1 Brooks ctal (198 I) 
2 Mahood & Hildrclh (1983) 
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published papers and obtained by a wide range of different methods under different 
conditions has imposed a great problem. One of the most important decisions to be 
taken in such an extensive compilation before starting to calculate recommended 
values is the selection of a most effective single factor against which most mineral-
melt partition coefficients are correlated. This factor should also be widely available 
in most of the papers. As mentioned earlier, there are a number of factors i.e. 
temperature, pressure, composition of magma liquid that control the partition 
coefficients. Although the relative importance of these factors changes from one 
mineral to another, and with respect to the physico-chemical conditions of the system, 
the Si0 2 content of the melt is considered to be the most significant single factor that 
controls partition coefficients. It also, in general, correlates with other factors, as well 
proven in studies by Watson (1976) and Ryerson and Hess (1978). In their 
compilation, Pearce and Norry (1979) used S i 0 2 content of the melt as the main 
parameter to estimate their recommended partition coefficients for Ti, Zr, Y and Nb. 
Mahood and Hildreth (1983) also consider compositional effects to be of first 
importance while temperature effects to be of secondary importance in silicic 
magmas. The Si0 2 content of the melt is readily available in most of the papers 
unlike temperature, pressure and oxygen fugacity which have been presented only in 
a few papers most of which are based on experimental determinations. Therefore, 
S i0 2 content of the melt has been selected and used as the main parameter in this 
study. 

Each mineral/melt partition coefficients obtained from the papers listed in 
Table 4.11 have been plotted against the Si0 2 content of the matrix of that particular 
sample. When there are no data available for the matrix, whole rock analyses of the 
host rocks have been used. These 174 diagrams are not presented here because they 
occupy very large space and also it is beyond the scope of this thesis to discuss them 
in detail. Partition coefficients for most of the elements display a positive correlation 
with the acidity of their melt and can be as much as tens of times higher in acid than 
in basic melts. There is sometimes a wide scatter of results for the partition of an 
element in a particular mineral-matrix pair while for others the values are more 
consistent. Some of the scatter may be a result of analytical error but probably a large 
part arises from the dependence of coefficients on temperature, pressure and oxygen 
activity. Some distinct lithologies having distinct major element compositions (e.g. 
pantellerites) sometimes tend to scatter away from the general trend. A best fit line 
indicating the general trend between the partition coefficients and the Si0 2 contents 
of the melts has been drawn through data points. Then, mineral-melt partitioning 
values for basic, intermediate and acidic rocks have been determined on these lines 
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Plagioclase 
o 

D Basic (50% Si02) 

Intermediate (60% Si02) 

AcidJC (70% Si02) 

0.1 out* onto •a-
0.01 

0.001 - I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Cs Rb Ba Hi U Ta Nb La Ce Pb Sr Nd Zr Hf Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

Sanidine 
10 

•53 
0.1 111 

0.01 I 

0.001 - I 1 1 1 1 1 1 I 1 1 I 1 1 1 • 1 

Rb Ba Th U Ta La Ce Sr Nd Zr Hf Sm Eu Tb Yb Lu 

Amphibole 
0 

a 
H a 

a a 
f 

h s o. 

0.01 -1 1 1 1 1 1 1 1——l 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Rb Ba Th U Ta Nb La Ce Sr Nd Zr Hf Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

Biotite 
10 

V u / II I S 
S 0.1 

B 

0.01 - I 1 1 1 1 1 1 1 1 1 1 1 1 1 y 1 1 1 1 1 1 1 

Cs Rb Ba Th U Ta Nb La Ce Sr Nd Zr Hf Sm Eu Gd Tb Dy Y Er Yb Lu 

Figure: 4.40. Graphs illustrating compiled partition coefficients for plagioclase, 
sanidine,amphibole, biotite, clino- and orthopyroxene, olivine and garnet. 

248 



M. Keskin 

Clinopyroxene 
10 
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Intermediate 
0.01 
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0.001 -I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ' 1 

Cs Rb Ba Th U Ta Nb La Ce Sr Nd Zr Hf Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

Orthopyroxene 
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•D-

1 
0.1 
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0 . 0 1 

0.001 -I 1 1 1 1 1 1 1 — ( 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Cs Rb Ba Th U Ta Nb La Ce Sr Nd Zr Hf Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu 

Olivine 

JO 

o.i 

0.01 

m 
e 0.001 

0.0001 A 1 1 1 1 1 1 1 1 1—̂  1- 1 1 1 1 1 1 1 1 1 
Cs Rb Ba Th U Ta Nb U Ce Sr Nd Zr Hf Sm Eu Tb Dy Y Yb Lu 

Garnet 
100 

10 
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0.1 

C 0.01 

0.001 
Rb Ba Nb La Ce Sr Nd Zr Hf Sm Eu Gd Tb Dy Y Ho Tm Yb Lu 

Figure: 4.40. (Continued) 
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for each element at 50, 60 and 70% Si0 2 respectively. The results are presented in 
Table 4.12 and Figure 4.40. 

4.3.3. O h m i m diagrams 

Based on the partition coefficients of two kinds of pyroxene (augite and 
bronzite), Onuma et al. (1968) pointed out that, when trace element partition 
coefficients are plotted against these element's ionic radii, the partition coefficients of 
elements of the same charge tend to fit a smooth curve and each curve tends to 
parallel others. They concluded that trace elements occupy lattice sites of these 
crystals, rather than occurring as heterogeneous grains. In other words, trace element 
partition coefficients is determined primarily by crystal structure. The second 
significant conclusion of their study is that, for trace ions of the same charge, the 
difference between ionic radius of the trace element's ion and that of host ion is the 
most important factor determining the partition coefficients. In the literature, these 
diagrams were named as Onuma diagrams after that paper. 

Higuchi and Nagasawa (1969) applied same sort of diagram to four more 
mineral (plagioclase, hornblende, biotite and olivine). Their diagrams also displayed 
similar type of patterns. Jensen (1973) extensively revised the previous work in the 
light of better estimates of effective ionic radii of Whittaker and Muntus (1970) by 
using about 50 analyses taken from the literature. She showed that, when plotted 
against the new radii, multi element plots of mineral/matrix Kds curves display high 
degree of regularity. 

In fact the relationship between ionic radius and charge in determining element 
distribution in crystals had been discovered long ago by Goldschmidt (in 1937) and 
named Goldschmidt's Rules. These are: (1) ions of similar radii and the same charge 
will enter into a crystal in amounts proportional to their concentration in the liquid, 
(2) an ion of a smaller radius but with the same charge as another, will be 
incorporated preferentially into a growing crystal, (3) an ion of the same radius but 
with a higher charge than other will be incorporated preferentially into a growing 
crystal (Henderson, 1990). On the other hand, the problem is not a simple one and 
certain elements, especially transition elements, do not obey these rules. The reason 
for that these elements are non-spherical because spatial distribution of electron 
density around the nucleus (namely orbitals) is variable and each is defined by its 
quantum number. In addition to this, bond type and strength, and type of the bonding 
polyhedron are the other factors controlling the element distribution between melt and 
a particular mineral. 
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Once the Onuma diagram, in other words the partition coefficient/radius 
curves, for a given mineral is properly established, it is possible to determine the sites 
of this particular mineral, and the elements that preferentially occupy these sites. It is 
also possible to predict partition coefficients of unanalysed elements from these 
curves as long as we now their valency states and ionic radii. Conversely, if the KA of 
an element is known, its valency state can be found from curves of other elements on 
the diagram. On Onuma diagrams, the apex of the peaks indicates the optimum ionic 
radius for a cation in a given structural position, while the width of the peak is an 
expression of the ability of the lattice to adapt to non-ideal cations in that position 
(Jensen, 1973). 

There are some difficulties in drawing the curves on the diagrams. If an 
element has two cation positions of different co-ordination number, then there will be 
two effective radii which should be taken into account. These two radii cannot be 
plotted into the same diagram because the relative distribution of an element between 
such positions is rarely known (Jensen, 1973). Ideally, all lines on a diagram are 
expected to be parallel or sub-parallel and peak at the same points with approximately 
the same slope. On the other hand, as Jensen (1973) showed, this is not necessarily 
the case and the individual curves may have different slopes. In addition, the 
positions on the vertical scale and the relative position of curves of different valency 
may be different and a slight shift may occur if two peaks overlap strongly. 

In this study, the mineral/matrix partition coefficients of 8 amphibole and 8 
plagioclase and 3 orthopyroxene have been plotted on Onuma diagrams, in order to 
analyse the trace and major element distribution between the crystals of these 
minerals and melt and also to determine the sites in these minerals. Before plotting 
the data, KA values of each element were plotted against the Si0 2 content of their 
host rock. Then, a regression line was fitted to the data points of each element taking 
Si0 2 as the independent and KA value as the dependent variable. Extrapolated E u 3 + 

values (Eq. 3.1) were used for the partition coefficient of Eu. Since 65% Si0 2 is 
located in the middle of silica range, it is probably the most reliable point at which 
best estimates of Kd values can be predicted. Partition coefficients of each element 
for these three minerals were estimated on their best fit lines at 65% Si0 2 . Then they 
were plotted on Onuma graphs against ionic radii values which were recommended 
by Shannon (1976) as presented in Figures 4.41-a to c. Finally, standard error bars 
for each Kd value and curves connecting the elements of the same valency state have 
been drawn out on these diagrams. Transition elements (e.g. Sc, Co, Cr) were not 
analysed in this study, therefore there are some gaps between the data points 
especially on the left hand side of the diagrams. This does not seem to be a major 
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Mn 6 

HD.72A 

Sites (A) (B) (C) (T) 
hornblende ( ) (Ca2) (Mg4Al) (Si7Al) 
barroisite ( ) (CaNa) (Mg3A12) (Si7Al) 
tschermakite ( ) (Ca2) (Mg3A12) (Si6A12) 
edenite (Na) (Ca2) (Mg5) (Si8) Ionic radius (A) 

T—i—i—|—i—i—i—|—i—i—i—|—r 

0.3 0.5 0.7 0.9 

"i—i—i i i—r~ 

1.1 1.3 

T 1 1 1 1 1 1 1 1 

1.5 1.7 

• 1+ (Na,K,Rb,Cs) O 2+ (Fe>lnJvlg,Ca) • 2+ (Sr,Pb3a) A 3+ (Al) A 4+ (Ti.Si) 

A 4+ (Hf.Zr.Th.U) El 5+ (Ta,Nb) O 3+ (LREE) O 3+ (MREE) © 3+ (HREE) 

Figure: 4.41-a. Mineral/matrix partition coefficients ofamphiboles plotted against ionic radius of each 
element. Ionic radii values are taken from Shannon (1976). 
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problem, since data points can be successfully connected to each other to produce 
smooth curves. Figure 4.41-a is of amphibole and shows three peaks at approximately 
0.60, 0.72 and 0.90 A corresponding to T, C and B sites respectively. As can be seen, 
on the diagram, B site is mainly occupied by Ca and Mn and to an extent by M- to 
HREEs while C site is mainly filled by Mg and to a lesser extent Fe and also Al. Ti 
appears to be dominant in T site with relatively subordinate Al, Si and Hf. 

In bronzite (M 2 Si 2 0 6 ) there are two co-ordination sides (Mj and M n ) both of 
which are almost equivalent and occupied by Mg 2 + and Fe 2 + in sixfold coordination 
(Figure 4.41-b). Larger ions Sr 2 + , Ba 2 + , R E E 3 + , U 4 * and T h 4 + can not easily substitute 
in the small sites available for Mg 2 + and Fe 2 + . Therefore, partition coefficients of 
larger ions such as those of REEs and C a 2 + and Na + are quite smaller than those of 
Kds of clinopyroxenes as seen in Figure 4.41-c. Plagioclase shows a well formed peak 
at about 1.16 A formed by Ca, Sr and Na (Figure 4.41-c). 

100 
Orth opyroxene 

10 

o.i 

0.01 -

0.001 

r - Rb 

Ionic radius (A) 

Figure: 4.41-b. Onuma diagram of orthopyroxenes 
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Figure: 4.41-c. Onuma diagram of plagioclase. 
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Chapter 4: Mineral geochemistry 

Table: 4.17. Mineral!matrix and mineral!whole-rock distribution coefficients of anorthoclase and 
biotite. 

ANORTHOCLASE BIOTITE 

Sample MK338 MK338 MK154 MK154 
Area Pasinlcrarea S ofHornsw 
SiO, 71.00 66.91 
T°C (pig) 650-750 1067 
T°C (nnor-1) -550 
T°C (anor-2) 650-800 
P (kbar) -6.5 
O fugacity 10-'" 
Type \vr matrix unori anorllmtrx anort/wr wr matrix biolile hiolmtrx biolwr 

Si 331879 336347 307944 0.92 0.93 
Ti 1019 1138 186 0.16 0.18 
AJ 81134 77642 98512 1.27 1.21 
Fe 13429 15209 851 0.06 0.06 
Mn 465 511 108 0.21 0.23 
Mg 20 0 175 8.65 
Cu 4717 3562 2113 0.59 0.45 
Na 33458 32792 36935 1.13 1.10 
K 44327 40860 80499 1.97 1.82 

Rb 129.5 129.6 148.68 1.15 1.15 72.8 78.9 294.76 3.74 4.05 
Sr 42 9 121 12.75 2.86 500 413 66 0.16 0.13 
Y 30.0 33.8 3.70 0.11 0.12 9.0 8.1 4.27 0.52 0.47 
Zr 52 59 6 0.11 0.12 42 45 14 0.31 0.33 
Nb 22.0 24.4 5.36 0.22 0.24 13.4 13.4 35.48 2.64 2.65 
Cs 3.0 3.3 0.86 0.26 0.29 2.2 2.3 4.45 1.91 1.99 
Ba 425 244 1907 7.81 4.48 648 672 4024 5.99 6.21 

La 63.34 69.65 20.24 0.29 0.32 30.53 32.79 9.35 0.29 .0.31 
Ce 119.19 134.03 16.56 0.12 0.14 51.63 54.48 19.27 0.35 0.37 
Pr 12.05 13.28 3.81 0.29 0.32 5.39 5.55 2.22 0.40 0.41 
Nd 37.46 41.19 12.28 0.30 0.33 18.09 18.02 8.63 0.48 0.48 
Sm 6.45 7.06 2.39 0.34 0.37 3.02 2.91 1.54 0.53 0.51 
Eu 0.80 0.67 1.77 2.63 2.22 1.00 0.94 0.77 0.82 0.77 
Gd 6.16 6.89 1.12 0.16 0.18 2.77 2.68 1.68 0.63 0.61 
Tb 0.87 0.98 0.15 0.16 0.18 0.33 0.31 0.12 0.39 0.37 
Dy 4.82 5.41 0.76 0.14 0.16 1.51 1.34 0.80 0.59 0.53 
Ho 0.93 1.05 0.13 0.12 0.14 0.25 0.21 0.13 0.65 0.55 
Er 2.99 3.38 0.29 0.08 0.10 0.74 0.67 0.32 0.48 0.43 
Tm 0.46 0.52 0.06 0.12 0.14 0.09 0.08 0.04 0.57 0.48 
Yb 2.72 3.07 0.27 0.09 0.10 0.60 0.53 0.20 0.37 0.33 
Lu 0.46 0.51 0.06 0.12 0.13 0.09 0.08 0.03 0.43 0.37 

Hf 1.82 2.05 0.19 0.09 0.11 l;32 1.38 0.43 0.31 0.33 
Ta 1.62 1.82 0.20 0.11 0.12 0.83 0.90 0.97 1.08 1.16 
Pb 21.49 21.23 25.60 1.21 1.19 14.74 14.99 6.56 0.44 0.45 
Th 26.50 29.66 5.27 0.18 0.20 10.97 12.50 1.10 0.09 0.10 
V 4.02 4.53 0.46 0.10 0.12 3.05 3.44 0.48 0.14 0.16 

5'"0 1 9.3 6.2 1 
wr: whole rock analyses anon: anoi thoclase, bio: biolile 
matrix: calculated matrix composition according to modal analyses of phenocrysl phases 
bio or anorl/mlrx: mineral matrix pair, bio or anortlwr: mineral whole rock pair partition coefficients 
T°C (pig): two feldspar thermometer of Seek (1971) obtained from the composition of plagioclases 
VC (unor-l): Seck's (1971) graphical thermometer based on the composition of anorthoclase 
VC (anor-2): Graphical thermometer of Brown and Parsons (1981) 
P (kbar): Al in hornblende geobarometer of Schmidt (1992) 
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Ctapter S o ISOTOPE GEOCHEMISTRY AND 
PETROLOGIC MODELLING 

Imfroductiosa 

This chapter gives detailed descriptions of the isotope systematics of the Erzurum-

Kars Plateau volcanics. The chapter consists of two main sections. The first section 

describes variations in the isotopic ratios of the samples collected from the representative 

levels of the plateau. The next section presents petrologic modelling based mainly on the 

framework of assimilation combined with fractional crystallisation (AFC). 

In this study, a subset of 23 samples have been chosen for isotope analysis from the 

representative levels of six sections on the plateau as presented in Figure 5.1. Locations 

of these sections on the plateau, stratigraphic relationships between volcanic units in 

each section and their average thickness have been indicated in the figure together with 

K-Ar dating results. It can be argued that these 23 samples provide an almost complete 

temporal and spatial record of collision-related volcanism on the Erzurum-Kars Plateau. 

Sr and Pb isotopic compositions of all these samples were measured on a Finnegan 

MAT 262 multicollector mass spectrometer while Nd isotopic ratios were obtained from 

a VG354 multicollector mass spectrometer at the NERC Isotope Geosciences Laboratory 

(NIGL), Nottingham. In addition to this, a subset of eleven samples and 22 mineral sepa

rates also obtained from these samples were analysed for oxygen isotopes (5 1 80) using a 

gas source multicollector mass spectrometer also located at NIGL. All of these whole 

rock and mineral separate samples have also been analysed by ICP-MS for the REEs at 

the Industrial Research Centre, University of Durham. Details of the sample preparation 

and analytical techniques are given in Appendix B and the full isotopic dataset is pre

sented in Table 5.1. 
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M. Keskin 

5.1. Isotope systeiniMtitks 

In accordance with the behaviour of trace elements, Isotopic ratios of the low- and 

high-Y series also support the idea of the presence of two different magma types that 

appear to have experienced two different fractionation stories. Apart from a few excep

tions (e.g. MK281, 154 and 132), samples from the high- and low-Y series consistently 

plot into two separate and sometimes partly overlapping areas on most of the diagrams 

(Figure 5.2-a to g). The high-Y series almost always comprises the more radiogenic 

rocks and spans a wider range in all isotopic ratios. 

One of the samples from the low-Y series, MK154 from South of Horasan (Sacdag 

dacite), has much higher 2 0 7Pb/ 2 0 4Pb and 2 0 8 Pb/ 2 0 4 Pb ratios, plotting out of the fields of 

both the high- and low-Y series in all diagrams. This may suggest that the magma that 

formed this unit evolved in a quite different way from all other units on the plateau. Two 

high-Y samples, MK117 and MK281, behave like the low-Y series on the isotope ratio 

diagrams, consistently plotting in the low-Y field (Figure: 5.2). In fact, MK117 (the 

Black andesite/dacite unit in Pasinler area) is compositionally very similar to the low-Y 

lavas. The Y concentration of this rock is 20.8 ppm, a value which is almost transitional 

between the low- and high-Y series. Therefore, this sample may be considered to be a 

member of the low-Y group. On the other hand, MK281 has a much higher Y content 

(32.8 ppm), even though the volcanic unit (the Giingormez andesite/dacite) from which it 

was collected is in general a low-Y unit in the Mt. Kargapazari area. Location of this 

sample is very close to this unit's contact with the overlying high-Y lavas of the Karga

pazari volcanics. The other lava flows in this unit lower in the succession are all low-Y. 

Formation of this upper layer may be explained as either that the magma forming these 

Y-rich lavas was contaminated by the high-Y magma by means of magma mixing at 

depth or that that magma experienced a similar magmatic evolution to that of the high-Y 

series. As mentioned earlier in Section 4.1.1.1, there is petrographic evidence (e.g. glass 

inclusions and complex zoning patterns in plagioclase phenocrysts) of magma mixing 

between the amphibole bearing porphyritic lavas of the low-Y series and olivine bearing 

high-Y series. One of the amphibole-bearing porphyritic samples of the low-Y series, 
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MK132 (the KOroglu amphibole dacite/andesite), falls into the field of the high-Y series 

on all diagrams (Figure 5.2). This may indicate that the unit experienced a similar mag-

matic evolution to that of the high-Y series. 

The diagrams of 8 7 Sr/ 8 6 Sr against S i0 2 and 8 7 Sr/ 8 6 Sr against Rb seem to display 

three separate trends (Fig. 5.3-a and b). The first two trends (trend-I and -II), which are 

composed of both the low- and high-Y series, show a linear correlation between Sr iso

tope ratios and silica implying the importance of the combined assimilation and frac

tionation (AFC) in the origin of these volcanics. The third trend (trend-Ill), which coin

cides with the plateau lavas of the high-Y series, follows a near vertical (but slightly 

scattered) line probably constituting a mantle metasomatism trend. None of the low-Y 

lavas belong to this trend. 6 l s O increases gradually with increasing Si0 2 and Rb (Figure 

5.3-c and d), strengthening the idea of an AFC-dominated evolution of these series. 

Sr and Nd isotope covariation diagram presented in Figure 5.4 indicates that both 

the high- and low-Y series follow the mantle array and fall into the second quadrant 

(similar to Columbia River basalts), with the exception of a few samples plotting in the 

first quadrant. Sources having these characteristics have higher Sm/Nd ratios than Chon-

dritic Uniform Reservoir (CHUR) and lower Rb/Sr ratios than Uniform Reservoir (UR) 

and are known to consist of the residual solids after withdrawal of a partial melt from 

undifferentiated mantle (Faure, 1986). The Horasan Plateau lavas (MK130 and MK139) 

and the basal basic lavas (MK289: the Karapinar basalt in Mt. Kargapazan area) of the 

0.5132 
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MORB 0.513 • High Y saies: basal basic to intermed. 
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A High Y series: plateau sequence 
0.5129 MK130 

O High Y series: acidic lava aad pyrocbslks 
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v Low Y series: porphyritic amph. 

0.5127 • 3 

0.5126 • Z 

87Sr/86Sr 
0.5125 
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Figure: 5.4. Sr vs. Nd isotope covariation diagram of the samples from the Er-
zurum-Kars Plateau in relation to mantle array. 
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high-Y series comprise the most primitive units on the plateau in terms of their S i02 

content. 

5.2. Assnmalsatfioini combaiiaedl with firacttioraal cirystalllisattBOini (AFC) mmodell-
flnimg off ttlae isotopk data 

As noted earlier, the linear or curvilinear positive correlation between Sr isotopic 

ratios and SiC»2 (Figure 5.3) shows that the combined assimilation and fractional crys

tallisation (AFC) was one of the most important processes in the magmatic evolution 

of the Erzurum-Kars Plateau Volcanics. Therefore, it is more appropriate to examine 

changes in trace element concentrations and isotopic ratios in the EKPV from the per

spective of AFC. This can be effectively done by comparing observed trends formed 

by the data points and theoretical AFC curves on trace element and isotope graphs to 

show the amount and change which would take place when end-members of known (or 

in some cases predicted) chemistry are mixed during fractional crystallisation for dif

ferent ratios of assimilation to crystallisation. In the following paragraphs, the trace 

element and isotopic data from the Erzurum-Kars Plateau volcanics will be interpreted 

in the framework of assimilation combined with fractional crystallisation after a short 

introduction to the theory. 

5.2.1. Theory 

Bowen (1956) is one of the first researchers who discussed the effects of assimi

lation during magmatic evolution. He emphasised that assimilation is not only a simple 

mixing process between two end-members but also involves combined fractional crys

tallisation which is required by the heat balance of the system. However, the first at

tempts to develop petrologic models which account for some of the isotope and trace 

element relationship in the volcanic suits were focused on describing mathematical 

equations concerning only the mixing process and ignoring the basic principles indi

cated by Bowen. Vollmer (1976), Faure et al. (1974), Bell and Powell (1969), Sun et 

al. (1975) developed and applied such equations to trace elements and Sr, Pb isotope 

ratios. In most cases, these equations were only applicable to specific problems. 

Langmuir et al. (1978) further developed a general mixing equation for three 

possible plots in a two component system, i.e. ratio-ratio, ratio-element, and element-
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element, and examined ways to test for mixing and to place limits on the composition 
of end-members. Langmuir et al. (1978)'s equations were subsequently adapted by 
DePaolo and Wasserburg (1979) for use with the epsilon (e) notation of Nd and Sr 
isotopes. Allegre and Minster (1978) suggested a large number of models, although 
these models have not yet been widely applied to the problems of igneous petrogenesis. 

Taylor (1980) pointed out that, although wall-rock assimilation and fractional 

crystallisation are often treated separately, heat-balance considerations suggest that 

these two processes should be coupled. In accordance with Bowen's argument, he 

demonstrated that heat required for assimilation can readily be provided by the latent 

heat of crystallisation of the magma. Taylor showed that assimilation of most common 

rock types by a magma will not drastically change the liquid line of descent of the later 

magmatic differentiates, at least as far as major element variations are concerned. 

However, compared to the major elements, the trace elements and particularly the iso-

topic compositions are very much affected by the combined assimilation-fractional 

crystallisation process. The isotopic effects are highly dependent upon the concentra

tions of the various elements in the magma and in the assimilated wall rock. He calcu

lated the effects of concurrent assimilation and fractional crystallisation on the stron

tium and oxygen isotopic compositions of a magma and showed that the resulting ra

tios are significantly different from those predicted by simple two-end-member mod

els. He proved that simple mixing lines or mixing hyperbolae alone have, in general, 

limited relevance in modelling processes of magmatic assimilation. According to Tay

lor, this is a 3-end-member problem at a minimum: namely the magma, the country 

rocks and the cumulates. However, instead of giving the details of his calculations, he 

only presented them in graphical form. 

DePaolo (1981) developed a mathematical model which presents the equations 

for both isotopic and trace element variations and describes the contamination of 

magma by assimilation of wall-rock coupled to concurrent fractional crystallisation. 

He proved that the tenet of the simple mixing model, that the concentration in the 

magma would change in the direction of that in the wall-rock, was not necessarily true 

if fractional crystallisation was also operating. 
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DePaolo concentrated on showing the variety of trends which can originate when 

end-members of known chemistry are mixed during fractional crystallisation. How

ever, a researcher is usually encountered with the opposite situation. He collects a body 

of isotope and trace element data which shows various trends. Then, he tries to charac

terise the chemistry of the end-members of the mixture under consideration. In other 

words, the primary concern is the characterisation of the chemistry of the end-members 

of the mixture. Usually the main source component, normally of mantle origin, is rea

sonably easily identified but the 'contaminant' is often unknown (Powell, 1984). 

Powell (1984) attempted to resolve this problem by inverting the AFC equations of 

DePaolo (1981). He derived equations for contours of the ratio of the rate of assimila

tion to the rate of fractional crystallisation in the isotope or trace element region where 

the contaminant might be located. According to Powell, it is more than likely that AFC 

usually operates in the evolution of magmas, but unless there is an isotope and/or trace 

element contrast between magma and contaminant, AFC will not leave a recognisable 

imprint on the chemistry of magmas. In other words, assimilation must involve mate

rial which is sufficiently different isotopically from the original magma in order to 

produce identifiable isotopic trends. Usually it is the presence of isotopic variation, 

correlated with major and trace element chemistry which is diagnostic of AFC (Powell, 

1984). 

AFC modelling carried out in this study has been constructed using the equations 

of DePaolo (1981). A program which is capable of simultaneously calculating the AFC 

curves for eight elements and their isotopic ratios, eight r (assimilation rate) values and 

bulk partition coefficients (D) has been developed for the modelling. The program, 

named AFC-Wizard, is basically a spreadsheet file that utilises the dynamic links in 

Microsoft Excel® 4.0 for calculating twenty F values on each AFC curve and up to 

eight curves in each graph. It can be used for every possible element and isotopic ratio 

with every possible combination of partition coefficients and r values. The program 

AFC-Wizard is presented in Appendix G. Details of DePaolo's (1981) formulation 

used are summarised below: 

Mm = mass of magma 

M°m = initial mass of magma 
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C 
D 

Dc, 

F = 

= crystallisation rate (mass/unit time) 
= assimilation rate (mass!unit time) 
= elemental concentration in wall-rock 
= elemental concentration in magma 
= original elemental concentration in magma 
= bulk solid/liquid partition coefficient for the element between the 

fractionating crystalline phases and the magma 
= elemental concentration in crystallising phases 

the ratio of magma mass to original magma mass 

M. 
r = -j^- the ratio of the rate of assimilation to fractional crystallisation 

- - r + D - 1 
z" r-\ 

(Eq.5.1) 

(Eq. 5.2) 

(Eq. 5.3) 

a) General equations applicable to most of the cases: 

CmIC°n= F'1 +(7ry)"%"(1
 _ F ") ( t h i s formulais not applicable for r=l) (Eq. 5.4) 

m 

CmlC°m
 =^ + {j~[j7^'lnF Z (for the special case of r+D= 1 and z=0) (Eq. 5.5) 

For the isotopic ratio £: 

e -e° m m (Eq. 5.6) 

where em = isotope ratio in the magma, £° = initial isotope ratio in magma and 

ea = isotope ratio in the wall rock, e could be replaced by any isotope ratio or any 

normalised parameter describing such ratios. 

In this equation Cm is given by Equation 4. £ could be replaced by any isotope 
207 204 87 86 

ratio such as Pb/ Pb, Sr/ Sr or any normalised parameter describing such ratios 

(eS r or eN d). 

For light stable isotopes such as 8 1 8 0 there is a possibility of fractionation be

tween the crystallising phases and magma so that the isotope ratio in the fractionating 

crystals is displaced from that of the magma by a factor 'a'. In that case the equation 

becomes: 

8 -6° = 
m m r-l 

8-8°-
DA DA 

(l-F'2) -\nF 
r - l 

1 -
r - 1 

(Eq. 5.7) 
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where A = &cryslaU - , 8a: 81 values of the contaminant, §„,: 8 values of the 

magma and 8° : 8 values of initial magma. 

5.2.2. Esttnms&tioiro off emii-menmber composiltioinis 

Estimation of the compositions of possible crustal contaminants and source 

component for the collision-related volcanics of the Erzurum-Kars Plateau is a very 

difficult problem because the compositions of mantle and crust (e.g. from xenoliths) 

beneath the Eastern Anatolia region are almost completely unknown apart from a 

phyllite collected far away from the plateau, from Bitlis Metamorphic rocks in the 

south, by Pearce et al. (1990). Furthermore, only a few EKPV lavas can be regarded as 

representative of a primary magma. Therefore, determination of the main source com

ponent is also problematic, though the most primitive magma can still be regarded as 

the main component. 

On the Erzurum-Kars Plateau, the basement is mainly composed of two units as 

mentioned before in the Stratigraphy chapter. These are the Upper Eocene volcano-

sedimentary units called the Narman group and the Late Cretaceous East Anatolian 

Accretionary Complex. The Narman group is predominantly made up of calc-alkaline 

intermediate to basic lavas occasionally intercalated with flysch both of which belong 

to Pontides whereas the East Anatolian Accretionary Complex (EAAC) consists of a 

typical ophiolitic melange which includes blocks of diverse rock types such as ul-

tramafic and basic rocks (serpentine, gabbro, basalt and other ophiolitic units) associ

ated with pelagic and neritic limestone, detrital rocks and also rare metamorphic 

blocks. According to the geologists of Turkish Petroleum Company (§ahintiirk and 

Erakman, 1978) , the EAAC was emplaced in the area during the Eocene period and 

sandwiched between the terrain blocks or micro-plates of Eastern Anatolia which are 

represented at present by the Pontide and Bitlis massifs respectively. I f their interpre

tation was true then we would have a more complex picture that seems to involve a 

1 8 nolation represents deviations relative to Standard Mean Ocean Water (SMOW) as permil (%o), 

where 8180(%o)=[ ( 1 8 0/ 1 6 0 ( s a m p l e ) / , 8 0/ 1 6 0 S M ow)- l ]x 103 
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heterogeneous crust which may be composed of a wide range of lithologies from an-

desite/dacite to ophiolite. The composition of crust in the region should definitely be 

quite different from the granodioritic average upper crustal compositions proposed by 

some authors including Shaw et al. (1967) (Canadian shield) and Taylor and McClen-

nan (1985). Geological maps and field observations in this study suggest that the com

position of crust in the north of the plateau is more likely to be close to calc-alkaline 

andesitic rocks of the Eocene volcanics of the Pontides, because these units cover 

large areas in the north comprising the basement of the Erzurum-Kars Plateau volcan

ics (EKPV) in most places. Furthermore, the arc magmatism that gave rise to these 

volcanic units between Cretaceous and Late Eocene time might have significantly 

modified the total composition of bulk crust and also that of sub-continental litho-

sphere leaving a distinctive imprint of an arc component as shown by multi-element 

patterns (Section 3.3.3). The basement is mainly represented by the EAAC in the 

south. 

Isotopic ratios of the Erzurum-Kars Plateau Volcanics (EKPV), especially Pb 

isotopes, resembles closely to those of the Pannonian Basin volcanics in Hungary and 

also to Neogene alkali basalts from western and Central Europe; Eifel, Massif Central 

and Poland. 

The Pannonian Basin is an inter-arc basin which has been active since the Pa-

laeocene. The volcanics in this basin are alkaline in character and erupted in an exten-

sional basin following Eocene-Miocene subduction and its calc-alkaline volcanism 

(Isztin et al., 1993). They formed between 11.7 and 1.4 Ma almost in the same time 

span with the EKPV as a result of lithospheric thinning created by back-arc extension. 

Salters et al. (1988) suggested that either the source of the alkaline magmas had been 

modified by the earlier subduction or the magmas had interacted with the lower crust. 

In a more recent study backed by a larger database, Isztin et al. (1993) argued that the 

magmas erupting to form the Pannonian Basin volcanics were dominantly derived 

from asthenospheric partial melting, but they also mentioned, on the basis of their Pb 

isotopic data, that in most cases these volcanics had been modified by melt compo

nents from the enriched lithospheric mantle through which they had ascended. Unlike 

the EKPV, the 8 1 8 0 values of the Pannonian basin lavas indicate that they have not 
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been significantly contaminated with the crustal material. They display a distinctive 

subduction signature created by subduction and metasomatism of the lithosphere by 

slab-derived fluids created presumably by introduction of marine sediments into the 

mantle. This signature is characterised by enrichment in K, Rb, Ba, Pb and Sr and it is 

also seen in the EKPV. 

Figure: 5.5. 207Pbl204Pb versus 206Pb/204Pb diagram showing generalised fields of the extensional ba
sic lavas of Pannonian Basin in Hungary (Isztin et ai, 1993), collision related volcanics of the Erzu-
rum-Kars Plateau volcanics (this study) and granulitic xenolilhs from the Pannonian basin and Cen
tral Europe (references are listed below). 

A: Proposed asthenospheric A Component of Wilson and Dowries (1991). This component has 
affinities with the source ofHIMU and OIB. 

E: Proposed mafic-igneous granulite xenolith mixing end-member of Wilson and Downes 
(1991) in Central Europe 

I. Lower crustal xenoliths; Eifel granulite xenoliths (T=450 Ma) (Rudnick and Goldstein, 
1990) 

II. Metasedimentary granulites (Downes et al., 1991) 
III. Acid and intermediate (felsic) meta-igneous granulites (Downes et al., 1991) 
IV. Mafic and ultramafic cumulates (Downes et al., 1991) 

V. Pannonian basin lavas (Isztin, 1993) 
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For comparison, isotopic data from this basin (Isztin et al., 1993) have been 

plotted onto the ^ P b / ^ P b versus 2 0 6Pb/ 2 0 4Pb and 2 0 8Pb/ 2 0 4Pb diagrams (Figure: 5.6). 
2 0 7Pb/ 2 0 4Pb and 2 0 8Pb/ 2 0 4Pb ratios of both areas are almost the same whereas the Pan

nonian Basin lavas span a much wider range in their 2 0 6Pb/ 2 0 4Pb ratio. The range in 
8 7Sr/ 8 6Sr in both the EKPV and the Pannonian Basin lavas is very similar to that ob

served in xenoliths from the basin which were published by Downes et al. (1992) and 

Downes and Dupuy (1987). These may imply that collision-related volcanics of the 

Erzurum-Kars Plateau may have a similar lithospheric source, represented by these 

xenoliths, to those of Central European and Hungarian volcanics. The mantle xenoliths 

are composed of spinel lherzolites or harzburgites and also pyroxenites. Unfortunately, 

there are no published Pb isotopic data available for mantle xenoliths apart from those 

in an abstract by Zindler et al. (1988). They mentioned that fertile spinel lherzolites 

from the Massif Central have Pb isotopic ratios clustering around the geochron, close 

to the MORB field. There are also some mafic meta-igneous granulite xenoliths pres

ent in the late Tertiary-Quaternary lavas of the Central Europe. These represent the 

lower crust or crust-mantle transition zone in this region and are thought to have been 

formed by magmatic (basaltic) underplating of the crust during the Hercynian orogeny 

(Downes et al., 1990). Among these xenoliths, the older crustal material is represented 

by granulitic metasediments (Downes et al., 1991). Notably, 2 0 6Pb/ 2 0 4Pb and 
2 0 7Pb/ 2 0 4Pb ratios of the high-Y series of the EKPV partly overlap with those of mafic 

granulitic xenoliths from Eifel (Figure 5.5, field-I). Eifel granulites have 8 1 8 0 values 

spanning a range between +6 and +10%o. This was interpreted by Wilson and Downes 

(1991) as a sign of contamination of the granulitic lower crust by upper crustal mate

rial. 

Wilson and Downes (1991) explained the isotopic characteristics in alkaline 

magmas from western Europe in terms of mixtures between two mantle sources -one 

asthenospheric (component A) and the other an enriched lithospheric mantle 

(component B). In their view, component A may be a mixture of DM and HIMU 

mantle components whereas component B has enriched mantle characteristics. They 

argued that Pb isotopic signature in these volcanics has been mainly controlled by the 

lithospheric source (i.e. component B). Both the Pannonian Basin volcanics and some 

of the mafic granulitic xenoliths form linear trends between component A and B on 
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the diagrams, partly overlapping each other (Figure 5.5). Wilson and Downes (1991) 

argued that the primitive magmas in the region are extremely unlikely to have been 

contaminated by the lower crust during their ascent to the surface, as also proven by 

their low 8 1 8 0 content (6-7.2 %o). They infer that the Pannonian basin volcanics were 

derived from the subcontinental lithospheric upper mantle of the same age and the 

same geochemical characteristics as the least contaminated granulite xenoliths, namely 

the hypothetical mixing end-member B. This source has an isotopic composition of 

5 1 8 0 » +6.5 %o and 2 0 6Pb/ 2 0 4Pb « 18.2. Wilson and Downes (1991) suggest that the 

isotopic composition of these granulitic xenoliths may constrain the 2 0 6Pb/ 2 0 4Pb ratio 

of metasomatised lithospheric upper mantle in the Pannonian Basin. 

In Figures 5.7 and 5.8, 2 0 6Pb/ 2 0 4Pb isotopic ratios of the samples from the 

EKPV have been plotted against Th/Pb and U/Pb ratios and 1 4 3 Nd/ 1 4 4 Nd respectively. 

These ratios have been chosen because U and Th are the only elements whose abun

dance cannot be altered significantly by crystallisation of both POAM and hydrous 

(e.g. amphibole bearing) phases. In addition, assimilation of crust should cause 

these ratios to increase because these two elements are, in theory, enriched in the up

per crust more than Pb compared to their ratio in the lower crust or mantle lithosphere 

provided that Pb is not significantly affected by fractional crystallisation. In fact, Pb 

can only be affected by crystallisation of feldspar at intermediate to acid composi

tions. Th and U concentrations for upper crust were taken from Taylor's (1977) rec

ommended andesitic bulk crust values as 4.8 and 1.25 ppm respectively, because these 

values are more likely to be close to those of the Eocene volcanics on the plateau. 

In Figure 5.7, data points seem to form three trends heading towards three dif

ferent end-members. One of these trends, which is basically composed of the low-Y 

series, seems to approach a 2 0 6Pb/ 2 0 4Pb ratio which is similar to the component-B of 

Wilson and Downes (1991), while the other two trends, which consist mainly of the 

high-Y series, appear to head towards two different probable upper crustal composi

tions (components A l and A2). The Pb isotopic ratio of A l resembles closely to aver-

age upper crust of Zartman and Doe (1981). Pb/ Pb isotopic ratio of the third 

trend, named component-A2, has been approximated from the general alignment of 
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Figure: 5.7. 2" Pb/2"4Pb versus Th/Pb and U/Pb diagrams of the low- and high-Y series from the Erzurum-
Kars Plateau. 
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Figure: 5.8. 'NaV Nd versus Pb/ Pb diagram displaying the possible lower and upper crust composi
tions and AFC curves. 

0.5129 -

0.5127 -

0.5125 -

0.5123 -

0.5121 

AFC trends: 
Component-B 
1. r=0.2, D(Nd)=0.01, 
2. r=0.35,D(Nd)=0.01, 
3. r=0.4, D(Nd)=0.1, 
4. r=0.9, D(Nd)=0.1, 

Component-A2 
5. r=0.2, D(Nd)=0.05, 
6. r=0.3, D(Nd)=0.1, 

! 
1 
3 

r=0.9 

Componcnt-B 

D(Pb)=0.6 
D(Pb)=0.6 
D(Pb)=0.5 
D(Pb)=0-2 

D(Pb)=0.7 
D(Pb)=0.2 

(a) 
MKliO 

Component-Al: 
Pb=3.7,U=1.25,Th=4.8 
206Pb/204Pb=18.9 
143Nd/144Nd=0.51212 

Component-A2: 
Pb=3.7, U=l .25, 'l"h=4.K 
206Pb/204Pb= 19.33 

Componcnt-H: 
Pb=2.58, 11=0.8, Th=3.3 
206Pb/204Pb=18.2 
143Nd/]44Nd=0.51225 

r=0.9 

206Pb/204Pb 

18.1 

— I — 

18.3 

Component-Al 
• Component-A2 % 

18.5 18.7 18.9 19.1 19.3 

( b ) 
0.51295 

0.5129 -

0.51285 -

0.5128 

0.51275 

0.5127 

MK139 MK130 

MK28I 

• 
MK174 

A 
MK168 MK112 MK158 

o 
MK338 

MK117 
(Y=20.8) MK175 

A 
MK277 

• <3>MKB2 
MK144 

MK268 

MKim 
MK265 

• v MK154 

MK63 

206Pb/204Pb 

MK251 

| , <$,MK93 

r=0.8 

18.625 18.725 18.825 18.925 19.025 

281 



M. Keskin 

data points forming the second trend as 18.9. These three trends are also seen in 
, 4 3 N d / l 4 4 N d versus 2 0 6Pb/ 2 0 4Pb diagram (Figure: 5.8) with some scatter. In 2 0 6Pb/ 2 0 4Pb 

versus Th/Pb diagram, one of the samples from the acidic units of the high-Y series 

(MK338) appears to constrain the concentration of Pb in the upper crust to about 3.7 

ppm, i f it is assumed that the Th content of the crust is about 4.8 ppm. This value is 

significantly lower than the values proposed by Taylor and McClennan (1985) and 

Condie (1993) (Table 5.1). It should be noted that domination of feldspar as a frac

tionating phase (especially in intermediate to acidic units) can also contribute to the 

depletion of Pb and hence this value may actually be higher. 

Not having sufficient information to determine precise end-member composi

tions for these three trends (especially for Pb), simple binary mixing curves between 

the most primitive lava and these end-members have been constructed and plotted onto 

the graphs. The geometric relationship of the general alignment of data points to the 

estimated composition of end-members is also taken into account in the construction 

of these curves. In Figure 5.7, some of the data points appear to align on the binary 

mixing curves while the others seem to follow AFC curves (r ranges from 0.2 to 0.5) 

diverging either from the starting composition or from a particular point on the mixing 

curves. As a preliminary interpretation, the low-Y series in the EKPV may have inter

acted predominantly with the lower crust, which is similar in composition to the B 

component of Wilson and Downes (1991), while the high-Y series dominantly assimi

lated upper crustal material. Geobarometer calculations based on the composition of 

amphiboles from the low-Y series indicate crystallisation depths that vary between 20 

and 28 km showing agreement with the idea that the low-Y series may have assimi

lated lower crustal material. In addition to this, the higher Sr and slightly lower Rb 

contents of the low-Y series with respect to those of high-Y series (Figure 3.18-a and 

b in Section 3.2.2) also favour contributions from the lower crust, because many 

lower-crustal mafic granulites are gready enriched in Sr (as much as 700-1800 ppm) 

and depleted in Rb as emphasised by Hildreth and Moorbath (1988). The low-Y series 

that comprises the lower trend in Figure 5.7 has 6 l s O values between +6.5 and +10%o 

SMOW. This range necessitates assimilation of significant amount of 8 l sO-rich mate

rial which is unusually high for the lower crust. 8 1 8 0 content of the lavas from low-Y 
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series is mostly higher than mean granulitic values of Downes et al. (1991) (Table 

5.2). Some metasedimentary granulites from Massif Central xenoliths in France and 

also some granitoids have 8 1 8 0 values as high as +11.8. However, these values still 

appear to be too small to form the observed enrichment and variation in the low-Y se

ries. 

Type of granulites from Massif Central 6 1 8o 
206pb/204pb 207pb/204pb 208pb/204pb 

Mafic liquids +8.6 ± 0.9 18.164 15.609 38.265 

Mafic and ultramafic cumulates +8.0 ± 0.8 18.276 15.637 38.417 

Acid and intermediate (felsic) meta-igneous +9.7 ± 0.4 18.310 15.600 38.586 

Metasediments +9.7 to 11.0 18.597 15.661 38.511 

Table: 5.2. Average oxygen and Pb isotopic composition of granulitic mantle xenoliths from French 
Massif Central (Downes et al., 1991) 

As mentioned earlier, 2 0 6Pb/ 2 0 4Pb versus 1 4 3 Nd/ , 4 4 Nd diagram (Figure 5.8) also 

shows three trends which seem to approach three different crustal composition. The 
1 4 3 Nd/ 1 4 4 Nd composition of the upper crust, namely components A l and A2, is taken 

from Harmon (1981) (0.51212) while the composition of component B has been esti

mated as 0.51225, a value which is lower than that of Wilson and Downes (1991), be

cause this value gives results in AFC models that are compatible with the other iso

topic ratios and elements (see the following section). The scatter of data points within 

trend I and I I I could be caused by variations in 1 4 3 Nd/ 1 4 4 Nd in the component B. It 

can also be related to plagioclase fractionation as implied by the AFC curves 1 

(D P b=0.6), 2 (D P b=0.6), 3 (DP b=0.5) and 5 (£>Pb=0.7) which have been drawn onto the 

diagram. A third, and probably more likely, alternative is that both of these factors 

may have been operational. 

Pinarelly et al. (1993) pointed out that crustal contamination of a mantle-derived 

magma can produce crustal Pb isotopic signatures even for low degrees of contamina

tion due to the strong depletion in Pb of mantle-derived melts with respect to crustal 

materials. In contrast, Sr isotopes can still maintain a memory of the mantle signature 

since Sr is far more enriched in the magma than its concentration in the crust. Fur

thermore, it seems that there is no substantial contrast between Sr isotopic ratio of 
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primitive magma and the crust on the Erzurum-Kars Plateau. Therefore, Pb isotopic 

ratios can be more effectively used for modelling of crustal assimilation than those of 
8 7Sr/ 8 6Sr and 1 4 3 Nd/ 1 4 4 Nd. In order to examine the extent of crustal assimilation that 

might have taken place, Pb isotopic ratios of the high- and low-Y series have been 

plotted against each other in Figure 5.9 together with the A l A2 and B components. 
2 0 8Pb/ 2 0 4Pb ratios of these components have been estimated from the general trend of 

data points on these diagrams and presented in Table 5.3. 2 0 6Pb/ 2 0 4Pb and 2 0 7Pb/ 2 0 4Pb 

ratios of component A2 have been assumed to be the same as the proposed upper crust 

of Zartman and Doe (1981) whereas 2 0 6Pb/ 2 0 4Pb ratio of component A l is slightly 

lower than this value as judged from Figure 5.7 and 5.8. The Pb/ Pb isotopic ra

tio of component B has been estimated to be slightly lower than that of Wilson and 

Downes' (1991) B component. When binary mixing lines are constructed between 

these components and the most primitive sample (MK130) which is assumed to be 

representative of primary magma, they f i t well to the data points, especially on 
2 0 8 p b / 2 0 4 p b y e r s u s 2 0 6 p b / 2 0 4 p b ( 5 g ^ 2 0 7 p b / 2 0 4 p b ( $ g c ) d i a g r a m s ^ s H g h t 

scatter of data points especially in Pb/ Pb ratios may be related to compositional 

variations in the lower and upper crustal end-members caused by their heterogeneity. 

These mixing lines give bulk weight fractions i f ) of components A l , A2 and B up to 

0.4. If estimation of the end member compositions are close to the reality, then it can 

be argued that the low-Y series has assimilated a lower crustal material or mixed 

with crustal anatectic melts which are compositionally similar to component B of Wil

son and Downes (1991), whereas the high-Y series basically assimilated two different 

upper crustal compositions up to 40%. 

One of the low-Y samples, MK154 from the Sacdag dacite in south of Horasan, 

plots in the area of upper crust between components A l and A2. This may indicate 

that the magma which produced this unit was a crustal melt. 

In Figure 5.10 the 2 0 6Pb/ 2 0 4Pb, 2 0 7Pb/ 2 0 4Pb isotopic ratios of the components A l , 

A2 and B are plotted against their Th/Pb ratios and also each other. Also plotted are 

the average lower crustal composition of Zartman and Doe (1981) and mantle com

position of Sun and Donough (1989). Th and U values for the lower crust have been 
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Figure: 5.9 Pb isotope diagrams showing mixing lines between the most primitive sample on the Erzu-
rum-Kats Plateau attdproposed lower (component B) and upper cruslal (components A 1 and A 2) com
positions. 
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Figure: 5.9 (continued) 
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taken from Taylor and McClennan (1985). Note that, when binary mixing lines are 

constructed between proposed upper crustal composition and the average lower crust 

of Zartman and Doe (1981) in these diagrams, the granulitic lower crust composition 

of Wilson and Downes (1991) appears to plot on the mixing lines at a point which is 

approximately made up of a mixture of 55% upper and 45% lower crustal material. 

What this may indicate is that the composition of component B that was assimilated in 

the lavas of low-Y series on the Erzurum-Kars Plateau may be different from that of 

granulitic lower crust of Wilson and Downes (1991). It may be a transition zone be

tween the lower and upper crust. Alternatively, it may be an enriched granulitic lower 
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Chapter 5: Isotope geochemistry and petrologic modelling 

crustal component that is similar to the Pannonian Basin granulites in its composition 

but perhaps affected by more upper crustal contamination that gave rise to its higher 

8 1 8 0 content. If what the low-Y series assimilated was a mixture of 55% upper and 

45% lower crust, or a composition which is more or less equivalent to this mixture, 

then it would be possible to approximate the concentration of some of other trace ele

ments and also isotopic ratios on the basis of this estimation. Along the lines of this 

interpretation, unknown concentrations of some trace elements (e.g. Rb and Sr) and 

also isotopic ratios (e.g. 8 1 8 0) have been calculated and presented in Table 5.3. In my 

opinion, this seems to be the only viable approach to the estimation of composition of 

upper and lower crustal compositions in the region. It should be noted again that these 

numbers on which I will construct my petrologic modelling are only very broad ap

proximations to reality even if they may be consistent with each other on most dia

grams. 

5.2.3. AFC modelling of fthe high- and low-Y series 

The AFC equations of DePaolo (1981) presented in Section 5.2.1 have been 

used for the modelling of trace element and isotopic data from the low- and high-Y 

series. It should be noted that the precise values of r are not very meaningful due to the 

possible variations in end-member compositions and also variations in bulk partition 

coefficient values (£>) of elements during the course of fractional crystallisation. 

Throughout the modelling, two types of crustal compositions have been used. 

Composition of component-B, which appears to be representative of deeper parts of 

the crust, has been used to depict the assimilated crust for the low-Y series, and Com-

ponent-A, which is basically upper crustal in composition, has been employed for the 

high-Y series (Table 5.3). Concentrations of Sr=400 and Nd=16 (ppm) for upper 

crust have been taken from Taylor (1977) while Rb value (87 ppm) has been obtained 

from the restoration model upper crustal composition of Condie (1993). Composition 

of lower crustal abundance (component-B) of these elements have been estimated 

from their upper crustal compositions following the way described in the previous 

section as Sr=350, Nd=14 and Rb=55. The 1 4 3Nd/ 1 4 4Nd ratio and 8 1 8 0 value of the 

upper crust is of Harmon's (1981) isotopically evolved crust while its 8 7 Sr/ 8 6 Sr ratio 
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has been estimated as 0.706, a value which seems to be reasonable for a crust whose 

Sr isotope composition is close to that of, but higher than, the Eocene volcanics on the 

plateau. Values of 5180=13.75, ,43Nd/144Nd=0.512250, 87Sr/86Sr=0.705 and Th=3.3 

have been used to represent Component-B. 

Figures 5.11 and 5.12 display the first AFC modelling of the low- and high-Y 

series respectively. Rb/Th and Rb/U ratios have been chosen for this modelling be

cause they are not affected by both the crystallisation either of POAM or of hydrous 

(basically amphibole bearing) phases. Even though Rb may be partitioned strongly 

into biotite (K^'0" =3.2 at intermediate 4.5 at acid compositions), this should not pose 

a problem for the modelling, since it is apparent that biotite is not a major crystallis

ing phase on the Erzurum-Kars Plateau. On the other hand, Nb cannot be used for the 

AFC modelling, because it is significantly depleted by the crystallisation of amphibole 

both in the high-and low-Y series. The sample MK139, one of the most basic la

vas from the Horasan Plateau unit, has been chosen as the basic end-member for these 

diagrams, since it plots at the end of the AFC trend. Bulk partition coefficients (D) of 

0.1 for Rb and U and 0.01 for Th have been used for the modelling assuming that they 

were constant throughout the crystallisation. Theoretical AFC curves have been calcu

lated for different values of r (r is the ratio of assimilation rate to crystallisation 

rate). The ratio of remaining magma mass to original magma mass (F values) have 

been marked on each curve at 5% intervals. 

There is only one sample, MK132 (the Koroglu amphibole andesite/dacite, north 

of Horasan), which plots between the r=0 and 0.05 curves on both Rb/Th and Rb/U 

versus Rb diagrams, implying very little or no crustal assimilation. The same sample 

plots very close to the most primitive lava end-member in Figure 5.9 indicating that it 

is quite primitive in its composition. The majority of samples on the Rb/Th vs. Rb 

diagram are scattered between r=0.1 and 0.3 and clustered around the ri=0.1 curve 

indicating that the low-Y series may have assimilated a crust (as much as 30% of the 

fractional crystallisation rate) as much as 10-20% whose composition is similar to 

Component-B (Figure 5.11-a). On the other hand, on the Rb/U versus Rb diagram, the 

same set of data points scatter within AFC trends with r values between 0.2 and 0.5. 
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Figure: 5.11. AFC modelling of the hw-Y series on Rb/Th and Rb/U versus Rb diagrams. 
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Figure: 5.12. AFC modelling of the high-Y series on Rb/Th and Rb/U versus Rb diagrams. 
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The same types of diagram have been constructed for the high-Y series using the 

same D values and taking the upper crustal composition of Component-A as the as-

similant (Figure 5.12). Notably, four samples from the intermediate to acidic units of 

the high-Y series and one basic plateau lava follow the r=0 vector while the others plot 

between the curves of 5% and 20% assimilation. The Rb/U versus Rb diagram again 

show relatively higher assimilation rates relative to FC rates for the same samples, be

cause U concentration of the assimilant upper crust is probably more variable than that 

ofTh. 

Another AFC model has been constructed by plotting the same trace element ra-

tios against the Sr/ Sr isotopic ratio for both the high- and low-Y series (Figures 

5.13 and 5.14 respectively). The AFC curves on these diagrams are drawn according 

to expected range of r (between 0.05 and 0.6) and bulk partition coefficients of Sr 

(DSr=2-3) as presented in inset tables (Figure 5.13-b). Predicted trace element concen

trations and Sr isotopic ratios for component-A and B (Table 5.3) have been used for 

the high- and low-Y series respectively. Most of the data points of the low-Y series 

plot in range of assimilation rates between 15% and 30% (Figure 5.13) whereas those 

of high-Y series (Figure 5.14) seem to have relatively lower r values between 0 and 

15%. These results are in good agreement with those obtained from the trace element 

modelling presented in Figures 5.11 and 5.12. 

A comparable model has been produced by plotting 5 1 8 0, a more assimilation-

sensitive isotope, against Th, U and Rb (Figure 5.15-a to c). Since oxygen isotope 

data are available only for the low-Y series, the Component-B has been chosen as the 

contaminant. As 8 ] 8 0 is a light stable isotope, it may fractionate between the crystal

lising phases and magma resulting in a displacement from that in the magma by a 

factor named 'a'. This fractionation has been corrected using DePaolo's (1981) equa

tion (Equation 5.7). The assimilation rates obtained from the diagrams in Figure 5.15 

span a range between 0.1 and 0.35 and are consistent again with the previous AFC 

diagrams. Similar to its behaviour in previous diagrams, MK132 (Kdroglu amphibole 

andesite/dacite, N of Horasan) shows very little or no sign of assimilation. 
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The same type of modelling was performed by plotting 8 O versus S r / S r and 

Rb/Th in Figure 5.16 and 1 4 3Nd/ 1 4 4Nd versus Th, U and 8 7 Sr/ 8 6 Sr in Figure 5.17. As

similation rate in all of these diagrams is almost the same to those have found in pre

vious diagrams. 

So3» SiuBMiniffliry 

Isotope systematics of the collision-related volcanics of the Erzurum-Kars Pla

teau indicate the presence of two distinctively different magma types; the high- and 

low-Y series. This is consistent with the findings based on trace element behaviour of 

these two series as presented in Chapter 3. Lavas of the high-Y series are always more 

radiogenic and span a wider range in their isotopic composition. Isotope-trace element 

systematics suggest that assimilation combined with fractional crystallisation was an 

important process for both series as can be expected from the thickened crust of East

ern Anatolia as a whole. Only a small number of lavas from the most basic units of the 

high-Y series were erupted to the surface without extensive assimilation and hence re

tain their mantle heterogeneity signature. Results of petrologic modelling suggest that 

the isotopic and trace element variations between the high- and low-Y series are not 

significantly dependent upon the variations in the composition of their source material. 

These differences appear to have been extensively controlled by the composition of 

crustal material which they have assimilated. The magma that gave rise to the low-Y 

series appears to have assimilated a lower crustal material which is isotopically similar 

to the granulitic xenoliths from Central Europe and Pannonian Basin in Hungary, 

whereas the high-Y series has predominantly been contaminated by the upper crust. 

Geobarometry calculations based on the composition of amphibole phenocrysts imply a 

much deeper fractionation history for the low-Y series (20-28 km) compared with the 

high-Y series (14-18 km), which is consistent with the conclusion based on the iso

topic data. What these findings may indicate is that composition of lower crust beneath 

the Eastern Anatolia region is similar to that of Hungary and Central Europe. On the 

other hand, the lower crust in Eastern Anatolia seems to be more enriched in 8 1 8 0 than 

that of the Pannonian Basin and Central Europe. Alternatively, this lower crustal as-

similant may be a transition zone between lower and upper crust or a zone which is 

complicated by thrusting and thus a mixture of the two. 
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Chapiter 61 PETROGRAPHY 

In this chapter, the petrographic properties of the volcanic units on the Erzurum-
Kars Plateau will be described briefly with special reference to the petrographic 
differences between the low- and high-Y series. The chapter starts by describing the 
textural and mineralogical differences between the lavas of high- and low-Y series. 
The following paragraphs focus on the textures that display evidence of magmatic 
processes such as magma mixing and early history of fractional crystallisation. 

6.1, Textural and mineralogical differences between the high- and 
Iow=Y series 

Lavas of the low-Y series are generally intermediate in composition (andesite to 
dacite), containing predominantly plagioclase, pyroxene and occasionally amphibole. 
In contrast, the lavas of the high-Y series display a bimodal character, span a wide 
compositional range from basaltic andesite to rhyolite, lack intermediate rocks and 
have no amphibole phenocrysts. Basic members of the high-Y series, especially those 
from the plateau lava units, frequently contain olivine phenocrysts together with 
plagioclase and clinopyroxene while the acidic members of the high-Y series are 
predominantly aphyric and rarely porphyritic containing alkali feldspar and plagioclase 
phenocrysts. 

6.1.1. Lavas of the low=Y series 

Lavas of the low-Y series can be subdivided into two units on the basis of their 
texture and phenocryst assemblage: (1) the aphyric lavas; and (2) the amphibole-
bearing porphyritic domes. 

6.1.1.1. The aphyric lavas 

The aphyric lavas are in general andesitic and dacitic in composition, rarely 
vesicular, with subordinate microcrystals and microphenocrysts of plagioclase, clino-
and occasionally orthopyroxene. They widely outcrop in the Mt. Dumlu and Mt. 
Kargapazari areas (the Giingormez andesite/dacite; Section 2.1.3). Almost 90% of 
these lavas are composed of glassy and sometimes partly cryptocrystalline groundmass 
which encloses predominantly plagioclase, and rarely pyroxene microlites and 
microphenocrysts. They do not contain amphibole. In some lava flows, the texture 
changes to vitrophyric with increasing phenocryst content. The aphyric lavas also 
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display microlitic textures from hyaloplitic to pilotaxitic and sometimes a combination 
of microlitic and porphyritic textures (e.g. the Girekosek dacite, the Kosk pyroxene 
andesite and the Cobandede dacite). The anorthite content of plagioclase phenocrysts 
in these lavas varies between 40% and 65% (andesine-labradorite). As mentioned 
earlier in Section 4.1.1, some of these plagioclase phenocrysts are not in equilibrium 
with the magma, i.e. they are xenocrysts. Rare phenocrysts of clinopyroxene are 
represented by augite and endiopside while orthopyroxene is predominantly bronzite 
(Section 4.1.2.2). 

Aphyric to porphyritic lavas of the low-Y series very rarely contain amphibole 
xenocrysts. They are either individual phenocrysts with reaction rims (Photo 6.1) 
displaying signs of resorption, or phenocrysts which are surrounded and hence 
protected by glomeroporphyritic crystal clots of other phenocrysts such as plagioclase 
and pyroxenes (Photo 6.2 and 6.3). Amphiboles are predominantly pargasitic. All of 
these amphibole xenocrysts display corona textures (sample MK90, the Gungormez 
andesite/dacite in Mt. Kargapazan) and have corroded shapes (Photo 6.1). They are 
mantled by clinopyroxene of non-uniform width. Similar textures are also present in 
amphibole-bearing porphyritic lavas of the low-Y series. This is apparent in Photos 6.4 
and 6.5, where an amphibole phenocryst is surrounded by ortho- and clinopyroxene 
rims respectively. All these textures appear to have been resulted from incomplete 

.1 • 

i 
• 

• • 

1 

-1 

Photo: 6.1. Amphibole phenocryst in dacite with corroded shape and reaction rim composed of 
clinopyroxene microcrystals. Sample MK90, Mt. Kargapazan area, Giingormez andesite/dacite. 
Magnification x4, plane-polarised light (PPL). 
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m 
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Photo: 6.2. Glomeroporphyritic dacite, sample MK90, Gungdrmez andesite/dacite, Mt. Kargapazari, 
close to the base of the volcanic succession. The amphibole xenocryst in the middle is surrounded by 
crystal clots of euhedral plagioclase and anhedral clinopyroxene. This is the only amphibole found in 
this unit and it is protected from resorption by its plagioclase armour. Magnification: 4x, PPL. 

Photo: 6.3. The same view under cross-polarised light (XPL). 
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reaction of the inner amphibole pheno- or xenocryst with melt as a result of 
disequilibrium between the crystal phase and surrounding magma. This idea is also 
supported by geochemistry of these rocks. Trace element systematics, especially those 
of Y and MREE to HREEs, indicate that amphibole should have been crystallised as an 
early mafic phase at depth in both low- and high-Y series (Section 3.2). Experimental 
studies by Gill (1981), Green (1982) and Foden and Green (1992) also suggest that 
crystallisation at depth, in the thickened crust beneath the Erzurum-Kars plateau, 
should initially be amphibole-dominated. En route to the surface, almost all of these 
amphiboles were resorbed via decompressive incongruent melting. As a result of this 
reaction, they formed pyroxene-rich coronas around amphibole xenocryst if they were 
not completely resorbed. 

6X1.2. Amphibok bearing porphyrinic domes (andesites/dacites) 

Amphibole-bearing porphyritic domes of the low-Y series, which are andesitic to 
dacitic in composition, are abundant in the western part of the plateau, especially 
around Mt. Dumlu. They are also present in the Pasinler and Horasan areas, and are 
almost completely absent around the Kagizman area. These lavas display a well-
developed porphyritic texture with plagioclase, amphibole and orthopyroxene 
phenocrysts, subordinate clinopyroxene microcrystals and microphenocrysts and rare 
quartz phenocrysts. They sometimes show trachytic texture. All these phenocrysts are 
enclosed in a microlitic (intersertal or hyaloplitic) groundmass. The amphibole 
phenocrysts are subhedral to anhedral in shape. They seldom show textures related to 
resorption such as skeletal crystal shapes and reaction rims. The orthopyroxene 
phenocrysts, which are predominantly represented by bronzite, are characteristically 
lath-shaped, fresh and mostly euhedral. Clinopyroxene is in general augite in 
composition and makes up subordinate microcrystals and microlites in the groundmass. 
The plagioclase phenocrysts are typically labradorite-andesine in composition (Section 
4.1.1) and most of them show oscillatory zoning. They are generally euhedral to 
subhedral in shape, commonly forming glomeroporphyritic texture. 

The plagioclase phenocrysts often display a subparallel arrangement forming a 
trachytic texture. They display complex oscillatory zoning and sometimes reverse 
zoning patterns occasionally associated with a zonal arrangement of melt inclusions 
and a sieve texture. Most of them exhibit albite twinning. Some of the coarse 
plagioclase phenocrysts contain brownish coloured clear rhyolitic glass inclusions. 
These textures together with the complex zoning, resorption and corrosion patterns 
may be indicative of magma mixing between a rhyolitic to andesitic magma and 
injecting of hot basaltic magma. The presence of this magma mixing event has already 
been discussed in Section 4.1.1.1, hence it will not be mentioned here again. 
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Photo: 6.4. Amphibole xenocryst surrounded by the reaction rims of ortho- and clinopyroxene 
respectively. Sample MK93, dacite, the Dumlu amphibole dacitelandesite. Magnification 4x, PPL. 

Photo: 6.5. The same view under XPL. 
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Photo: 6.6. Brownish clear glass inclusions enclosed in a plagioclase megacryst in porphyritic dacite. 
They partly show a zonal arrangement. Sample MK93, the Dumlu amphibole dacitel'andesite unit, Mt. 
Dumlu. Magnification: 4x, PPL. 
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Photo: 6.7. Close-up photograph of glass inclusions in plagioclase. Sample MK21: dacite, the 
Gungdrmez andesite and dacite, Mt. Kargapazari. In glass inclusions, there are some dendritic 
crystals which formed possibly as a result of rapid solidification of acid melt, most of which became 
brownish glass. Magnification Wx, PPL. 
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6.1.2. L a v a § off" ttiie toiigln-Y series 

Lavas of the high-Y series are subdivided into two main groups on the basis of 

their mineral content and S i 0 2 concentration. These are: (1) basic to intermediate 

lavas; and (2) acidic domes, pyroclastic fa l l and f low (ignimbrite) deposits. 

6.1.2.1. Bask to nfrattermmedSffllte lavas 

The basic to intermediate lavas o f the high-Y series crop out as relatively thin 

lavas flows at almost every level of the volcanic succession f rom base to the top. 

However, they become abundant at the top of the plateau. They basically consist of 

plagioclase, clinopyroxene ± olivine phenocrysts all of which are enclosed in a glassy 

or microlitic groundmass. The plagioclase phenocrysts span a compositional range 

between bytownite and labradorite. They form lath-shaped or prismatic, commonly 

euhedral and subhedral phenocrysts and microlites in the groundmass. They are either 

unzoned or weakly zoned. Most of the olivine phenocrysts are chrysolite in 

composition with a small group (from the Giingormez andesite/dacite) classifying as 

hyalosiderite f rom the Kargapazari area (Section 4.1.4). Some olivine phenocrysts have 

iddingsitic rims formed as a result of alteration while some others display skeletal 

embayment textures f i l led with microlitic-glassy groundmass (Photo 6.8). In some 

plateau lavas, clustered phenocrysts of olivine, clinopyroxene an plagioclase make up 

cumulophyric texture (Photo 6.9). 

The Karapinar basalt which is located close to the base of the volcanic sequence 

in the Mt . Kargapazari area display a typical subophitic texture. This is the only unit 

on the plateau which shows this particular texture. In this unit, labradorite laths 

together with olivine microcrystals are embedded in several coarse augite crystals. 

None of the plagioclase laths show zoning (Photos 6.10 and 11). They all display albite 

twinning. 

6.1.2.2. Acidic domes, pyroclastic falls and flow (igninnhrite) deposits 

Pyroclastic falls and f low deposits are the most abundant volcanic products on 

the Erzurum-Kars Plateau. They are predominantly rhyolitic and sometimes 

rhyodacitic, and almost completely aphyric showing complex f low banding, 

accretionary lapill i and a variable degree of welding. Acidic domes are rather scarce on 

the plateau. They form small dome-shaped bodies at different levels on the plateau. 

These domes contain abundant alkali feldspar (sanidine and anorthoclase) and 

plagioclase phenocrysts with rare biotite and pyroxenes. 

Among other ignimbrites on the plateau, the Black ignimbrite f rom the Pasinler 

area has a unique texture and f ield appearance. In contrast to the other pyroclastic units 
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Photo: 6.8. Photograph of olivine basalt from the high-Y series, sample MK144, the Kotek basalt, base 
of the volcanic succession, north ofHorasan. Characteristic six-sided euhedral chrysolite phenocryst, 
which is enclosed in a hyalopilitic to pilotaxitic groundmass, is partly corroded and contains 
embayments. Magnification: 4x, XPL. 

\ 

Photo: 6.9. Olivine-bearing andesite from the high-Y series, MK3I4, the Kargapazari volcanics in the 
Pasinler area. Cumulophyric crystal cluster in the centre of the photograph is composed of olivine, 
plagioclase and clinopyroxene while the groundmass is made up of pilotaxitic plagioclase microlites. 
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Photo: 6.10. Micropkotograph of the subophitic Karapmar basalt, sample MK289, base of the 
volcanic sequence, Mt. Kargapazari. Magnification 4x, PPL 

1 

Photo: 6.11. The same photograph under cross-polarised light. 
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on the plateau, i t contains abundant pyrogenetic crystals of plagioclase and less 

abundant clinopyroxene (Photos 6.12). The black ignimbrite contains abundant glass 

shards and fiamme. I t also displays "eutaxitic texture" formed as a result of regular 

orientation of flattened lenticles of pumice fragments and obsidian-rich parts. 

Photo: 6.12. Densely welded Black ignimbrite, sample MK359,from the Pasinler area. Discontinuous 
lamination is a sign of extreme compaction. Magnification 4x, PPL. 

310 



Chapter 7: Conclusion and discussion 

Ctapteir 7 

CONCLUSION AND DISCUSSION 

letrodinctioini 

In this chapter, a general summary of results reached in previous chapters wi l l be 

presented with special reference to the plumbing system and extent of magma-crust 

interaction in the actively-thickening continental crust of Northeastern Anatolia. 

7.1. Volcamostratigraphy 

The collision related volcanics of the Erzurum-Kars Plateau cover a broad 

compositional range from basalts to rhyolites. The lavas forming the Erzurum-Kars 

Plateau chiefly originated f rom fissures which are believed to be genetically related to 

post-collisional strike-slip faults and associated localised extensions. These volcanics 

were formed by three types of eruption: 

7.1.1. Lava sheets: these are, in general, andesitic to basaltic in composition and 

are composed of plateau-forming sheets flows. They are made up of two different 

lithologies with two different phenocryst assemblages. The first type comprises the 

most basic lavas on the plateau which contain plagioclase, clinopyroxene and olivine 

phenocrysts with subordinate orthopyroxene. This type of lava (e.g. the Horasan 

Plateau unit) covers large areas on the plateau and is relatively thin compared to 

intermediate to acidic lavas. The second type is composed of intermediate to acidic 

lavas which are all aphyric or microporphyritic in texture. They have a phenocryst 

assemblage consisting of plagioclase and two pyroxenes. This second type is the most 

abundant lithology especially at the base of the succession in the west around M t . 

Dumlu. 

There are also sporadic scoria or spatter cones on the plateau such as those 

located to the east of Horasan town, close to K i z i l village and in the Harabedere gorge 

to the north of Pasinler. The scoria (cinder) or spatter cones form small edifices on the 

plateau with limited aerial extent. This type of pyroclastic deposit is thought to be the 

product of hawaiian-strombolian eruptions created by mildly explosive eruption of a 

near-basaltic magma. They contain abundant scoria breccia, agglutinated lava spatter 

and volcanic bombs of different shapes. 
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7.1.2. Pvroclastic deposits: these are made up mainly of pyroclastic f low units 

and fall deposits. These are the most abundant lithology in the volcanic pile on the 

central and eastern part of the plateau, especially between the Pasinler and Horasan 

areas. The pyroclastic fall deposits are the product of plinian type eruptions and 

composed mainly of pumice-fall deposits. The pyroclastic flows are mainly represented 

by ignimbrites. They cover the plateau with great lateral extension and variable 

thickness. The thickness of individual flows reaches up to 100-150 m in places. Most 

ignimbrites are composed almost completely of volcanic glass and are very poor in 

phenocryst content. The most common phenocrysts in these units are plagioclase, 

sanidine and rarely biotite. In some flows, they contain well-developed accretionary 

lapilli and flow folds. They are often densely vesiculated with abundant accretionary 

lapilli and, in some zones, changed into perlite. This indicates that they were saturated 

by volatiles when they erupted. In contrast, the Black ignimbrite in the Pasinler area is 

exceptionally rich in its phenocryst content. The phenocrysts of this unit are made up 

predominantly of plagioclase and very rare pyroxene. The Black ignimbrite also 

contains rare microcrystals of zircon. 

7.1.3. Domes: these are represented mainly by two types of lithologies: the 

amphibole-bearing porphyritic intermediate to acidic lavas (e.g. the Dumlu amphibole 

dacite/andesite) and the sanidine-bearing acidic lavas. The amphibole-bearing 

porphyritic domes are abundant in the western and central parts of the plateau, 

especially in the Mt . Dumlu area, whereas the sanidine-bearing domes dominate the 

central and eastern part of the Plateau. 

There are also some dykes of the Erzurum-Kars Plateau which cut the basement 

formations and plateau volcanics. They are very rare in the region because most of 

them are covered by extensive pyroclastic deposits and lavas. They observed in two 

areas on the plateau: the Biiyiikdere gorge to the N W of Pasinler and Besikom and 

Haydarkomlan villages in the south of Horasan. Among these, the one located to the 

south of Horasan has a average thickness of 10-15 m and a length of 6-7 km. A l l these 

dykes are either perpendicular or slightly oblique to the direction of compression with 

approximately E-W strikes. The position of these dykes are thought to have been 

controlled by localised extension in strike-slip fault zones. 

The volcanic units of the plateau can be subdivided into eight series based on 

their stratigraphic position on the plateau (as also presented in Table 2.1). From the 

top of the succession (group-8) to the base (group-1) these are: 

8. acidic domes and cones on the plateau (e.g. the Odalar rhyolite in Aladag area) 

7. olivine bearing plateau layer (e.g. the Horasan plateau unit) 

6. plateau lavas without olivine (the Aladag andesite) 
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5. amphibole-bearing porphyritic lavas (e.g. the Dumlu amphibole 

dacite/andesite) 

4. basal intermediate to acidic lavas (the Giingormez andesite/dacite) 

3. black ignimbrite (Pasinler area) 

2. pyroclastic basal layer (e.g. the White ignimbrite in Pasinler and Horasan) 

1. basal basic lava layer (e.g. the Karapinar basalt in Mt . Kargapazan) 

In the west, around M t . Dumlu and M t . Kargapazan, intermediate to acid lavas 

make up almost all the volcanic column. Towards the east of the plateau, pyroclastic 

deposits become abundant and in some places they comprise 40-60 volume % of the 

succession. 

The volcanic succession attains its maximum thickness of about 1000 m in the 

vicinity of Mt . Dumlu, north of Erzurum and this thickness decreases considerably 

towards the east. 

7.2. Tectonic 

The most important structural elements of the Erzurum-Kars Plateau are the 

strike-slip faults. The palaeotectonic structures such as thrusts and imbrication zones 

are extensively covered by the volcanic units of the plateau. The strike-slip faults form 

two major fault zones: the Erzurum-Tbilisi fault zone located between the M t . Dumlu 

and Mt . Kargapazan areas and the Cobandede fault zone in the north of Horasan. 

There are also numerous individual strike-slip faults on the plateau such as Kagizman 

fault in the east of Horasan. A part of the Erzurum-Tbilisi strike-slip fault zone has 

been mapped in this study and presented in Figure 2.10. 

The Erzurum-Tbilisi fault zone is composed of several branches of left-lateral 

strike-slip faults with N N E strikes (Section 2.1). In addition to strike-slip movement 

these faults display significant normal movement, which complicates the stratigraphic 

relationships in the volcanic succession. The width of the fault zone is around 20 km. 

The border between the Karasu basin (also named Erzurum Plain) and the surrounding 

mountains (Mt . Kargapazan in the east, M t . Dumlu in the west and Palandoken 

mountain chain in the south) is controlled by the sets of strike slip faults. 

The Cobandede strike-slip zone consists of left-lateral (named by Kocyigit, 1985) 

strike-slip faults and extends between the town of Tekman in the southwest and Cildir 

in the northeast. Although left-lateral movement is dominant, there are also some right-

lateral, strike-slip conjugate fault-sets present. They also show normal movement; in 

general, the northwestern blocks of these faults are the upthrown blocks. The 

Cobandede fault zone runs parallel to the Erzurum-Tbilisi strike-slip fault zone. This 

may imply that both the Cobandede and the Erzurum-Tbilisi strike-slip fault zones are 
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the parts of the same tectonic system which is most probably controlled by the strain 

distribution in the thickening lithosphere by the compressional regime which created 

the westward tectonic escape of the Central Anatolian block via the East and North 

Anatolian Transform faults. 

The strike-slip faults strongly control the geomorphology of the plateau. For 

example, the Kargapazan plateau is bounded by two of these faults: the Kargapazan 

fault in the NE and the Karakale-Pertek fault in the SE (Figure 2.10). The plateau tilted 

to the SE because of the combined effects of normal and lateral movements on these 

faults. This observation shows that strike-slip faulting has been operational after the 

formation of volcanics on the plateau. 

As in the Karasu basin, the north and south edges of the Pasinler basin are 

controlled by strike-slip faults (Figure 2.19). The western border of this basin with the 

Palandoken mountains is also marked by one of these faults. Stratigraphic data 

obtained f rom the drill-well logs of the Turkish Petroleum Company (TPAO) (Gedik, 

1978) indicates that the thickness of the Erzurum-Kars Plateau volcanics reaches a 

massive 1250 m close to the middle of the basin with the lithologies dominated by 

rhyolitic tuff, ignimbrite, obsidian and andesitic lavas (Figure 1.2). On the Pasinler 

plateau, only a few kilometres away from the location of this drill-well, this thickness 

decreases considerably down to around 200-350 m. In addition, the lavas and 

pyroclastic units of the Pasinler Plateau dip southward (~20-30 2) as a monoclinal 

flexure in the north edge of the basin (Photo 2.7). The hinge line of this monoclinal 

flexure is continuous throughout the southern margin of the Pasinler Plateau with an 

approximate W-E strike. What these observations suggest is that this depression may 

have been formed and actively controlled by the strike-slip faults that created a 

localised extensional system, in other words a pull-apart system. The tectonic activity 

that gave rise to the formation of this system should have been active throughout the 

evolution of collision-related volcanic activity on the plateau while the Pasinler basin 

continuously subsided to form a depression in which pyroclastic units and lavas 

accumulated. The formation of monoclinal flexure appears to have been controlled also 

by this subsidence. The Karasu basin in the west seems to have evolved in a similar 

way to the Pasinler basin. In a narrow zone adjacent to the plain, the volcanic 

succession of Mt . Kargapazan area dips to the west towards the basin. 

Another striking observation is the parallelism of dykes to the strike-slip faults 

and also to the main directions of localised extensions created by these faults. The 

dykes of the Kargapazan volcanics in the Btiyukdere gorge in the NE of Pasinler have 

strikes of about E-W which are parallel to the hinge line of monoclinal flexure and to 
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the presumed extensional basin created by the pull-apart system. These dykes are also 

very close to the hinge line. 

7.3. K=Ar dating results 

Eighteen K - A r age determinations were carried out on some key samples at the 

University of Newcastle on whole rock samples as given in Appendix A . K - A r dating 

of these samples indicates the oldest rocks to be about 11 Ma, the youngest about 2.5 

Ma (Figure 7.1). The oldest lavas (11.1±0.5 Ma) on the plateau belong to the Kotek 

basalt in the north of Horasan (Section 2.4.1.2.1) and appear to have erupted 

immediately after the start of major regional uplift at around 11.8 Ma ago. This is one 

of the oldest ages obtained f rom the collision related volcanics in Eastern Anatolia, 

much older than 8 Ma which has been previously proposed by Pearce et al. (1990). 

This may significantly change our idea on the timing of the start of volcanism in the 

region. I f the reason for this early plateau volcanism had been the delamination of the 

Mt. Kagizman 
Mt. Dumlu Kargapazari Pasinler Area Horasan Area Mt. Aladag Area 
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Figure: 7.1. Graph showing K-Ar ages of different parts of the plateau. For more 
detailed stratigraphic relationship in each section see Figure 5.1. 

thickened lithosphere, than delamination could have occurred as early as 11 Ma, almost 

contemporarily with the regional uplift of Eastern Anatolia. On the other hand, this 

early volcanism is seen only in the Horasan area on the plateau. Therefore, it can be 

argued that this early volcanism was a local event controlled probably by localised 

extension of the crust. 

The uplift created a fundamental palaeogeographic, sedimentologic and tectonic 

change all over Eastern Anatolia. Throughout the region, Serravalian shallow marine 

(littoral/neritic) sediments gave way to terrestrial sediments patchily deposited in a 
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wooded, seasonal savannah environment (Dewey et al., 1986). The uplift is 

documented by the deep dissection of the Miocene-Pliocene erosion surface and the 

infilling of the resulting valleys by Pliocene lava flows (Sengor and Kidd, 1979; Erinc, 

1953). Tanoglu (1947) and Erinc (1953) argued that the surprising uniformity of 

timing of uplift and of the elevations attained by the erosion surface is indicative of a 

block uplift of the entire region rather than a progressive wave of uplif t . 

England and Houseman (1988) pointed out that i f delamination is a catastrophic 

event, the T B L wi l l be replaced rapidly resulting in a rapid increase in surface 

elevation. On the basis of new K-Ar dating, it can be argued that delamination is more 

likely to have been a catastrophic event, as initiation of volcanism on the plateau and 

the rapid block uplift of the region appear to have occurred simultaneously all over the 

region. Geochemical and petrographic studies alone are not sufficient to explain 

presence, timing and nature of such a major, regional tectonic event, so further 

geophysical and geomorphologic research of the uplift history of the region coupled 

with the geochemical study is needed to resolve this problem. As seen in Figure 7.1 the 

Erzurum-Kars Plateau volcanics get younger towards the east (for comparison with the 

stratigraphic columns see Figure 5.1). 

7.4. Results of trace element aimdl isotope systematics 

7.4.1. Geocheimica! characteristics o f the voEcanism and classification o f 

volcanic raits using trace elements 

A l l volcanic units forming the Erzurum-Kars plateau are calc-alkaline in 

character and show a distinctive subduction signature represented by selective 

enrichment of the L I L elements (Sr, K , Rb, Ba and Th) and the LREEs (La, Ce and 

Nd). According to Pearce et al. (1990), this subduction signature is either inherited 

f rom pre-collision subduction event which took place during the Upper Cretaceous and 

Eocene times or can be created by crustal contamination. Another possibility, perhaps 

a more realistic one, is that both of these processes were operational since there are 

strong evidence for the assimilation of crust in the evolution of volcanics on the plateau 

(Chapter 5). The presence of this subduction component is well illustrated on the 

multi-element patterns (Figure 3.30) and also in Th/Yb versus Ta/Yb bivariate diagram 

(Figure 3.31) where lavas of the Erzurum-Kars Plateau display a consistent 

displacement f rom the mantle metasomatism trend towards higher Th/Yb values. 

The behaviour of Y and MREEs and partly HREEs indicate the presence of two 

distinctly different magma series on the plateau which have experienced two different 

fractionation histories, one hydrous the other anhydrous (Sections 3.2 and 3.3). The 

isotopic ratios of these lavas also confirm the presence of these two series. The 
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difference between these series is best illustrated by their Y content. Therefore, in this 

study, the lavas forming the Erzurum-Kars Plateau have been divided into two main 

series, the high-Y and the low-Y series. 

7.4.1.1. The low-Y series: the lavas forming this series are unimodal in character 

and have Y concentrations lower than 20 ppm. They dominate the middle (between 

7.5 and 5 Ma) stage of the volcanic activity on the western part of the plateau, 

probably coinciding with the most intensive period of crustal thickening. Trace element 

systematics, especially those of Y and MREE to HREEs, indicate that amphibole 

should have been the dominant mafic phase throughout the fractional crystallisation of 

this series (Section 3.2). Nb, Ce and La display similar behaviour to that of Y also 

supporting this idea. The low-Y series is slightly enriched in Sr and depleted in Y , Zr, 

Th and very slightly in Rb relative to the high-Y series. The low-Y series is composed 

of two main units: the amphibole-bearing porphyritic lavas and the aphyric lavas. 

The amphibole-bearing porphyritic lavas are made up of plagioclase, amphibole 

and orthopyroxene phenocrysts with subordinate clinopyroxene microlites and 

microcrystals. They basically form domes on the plateau and are the equivalent of 

group-5 lavas of the stratigraphic classification. The amphibole-bearing porphyritic 

lavas are, in general, widespread in the west around M t . Dumlu, whereas they make up 

relatively small isdlated domes in the Pasinler and Horasan areas to the east. They are 

almost completely absent in the Kagizman area. 

The aphyric lavas consist of plagioclase and two pyroxene microphenocrysts and 

phenocrysts in a glassy groundmass with variable microlite content. They do not 

contain amphibole apart from very rare xenocrysts or phenocrysts preserved in 

glomeroporphyritic phenocryst clusters. Most of these xenocrysts have reaction rims 

which are mainly represented by ortho- and clinopyroxenes. 

7.4.1.2. The high-Y series: lavas of the high-Y series have Y concentrations 

greater than 20 ppm. They are characterised by a distinct bimodal volcanism (from 

basalt to rhyolite) in contrast to the low-Y series that comprises an unimodal andesitic 

volcanism. Trace element characteristics of this series indicate a crystallisation story 

dominated by anhydrous phases (POAM) including plagioclase, two pyroxenes and 

rarely olivine. On the basis of their silica content, the high-Y series can be subdivided 

into two series: basic to intermediate lavas; and acid lavas and ignimbrites. 

Basic to intermediate lavas are made up of plagioclase, olivine and clinopyroxene 

phenocrysts. Even though they are present in every level of the succession as relatively 

thin flows with variable lateral extension, they become dominant towards the top of the 

succession forming the erosion-resistant plateau layer especially f rom Horasan to the 

east. The Kargapazan volcanics in Mt . Kargapazan, the Horasan plateau unit in the 
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north of Horasan and Kars plateau unit in the north of the Kagizman are of this type. 

The most distinctive property of these units is that they contain olivine 

microphenocrysts and phenocrysts. The only exception is the Aladag andesite which 

was produced by the central eruptions of Mt . Aladag volcano. The Aladag andesite is 

very similar to the aphyric lavas of the low-Y series in terms of its texture and 

phenocryst composition, but it is a member of the high-Y series. I t does not contain 

olivine and consists only of plagioclase and two pyroxenes. 

Acid lavas and ignimbrites of the high-Y series, which classify as rhyolite, and 

rarely rhyodacite, with high-silica contents between 73 and 77 S i0 2 , are the most 

abundant volcanic products on the plateau. Acid lavas make up numerous small domes 

(e.g. the Ardichdag rhyolite in the Pasinler area and the Sacdag dacite in the south of 

Horasan) whereas ignimbrites comprise extensive sheets (e.g. the Black, white and 

grey ignimbrites in the Pasinler area). Both acid lavas and ignimbrites show a very mild 

alkaline affinity and classify as alkali-calcic according to Peacock's (1931) scheme. 

The isotopic ratios of these two series also show significant differences; the high-

Y lavas are always more radiogenic. 

7.4.2. The petrologic mode! for collision related volcanics of the E rzu rum-

Kars Plateau: magma generation, fractionation and assimilation 

history 

In the following paragraphs, the magmatic evolution of the high- and low-Y 

series wi l l be described after presenting a short summary of the model for magma 

genesis, suggested by Pearce et al. (1990), deep in the subcontinental lithosphere in 

Eastern Anatolia. 

7.4.2.1. Model f o r magma generation 

A model for magma genesis in Eastern Anatolia collision zone has been 

constructed by Pearce et al. (1990) by taking the dry asthenosphere solidus from 

McKenzie and Bickle (1988) and the solidi for the per idot i te-H 2 0-C0 2 system from 

Wyllie (1987). The thickness of rigid, mechanical boundary layer ( M B L ) was taken 

around 110 km while that of thermal boundary layer (TBL) was assumed to be 150 

km. The geothermal gradient of the mechanical boundary layer has been assumed to be 

linear and about 9°C km" 1. Pearce et al. (1990) presumed the M B L to have been 

metasomatised by small melt fractions migrating from the asthenosphere to the 

lithospheric mantle. Based on consideration of mineral stability, they suggested that 

metasomatised M B L should have been mineralogically zoned from hornblende (garnet 
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or spinel) lherzolite at shallow depths through hornblende dolomite (garnet, 

phlogopite) lherzolite to carbonate, garnet, phlogopite lherzolite at the base. They used 

a simple case of instantaneous homogeneous thickening of the mantle lithosphere by 

50% which was deduced from apparent thickness of the region (Figure 7.2). 

Thickening of the mantle lithosphere by 50% means 50% increase in the thickness of 

the metasomatised layer and depression of this layer below the amphibole breakdown 

curve (G point in Figure 7.2). When amphibole breaks down as a result of this 

perturbation, it changes into garnet and releases water. The water released can react 

with the wall-rocks to form phlogopite or it can initiate melting. 

Pearce et al. (1990) suggested that delamination of T B L would have been a 

much more effective mechanism for the melting of thickened lithosphere. Thickened 

T B L is theoretically colder and hence denser than its surroundings. Therefore, it can be 

partly or completely replaced by asthenosphere by means of delamination and 

delaminated lower part is foundered into the underlying asthenosphere. In Figure 7.2 

the proposed delamination model has been illustrated as a block diagram together with 

Pearce et al.'s (1990) P-T diagram. 

The original concept of delamination was developed by Bird (1978, 1979), Bird 

and Baumgardner (1981) and Houseman et al. (1981). Recent geophysical research 

undertaken on active and fossil collision zones strengthened that the lithospheric 

delamination is both a common and fundamentally important component of collision 

orogeny (Nelson, 1992). Delamination of a part of lithosphere causes asthenosphere to 

rise close to the metasomatised lithosphere, resulting in extensive partial melting of this 

zone. Pearce et al. (1990) argued that this process could have also been accompanied 

by tectonic mechanisms such as formation of pull-apart basins controlled by strike-slip 

faults in Eastern Anatolia (Figure 7.2). The geochemical and tectonic data obtained in 

this study agrees with Pearce et al.'s (1990) proposed model. 

7.4.2.2. Fractionation and assimilation history o f the volcanics 

Trace element systematics indicate the presence of a polybaric crystallisation in 

the magmatic evolution of the Erzurum-Kars Plateau volcanics. As mentioned above, 

trace element data suggest two distinctive fractional crystallisation histories: an 

amphibole dominated crystallisation for the low-Y series and anhydrous crystallisation 

assemblage (plagioclase, two pyroxene and olivine) for the high-Y series. On the other 

hand, there is strong evidence of amphibole fractionation for both series at an early 

stage of crystallisation at depth (Section 3.2). 
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Figure: 7.2. Block and P-T diagrams showing tectonic elements and conditions of magma generation across Eastern Anatolia. 

MBL: mechanical boundary layer 
TBL: thermal boundary layer 
NATF: the North Anatolian Transform Fault 
SATF: the South Anatolian Transform Fault 
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Chapter 7: Conclusion and discussion 

Experimental studies carried out by Gill (1981) and Green (1982) showed that 
amphibole is a liquidus phase in basaltic to basaltic-andesitic magmas under near water-
saturated conditions (>10% H 2 0 ) between depths of 25 and 80 km (under 8-25 kbar 
pressure). As originally proposed by Lambert et al. (1974) for Mt. Ararat, Pearce et al. 
(1990) argued that, within the thickened Eastern Anatolian crust at around 25-40 km, 
crystallisation should initially be amphibole-dominated with subordinate aluminous 
pyroxenes and magnetite. In shallower depth, the same magma would crystallise two 
pyroxenes and plagioclase. Since amphibole is not in equilibrium with the magma under 
shallower conditions, entrained amphibole phenocrysts would be resorbed (Pearce et 
al., 1990). 

In a more recent experimental study, Foden and Green (1992) examined the 
stability fields of amphibole in the system high-Al basalt-water at pressures from 1 atm 
to 10 kbar. They summarised their experimental results in the form of a phase diagram 
for the high-Al basalt system with 5% H 2 0 . This diagram, which shows possible 
cooling/ascent paths and the crystallisation products at each stage, is presented in 
Figure 7.3 together with the cartoon of the proposed petrologic model which displays 
the general framework of plumbing system in thickened continental crust beneath the 
Erzurum-Kars Plateau. The depth of proposed magma chambers for the low- and high-
Y series have been approximated from the Al-in-homblende barometer previously 
calculated in Section 4.2.2.1 assuming that average density of the crust to be around 
2700 kgnr 3. Since the thickness of upper crust beneath Eastern Anatolia is not well 
known, it is assumed to be about 25 km, a value close to that of Central Alps (Brown 
and Musset, 1989), which is also a modern continent-continent convergence zone. 
Although there is no sufficient information about the total thickness of the crust, it can 
still be approximated from the average altitude of the plateau (2 km) as about 50-52 
km, assuming approximate isostathic balance (Canitez and Toksoz, 1980; Dewey et al, 
1987). The figure is divided roughly into four zones ( I to IV) each of which may 
correspond to one of the unique petrologic domains which displays different type of 
magma chambers having different compositions, sizes, crystallisation assemblages and 
wall-rock compositions. 

7.4.2.2.1. Zone I : a probable MASH zone 

Hildreth and Moorbath (1988) suggested that there is a zone of extensive 
melting, assimilation, storage and homogenisation (MASH) beneath each large 
magmatic centre in the Andes. There are some similarities between the Andes and the 
collision volcanics in Eastern Anatolia such as both of them are calc-alkaline, 
composed of the same rock types under the influence of AFC and have thick 

321 



M. Keskin 

continental crusts. This zone is located, in general, in the lowermost crust or mantle-
crust transition. The magmas reaching to this zone induce local melting, assimilate the 
wall-rocks and mix with each other. It is also a zone where fractionation takes place 
before re-establishment of buoyant ascent of these magmas. This fractionation has a 
critical importance in the establishment of the magma plumbing system, without which 
the magma would not rise to or near the surface in a situation of perfect gravitational 
equilibrium as pointed out by Fyfe (1992). According to Hildreth and Moorbath 
(1988), magmas ascending from such zones all have a base-level isotopic and trace 
element signature characteristic of that particular MASH domain. They believe in that 
the MASH process is not simple contamination of basalt but true magma generation in 
the lower crust or uppermost part of the mantle. 

In the actively thickening lithosphere of the Erzurum-Kars Plateau, a MASH 
zone is assumed to be present. If this it is true, then the base-level isotopic composition 
of this zone should be similar to that of starting point of AFC arrays (the most 
primitive end-member: MK130 or 139) presented in Section 5.2.3. Only a small 
number of samples from the base of the EKPV (MK289: the Karapmar basalt in Mt. 
Kargapazan and MK144: Kotek basalt in the north of Horasan) and from the top of 
the succession in Horasan area (MK139: the Horasan plateau unit), which show very 
little or no sign of crustal assimilation, may represent the magmas derived from this 
zone (Figure 5.3, trend I I I , p. 268). Therefore, there are only very limited data 
available for the nature and composition of such a zone beneath the plateau. It seems 
that the proposed MASH zone was not located in the lower crust, because the Pb 
isotopic ratios of the high-Y series do not show any indication of assimilation of lower 
crust even though both of the high- and low-Y series may have evolved from the same 
parental magma. Therefore, the zone appears to have been located in the uppermost 
part of the mantle, perhaps somewhere close to Moho. Since lavas forming the plateau 
were derived from the subcontinental lithosphere, possible melting, assimilation and 
magma mixing events in the MASH zone located also in the subcontinental lithosphere 
could not create a definable imprint in the isotopic and trace element compositions of 
these lavas no mater how extensive the contribution of these processes were. In other 
words, there was probably no contrast between the composition of magma and wall-
rocks in terms of their isotopic ratios. The MASH zone was probably the place where 
the early crystallisation of amphibole took place.'This amphibole fractionation should 
have differentiated the basic melts and performed the function of re-establishing 
buoyant ascent of magma to form magma chambers higher in the crust having variable 
depths, sizes and fractionation assemblages. 

Based on their experimental studies, Foden and Green (1992) showed that 
plagioclase is the anhydrous liquidus phase between 1 atm. and 10 kbar but in the 
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hydrous environment this role is taken by olivine at <7 kbar and then by clinopyroxene 
at higher pressures. They maintain that, under these conditions, amphibole crystallises 
only during the closed-system equilibrium crystallisation. This type of crystallisation 
occurs if the body of magma as a whole remains motionless over a period of time. 
Under these conditions, magma undergoes extensive convection and mixing, and melt 
and phenocrysts remain in equilibrium. These conditions seem to be compatible with 
those can be expected from ponding basaltic magmas in a MASH zone. When the 
magma body cools, the early formed phenocrysts of clinopyroxene and olivine enter a 
reaction with magma to produce amphibole. In the Erzurum-Kars Plateau Volcanics, 
some amphibole phenocrysts which contain low Mg/(Mg+Fe) and also Ti (Figures: 
4.13 and 4.14 p. 190 and 4.17 p. 194) may have been formed by such a reaction i.e. 
replacement of some of the pyroxenes by amphiboles. 

According Foden and Green (1992), this amphibole-out reaction will also 
operate in more open magmatic systems when the wall-rocks with which the cooling, 
hydrous basaltic melts are in contact are composed of olivine and pyroxene as in the 
case of upper mantle or lower crust (point C in Figure 7.2). These anhydrous 
ferromagnesian phases may be composed of earlier cumulates which were previously 
emplaced in the lower crust or close to the Moho in the upper lithospheric mantle or 
they can be peridothitic wall-rock material. In fact, all these prerequisites for the 
amphibole fractionation could have been available in the proposed MASH zone 
beneath the Erzurum-Kars Plateau. The presence of this reaction is supported by the 
observation from several volcanic areas including Api volcano in Indonesia and Adak 
in Aleutians. In these areas, clinopyroxene-rich xenoliths show pargasitic alteration 
(Foden and Green, 1992). 

The composition of amphiboles which Foden and Green (1992) synthesised in 
their experiments is mainly pargasitic hornblende. Amphiboles of the Erzurum-Kars 
Plateau volcanics also classify predominantly as ferroan pargasitic hornblende and 
ferroan pargasite on Hawthorn's (1981) amphibole classification diagram (Section 
4.1.3, Figure 4.13). According to Foden and Green (1992), crystallisation of pargasitic 
amphibole, which contains very low concentrations of Si0 2 (less than 40 wt. % ) , from 
basaltic magmas promotes silica enrichment in derivative liquids, a feature which is 
also evident in their experimental runs. The composition of their experimental liquids, 
which is in equilibrium with amphibole, is andesite-like and calc-alkaline. 

If the magma is tapped and extracted from the crystalline matrix, the mafic phase 

will move back into the field of olivine and clinopyroxene (+ plagioclase), because the 

adiabatic temperature gradient of magma becomes significantly less than the gradient 

of the amphibole-out reaction. As a result, early-crystallised pargasitic amphiboles 

323 



M. Keskin 

break down via decompressive incongruent melting, eventually forming xenoliths with 
pyroxene-rich coronas or they are completely resorbed. The resultant magma is 
relatively low-silica basaltic andesite liquid and a crystalline assemblage dominated by 
either clinopyroxene or olivine (Foden and Green, 1992). Some amphiboles from the 
Dumlu and Kargapazan areas display these sort of reaction textures (Section 6.1.1). 

7.4.2.2.2. Zone I I : processes in the lower crust and transition between 
lower and upper crust 

Al-in hornblende geobarometer calculations (Section 4.2.2.1) indicate that the 
lower crust or transition zone between the lower and upper crust (22-28 km) beneath 
the Eastern Anatolian Collision Zone has been the site of large magma chambers in 
which crystallisation of amphibole has dominated the mafic crystallising phase 
associated also with plagioclase and occasional ortho- and clinopyroxene. The lavas 
originated from these relatively deep chambers are represented in present by the lavas 
of the low-Y series showing a distinct Y and MREE to HREE depletion which is 
indicative of amphibole fractionation. Isotopic variations in these lavas indicate that 
assimilation combined with fractional crystallisation (AFC) was the dominant process 
throughout the evolution of these magma chambers. Isotopic characteristics, especially 
those of Pb isotopic ratios, suggest that the magmas in these chambers extensively 
assimilated a lower crustal material (up to 40%), which is isotopically similar to the 
granulitic xenoliths from Central Europe (presented in Wilson and Downes, 1991) and 
from the Pannonian Basin in Hungary. The higher Sr and slightly lower Rb contents of 
the low-Y series with respect to those of high-Y series also approve contributions 
from the lower cr^ist because, as Hildreth and Moorbath (1988) pointed out, many 
lower-crustal mafic granulites are greatly enriched in Sr (as much as 700 to 1800 
ppm). Most of the data points are clustered between 30% and 40% on the mixing line. 
This result may imply that composition of lower crust beneath the Eastern Anatolia 
region is similar to that of Hungary and Central Europe (B mixing component of 

18 
Wilson and Downes, 1991). However, 5 O values of the low-Y series on the 

1 Q 

Erzurum-Kars Plateau vary between 6.5 and 10, requiring a much more 8 O enriched 

source compared to the lower crust beneath Central Europe to create observed 

variations on the AFC diagrams. There may be two explanations for this: 
1. The magma chambers in zone I I might have been located in the lower crust 

18 

and assimilated the lower crustal material which had been previously enriched in 8 O 

due to contamination of lower crust by upper crust. 
2. Alternatively, these magma chambers might have assimilated a material which 

is approximately a mixture of 45% lower and 55% upper crust. This composition may 
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correspond to a transition zone between the lower and upper crust. I f the thickness of 
upper crust is assumed to be around 25 km, which is the case for the Alps (Brown and 
Musset, 1989), then these magma chambers would be located in the middle of the 
zone between the lower crust and upper crust. Thrusting of lower crust onto upper 
crust during collision may have complicated the whole picture, changing the depth and 
position of the boundary between upper and lower crust. This may also explain why 
the low-Y magmas evolved in large magma chambers in zone I I have relatively high 
8 1 8 0 values. 

Textural evidence from the amphibole-bearing porphyritic lavas of the low-Y 
series suggests that magma mixing between evolving low-Y andesitic to dacitic 
magma and fresh and hot high-Y basaltic magma was operational in the magmatic 
evolution of these series. This evidence includes glass inclusions, sieve texture and 
complex zoning patterns in plagioclase phenocrysts as presented in Sections 4.1.1.1 
and 6.1.1.2. In addition, the distribution of An contents of plagioclase phenocrysts 
indicates that most phenocrysts are not in equilibrium with their matrix (Fig. 4.7 and 
8). 

The magma chambers in zone I I seem to have been zoned in terms of their 
phenocryst contents because they produced two texturally diverse lava types with the 
same geochemistry: amphibole-bearing porphyritic and aphyric lavas. Hildreth (1981) 
showed that total crystal contents of silicic magma chambers usually increase markedly 
with depth. The gradients in degree of crystallisation suggest a progressive roofward 
depression of the liquidus by the upward enrichment of dissolved liquids, because the 
first magma to escape is poorest in phenocrysts but must normally be closest to the 
main cooling surface. Mahood (1981) showed that in some eruptions the initially 
erupted magma is nearly or truly aphyric in others a phenocryst-poor initial volume is 
followed by an abrupt transition to phenocryst-rich magma. The former is exactly the 
case for the Mt. Dumlu area where aphyric low-Y lavas (the Giingdrmez 
andesite/dacite) show an abrupt change into phenocryst-rich, amphibole-bearing lava 
(the Dumlu amphibole dacite/andesite) towards the top of the succession. The 
presence of occasional lenses of aphyric lava flows in porphyritic units may imply that 
the phenocryst-poor upper zone was partly re-established during the periods between 
eruptions. 

7.4.2.2.3. Zone I I I : processes in the upper crustal basic to intermediate 
magma chambers 

This zone includes a slice of upper crust located approximately between 10 and 
20 km depth according to amphibole geobarometer results (the Horasan plateau unit in 
Figure 4.26). The zone appear to have been dominated by the relatively small basaltic 
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to andesitic magma chambers of the high-Y series. Trace element variations and 
petrographic studies indicate that the magmas in these chambers crystallised anhydrous 
phases (POAM) such as plagioclase, clinopyroxene with some occasional olivine and 
orthopyroxene because amphibole was not in equilibrium with the P-T conditions 
in this zone except for some exceptional cases that crystallised very rare amphibole 
phenocrysts. The absence of amphibole as a fractionating phase is proven by their 
higher Y content (>20 ppm). Location of these chambers corresponds to the " D " point 
in Foden and Green's (1992) phase diagram (Figure 7.3). Isotopic ratios, especially 
those of Pb isotopes, indicate that the high-Y magmas in these chambers assimilated 
upper crust up to 40% (Figure 5.9, p. 285). Most of the data points are clustered 
between 10% and 20%, about 20% less than that of assimilation rate of the low-Y 
series. 

The high-Y lavas do not display any indication of assimilation of lower crust in 
their isotopic ratios and trace element compositions. Therefore, the magmas evolved in 
these chambers seem to have been derived directly from the MASH zone (zone I) 
without stopping within the zone of lower crustal magma chambers (zone II) . They 
should also have been sufficiently hot to have enough energy to melt and assimilate the 
upper crust extensively. Two pyroxene thermometer calculations following the method 
of Lindsley and Andersen (1983) gave temperatures in the range of 1050-12005C for 
the basic to intermediate units of the high-Y series, thus supporting this interpretation 
(Section 4.2.1). 

7.4.2.2.4. Zone I V : processes in the shallow level upper crustal silicic 
magma chambers 

This zone is thought to have been located roughly between 10 and 15 km depth 
and was occupied predominantly by the silicic magma chambers that fed extensive 
pyroclastic deposits and lavas of the high-Y series on the plateau. The results of the 
Al-in-amphibole geobarometer (Figure 4.26) indicate crystallisation depths around 10-
15 km (e.g. Ardichdag rhyolite in the Pasinler area) for some of these chambers. Both 
trace element and major element variations suggest that the magmas in these chambers 
were experienced a unique fractional crystallisation history. The magmas in these high 
level chambers appear to have fractionated pyroxenes and olivine in deeper zones (D 
point), perhaps within the magma chambers of zone I I I , before ascending to the 
shallow level (i.e. zone IV) that resulted in their enrichment in normative plagioclase 
and volatiles. As seen in Figure 3.18, 19 and 20 (Section 3.2.1), data points of the 
rhyolitic units, which were produced by these chambers, plot away from the general 
trend of liquid line of descent that is formed by the data points of other units on the 
plateau. This relationship indicates a unique fractionation history for the acidic units of 
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the high-Y series. This idea is also strengthened by the absence of transitional samples 
between these two groups on the plateau (Figures 3.15 to 17 in Chapter 3). The 
change from basic to acid products is almost always abrupt throughout the region. 

On the Erzurum-Kars Plateau, nearly 90% of the total volume of acidic high-Y 
series is pyroclastic flows and fall deposits which are either very poor in their 
phenocryst content or completely aphyric. They are predominantly composed of 
rhyolitic glass. The rest of the series is represented by the rhyolitic and rhyodacitic 
lavas which contain variable amount of plagioclase and alkali feldspar as main 
phenocryst phase together with rare biotite. The pyroclastic flows show evidence of 
extensive water and volatile enrichment such as highly vesiculated zones and well-
developed large accretionary lapilli. 

Foden and Green (1992) argued that the magmas become normative plagioclase-
enriched after fractionation of clinopyroxene and olivine at the " D " point. This point 
may correspond to the basic to intermediate magma chambers of the high-Y series 
(zone III) some of which probably fed the high-level magma chambers of zone IV. 
According to Foden and Green (1992), the magmas are forced to crystallise 
plagioclase-dominated assemblages in the high level magma chambers, close to "E" 
point, because of water saturation (Figure 7.3).. On the Erzurum-Kars Plateau, the 
behaviour of Ba and Sr (Figure 3.25, p. 145) together with the presence of negative 
Eu anomalies in the acidic units of the high-Y series indicates that the lavas erupted 
from the magma chambers of zone-IV extensively crystallised plagioclase and alkali 
feldspar. Crystallisation of these minerals was also accompanied by minor amounts of 
biotite and accessory zircon. 

In the magma chambers of zone-IV, further assimilation of crustal material 
became very limited, because the rhyolitic magma did not have enough energy to melt 
the upper crust significantly (as in the case of the study of DePaolo et al., 1992). 
Eventually, the most important evolutionary process turned out to be crystal 
fractionation, which produced large volumes of acidic magmas with the same isotopic 
characteristics as the mafic/intermediate parental magmas. The residual liquids at this 
stage underwent rapid transition towards dacitic and rhyolitic compositions. As Foden 
and Green (1992) argued, magma mixing and vapour phase exsolution events probably 
accompanied the fractional crystallisation (FC) in these chambers. Two feldspar 
thermometers calculated using Seck's (1971) and Brown and Parsons' (1981) 
graphical methods gave crystallisation temperatures between 550 and 825-C, 
clustering mostly around 650-700-C for the acidic units of the high-Y series (Figure 
4.30 and 31, p. 218). This temperature range is obviously not sufficient for 
assimilation. In addition, the AFC models presented in Section 5.2.3 show lower V 
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values for the acidic members of the high-Y series, which vary predominantly between 
5 and 10%, displaying good agreement with this theoretical consideration. On the 
other hand, Pb isotopic ratios still indicate the presence of a small contribution from 
the upper crust. This may have occurred deeper in the crust before the magma rose 
into the high-level chambers, somewhere in the zone I I I , where the basic to 
intermediate magmas had still enough energy to assimilate crust in their route to the 
high-level magma chambers. 

Hildreth (1981) argued that the degree of crystallinity decreases toward the 
cooling surface (especially roofward) of shallow level silicic magma chambers because 
of the existence of a volatile-rich boundary layer which may be tens of hundreds of 
meters thick. Degassing of basic additions in the roots of these systems may also 
provide a flux of volatiles (He, C0 2 , S and halogens) (Hildreth, 1981). This layer, 
which is cooler than the lower levels, caps a dominant magmatic volume which is rich 
in phenocrysts (i.e. feldspars) forming a compositional and thermal zonation. I f the 
magma erupts, the upper aphyric levels of these chambers will be drained, leaving the 
phenocryst-rich lower parts undisturbed in most cases. Therefore, the erupted magma 
will almost always aphyric and volatile saturated, if it does not reach to the 
phenocryst-rich lower layer, as in the case of the aphyric pyroclastic units of the high-
Y series. Unlike the phenocryst-rich domes, pyroclastic flows fed by this upper layer 
have great aerial distribution due to their low viscosity significantly lowered by their 
high volatile contents. I f the eruptive system drains the phenocryst-rich lower layer, it 
will erupt phenocryst-rich (in our case anorthoclase, sanidine and plagioclase) 
magmas. On the Erzurum-Kars Plateau, volcano-stratigraphic and geochemical data 
suggest that some of the high-level magma chambers beneath the plateau were 
compositionally and thermally zoned (Figure 3.24, p. 142) as in the case of the 
Pasinler area (e.g. the Ardichdag rhyolite, the White/Grey ignimbrites and the Black 
ignimbrite in the Pasinler area). This mechanism may explain the textural and 
compositional properties of acidic members of the high-Y lavas and their aerial 
distribution on the plateau. 

Foden and Green (1992) suggested that the cooling paths of ascending magmas 
shallower than point "E" may follow three different paths. In the first one, the magma 
develops smaller dP/dT slopes than that of the amphibole-out curve (FO, resulting in 
the crystallisation of amphibole in siliceous andesite and dacite (Figure 7.3). The 
central F 2 path corresponds to a magma fractionating an anhydrous pyroxene-feldspar 
assemblage as a result of continued adiabatic decompression and cooling. The final 
(F 3) path demonstrates the possibility of late-stage heating. This could be resulted 
from one or a set of factors including: (1) magma mixing, (2) the entrainment of hotter 
mafic magmas by cooler felsic magmas, (3) heating of overlying magma layers by 
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rising high temperature vapour phases and (4) the release of latent heat of 
crystallisation during enforced decompressive precipitation of plagioclase (Foden and 
Green, 1992). The acidic lavas of the high-Y series on the Erzurum-Kars Plateau seem 
to have followed the second (F2) and possibly partly the third (F 3) paths because they 
do not contain amphibole. 

To sum up, the isotopic and trace element differences between the high- and 
low-Y lavas on the Erzurum-Kars Plateau are not significantly dependent upon 
variations in their source. These differences have been extensively created by the 
effects of assimilation of lower and upper crust at variable depths combined with 
fractional crystallisation, both of which had been controlled by the nature and evolution 
of magma plumbing system in the crust. 

7.5. Results of this thesis in comparison with previous studies on the 
collision-related volcanics of Eastern Anatolia 

Lambert et al. (1974) 

Results of my thesis from the Erzurum-Kars plateau are in good agreement with 
Lambert et al.'s (1974) discovery and interpretation of the two Y series. According to 
these authors, the low-Y series were generated under more hydrous and deeper 
conditions than the high-Y series. This idea is supported by the al-in-amphibole 
geobarometry results in this thesis. They maintain that the source of water could be the 
former subduction zone. This is well seen in multi-element patterns showing a 
distinctive enrichment in LIL elements and LREEs in this thesis. On the basis of the 
geotectonic setting of Mt. Ararat, they argued that subduction zone theory could not 
be applied to this area. They also inferred that, pre-Mesozoic sialic crust could not be a 
parental material, because Sr isotopic ratios are much lower than that can be expected 
from the partial fusion of crustal material. The results of this thesis are in good 
agreement with Lambert and Holland's (1974) interpretation. 

Innocenti et al. (1976,1980,1982b) 

Innocenti et al. (1976, 1980, 1982b) suggested that the earliest volcanism in the 
Kars-Ararat was calc-alkaline and that this was followed by alkaline volcanism. 
However, both the results of this thesis and of Pearce et al. (1990) show that this is not 
true for the collision-related volcanism of Eastern Anatolia. Innocenti et al. (1982a) 
argued also that, the rare earth elements (REE) and Sr isotope ratios suggested magma 
genesis by partial melting of mantle anomalously enriched in large ion lithophile 
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elements (LIL). The data presented in this thesis supports this interpretation. They 
suggested on the basis of their dating that the andesitic volcanic front migrated 
northward for 150-200 km during the Pliocene. According to them, this is evidence of 
the detachment of the subducted slab immediately after continental collision. They also 
argued that this detachment continued to induce magma generation of progressively 
lower intensity beneath an area corresponding to the Erzurum-Kars Plateau, located 
progressively further from the continental suture. The new K-Ar dating results from 
this thesis, and also from Pearce et al. (1990), show that the oldest eruptions of 
collision-related volcanism took place in the north, on the Erzurum-Kars Plateau. 
Furthermore, as Pearce et al. (1990) pointed out, there are no intermediate or deep-
focus earthquakes that are indicative of a subducting lithospheric slab. 

Giilen (1980) 

Gulen (1980) mentioned the presence of systematic variations between isotopic 
ratios and major and trace element contents of lavas from Mt. Ararat such as that of 
8 7Sr/ 8 6Sr and MgO. He interpreted his results as an indication of mixing of MORB-
type mantle with an alkali-basalt magma in the Mt. Ararat province. According to him, 
crustal contamination of this mixture generated Siiphan volcanics. In my opinion, 
mixing of MORB-type magma with an alkali basalt magma would not give calc-
alkaline lavas of Mt. Ararat. Sr and Nd isotopic ratios would not be sufficient to detect 
the presence of crustal contribution in Mt. Ararat province if the basement were 
represented by ophiolitic rocks. The reason for that there may not be a great difference 
between the ophiolitic basement and the magma in terms of their Sr and Nd isotopic 
ratios. Even though I have no access to his unpublished database, systematic variations 
between Mg and Sr isotopic ratio may imply "assimilation combined with 
fractionation" (AFC) processes in the magmatic evolution of Ararat lavas. 

Tokel (1984) 

Tokel (1984) suggested that the data from drilling cores in the Eastern Anatolia 
region indicated the presence of E-W oriented Upper Miocene-Pliocene basins which 
are bounded by gravity faults and filled by at least 2000 m of limnic and fluvial 
deposits. On the basis of Turcotte's (1983) mathematical model, he believes that these 
depressions are related to a rifting event in the region. He proposed that these Upper 
Miocene to Pliocene basins were filled by voluminous "tholeiitic" and "alkaline" 
volcanics which are related to the rifting. He claimed that incompatible element (such 
as Rb, Sr, Nb and Ti) contents of the collision-related volcanics show close 
resemblance to oceanic tholeiites generated from depleted mantle. Even though the 
area he studied (Tokel, 1985) overlaps with the area studied in this thesis (between 
Erzurum and Kars), there are significant differences between the results of his study 
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and this thesis in terms of the interpretation of geochemical data. First of all, none of 
the volcanic units shows tholeiitic character in the region. Except for some alkaline 
volcanic areas located far away in the south around Mus, most collision-related 
volcanic units in the north are calc-alkaline in character. As it is demonstrated in 
Chapter 3, Rb, Sr and Nb are not close to MORB (Mid Ocean Ridge Basalts), in 
contrast they are enriched in the collision related lavas between 2 to 20 times of 
MORB. Finally, in my opinion, the presence of thick volcano-stratigraphic successions 
in the intermontane basins in the region can be attributed to the localised extension 
created by strike-slip fault systems. Both Pasinler and Karasu basins are controlled by 
strike slip faults and they appear to be pull apart basins, not rifts. 

Yilmaz et al. (1987) 

Yilmaz et al. (1987) explained the formation of extensive calc-alkaline volcanism 
in the Eastern Anatolia region by using Dewey et al.'s (1986) model which emphasises 
possible zones of different rheologic properties in a compressionally deforming 
continental crust at different levels. Their model involves true crustal magma 
generation at a zone of detachment around 15 km deep in the crust below which the 
crust behaves in a ductile manner. They also cited the widespread ignimbritic eruptions 
as evidence of crustal melting, because, as they described, they represented a water-
saturated granitic magma. Yilmaz et al. (1987) also claimed that the Erzurum-Kars 
region in the north was covered predominantly with alkaline basaltic lavas. 

My oxygen and lead isotope database (Chapter 5) shows that except for only one 
debatable sample from the south of Horasan, none of the samples from the Erzurum-
Kars Plateau volcanics has a crustal origin. They all classify as calc-alkaline, not 
alkaline. Furthermore, there are only three basalt samples among 350 samples collected 
from 3000 km 2 area of the plateau. The majority of lavas andesitic and dacitic, not 
predominantly basic. These results are also supported by Pearce et al.'s (1990) 
database which cover the neovolcanics of the whole of Eastern Anatolia. The extreme 
water content of the ignimbritic deposits should have been generated by fractional 
crystallisation (especially plagioclase and alkali feldspar) in the shallow-level magma 
chambers (Section 7.4.2.2.4, p. 327), and cannot be attributed only to the presence of 
crustal melting. 

Ercan et al. (1990) 

Ercan et al. (1990) argued on the basis of their Sr isotopic ratios that the 
magmas that produced the collision-related volcanism in the Eastern Anatolia region 
had been contaminated by the Arabian crust which was partly subducted beneath 
Eastern Anatolia. In their opinion, almost all the volcanic units in the region resemble 
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the upper crustal composition proposed by Taylor and McClennan (1985) in their Li , 
V, Sc, Co, Ni , Ba, Ga, Y, Rb, Zr, Hf, Ta and Pb contents. They also argued that the 
Sr, Nb, Cs, Th, and U contents of these volcanics are similar to that of lower and 
upper crustal compositions. It seems extremely inappropriate to use most of these 
elements to deduce the presence of crustal contribution or assimilation, because except 
for Rb, Zr, Hf, Ta, Th and U, the rest are strongly partitioned into major crystallising 
phases. For example, Sr, Ba and Pb are partitioned into plagioclase, and Y and to a 
certain extent Nb into amphibole. I f biotite is a crystallising phase in more evolved 
liquids, then Rb will be affected. Furthermore, crystallisation of even a minor amount 
of accessory minerals like zircon and apatite in acidic derivatives of these magmas can 
dramatically modify elements such as Zr, Y and the HREEs. 

Pearce et ah (1990) 

Pearce et al. (1990) suggested that the character of the neovolcanic activity in 
the Eastern Anatolia region depended on the tectonic history of the underlying 
lithosphere and the thermal evolution of the crust. According to them, the calc-alkaline 
volcanoes of Bingol, Sviphan, Ararat and volcanics of the Erzurum-Kars Plateau were 
derived from lithosphere carrying a subduction signature associated with pre-collision 
subduction events. They also maintain that combined assimilation and fractional 
crystallisation was operational in the thickening continental crust. They argued that 
there might be two possible mechanisms which could explain the production of great 
volumes of magmatism: thermal perturbation of metasomatised subcontinental 
lithosphere and the delamination of the thermal boundary layer. In addition, localised 
extension could contribute to former mechanisms. Pearce et al. (1990) suggest that the 
region is characterised by a set of mantle domains running parallel to the collision zone, 
each of which has yielded magmas of a particular composition since the start of 
magmatism in the region. Another important inference is that of polybaric 
crystallisation in the Kars-Mt. Ararat province. In accordance with the Lambert et al.'s 
(1974) findings from Mt. Ararat, Pearce et al. (1990) demonstrated the presence of 
extensive amphibole crystallisation on the Erzurum-Kars Plateau during the early 
stages of fractionation. The work presented in this thesis do support Pearce et al.'s 
(1990) interpretations for the Erzurum-Kars Plateau. 

Toke! and Ercan (1992) 

Tokel and Ercan (1992) suggested that "post-collision volcanism" in Anatolia 

display distinctive geochemical characteristics that do not coincide with the three basic 

tectonic settings in which magma generation occur and hence this volcanism should be 

cited in the literature as the type example of post-collision volcanism. They argued 
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that the main characteristic feature of the collision-related volcanism is the enrichment 
of high field strength (HFS) elements such as Ti , Nb, Ta and Hf. They claimed that the 
lavas which have previously been considered as being of the calc-alkaline association 
are not "true calc-alkalic rocks". They maintained that, moderate concentrations of 
large ion lithophile (LIL) and light rare earth (LREE) elements cannot be considered as 
an indicative feature of any of the tectonic settings listed above. 

First of all, the term "post-collision volcanism", as they preferred to use, is not 
appropriate for the collision-related volcanics of Eastern Anatolia, because it is now 
well established that the collision tectonism has been operational throughout the 
evolution of neovolcanism in the region and it is still active in present time. In fact, 
collision itself has been the main tectonic event that gave rise to the magma generation 
in thickened lithosphere. I do not agree with the idea that the calc-alkaline series are 
not real calc-alkaline. Extensive database presented in this thesis and also in Pearce et 
al. (1990) shows that the calc-alkaline volcanics are truly calc-alkaline without any 
doubt. I agree with the interpretation of Tokel and Ercan (1992) about the existence of 
a subduction component in the collision-related volcanics of the region. However, this 
subduction component is best illustrated by enrichment of LIL and LREE elements, not 
by HFS elements. Finally, the neovolcanism of Eastern Anatolia has already been cited 
in literature as one of the basic settings of magma generation under the name of 
"collision volcanism" by Pearce et al. (1990). 
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Appendix B 

APPENDIX B 

A. PREPERATION OF T H E SAMPLES FOR ANALYSES 

1. Powdered sample preparation 

Bulk-rock samples were first cut by a diamond-saw into slices, cleaned with 
water to remove soil and dried with paper towels. Then representative and freshest 
ones of these slices were selected. After that, their weathered outer surface, some 
secondary mineral fil l and vains and also hammer and saw marks on these slices were 
carefully trimmed from the samples using the same diamond-saw. After this stage they 
were cleaned by water and dried with paper towel again. Then they were broken into 
small pieces which were approximately 1-5 mm in size by using the jaw-crusher 
(Fritsch Pulverisette jaw crusher; type 01-704). To avoid contamination of the next 
sample, the jaw-crusher was cleaned by wire brush and alcohol prior to each session of 
crushing. A fraction of this material was put into the agate-ball grinding mill and 
powdered for aroun 15-20 minutes. Then powdered samples were put into the bags, 
labelled and stored in a dry place. Special care was taken in washing and drying the 
grinding bowls and balls to avoid contamination. 

1. Preparation of pressed powder pellets 

Before starting the preperation, powdered rock samples were shaked well to 
homogenise the possible grain fractions e.g. heavy minerals which might differ in 
density. Previously dried 6-7 g of powdered samples were mixed thoroughly with 
around 8-11 drops of Mowiol binding agent (2% aqueous solution of PVA) in glass 
beakers by using a glass rod until an even consistency is obtained. Then they were 
compressed in a stainless steel mould between a pair of polished steel discs using a 
hydraulic press at 5-7 tons. After this stage pellets were labelled and finally dried in an 
oven at 80-100°C prior to analysis. 

2. Determination of loss on ignition 

4-5 g of the sample powder from each sample was placed in 10 ml glass vial and 
labelled. These powders were than dried at 110°C for over 1 hour to remove surface 
water. They are then stored in a dessicator. After cooling plastic snap tops were put on 
the vials to avoid sample loss through spillage and surface water which might be 
gained from the atmosphere. 

About 4 g from each sample was weighted and put into the porcelain crucibles. 

Ignitions were performed as batchs of 12 crucibles at 900°C for two hours. After 

allowing samples to cool in a dessicator they were reweighted and eventually their loss 
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on ignition was calculated from the. difference in the weight. At this stage, the ignited 
powders were placed in 10 ml glass vials with plastic snap-tops and labelled. 

3. Preparation of fused-disks 

Before making fusion discs the flux (lithium tetraborate: Johnson Mathey 
Spectroflux 100B) was dried in the furnace overnight at 600°C to remove any 
absorbed water or any other volatiles taken up from the atmosphere. Dried flux was 
stored in a dessicator during the fused disc preparation. Previously ignited samples 
were dried in the oven at 110°C and just before preparation they were taken from the 
oven as batches of 4 samples and stored in another dessicator until they were cool. 
Then 0.45 g of sample and 2.25 g of flux (a proprtion of 1:5) were mixed extensively 
by using a glass rod and these mixtures were transferred into the 5% Au/Pt crucibles, 
covered with Pt lids and placed on a silica tray in the furnace at 1050°C. After 20 
minutes, samples were poured into the graphite moulds which are surrounded by the 
stainless steel cylinder on a hot plate at 220°C immediately after swriling molten glass 
material a few times with a pair of platin tipped tongs to ensure a proper mixing. By 
carefully inserting a stainless steel plunger (also at 220°C) onto the globule of molten 
glass, fusion discs were made. After cooling on a cooling block, they were trimmed off 
any access glass with a pair of small pliers, labelled with self adhesive labels with 
sample numbers on back of disks (i.e. side in contact with graphite), bagged and stored 
in a dessicator. Special care was taken in keeping analytical surface of disks clean and 
cleaning the Pt/Au crucibles in hot 50% HC1 for about over 20 minutes after the 
preparation of each batch to remove any remaining traces of glass to avoid cross 
contamination. 

B. A N A L Y T I C A L WORK 

1. XRF ANALYSIS 

X-Ray Fluorescence (XRF) analysis was carried out on a Philips PW 1400 
Spectrometer with a Rhodium anode tube and an automatic loader at the University of 
Durham. A total of 350 samples were analysed both on pressed powder pellets and 
fusion discs for trace (Rb, Sr, Ba, Zr, Y, Nb, Sc, Cr, V, Ni, Zn, Cu, Co, Ga, Ce, Nd, 
La, Th, Pb) and major elements (Si0 2, TiCh, A1 20 3 , Fe 20 3 , MnO, MgO, CaO, Na 20, 
P 2 0 5 ) respectively. A number of about 30 international standards covering a broad 
compositional range from basalts to acidic rocks were run and used as calibration 
standards. Three of these standards and also three samples were run repeatedly as 
unknowns after every 36 samples throughout analytical work to monitor drift and 
between run variations. Then analytical accuracy and precision were calculated by 
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using standards and these samples (Appendix C). Recommended values for the 
standards were taken from Govindaraju (1989). 

2. ICP-MS ANALYSIS 

A subset of trace and rare-earth elements including Rb, Sr, Y, Zr, Nb, Cs, Ba, 
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Pb, Th and U 
was analysed by Inductively Coupled Plasma Mass Specrtometer (ICP-MS) on VG 
Elemental Plasma Quad device at Industrial Research Laboratories of the University of 
Durham (UDIRL). 

2.1. ICP-MS SAMPLE PREPARATION 

Small amount of powdered rock samples were put into the labelled glass 
containers in an oven at 105°C overnight to dry. Savillex teflon capsules were cleaned 
by rinsing with deionised water and then leaving them filled with 2 ml Aristar 
concentrated H N 0 3 on the hot plate at 140°C for at least two hours. After following 
the same procedure twice capsules dried in the oven at 100°C and then numbered. A 
powder aliquot of 0.1±0.001g was weighed out from each sample and transferred into 
the capsule. Special care was taken in using anti-static gun to prevent powder sticking 
to the sides of the capsules and subsequent spillage. In addition to the samples, 6 
international standards and also two blanks were prepared. After that, 1 ml Aristar 
H N 0 3 and 4 ml 48% HF were added into the capsules respectively, their caps were 
closed tightly and the samples were left in the acid on the hot-plate at about 130°C for 
about two days for complete digestion. At the end of this period the samples were 
evaporated on the hot-plate to dryness in order to remove HF acid from the system 
and to allow the formation of nitrate salts. After completing evaporation, 1 ml H N 0 3 

was edded to the capsules and evaporated again. This procedure was followed twice. 
Then 2.5 ml H N 0 3 and 20 ml deionised water were put into the capsules, their lids 
were closed and boiled for over one hour to dissolve salts. The solutions were allowed 
to cool, checked for any solid residue and spiked with 1.25 ml of 2 ppm Rh, Re and Bi 
internal standard spike solution when they were still in the capsules. After this stage 
they were transferred into the 50 ml polypropylene volumetric flasks and made up 
accurately to 50 ml with deionised water. In this case internal standard element 
concentrations in sample solution became 50 ppb. Finally all the solutions were 
transferred into the polypropylene containers and kept in a cool and dark place prior to 
analysis. Two reagent blank samples were prepared with each batch of sample. 

1 

The machine was calibrated using solutions of known elemental concentrations. 
Correction for drift was achieved by analysing a drift monitor every six samples. 
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3. A N A L Y T I C A L PROCEDURES OF THE ISOTOPE ANALYSIS 

Pb, Sr and Nd were extracted on the same dissolution using approximately 100-
200 mg of powder of the rock samples. After dissolution using approximately 1 ml of 
H N 0 3 combined with 3 to 5 mis of HF, residues were converted to nitrate and finally 
chloride; 1 ml of 1M HBr was then added to the residue. Pb was seperated by passing 
the sample through colums prepared from PVP disposable pipette tips fitted with a 2 
mm diameter polyethylene frit and containing Dowex 1 x 8 200-400 mesh resin; 
completely new colums were prepared for each sample to minimise the Pb blank. The 
Sr and Nd fractions were collected in 2 mis of 1M HBr and Pb collected in 1 ml of 6M 
HC1. 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 filaments, respectively, using a Finnegan MAT 262 multicollector mass 
spectrometer at the NERC Isotope Geosciences Laboratory (NIGL); Nd was run as 
the metal species on triple Re-Ta filament assemblies using a VG354 multicollector 
mass spectrometer, also located at NIGL. Blanks for Sr and Pb were less than 800pg 
and 250pg respectively. Reference standards throughout the course of analysis 
averaged values of 8 7Sr/ 8 6Sr = 0.710208 ± 44 (2a) for the NBS987 standard, 
i 4 3 N d / i 4 4 N d = 0.511109 ± 42 (2o) for the Johnson Matthey Nd standard. 8 7Sr/ 8 6Sr was 
normalised to 8 6Sr/ 8 8Sr = 0.1194; t 4 3 Nd/ 1 4 4 Nd was normalised to a value of 
, 4 6 Nd/ l 4 4 Nd = 0.7219. 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 average standard Pb isotopic 
compositions of Todt et al (1984). Internal errors on individual isotope measurements 
were always much smaller than the standard reproducibility reported here, and 
therefore the ability to reproduce the standards should be taken as the imiting factor in 
interpreting the uncertainity of any given analysis. 
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XRF ERROR CALCULATIONS OF MAJOR ELEMENTS 

QLO-1 AGV-1 G-2 W-2 SY-2 G - l GSP-1 T - l N1M-S ± standard error 

S102 recommended 65.55 58.79 69.08 52.44 60.05 72.44 67.15 62.7 63.63 0.57 
1st. run 65.88 59.72 70.07 52.01 60.21 72.54 66.45 63.71 63.71 
2nd 66.14 59.71 69.23 51.89 60.08 
3th 65.86 59.52 69.52 51.71 
4th 66.24 60.13 69.77 52.35 
5th 65.67 59.51 69.00 52.57 
6th 6S.39 60.21 52.24 
7th 65.80 60.02 
8th 65.73 59.90 
9th 65.59 59.88 
10th 65.95 59.% 
llth 65.53 59.83 
standard dev. 0.25 0.23 0.42 0.32 0.09 

Ti02 recommended 0.624 1.05 0.48 1.06 0.14 0.27 0.65 0.58 0.044 0.01 
1st. run 0.6! 1.05 0.50 1.07 0.15 0.26 0.66 0.58 0.06 
2nd 0.61 1.07 0.48 1.05 0.14 
3th 0.61 1.06 0.49 1.07 
4th 0.61 1.06 0.49 1.06 
5th 0.61 1.07 0.49 1.07 
6th 0.61 1.08 1.05 
7th 0.62 1.09 
8th 0.61 1.07 
9th 0.61 1.06 
10th 0.63 1.09 
llth 0.61 1.07 
standard dev. 0.01 0.01 0.01 0.01 0.01 

A1203 recommended 16.18 17.14 15.38 15.35 12.04 14.22 15.1 16.69 17.34 0.17 
1st. run 16.27 17.32 15.82 15.44 12.15 14.39 14.93 16.67 17.35 
2nd 16.53 17.42 15.42 15.36 12.19 
3th 16.38 17.16 15.67 15.41 
4th 16.30 17.57 15.61 15.07 
5th 16.40 17.36 15.42 15.07 
6th 16.34 17.35 15.20 
7th 16.59 17.51 
8th 16.31 17.42 
9th 16.37 17.34 
10th 16.40 17.31 
llth 16.36 17.38 
standard dev. 0.10 0:11 0.17 0.17 0.03 

Fe203 recommended 4.287 6.726 2.676 10.661 6.346 1.927 4.324 5.878 1.4 0.05 
1st. run 4.34 6.81 2.71 10.87 6.34 1.94 4.33 5.98 1.48 
2 nd 4.37 6.91 2.69 10.86 6.32 
3th 4.36 6.89 2.70 10.89 
4th 4.37 6.89 2.72 10.87 
5th 4.37 6.90 2.70 10.87 
6th 4.37 6.91 10.83 
7th 4..17 6.90 
8th 4.36 6.87 

9th 4.36 6.88 
10th 4.41 6.98 
llth 4.36 6.89 

standard dev. 0.02 0.04 0.01 0.02 0.01 

MnO recommended 0.093 0.092 0.032 0.163 0.32 0.028 0.04 0.1 0.01 0.01 

1st. run 0.09 0.10 0.03 0.17 0.32 0.03 0.04 0.10 0.01 

2nd 0.09 0.10 0.03 0.17 0.31 
3th 0.09 0.10 0.03 0.17 
4th 0.09 0.10 0.03 0.17 
5th 0.09 0.10 0.03 0.17 
6th 0.09 0.10 0.17 
7th 0.09 0.10 
8lh 0.09 0.10 
9th 0.09 0.10 
10th 0.09 0.10 
llth 0.09 0.10 
standard dev. 0.00 0.00 0.00 0.00 0.01 

X R F M a j o r E lement E r r o r 1 
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XRF ERROR CALCULATIONS OF MAJOR ELEMENTS 

QLO-1 AGV-1 G-2 W-2 SY-2 G - l GSP-1 T - l NIM-S ± standard error 
MgO recommended 1 1.S3 0.75 6.37 2.69 0.36 0.96 1.89 0.46 0.08 

1st. run 1.28 1.76 0.80 6.47 2.77 0.33 0.95 1.88 0.53 
2nd 1.09 1.64 0.75 6.41 2.72 
Jlh 1.06 1.60 0.74 6.51 
4th 1.09 1.59 0.74 6.35 
5th 1.05 1.59 0.73 6.30 
6th 1.08 1.62 6.27 
7th 1.05 1.58 
8th 1.03 1.55 
9th 1.04 1.55 
10th 1.09 1.57 
lith 1.03 1.56 
standard dev. 0.07 0.06 0.03 0.10 0.04 

CaO recommended 3.17 4.94 1.96 10.87 7.96 1.37 2.07 5.08 0.68 0.04 
Ist. run 3.21 4.95 2.01 10.97 8.11 1.31 2.04 5.19 0.73 
2nd 3.26 5.04 1.96 10.91 8.07 
3th 3.24 5.02 1.97, 10.97 
4th 3.26 5.01 1.99 10.93 
5 th 3.25 5.01 1.98 10.95 
6th 3.25 5.05 10.89 
7th 3.26 5.06 
Hth 3.23 4.99 
9th 3.24 5.01 
10th 3.18 5.03 
lllh 3.22 5.01 
standard dev. 0.03 0.03 0.02 0.03 0.03 

Na20 recommended 4.2 4.26 4.08 2.14 4.31 3.33 2.8 4.39 0.43 0.10 
1 si. run 4.25 4.45 4.22 2.26 4.33 3.25 2.62 4.50 0.32 
2nd 4.00 4.27 4.04 2.07 4.31 
3th 4.01 4.31 4.05 2.14 
4th 4.15 4.27 4.17 2.11 
5th 4.10 4.30 4.09 2.10 
6th 4.09 4.36 2.04 
7th 4.09 4.31 
Hth 4.05 4.22 
9th 4.03 4.19 
10th 4.20 4.25 
lllh 4.02 4.21 
standard dev. 0.08 0.07 0.08 0.08 0.01 

K20 recommended 3.6 2.91 4.48 0.627 4.44 5.5 5.51 1.24 15.35 0.03 
1st. run 3.59 2.93 4.61 0.63 4.55 5.60 5.56 1.24 15.66 
2nd 3.66 2.98 4.50 0.62 4.53 
3th 3.63 2.95 4.51 0.63 
4th 3.67 2.96 4.56 0.62 
5th 3.66 2.97 4.54 0.63 
6th 3.66 2.99 0.62 
7th 3.66 3.00 
8th 3.64 2.96 
9th 3.63 2.96 
10th 3.71 2.97 
llth 3.64 2.98 
standard dev. 0.03 0.02 0.04 0.01 0.01 

P205 recommended 0.254 0.49 0.14 0.131 0.43 0.083 0.28 0.14 0.12 0.01 
1st. run 0.27 0.50 0.15 0.13 0.42 0.09 0.29 0.16 0.12 
2ml 0.27 0.50 0.14 0.14 0.43 
3lh 0.27 0.49 0.14 0.13 
4th 0.26 0.50 0.14 0.13 
5th 0.26 0.51 0.14 0.13 
6th 0.27 0.49 0.14 
7th 0.25 0.49 
Hth 0.27 0.50 
9th 0.27 0.49 
10th 0.26 0.50 
llth 0.26 0.50 
standard dev. 0.01 0.01 0.00 0.01 0.01 

X R F M a j o r E lement E r r o r 2 



APPENDIX C-2: Error calculations ofXRF trace 
element data 



XRF ERROR CALCULATIONS OF TRACE ELEMENTS 

Apr-92 QUBS3 DNC-1 W-2 BHVO-1 QUBS5 
Sc recommended 28.7 31 35 31.8 

1st. run 30.9 32.3 35.1 32.8 
2nd. run 28.8 29.3 32.2 32.6 
3lh. run 32.9 36.4 
standard dev. 2.05 2.12 2./5 0.14 

Cr recommended 569 285 93 289 
1st. run 555.4 280.5 84.8 288.5 
2nd. run 565.7 282.2 90.3 288.3 
ith. run 566.6 88.9 
standard dev. 6.22 1.20 2.86 0.14 

V recommended 302 148 262 317 
1st. run 294.9 151.9 270.5 307.1 
2nd. run 291.9 151.2 260.2 316 
3th. run 297.6 275.4 
standard dev. 2.85 0.49 7.76 6.29 

Nl recommended 300 247 70 121 
1st. run 301.6 241.2 66 1 10 
2nd. run 312.8 248.1 77.3 121.4 
3th. run 300.3 69.3 
standard dev. 6.87 4.88 5.81 8.06 

Ga recommended 20.36 15 20 21 
Ist. run 20 16.5 19 22.3 
2nd. run 22.4 16.1 17.7 21.7 
3th. run 21.2 20.4 
standard dev. 1.20 0.28 1.35 0.42 

Rb recommended 5.3 4.5 20 11 
1st. run -0.8 -0.3 20.5 4.7 
2nd. run 5.7 2.4 20.8 9.9 
3th. run 4.8 22.7 
standard dev. 3.52 1.91 1.19 3.68 

Sr recommended 430 145 194 403 
I st. run 426.9 142.7 191.7 392.7 
2nd. run 423.4 144.1 194.2 393.1 
3th. run 424.9 194.7 
standard dev. 1.76 0.99 1.61 0.28 

V recommended 23.05 18 24 27.6 
1st. run 23.4 17.1 24.7 28.6 
2nd. run 22.3 18.2 21.8 27.2 
3th. run 22.5 21.4 
standard dev. 0.59 0.78 1.80 0.99 

Zr recommended 161.8 41 : 94 179 
1st. run 162.1 40.5 93.1 173.2 
2nd. run 162.5 40.7 93.9 171.8 
3th. run 161.6 92.2 
standard dev. 0.45 0.14 0.85 0.99 

Nb recommended 5.25 3 7.9 19 
1st. run 6.4 4.1 7.9 19.1 
2nd. run 5.2 4.3 8.5 18 
3th. run 6 7.3 
standard dev. 0.61 0.14 0.60 0.78 

Ba recommended 145 114 182 139 1376 
1st. run 145.88 120.32 175.33 134.16 1333.62 
2nd. run 144.24 1334.78 
3th. run 
standard dev. 1.16 

La recommended 3.8 11.4 15.8 
1st. run -0.72 10.01 14.04 
2nd. run 
3th. run 
standard dev. 

Ce recommended 26.09 10.6 24 39 93.6 
1st. run 28.88 15.82 26.22 41.05 83.79 
2nd. run 31.48 86.48 
3th. run 
standard dev. 1.84 

Nd recommended 20 4.9 14 25.2 42.16 
1st. run 20.5 1.25 14.57 25.62 44.32 
2nd. run 21.74 44.94 
3th. run 
standard dev. 0.88 

QUBS5 N1M-N ± standard error (ppm) 
1.97 

4.17 

7.69 

6.51 

1.32 

3.52 

1.18 

2.46 

0.85 

1376 100 5.43 
105.28 

3 3.21 
-1.36 

93.6 6 
8.85 

42.16 3 2.43 
-1.78 

Trace Element Error 1 



XRF ERROR CALCULATIONS OF TRACE ELEMENTS 

Oct-92 AGV-1 GSP-1 QUBS-3 RGM-1 G-2 ± standard error (ppm) 
recommended 38 184 9.3 24 89 1.79 
I st. run 36.44 180.8 8.22 19.9 88.13 
2 nd. run 37.76 182.43 8.58 21.77 
3th. run 35.54 182.47 9.16 19.77 
4th. run 37.88 
standard dev. 1.12 0.95 0.47 1.12 

recommended 67 399 26.09 47 160 2.87 
Ist. run 63.62 398.25 28.75 44.56 155.18 
2nd. run 70.37 403.3 23.36 46.11 
3th. run 69.56 398.46 26.31 44.47 
4th. run 64.26 
standard dev. 3.50 2.86 2.70 0.92 

recommended 33 196 20 19 55 2.36 
I si. run 33.46 195.76 19.72 18.98 53.16 
2nd. run 36.28 201.78 17.52 22.46 
3th. run 35.36 198.88 17.88 16.52 
4th. run 35.53 
standard dev. 1.20 3.01 1.18 2.98 

Trace Element E r r o r 2 



TRC-ER04.XLS 
X E F E R R O R C A L C U L A T I O N S O F T R A C E E L E M E N T S 

Andesile Granite Olv. doler. Tholeiite 

Nov-92 AGV-1 GS-N QUBS3 QUBS4 ,± standard error (ppm) 

recommended 15.3 65 72.2 52 
1st. run 14.05 65.62 69.38 AIM 
2nd. run 15.82 62.84 71.35 50.66 
3 th. run 16.63 68.51 69.66 49.25 
4 th. run 15.56 64.72 68.76 48.86 
5th. run 14.05 66.27 73.39 49.27 
6th. run 70.59 50.7 
7th. run 69.34 
standard dev. 1.14 2.08 1.60 1.22 

recommended 60 20 106 76.3 
1st. run 61.2 19.41 107.46 75.73 
2nd. run 61.65 19.4 102.99 73.07 
3 th. run 62.27 20.28 107.63 73.98 
4th. run 62 20.39 107.07 73.97 
5th. run 63.7 20.5 108.09 73.27 
6th. run 104.62 73.36 
7th. run 106.8 
standard dev. 0.95 0.55 1.87 0.97 

recommended 88 48 87.7 78.4 
1st. run 84.94 49.46 94.77 83.54 
2nd. run 87.74 50.04 93.87 83.22 
3th. run 85.38 50.11 92.99 83.82 
4th. run 84.33 50.88 96.83 85.46 
5th. run 84.16 49.76 90.92 82.68 
6th. run 95.34 86.62 
7th. run 93.68 
standard dev. 1.44 0.53 1.87 1.50 

P b recommended 36 53 3.5 4.5 
1st. run 38.84 50.12 3.46 8.21 
2nd. run 41.81 50.47 3.46 11.63 
3th. run 39.04 50.47 3.53 11.38 
4th. run 37.57 51.34 5.08 9.67 
5th. run 39.83 50.82 5.63 8.62 
6th. run 5.95 10.17 
7th. run 3.31 
standard dev. 1.56 0.46 1.16 1.40 

recommended 6.5 42 3 2.7 
I st. run 7.04 38.56 1.96 2.26 
2nd. run 8.01 40.45 2.51 3.26 
3 th. run 7.88 40.5 3.5 3.26 
4th. run 7.5 39.64 4.22 3.79 
5th. run 7.03 39.81 3.17 3.99 
6th. run 2.28 3.78 
7th. run 2.57 
standard dev. 0.46 0.79 0.79 0.63 

T r a c e E l e m e n t E r r o r 3 



APPENDIX C-3: Error calculations oflCP-MS Rare 
Earth element data 
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APPENDIX C°4: Error calculations of Electron 
Microprob element data e major 
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iW-f.KKOH.Xt.Wlwl.il 
ELECTRON MICRO-PROBE ERROR CALCULATIONS 

Wollastonite ± standard error 

recommended 34.32 0.43 
15/7/92 34.76 
16/7/92 35.45 
17/7/92 34.32 
20/7/92 35.46 
20/7/92 33.72 
22/7/92 34.48 
23/7/92 34.51 
24/7/92 33.73 
24/7/92 34.22 
28/7/92 34.57 
29/7/92 34.37 
29/7/92 34.58 
30/7/92 34.36 
30/7/92 34.28 
31/7/92 34.56 
31/7/92 34.64 
07/08/92 34.41 
07/08/92 34.59 
10/08/92 34.39 
standard dev. 0.43 

Jadeite Orthoclase ± standard error 

recommended 11.34 0.40 0.12 
15/7/92 10.95 
16/7/92 10.74 
17/7/92 10.92 
20/7/92 11.04 
20/7/92 11.07 
22/7/92 11.04 
23/7/92 11.11 
24/7/92 10.95 
24/7/92 10.79 
28/7/92 11.18 
29/7/92 10.82 
29/7/92 11.13 
30/7/92 10.83 0.36 
30/7/92 10.87 0.29 
31/7/92 10.72 0.42 
31/7/92 11.07 0.36 
07/08/92 11.04 0.34 
07/08/92 11.04 0.49 
10/08/92 10.87 0.36 
standard dev. 0.14 0.06 

Orthocla.SC ± standard error 

recommended 13.2S 0.08 
30/7/92 13.61 
30/7/92 13.51 
31/7/92 13.58 
31/7/92 13.70 
07/08/92 13.57 
07/08/92 13.50 
10/08/92 13.49 
standard dev. 0.08 

Olivine ± standard error 

recommended 0.09 0.08 
14/7/92 0.31 
15/7/92 0.14 
16/7/92 0.19 
17/7/92 0.18 
20/7/92 0.14 
20/7/92 0.03 
22/7/92 0.01 
23/7/92 0.00 
24/7/92 0.10 
24/7/92 0.00 
28/7/92 0.02 
29/7/92 0.11 
29/7/92 0.04 
30/7/92 0.07 
30/7/92 0.10 
31/7/92 0.14 
31/7/92 0.15 
07/08/92 0.07 
07/08/92 0.10 
10/08/92 0.17 
10/08/92 0.20 
standard dev. 0.08 

Olivine ± standard error 

recommended 0.28 0.12 
14/7/92 0.23 
15/7/92 0.33 
16/7/92 0.52 
17/7/92 0.38 
20/7/92 0.39 
20/7/92 0.08 
22/7/92 0.19 
23/7/92 0.27 
24/7/92 0.18 
24/7/92 0.10 
28/7/92 0.29 
29/7/92 0.14 
29/7/92 0.23 
30/7/92 0.28 
30/7/92 0.17 
31/7/92 0.18 
31/7/92 0.48 
07/08/92 0.29 
07/08/92 0.22 
10/08/92 0.35 
10/08/92 0.27 
standard dev. 0.12 

Rutile ± standard error 

recommended 59.95 o.ie 
30/7/92 59.68 
30/7/92 59.86 
31/7/92 59.71 
31/7/92 59.57 
07/08/92 59.49 
07/08/92 59.56 
10/08/92 59.92 
standard dev. 0.16 

Elec. Probe E r r o r 2 
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APPENDIX D: XRF whole-rock major and trace 
element data-set 
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APPENDIX: E 

XRF and ICP-MS results of the samples from the Erzurum-Kars Plateau, NE Turkey 

Sample no MK243 MK237 MK21S MK49 MK93 MK251 MK280 MK281 MK289 
Unit Mt.Dumlu Mt.Dumlu Mt.Dumlu Mt.Dumlu Mt.Dumlu Mt.Dutulu Kargapaz. Kargapaz. Kaigapaz. 

Level Gad Gad Gad Dpad Dpad Dpad Gad Gad Kb 

Stra . Posit. Lower Mid Mid Top Top Top Base Base Base 

Ccoc.Desc. Andesile BaAnd Andesile Docile Dacile Dacile Bo And Trnc And Basalt 

Age ( K - A r ) -6.70 

S i 0 2 57.99 56.47 58.53 66.26 63.49 65.08 56.14 56.99 49.09 

T i 0 2 0.92 0.99 0.94 0.61 0.75 0.70 1.92 1.83 1.26 

A I 2 0 3 17.96 18.43 18.26 15.77 16.10 16.49 15.97 16.12 16.92 

F e 2 0 3 6.24 6.63 6.27 3.85 4.71 4.56 9.22 8.81 10.56 

M n O 0.09 0.10 0.08 0.06 0.07 0.08 0.14 0.11 0.15 

M g O 3.81 4.16 3.41 1.89 2.43 2.17 2.72 2.23 7.02 

C a O 6.98 7.33 6.82 4.04 4.94 4.82 6.31 5.73 10.13 

N a 2 0 3.88 3.91 4.14 3.88 3.58 4.21 4.32 4.68 3.11 

K 2 0 1.83 1.35 1.67 2.85 2.76 2.35 1.90 2.00 0.51 

P 2 0 S 0.27 0.30 0.27 0.19 0.29 0.26 0.44 0.45 0.26 

L . O . I . 0.76 1.40 0.62 1.89 1.60 0.94 1.00 0.97 1.47 

Total 99.98 99.66 100.39 99.40 99.09 100.72 99.08 99.04 99.01 

R b 40.1 18.3 38.9 70.9 65.5 58.2 46.0 54.0 9.4 

S r 554 550 534 299 431 452 413 413 454 

Y 17.5 16.8 16.4 17.8 17.3 13.6 30.8 32.8 25.8 

Z r 156 163 154 111 200 157 215 211 115 

Nb 10.3 10.7 10.5 10.4 14.6 11.8 12.8 13.9 6.6 

C s 1 1 1 4 2 2 2 2 0 

B a 397 489 389 462 596 535 314 331 145 

L a 27.38 30.06 26.26 33.95 38.46 33.10 24.16 24.74 12.25 

C e 48.22 48.90 47.88 50.80 61.49 57.96 47.28 48.88 26.27 

P r 5.72 5.77 5.34 6.12 6.72 6.03 5.73 5.93 3.37 

Nd 21.27 23.03 20.55 20.79 23.89 19.50 23.26 23.63 15.34 

S m 3.73 3.90 3.58 3.78 4.13 3.41 4.83 5.12 3.64 

E u 1.21 1.28 1.14 0.99 1.09 1.10 1.73 1.79 1.34 

G d 3.45 3.55 3.46 3.30 3.26 3.29 5.16 5.43 3.78 

T b 0.49 0.55 0.49 0.51 0.46 0.38 0.79 0.81 0.73 

Dy 2.82 3.06 2.74 2.85 2.69 2.09 4.90 4.90 4.32 

Ho 0.61 0.58 0.54 0.58 0.49 0.40 1.02 1.03 0.88 

E r 1.42 1.62 1.50 1.52 1.39 1.14 2.69 2.92 2.62 

T m 0.24 0.24 0.21 0.22 0.21 0.15 0.46 0.44 0.40 

Y b 1.39 1.55 1.38 1.36 1.35 1.04 2.46 2.67 2.61 

L u 0.22 0.25 0.27 0.25 0.20 0.16 0.41 0.41 0.41 

H f 3.11 4.12 3.80 3.26 4.69 3.33 4.37 4.34 3.05 

T a 0.57 0.70 0.63 0.95 0.95 0.67 0.88 0.89 0.47 

Pb 9.56 12.64 11.65 13.23 12.97 12.35 9.07 9.01 21.18 

T h 4.97 6.67 5.78 11.47 9.94 8.35 5.80 6.55 1.30 

U 1.38 1.11 1.40 2.70 2.24 2.01 1.76 1.90 0.41 

Chondrite normalised Copyright © by Mehmet Keskin 

L a 115.51 126.84 110.80 143.23 162.26 139.68 101.92 104.38 51.69 

C e 78.79 79.90 78.24 83.01 100.47 94.71 77.26 79.87 42.92 

P r 60.22 60.74 56.21 64.45 70.69 63.49 60.37 62.42 35.47 

Nd 45.54 49.31 44.00 44.52 51.15 41.76 49.81 50.60 32.85 

Sm 24.36 25.49 23.40 24.68 27.02 22.30 31.56 33.48 23.79 

E u 20.87 22.07 19.66 17.02 18.76 18.98 29.81 30.86 23.10 

G d 16.81 17.27 16.84 16.04 15.88 16.03 25.09 26.44 18.39 

T b 12.98 14.71 13.10 13.65 12.31 10.14 21.13 21.56 19.52 

Dy 11.12 12.05 10.79 11.23 10.57 8.23 19.30 19.31 17.01 

Ho 10.82 10.25 9.54 10.28 8.61 7.02 17.97 18.12 15.55 

E r 8.58 9.79 9.06 9.21 8.40 6.91 16.28 17.63 15.83 

T m 9.61 9.41 8.24 8.71 8.09 5.72 17.96 17.41 15.69 

Y b 8.20 9.12 8.12 7.98 7.91 6.09 14.46 15.73 15.35 

L u 8.79 9.84 10.63 9.94 8.04 6.12 16.25 16.17 16.14 
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APPENDIX: E 

XRF and ICP-MS results of the samples from the Erzurum-Kars Plateau, NE Turkey 

Sample no MK265 MK277 MK268 MK63 MK122 MK364 MK375 MK117 MK345 
Unit Kargapaz. Kargapaz. Kargapaz. Kargapaz. Pasinler Pasinler Pasinlcr Pasinler Pasinler 

Level Kpa Gad Gpaa Kv E n l E n l Mid Baad Ll l 

S tra . Pos i t Base Mid Mid Top Basement Basement Basement Base Base 

Ccoc. Dcsc. Dacite Andesile Dacite Ba And lla And BaAnd Dacite A ndesile Obsidian 

Age ( K - A r ) 5.73 -23 7.83 
S i 0 2 63.90 60.58 65.47 54.39 53.61 53.81 70.13 62.14 75.33 
T I 0 2 0.61 0.80 0.63 1.10 1.35 1.01 0.47 0.90 0.10 

A I 2 0 3 15.31 15.85 15.69 18.58 19.03 18.24 14.71 16.59 12.93 

F c 2 0 3 4.40 5.22 3.9*1 7.52 8.63 8.54 3.19 5.78 1.21 

M n O 0.07 0.08 0.06 0.13 0.16 0.15 0.03 0.09 0.05 

M g O 3.65 4.08 2.03 4.87 3.26 4.42 0.57 1.99 0.00 

C a O 4.97 6.10 3.95 7.72 8.42 9.45 3.43 4.97 0.40 

N a 2 0 3.53 4.11 3.92 3.39 3.37 2.87 3.59 4.03 4.28 

K 2 0 2.73 2.18 3.27 1.22 1.07 1.01 2.92 2.34 4.68 

P 2 0 5 0.21 0.28 0.20 0.29 0.27 0.18 0.16 0.20 0.03 

L . O . I . 1.27 0.84 1.62 4.56 2.33 1.81 0.69 0.77 0.42 

Total 99.38 99.28 99.14 99.19 99.16 99.67 99.20 99.04 99.01 

R b 70.3 51.8 88.3 9.1 7.8 14.4 67.2 54.0 182.3 

S r 454 443 342 446 466 386 358 358 1 

Y 16.1 15.9 15.7 29.0 25.8 21.9 15.8 20.8 36.3 

Z r 148 156 155 210 167 105 116 184 165 

Nb 10.1 12.0 12.9 14.7 21.2 9.5 14.2 8.8 28.6 

C s 3 1 4 0 0 0 1 2 6 

B a 499 385 450 631 344 283 681 437 14 

L a 31.44 28.13 29.23 37.18 21.75 13.32 28.91 19.98 48.73 

C e 45.75 48.57 46.31 57.22 44.18 27.15 48.18 36.66 86.50 

P r 5.52 5.31 5.32 7.79 5.35 3.08 4.90 4.08 8.56 

Nd 19.20 19.31 18.11 29.05 21.05 14.31 16.73 15.81 27.02 

S m 3.56 3.48 3.37 5.45 4.07 3.29 3.16 3.05 4.61 

E u 1.09 0.99 1.03 1.69 1.48 1.00 0.99 1.07 0.09 

G d 3.53 2.97 3.41 5.60 4.53 3.39 2.77 3.24 4.88 

T b 0.45 0.47 0.47 0.90 0.64 0.61 0.41 0.51 0.84 

Dy 2.42 2.50 2.49 4.91 4.21 3.45 2.41 3.06 5.03 

Ho 0.44 0.51 0.48 0.95 0.87 0.74 0.54 0.70 1.10 

E r 1.31 1.48 1.35 2.79 2.39 2.19 1.47 1.85 3.37 

T m 0.19 0.24 0.23 0.44 0.35 0.33 0.23 0.33 0.55 

Y b 1.14 1.33 1.37 2.79 2.55 2.10 1.53 2.00 3.90 

L u 0.18 0.21 0.19 0.42 0.40 0.35 0.22 0.29 0.62 

H f 3.34 3.83 3.54 4.88 3.73 2.72 2.81 3.95 5.50 

T a 0.61 0.88 0.96 0.99 1.24 0.59 0.98 0.64 2.25 

Pb 12.53 11.46 14.65 11.17 9.92 9.55 15.10 12.09 30.23 

T h 8.04 7.50 10.59 9.28 3.84 2.73 13.21 6.67 36.97 

U 2.19 2.06 3.28 1.93 1.14 0.76 3.55 1.98 11.38 

Chondrite normalised Copyright © by Mehmet Keskin 

L a 132.67 118.69 123.34 156.88 91.76 56.20 122.00 84.32 205.61 

C e 74.76 79.36 75.68 93.49 72.19 44.36 78.72 59.91 141.35 

P r 58.14 55.90 56.01 82.00 56.36 32.42 51.60 42.97 90.12 

Nd 41.10 41.36 38.78 62.20 45.08 30.64 35.84 33.85 57.85 

Sm 23.27 22.71 22.05 35.63 26.61 21.52 20.62 19.94 30.16 

E u 18.75 17.11 17.84 29.15 25.53 17.24 17.08 18.43 1.53 

G d 17.15 14.47 16.61 27.26 22.04 16.50 13.48 15.75 23.75 

T b 12.14 12.69 12.56 24.05 17.24 16.31 10.99 13.62 22.47 

Dy 9.52 9.84 9.82 19.34 16.56 13.58 9.50 12.06 19.80 

Ho 7.77 9.02 8.48 16.87 15.44 13.07 9.46 12.30 19.37 

E r 7.94 8.93 8.18 16.88 14.46 13.23 8.86 11.18 20.38 

T m 7.31 9.45 8.99 17.09 13.88 12.94 8.86 12.93 21.68 

Y b 6.71 7.81 8.03 16.42 15.01 12.35 9.00 11.77 22.93 

L u 6.90 8.27 7.48 16.62 15.77 13.78 8.75 11.40 24.22 
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APPENDIX: E 

XRF andlCP-MS results of the samples from the Erzurum-Kars Plateau, NE Turkey 

Sample no MK70 MK112 MK101 MK338 MK144 MK138 MK154 MK132 MK139 
Unit Pasinler Paslnler Pasinler Pasinlcr N Horasan N Horasan S Horasan N Horasan N Horasan 
Level U l Kpd Kv Ard Kob Kob Sd Kpad Hpl 
S t r a . Pos i t Base Mid Top Top Base Base Base Mid Plateau 
Geoc. Desc. Obsidian Dacile BaAnd Rhyolile Basalt BaAnd Dacite Dacile Basalt 
Age ( K - A r ) 11.10 
S i 0 2 75.87 66.81 57.01 71.00 48.76 53.63 66.91 64.18 49.67 
T i 0 2 0.10 0.57 0.91 0.17 1.34 1.18 0.42 0.65 1.47 
A I 2 0 3 12.75 15.90 16.83 15.33 15.18 15.81 16.38 16.35 17.03 
F e 2 0 3 1.19 3.82 6.55 1.92 9.10 8.95 3.17 4.53 9.77 
M n O 0.05 0.06 0.11 0.06 0.33 0.14 0.06 0.06 0.15 
M g O 0.01 1.24 4.56 0.01 8.40 4.93 1.62 1.48 7.06 
C a O 0.40 3.68 7.60 0.66 11.40 9.36 3.68 4.71 9.78 
N a 2 0 4.23 3.68 3.48 4.51 3.29 3.64 4.41 4.48 4.06 
K 2 0 4.73 3.26 2.00 5.34 1.08 1.18 2.50 2.44 0.73 
P 2 0 S 0.02 0.16 0.27 0.04 0.54 0.25 0.21 0.31 0.31 
L . O . I . 0.24 1.81 1.18 0.55 2.47 4.32 1 1.13 1.11 0.30 

Total 99.36 99.17 99.33 99.04 99.41 99.08 99.37 99.19 100.03 

R b 174.1 80.5 50.9 129.5 20.3 24.4 72.8 56.3 9.3 
S r 1 349 437 42 801 459 500 652 520 
Y 35.8 18.3 23.1 30.0 25.0 20.5 9.0 15.6 25.5 
Z r 168 156 190 52 124 109 42 189 144 
Nb 28.6 10.9 14.8 22.0 14.5 10.3 13.4 18.3 10.2 
C s 6 3 1 3 1 0 2 1 0 
B a 14 556 499 425 616 365 648 725 171 

L a 51.96 31.64 30.15 63.34 30.61 19.48 30.53 39.57 13.46 
C e 87.32 42.40 54.10 119.19 68.85 36.83 51.63 72.67 29.65 
P r 8.70 5.41 5.76 12.05 8.33 4.04 5.39 7.59 3.77 
Nd 27.93 18.95 22.85 37.46 33.69 15.89 18.09 27.24 15.77 
S m 4.78' 3.65 4.13 6.45 6.14 3.33 3.02 4.28 3.64 
E u 0.09 1.09 1.24 0.80 1.74 1.10 1.00 1.29 1.33 
G d 4.81 3.58 4.22 6.16 5.67 3.70 2.77 3.29 4.14 
T b 0.82 0.50 0.64 0.87 0.71 0.57 0.33 0.48 0.65 
Dy 5.37 2.96 3.77 4.82 4.05 3.32 1.51 2.37 4.14 
Ho 1.11 0.54 0.79 0.93 0.83 0.62 0.25 0.49 0.80 
E r 3.54 1.57 2.15 2.99 2.20 1.82 0.74 1.30 2.46 
T m 0.62 0.26 0.32 0.46 0.32 0.27 0.09 0.21 0.35 
Y b 4.02 1.55 2.22 2.72 2.18 1.85 0.60 1.19 2.37 
L u 0.61 0.25 0.34 0.46 0.34 0.29 0.09 0.21 0.35 

H f 6.02 3.50 4.34 1.82 2.79 2.66 1.32 3.80 2.60 
T a 2.36 0.81 0.91 1.62 0.71 0.59 0.83 1.07 0.53 
P b 27.94 15.57 12.59 21.49 5.55 7.36 14.74 13.62 2.56 
T h 38.48 9.51 9.88 26.50 3.34 4.96 10.97 10.92 1.65 
U 10.94 3.06 2.23 4.02 1.03 1.61 3.05 3.74 0.70 

Chondrite normalised Copyright © by Mehmet Keskin 

L a 219.25 133.52 127.22 267.26 129.16 82.19 128.81 166.96 56.78 
Ce 142.67 69.28 88.40 194.75 112.50 60.18 84.37 118.74 48.44 
Pr 91.61 56.97 60.63 126.89 87.68 42.53 56.79 79.95 39.68 
Nd 59.80 40.58 48.93 80.21 72.14 34.03 38.74 58.33 33.78 
Sm 31.23 23.86 26.99 42.14 40.13 21.76 19.72 27.99 23.77 
Eu 1.60 18.85 21.38 13.76 30.00 18.97 17.26 22.30 22.93 
Gd 23.40 17.42 20.54 29.99 27.59 18.00 13.46 16.00 20.15 
Tb 21.92 13.34 17.11 23.38 18.98 15.24 8.79 12.72 17.28 
Dy 21.13 11.65 14.84 18.99 15.94 13.07 5.94 9.33 16.30 
Ho 19.70 9.58 13.96 16.45 14.66 10.95 4.35 8.66 14.22 
E r 21.36 9.50 12.99 18.05 13.29 11.00 4.50 7.88 14.85 
Tm 24.36 10.34 12.55 17.95 12.55 10.59 3.66 8.05 13.68 
Y b 23.68 9.14 13.06 16.00 12.82 10.88 3.53 6.99 13.93 
Lu 23.95 9.86 13.39 17.97 13.39 11.42 3.58 8.33 13.89 
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APPENDIX: E 

Sample no MK130 MK135 MK158 MK159 MK174 MK162 MK175 
Unit N Horasan N Horasan Mt. Aladag Ml. Aladag Kagizman Kagizman Kagizman 

Level Hpl Hpl Abil Aa Ptd Kpl Kpl 

S tra . Posit. Plateau Plateau Base Plateau Base Plateau Plateau 

Geoc. Desc. BaTraAnd Basalt TracAnd Andesite TracDac BaAnd BaTraAnd 

Age ( K - A r ) -4.14 2.72 

S I 0 2 54.36 50.02 61.74 60.26 66.48 55.25 53.66 

T i 0 2 1.90 1.79 1.08 1.27 0.54 1.13 1.22 

A I 2 0 3 15.81 17.27 16.67 16.34 15.83 16.90 16.69 

F c 2 0 3 9.71 10.96 5.98 7.74 3.96 7.93 8.55 

M n O 0.18 0.17 0.14 0.07 0.10 0.12 0.14 

M g O 4.56 6.29 1.41 1.83 0.81 4.79 4.98 

C a O 7.90 7.96 4.31 5.09 3.18 8.06 7.94 

N a 2 0 4.87 3.96 4.52 4.12 4.70 3.47 4.07 

K 2 0 0.99 0.69 2.79 2.05 3.16 1.26 1.61 

P 2 0 5 0.33 0.26 0.40 0.28 0.23 0.25 0.42 

L . O . I . 0.14 0.15 1.35 1.41 1.10 0.45 0.23 

Total 100.61 99.37 99.04 99.05 98.99 99.17 99.28 

R b 13.9 8.9 66.7 54.1 74.9 28.4 27.4 

S r 407 403 366 289 230 423 568 

Y 31.8 29.5 36.6 32.5 33.5 23.4 29.6 

Z r 204 196 235 245 156 167 208 

Nb 5.7 5.5 16.8 11.3 21.0 10.2 18.0 

C s 0 0 2 1 2 1 0 

B a 172 137 632 474 631 338 526 

L a 12.78 11.04 34.22 23.60 28.45 20.17 32.59 

C e 30.17 26.79 62.80 43.95 53.28 38.45 60.47 

P r 4.01 3.95 6.99 5.50 6.48 4.47 6.72 

Nd 18.90 16.86 29.94 24.38 24.14 18.23 27.03 

S m 4.48 4.07 5.94 5.24 5.08 3.70 5.05 

E u 1.56 1.63 1.55 1.54 1.61 1.25 1.54 

G d 4,91 4.98 5.90 5.62 5.34 3.74 4.95 

T b 0.90 0.75 0.93 0.92 0.83 0.53 0.79 

Dy 5.15 5.01 5.64 5.35 4.98 3.63 4.92 

Ho 1.04 0.95 1.16 1.06 1.02 0.70 0.91 

E r 3.08 2.81 3.39 3.02 3.08 2.06 2.85 

T m 0.47 0.45 0.55 0.49 0.54 0.31 0.40 

Y b 3.05 2.62 3.41 2.97 2.87 1.90 2.93 

L u 0.48 0.44 0.56 0.47 0.42 0.34 0.49 

H f 4.71 4.07 5.48 5.78 3.59 3.65 4.60 

T a 0.45 0.35 1.11 0.80 1.40 0.55 0.93 

Pb 5.12 3.47 15.74 11.76 15.70 6.14 9.03 

T h 2.52 1.53 10.76 8.63 10.57 4.55 4.41 

V 0.67 0.38 2.68 2.46 3.09 1.16 1.00 

C h o n d r i t e n o r m a l i s e d Copyright © by Mehmet Keskin 

L a 53.92 46.59 144.39 99.58 120.03 85.10 137.51 

Ce 49.30 43.77 102.61 71.81 87.06 62.83 98.81 

Pr 42.21 41.58 73.58 57.89 68.21 47.02 70.74 

Nd 40.47 36.10 64.11 52.21 51.69 39.03 1 57.88 

Sm 29.28 26.61 38.82 34.25 33.20 24.19 33.01 

Eu 26.90 28.12 26.72 26.55 27.82 21.51 26.55 

G d 23.89 24.26 28.71 27.35 25.97 18.22 24.09 

Tb 24.06 20.08 24.87 24.60 22.14 14.19 21.12 

Dy 20.28 19.72 22.20 21.06 19.59 14.27 19.37 

Ho 18.37 16.75 20.49 18.73 18.04 12.42 16.08 

E r 18.61 16.95 20.48 18.25 18.59 12.42 17.22 

Tm 18.43 17.57 21.57 19.22 21.24 12.11 15.69 

Y b 17.94 15.44 20.06 17.47 16.89 11.19 17.24 

Lu 18.90 17.26 22.05 18.50 16.57 13.27 19.29 
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APPENDIX 

MOLE FRACTIONS OF AMPHIBOLIES 



AMPTERPR.XLS 

Ml. Daw/ u a r e a : D u ni 1 ti p o r p h y r i l i c amp h i b o 1 e d a c i t c / a n d e site 

Sample no MK36-121) M K 3 6 - 1 4 c M K 5 2 A - 3 d M K 5 2 A - 4 b M K 9 0 - 1 2 a M K 9 0 - 1 2 c M K 9 3 - 8 b M K 9 3 - 9 a 

Oxides % 
Si02 44.18 40.23 45.31 44.92 41.70 42.93 44.15 44.66 

T i 0 2 . . . - 3.32 3.41 . 2.88 3.11 2.94 2.97 3.20 3.34 

AI203 10.64 10.79 10.30 10.51 11.44 11.50 10.23 10.80 

C r 2 0 3 0.10 0.09 0.00 0.00 0.00 0.17 0.00 0.10 

FeO 1 1.70 11.88 12.01 12.08 10.65 11.07 12.12 1 1.65 

MnO 0.13 0.16 0.22 0.17 0.26 0.00 0.07 0.00 

MgO 14.76 14.51 14.69 14.60 13.83 13.69 14.45 14.63 

CaO 11.57 11.55 11.53 11.47 10.91 10.81 11.51 11.69 

Na20 2.62 2.54 2.29 2.43 2.59 2.52 2.54 2.62 

K 2 0 0.64 0.66 0.61 0.54 0.91 0.86 0.64 0.69 

NiO i 0.00 0.13 0.02 0.22 0.00 0.11 0.00 0.01 

Total 99.66 99.94 99.86 100.05 95.23 96.64 98.90 100.19 

Formula 
Si 6.370 6.365 6.502 6.446 6.286 6.363 6.422 6.395 

T i 0.360 0.369 0.311 0.336 0.333 0.331 0.350 0.360 

Al 1.808 1.831 1.742 1.778 2.033 2.009 1.753 1.823 

C r 0.011 0.010 0.000 0.000 0.000 0.020 0.000 0.011 

Fe 1.410 1.430 1.441 1.449 1.343 1.372 1.474 1.396 

Mn 0.016 0.019 0.027 0.020 0.033 0.000 0.009 0.000 

M B 3.173 3.113 3.142 3.123 3.108 3.024 3.133 3.122 
C I I 1.788 1.781 1.773 1.764 1.763 1.716 1.794 1.794 

Na 0.732 0.710 0.638 0.675 0.756 0.725 0.716 0.727 

K 0.117 0.122 0.111 0.100 0.175 0.163 0.118 0.126 

Ni 0.000 0.015 0.003 0.026 0.000 0.013 0.000 0.002 

No of O atoms 23 23 23 23 23 23 23 23 

Total (ions) 15.785 15.765 15.690 15.717 15.830 15.736 15.768 15.755 

End Members 
Barrois i te 0.090 0.058 0.011 

magnesio-aluniino 0.013 0.007 0.003 

magncsio-fcrri 0.058 0.039 0.006 

ferro-alumino 0.003 0.002 q.ooi 

ferro-ferri 0.015 0.010 0.002 

T s c h e r m a k i t e 0.392 0.301 0.421 0.438 0.334 0.412 0.400 0.375 

niagnesio-alumino 0.040 0.000 0.060 0.050 0.082 0.113 0.043 0.074 

magnesio-ferri 0.268 0.251 0.272 0.296 0.180 0.206 0.264 0.212 
ferro-alumino 0.011 0.000 0.016 0.013 0.022 0.033 0.013 0.023 

ferro-fcrri 0.071 0.048 0.070 0.074 0.048 0.059 0.079 0.066 

Edenite 0.298 0.329 0.301 0.221 0.287 0.353 0.342 
magnesio 0:234 0.260 0.238 0.173 0.223 0.271 0.261 

ferro 0.062 0.067 0.059 0.046 0.064 0.081 0.081 

A l B 4 S i 5 0.015 

itiagnesio-alumino 0.013 

ferro-alumino 0.002 

A l I M S i f ) 0.143 

Pargasite 0.000 

Fe pargasitc 0.000 

hastingsitc 0.023 
Mg hastingsitc 0.119 

Kaersuti te 0.077 0.381 0.189 0.022 0.061 
inagiiesio-alumino 0.060 0.318 0.148 0.017 0.047 

ferro-alumino 0.016 0.060 0.039 0.005 0.015 

T a r a m i t c 0.233 0.159 0.160 0.203 0.256 0.290 0.226 0.221 

magnesio-alumino 0.024 0.000 0.023 0.023 0.063 0.080 0.024 0.043 

magnesio-ferr 0.159 0.133 0.103 0.137 0.138 0.145 0.149 0.125 
ferro-olumlnc 0.006 0.000 0.006 0.006 0.017 0.023 0.007 0.014 

fcrro-ferr 0.042 0.025 0.027 0.034 0.037 0.041 0.044 0.039 

Hornblende barometer of Schmidt (1992) 
P (±0.6 kb) 5.6 5.7 5.3 5.5 6.7 6.6 5.3 5.7 
Depth (km) 20.0 20.4 18.9 19.5 23.8 23.4 19.1 20.2 
Amphibole-plagioclase geothermometer ofBlundy and Holland (1990) 
T (Kelvin) 1156.0 1155.3 1131.5 1142.5 1110.0 1094.0 1154.0 1155.2 
T(°C) 882.8 882.2 858.4 869.4 836.9 820.8 880.9 882.0 



AMrTF.RPH.XLS 

Mt. Dtimlu area: Dtunlu porphyritic amphibole dacilc/audesitc 

Sample no M K 2 5 M b M K 2 5 1 - 2 b M K 2 5 1 - 3 a M K 2 6 1 - l a M K 2 6 1 - 2 b M K 2 2 8 - l c M K 2 2 8 - 2 u MK228,3a 

Oxides % 
Sib2 42.40 42.37 43.39 42.59 45.44 41.46 43.06 43.43 

T i 0 2 3.87 3.47 > 3.26 4.02 2.89 3.94 2.82 2.53 

A1203 12.56 12.43 11.89 12.01 9.07 12.15 11.67 11.17 

C r 2 0 3 0.04 0.08 0.00 0.05 0.00 0.00 0.00 0.03 

FeO 13.39 13.37 13.43 13.07 12.28 12.93 14.02 13.70 

MnO 0.00 0.06 0.27 0.17 0.24 0.22 0.28 0.21 

MgO 13.28 13.60 13.55 12.92 14.62 13.16 13.54 13.33 

CaO 11.03 11.34 11.26 11.17 11.89 11.24 11.18 11.24 

Na20 2.60 2.80 2.61 2.55 2.28 2.50 2.46 2.53 

K 2 0 0.72 0.65 0.65 0.78 0.69 0.66 0.64 0.55 

NiO 0.00 0.00 0.01 0.05 0,00 0.00 0.11 0.00 

Total 99.88 100.15 100.32 99.38 99.40 98.27 99.78 98.73 

Formula 
Si 6.140 6.129 6.253 6.197 6.561 6.112 6.260 6.360 

T i 0.422 0.377 0.354 0.440 0.314 0.437 0.308 0.279 

Al 2.143 2.120 2.019 2.060 1.543 2.1 II 1.999 1.928 

C r 0.005 0.009 0.000 0.005 0.000 0.000 0.000 0.004 

Fc 1.621 1.617 1.619 1.590 1.482 1.593 1.705 1.678 

Mn 0.000 0.007 0.033 0.021 0.030 0.028 0.035 0.026 

Mg 2.865 2.933 2.911 2.803 3.146 2.891 2.935 2.911 
Ca 1.712 1.758 1.739 1.743 1.840 1.775 1.742 1.765 
Na 0.729 0.785 0.729 0.721 0.638 0.716 0.693 0.719 
K 0.132 0.119 0.120 0.145 0.126 0.124 0.118 0.103 
Ni 0.000 0.000 0.001 0.006 0.000 0.000 0.013 0.000 
No of O atoms 23 23 23 23 23 2.1 23 23 
Total (ions) 15.769 15.853 15.777 15.732 15.681 15.787 15.806 15.772 

End Members 
Barrois l te 0.052 

magnesio-alumino 0.005 

magnesio-ferri 0.034 

ferro-alumino 0.002 

ferro-ferri 0.012 

T s c h e r m a k i t e 0.464 0.376 0.450 0.419 0.358 0.420 0.495 0.451 

magnesio-alumino 0.061 0.041 0.058 0.074 0.032 0.045 0.037 0.064 

magnesio-ferri 0.300 0.251 0.288 0.229 0.234 0.276 0.357 0.277 
ferro-alumino 0.017 0.012 0.017 0.028 0.011 0.013 0.009 0.020 

ferro-ferri 0.086 0.072 0.083 0.085 0.079 0.083 0.086 0.088 

Edenite 0,048 0.040 0.163 0.139 0.470 0.032 0.140 0.271 
magnesio 0.037 0.031 0.125 0.101 0.349 0.024 0.111 0.205 

ferro 0.011 0.009 0.036 0.037 0.118 0.007 0.027 0.065 

A1B4S15 
magnesio-alumino 

ferro-alumino 

A1B4S16 

Pargasite 
Fe pargasite 

hastlngsite 
Mg hastingsite 

Kaersut i te 0.174 0.316 0.101 0.167 0.300 0.073 0.016 
magnesio-alumino 0.135 0.245 0.077 0.121 0.229 0.058 0.012 

ferro-alumino 0.039 0.070 0.022 0.045 0.069 0.014 0.004 

T a r a m i t c 0.314 0.268 0.286 0.275 0.119 0.248 0.292 0.261 
magnesio-alumino 0.041 0.029 0.037 0.049 0.011 0.026 0.022 0.037 

inagnesio-ferr 0.203 0.179 0.183 •0.150 0.078 0.163 0.210 0.160 
ferro-alumino 0.012 0.O08 0.011 0.018 0.004 0.008 0.005 0.012 

ferro-ferr 0.058 0.051 0.053 0.056 0.026 0.049 0.051 0.051 

Hornblende barometer of Schmidt (1992) 
P (±0.6 kb) 7.2 7.1 6.6 6.8 4.3 7.0 6.5 6.2 
Depth (km) 25.7 25.3 23.6 24.3 15.5 25.1 23.2 22.0 
Amphibole-plagioclase geothermometer o fBlundy and Holland (1990) 
T (Kelvin) 1185.7 1190.7 1166.8 1186.7 1137.2 1197.3 1168.0 1148.5 
T(°C) 912.6 917.5 893.6 913.5 864.1 924.1 894.9 875.3 
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Pasinlcr area: Kizilveren porphyritic nwphibole dacite/nndesite --' 

Sample no M K 1 1 2 - 1 0 a M K 1 1 2 - 1 2 a M K 1 1 2 - 1 6 b M K 1 1 8 - l a M K 1 1 8 - 2 a M K I 1 8 - 2 c M K 3 3 7 - l c _ _ M K 3 3 7 - 2 c 

Oxides % . -,i - - - - - -

Si( )2 ~ 44.40- 44.38 44.45 ~ : 45.S7 '. . 44.04 - : -44.22 ~ " 45.56 . 44.41 

T i 0 2 _ - 2.70 _"*" 2.39 >• 2.09 1.90 2.59 2.69 1.33 . 2.40 

AI203 10.85 10.82 10.86 11.61 11.54 11.75 .10.35 10.92 

C r 2 0 3 0.00 0.09 0.17 0.08 0.00 0.00 0.05 0.07 

FeO 14.57 13.80 14.67 '13.85 13.96 13.98 15.01 14.50 

MnO 0.17 0.33 0.19 0.14 0.25 0.29 0.39 0.34 

MgO 13.22- 13.55 13.06 ; 12.97 12.81 12.90 13.33 13.27 

C a O 11.23 11.11 11.24 10.62 10.93 10.54 10.10: 11.38 

Na20 2.14 2.13 2.16 2.37 2.52. 2.60 2.18 2,33 

K 2 0 0.65 0,56 0.64 0.66 0.60 0.61 0.65 0.5( 

NiO 0.00 0.00 0.00 0.00 0.03 0.02 0.00 .0,00 
Total 99.92 99.16 99.54 100.06 99.28" '99.58 98.95 100.12 

Formula 
Si 6.439 6.463 6.475 6.579 6.413 6.411 6.637 6.422 

Ti 0.295 0.261 0.228 0.205 0.284 0.293 0.145 0.261 

A! 1.855 1.858 1.864 1.963 1.981 2.008 1.778 1.861 

C r , 0.000 0.011 0.020 0.009 0.000 0.000 0.005 0.008 

Fe 1.767 1.680 1.787 1.661 1.700 1.695 1.829 1.754 

Mil 0.020 0.041 0.024 0.017 0.031 0.035 0.049 0.041 

Mg 2.857 2.941 2.837 2.774 2.781 2.788 2.896 2.860 
Ca 1.745 1.733 1.754 1.633 1.706 1.638 1.577 1.764 
Na 0.601 0.601 0.611 0.658 0.712 0.730 0.616 0.654 
K 0.120 0.105 0.1 19 0.120 0.112 0.112 0.120 0.095 
Ni 0.000 0.000 0.000 0.000 0.003 0.002 0.000 0.000 
No of O atoms 23 23 23 23 23 23 23 23 
Total (ions) 15.699 15.695 15.720 15.619 15.724 15.712 15.651 15.719 

End Members 
Barrois i te 0.094 0.123 0.099 0.248 0.074 0.126 0.339 0.057 

magnesio-alumino 0.010 0.014 0.013 0.065 0.015 0.023 0.039 0.007 

magncsio-ferri 0.060 0.083 0.061 0.121 0.039 0.073 0.244 0.036 

ferro-aluniino 0.003 0.004 0.004 0.021 0.005 0.007 0.007 0:002 
ft'rro-ferri 0.019 0.021 0.020 0.039 0.014 0.022 0.045 0.012 

T s c h e r m a k i t e 0.483 0.485 0.462 0.378 0.435 0.437 0.406 0.472 

magnesio-aluniino 0.054 0.056 0.063 0.099 0.088 0.081 0.046 0.055 

magnesio-ferri 0.311 0.326 0.283 0.185 0.231 0.252 0.292 0.299 
ferro-alumino 0.017 0.014 0.021 0.032 0.031 0.024 0.008 0.017 

ferro-ferri 0.098 0.083 0.093 0.060 0.081 0.075 0.054 0.095 

Edenite 0.231 0.215 0.261 0.228 0.246 0.172 0.130 0.264 
magnesio 0.175 0.170 0.196 0.171 0.180 0.131 0.108 0.198 

forro 0.055 0.043 0.064 0.056 0.063 0.039 0.020 0.063 

A l B 4 S i S 
magnesio-alumino 

ferro-alumino 

A l B 4 S i 6 

Pargasite 
Fo pargasite 

hastingslte 
Mg hastingsite 

Kaersut i tc 
magncsio-atumino 

fcrro-aluinino 

T a r a m i t c 0.192 0.177 0.178 0.146 0.246 0.265 0.124 0.207 
magnesio-alumino 0.021 0.021 0.024 0.038 0.050 0.049 0.014 0.024 

magnesio-ferr 0.124 0.119 0.109 0.071 0.130 0.153 0.089 0.132 
fcrro-alumino 0.007 0.O05 0.008 0.012 0.017 0.015 0.003 0.008 

ferro-ferr 0.039 0.030 0.036 0.023 0.046 0.046 0.016 0.042 

Hornblende barometer of Schmidt (1992) 
P ( ± 0 . 6 k b ) 5.8 5.8 5,9 6.3 6.4 6.5 5.5 5.8 
Depth (km) 20.8 20.8 20.9 22.6 22.9 23.4 19.5 20.9 
Amphibole-plagioclase geolhermomeler of Blundy and Holland (1990) 
T: (Kelvin) 1101.0 1095.1 1091.9 1045.5 1081.4 1079.7 1095.6 1141.6 
T(°C) 827.9 822.0 818.7 772.3 808.2 806.6 822.5 868.4 
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I'nsiulcr: Ktztlvercu porphyritic Pusiuler: Black ignimbritc 
Hiiipliibolc dacite/andesite 

Sample no M K 3 3 7 - 3 a M K 3 3 7 - 4 a M K 3 3 7 - 4 I ) MK106-61) M K 1 0 6 - 6 c M K 1 0 6 - 7 a M K 1 0 6 - 7 h M K 3 1 8 - 2 b 

O x i d e s % 

Si02 43.32 43.20 41.97 44.98 45.15 43.34 43.85 43.71 

T i 0 2 2.34 2.73 2.75 3.52 3.70 4.01 4.21 3.95 

AI203 10.76 12.76 12.21 10.54 10.47 1 1.18 1 1.32 9.73 

Cr203 0.02 0.11 0.02 0.00 0.01 0.09 0.09 0.00 

FeO 15.78 15.19 15.36 10.57 10.66 . 11.18 11.15 11.95 

MnO 0.35 . 0.22 0.27 0.30 0.29 0.32 0.24 0.40 

MgO 12.14 12.48 1 1.76 14.69 15.08 13.96 14.38 14.29 

CaO 10.71 11.13 10.57 1 I . I 1 11.04 1 1.53 1 1.33 11.29 

Na20 2.10 2.79 2.63 2.65 2.96 2.81 2.91 2.67 

K 2 0 0.64 0.66 0.62 0.80 0.86 0.87 0.79 0.86 

NiO 0.00 0.00 0.00 0.08 0.00 0.00 0.07 0.20 

Total 98.16 101.25 98.16 99.24 100.22 99.29 100.32 99.06 

F o r m u l a 

Si 6.430 6.214 6.239 6.468 6.439 6.284 6.279 6.367 

T i 0.261 0.295 0.307 0.381 0.396 0.437 0.453 0.433 

M 1.883 2.164 2.140 1.787 1.760 1.911 1.910 1.671 

C r 0.002 0.013 0.003 0.000 0.001 0.010 0.010 0.000 

Fe 1.958 1.827 1.910 1.271 1.272 1.356 1.336 1.456 

Mn 0.044 0.027 0.035 0.036 0.035 0.039 0.029 0.050 

Mg 2.685 2.676 2.607 '3.150 3.206 3.017 3.069 3.102 

C a 1.705 1.715 1.683 1.712 1.687 1.790 1.739 1.762 

Na 0.605 0.777 0.758 0.740 0.818 0.790 0.808 0.755 

K 0.120 0.121 0.118 0.147 0.157 0.161 0.144 0.161 
Ni 0.000 0.000 0.000 0.009 0.000 0.000 0.008 0.023 

No of 0 atoms 23 23 23 23 23 23 23 23 

Total (ions) 15.693 15.829 15.799 15.701 15.771 15.794 15.784 15.779 

E n d M e m b e r s 

Barrois i te 0.126 0.071 0.036 

magne.sio-alumino 0.012 0.018 0.007 

mnguesHNferri 0.081 0.038 0.022 

ferro-alumino 0.004 0.005 0.002 

ferro-ferri 0.028 0.010 0.006 

T s c h e r m a k i t c 0.494 0.42H 0.487 0.352 0.324 0.269 0.329 0.345 

magnesio-alumino 0.046 0.069 0.070 0.087 0.059 0.077 0.062 0.000 

magnesio-ferri 0.318 0.241 0.280 0.185 0.195 0.118 0.187 0.259 

ferro-alumino 0.016 0.025 0.027 0.024 0.015 0.028 0.019 0.000 

ferro-ferri 0.109 0.089 0.106 0.051 0.051 0.044 0.058 0.080 

Edenite 0.176 0.113 0.127 0.347 0.349 0.258 0.233 0.318 

magnesio 0.129 0.082 0.091 0.269 0.274 0.186 0.177 0.238 

ferro 0.044 0.030 0.035 0.074 0.072 0.069 0.055 0.074 

A l B 4 S i 5 

mugnesio-alumlno 

fcrro-alumino 

A l B 4 S i 6 

Pargasite 

Fe pargasite 

hastingsitc 

Mg hastingsite 

Kaersuti te 0.147 0.039 0.257 0.163 0.086 

magiiesio-alumino 0.106 0.028 0.185 0.123 0.064 

ferro-alumino 0.039 0.011 0.069 0.038 0.020 

T a r a n i i l e 0.205 0.313 0.347 0.230 0.291 0.216 0.274 0.252 

magnesio-alumino 0.019 0.051 0.050 0.057 0.053 0.062 0.052 0.000 

magncsio-ferr 0.132 0.176 0.199 0.121 0.175 0.095 0.156 0.189 

ferro-alumino 0.006 0.019 0.019 0.016 0.014 0.023 0.016 0.000 

ferro-ferr 0.045 0.065 0.075 0.033 0.046 0.035 0.048 0.058 

Hornblende barometer of Schmidt (1992) 
V (±0.6 kb) 6.0 7.3 7.2 5.5 5.4 6.1 6 A 4.9 
Depth (km) 21.3 26.0 25.6 19.6 19.2 21.7 21.7 17.7 

Amphibole-plapoclase geuthcrmomeler of lllundy and Holland (1990) 
T (Kelvin) 1137.8 1169.0 1164.6 1065.8 1074.3 1097.4 1098.7 1081.9 
T(°C) 864.7 895.8 891.5 792.7 801.2 824.3 825.5 808.8 
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Pasinhr: Black ignimbrite Pasinler: 

Arrficlitlafi rbvolilc 

Sample no MK318-31) M K 3 l 8 - 4 c M K 3 1 8 - 7 a M K 3 1 9 - 2 b M K 3 5 9 - 3 C M K 3 5 9 - 9 i i M K 1 2 5 - 2 a _ M K I 2 5 - 3 a 

O x i d e s % 

Si02 43.68 45.94 44.33 45.92 42.58 42.94 43.14 42.84 

T i 0 2 3.96 3.01 3.65 3.17 4.30 3.24 1.99 1.93 

AI203 10.28 9.00 10.04 9.30 10.44 10.26 8.12 7.68 

C r 2 0 3 0.08 0.00 0.20 0.07 0.00 0.00 0.09 0.00 

FcO 12.27 12.24 11.49 14.10 11.85 12.56 27.27 28.13 

MnO 0.28 0.36 0.29 0.27 0.34 0.5<) 1.21 1.55 

MgO 14.43 15.09 14.75 12.80 13.88 13.88 5.06 3.79 

CaO 11.38 11.35 11.47 10.46 11.54 11.15 9.95 9.53 

Na20 2.75 2.88 2.61 2.51 2.78 2.94 2.25 2.26 

K 2 0 0.87 0.89 0.66 0.92 0.80 0.79 1.00 1.06 

NiO 0.05 0.00 0.05 0.00 0.00 0.00 0.17 0.06 

Total 100.03 100.77 99.53 '99.52 98.50 98.30 100.24 98.83 

Formula 
Si 6.305 6.553 6.388 6.651 6.245 6.326 6.671 6.759 

T i 0.429 0.323 0.396 0.346 0.474 0.359 0.232 0.229 

Al 1.750 1.513 1.706 1.587 1.806 1.781 1.480 1.428 

C r 0.009 0.000 0.023 0.008 0.000 0.000 0.011 0.000 

Fe 1.481 1.460 1.384 1.708 1.453 1.548 3.526 3.712 

Mn 0.034 0.044 0.035 0.033 0.042 0.068 0.158 0.208 

Mg 3.105 3.209 3.169 2.762 3.035 3.048 1.167 0.892 

Ca 1.761 1.735 1.772 1.624 1.813 1.761 1.649 1.611 

Na 0.770 0.797 0.730 0.705 0.790 0.840 0.674 0.692 
K 0.161 0.162 0.121 0.170 0.150 0.147 0.196 0.212 
Ni 0.005 0.000 0.005 0.000 0.000 0.000 0.021 0.008 
No of O atoms 23 23 23 23 23 23 23 2.3 

Total (ions) 15.810 15.795 15.730 15.594 15.808 15.878 15.786 15.751 

End Members 
Itarroisi le 0.054 0.256 0.226 0.293 

magncsio-alumino 0.000 0.047 0.000 0.00.3 

magnesio-ferri 0.041 0.128 0.068 0.063 

ferro-alumino 0.000 0.021 - 0.000 0.010 

ferro-fcrri 0.012 0.057 0.148 0.201 

T s c h e r m a k i t e 0.335 0.273 0.400 0.265 0.258 0.279 0.304 0.236 

magnesio-alumino 0.000 0.002 0.015 0.049 0.009 0.009 n.ooo 0.003 

magnesio-ferri 0.255 0.207 0.296 0.133 0.177 0.199 0.091 0.050 
ferro-alumino 0.000 0.000 0.004 0.022 0.003 0.003 0.000 0.008 

ferro-ferri 0.076 0.062 0.081 0.059 0.066 0.063 0.199 0.162 

ICdenite 0.248 0.448 0.336 0.346 0.219 0.264 0.311 0.347 

magnesio 0.189 0.341 0.262 0.238 0.158 0.197 0.093 0.078 

ferro 0.056 0.102 0.071 0.106 0.059 0.062 0.204 0.250 

A l B 4 S i 5 

magnesio-alumino 

ferro-alumino 

A l B 4 S i 6 

Pargasite 

Fe pargasite 

hastingsite 

Mg hastingsite 

Kaersuti te 0.162 0.020 0.329 0.200 

niagnesio-alumino 0.123 0.016 0.238 0.149 

ferro-alumiiK 0.037 0.004 0.088 0.047 

T a r a m i l c 0.256 0.224 0.243 0.133 0.194 0.257 0.159 0.125 

magnesio-nlumino 0.000 0.001 0.009 0.025 0.007 0.009 0.000 0.001 

magnesio-ferr 0.195 0.170 0.180 0.067 0.134 0.183 0.047 0.027 
ferro-alumino 0.000 0.000 0.003 0.011 0.002 0.003 0.000 0.004 

ferro-ferr 0.058 0.051 0.049 0.030 0.050 0.058 0.104 0.085 

Hornblende barometer of Schmidt (1992) 

V (±0.6 kl» 5.3 4.2 5.1 4.5 5.6 5.5 4.0 3.8 
Depth (km) 19.0 15.0 18.3 16.2 19.9 19.5 14.4 13.5 

Amphibole-piagioclase geothermometer ofBlundy and Holland (1990) 

T (Kelvin) 1089.5 1053.2 1074.5 1011.2 1101.3 IO85.0 985.7 971.9 
T(°C) 816.3 780.0 801.3 738.0 828.2 811.S 712.5 698.7 
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Pnsinlcr area : North ofHorasan: 
Ardiclithifi rhyolil L' Komfilu poiph (hic/antl 

Sample no M K 1 2 5 - 1 3 b M K 3 3 0 - 9 b M K 3 3 0 - 9 c M K 1 3 3 - l a M K 1 3 3 - 2 c M K 1 4 0 - l a M K 1 4 0 - 2 b M K I 4 0 - 3 a M K 1 4 0 - 4 b 

Oxides % 
Si02 43.65 42.51 41.74 44.22 43.09 45.60 45.42 44.57 44.75 

T i 0 2 1.81 1.83 J .82 1.78 2.61 2.25 2.28 2.1.3 2.34 

AI203 7.72 8.08 7.97 12.48 12.39 10.58 10.10 10.93 10.35 

Cr203 0.00 0.00 0.00 0.19 0.09 0.04 0.20 0.00 0.15 

FcO 28.51 30.72 29.89 12.65 13.06 13.69 13.70 12.96 13.39 

MnO 1.42 1.49 1.86 0.18 0.21 0.13 0.26 0.1.3 0.32 

MgO 4.19 3.46 3.30 14.06 13.16 13.13 14.02 14.28 13.58 

CaO 9.62 9.67 9.48 10.97 11.17 11.22 11.49 11.44 11.34 

Na20 2.46 2.52 2.28 2.52 2.50 2.40 1.93 2.24 2.36 

K 2 0 1.11 0.97 1.03 0.50 0.57 0.62 0.47 0.41 0.54 

NiO 0.00 0.00 0.00 0,04 O.OO 0.14 0.00 0.07 0.04 

Total 100.47 101.25 99.38 99.59 98.86 99.80 99.86 99.18 99.16 

Formula 
Si 6.767 6.620 6.624 6.371 6.289 6.568 6.540 6.449 6.500 

Ti 0.21 1 0.214 0.217 0.193 0.287 0.243 0.247 0.232 0.256 

Al 1.411 1.484 1.490 2.119 2.131 1.798 1.713 1.865 1.77.3 

C r 0.000 0.000 0.000 0.022 0.011 0.004 0.022 0.000 0.017 

Fe 3.696 4.002 3.968 1.524 1.594 1.651 1.650 1.568 1.627 

Mn 0.186 0.196 0.250 0.022 0.026 0.016 0.031 0.016 0.039 
Mg 0.969 0.804 0.782 3.020 2.863 2.821 3.009 .3.081 2.942 

t i l 1.598 1.614 1613 1.694 1.747 1.732 1.773 1.774 1.766 

Na 0.738 0.760 0.702 0.704 0.708 0.669 0.539 0.629 0.664 

K 0.219 0.192 0.208 0.092 0.106 0.114 0.087 0.076 0.UH 

Ni 0.000 O.(KX) 0.000 0.O05 O.(XX) 0.016 O.(XX) 0.008 ().(X)4 

No of O atoms 23 23 23 23 23 23 23 23 23 
Total (ions) 15.795 15.886 15.854 15.764 15.761 15.631 15.610 15.697 15.688 

End Members 
Barrois i te 0.282 0.191 0.214 0.072 0.150 0.166 0.081 0.090 

magnesio-alumino 0.002 0.000 0.000 0.014 0.038 0.016 0.011 0.014 

magnesio-ferri 0.066 0.040 0.044 0.046 0.069 0.115 0.055 0.053 

ferro-alumino 0.007 0.000 0.000 0.003 0.015 0.004 0.002 0.004 

ferro-ferri 0.194 0.141 0.156 0.008 0.027 0.030 0.012 0.017 

T s c h e r m a k i t e 0.207 0.304 0.326 0.491 0.479 0.356 0.476 0.482 0.411 

magnesio-alumino 0.002 0.000 0.000 0.099 0.104 0.090 0.045 0.066 0.062 

magnesio-ferri 0.049 0.064 0.067 0.315 0.263 0.163 0.331 0.326 0.245 
ferro-alumino 0.005 0.000 0.000 0.017 0.031 0.036 0.011 0.015 0.020 

ferro-ferri 0.142 0.224 0.237 0.055 0.078 0.065 0.085 0.072 0.079 

Edenite 0.362 0.271 0.246 0.167 0.194 0.361 0.268 0.262 0.333 
magnesio 0.088 0.057 0.051 0.141 0.148 0.256 0.212 0.213 0.249 

ferro 0.257 0.200 0.179 0.025 0.044 0.102 0.054 0.047 0.081 

A l B 4 S i 5 

magnesto-alumino 

ferro-alumino 

A l B 4 S i 6 

Pargasitc 

Fc pargasitc 

hastingsiti 

Mg haslingsilc 

Kacrsut i tc 0.048 

magnesio-ulumint 

ferro-alumino 

T a r a m i t e 0.149 0.234 0.214 0.270 0.280 0.133 0.091 0.175 0.166 
magncsio-alumino 0.001 0.000 o.ooo 0.055 0.061 0.034 0.009 0.024 0.025 

magnesio-ferr 0.035 0.049 0.044 0.173 0.154 0.061 0.063 0.118 0.099 
ferro-alumino 0.004 0.000 0.000 0.010 0.011 0.013 0.002 0.005 0.008 

ferro-ferr 0.102 0.173 0.155 0.030 0.046 0.024 0.016 0.026 0.032 

Hornblende barometer of Schmidt (1992) 

P (±0.6 kb) 3.7 4.1 4.1 7.1 7.1 5.5 5.1 5.9 5.4 
Depth (km) , 13.2 14.5 14.6 25.3 25.5 19.8 18.4 20.9 19.4 
Amphibole-plagioclase geothermometer of Blundy and Holland (1990) 

T (Kelvin) 971.4 1112.9 1111.4 1072.8 1090.4 1113.1 1126.4 1136.7 1131.4 
T C C ) 698.3 839.7 838.3 799.7 817.3 839.9 85.3.2 863.6 858.2 

6 
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S ol'Horasan: N of Horasan: Kagiziuau area: Fash Irachy-dacile 

Sacdag dacitc Plateau laver 
Sample no M K 1 5 4 - 5 c MK154-61) M K 1 3 4 - 5 a M K 1 3 4 - l i b M K 1 7 4 - l a M K 1 7 4 - 2 d M K 1 7 4 - 3 C 1 M K 1 7 4 - 3 R 1 

Oxides % 
Si02 43.46 45.27 45.28 45.31 41.36 41.86 42.16 40.48 

T i 0 2 2.27 1.21 2.47 2.60 3.65 3.31 3.44 2.97 

AI203 ' 12.87 1 1.40 10.01 9.66 12.44 1 1.76 11.25 10.83 

0 2 0 3 0.05 0.07 0.17 0.10 0.00 0.00 0.00 0.04 

FeO 14.07 15.17 12.25 1 1.96 17.76 16.94 16.80 16.21 

MnO 0.27 0.27 0.18 0.12 0.31 0.58 0.47 0.45 

MgO 12.67 12.93 14.96 15.27 10.92 1 1.07 11.80 1 1.21 

CaO 1 1.19 10.99 1 1.57 11.46 10.70 10.54 10.95 12.74 

Na20 2.50 2.25 2.47 2.27 2.85 2.59 2.72 2.39 

K 2 0 0.63 0.51 0.39 0.53 0.65 0.63 0.57 0.61 

NiO 0.00 0.00 0.11 0.10 0.03 0.00 0.00 0.00 

Total 99.97 100.08 99.84 99.35 100.67 99.29 100.15 97.93 

Formula 
Si 6.293 6.546 6.509 6.535 6.085 6.211 6.203 6.134 

T i 0.247 0.132 0.267 0.282 0.404 0.370 0.380 0.338 

Al 2.197 1.942 1.697 1.642 2.156 2.057 1.951 1.934 

C r 0.006 0.008 0.019 0.012 0.000 0.000 0.000 0.005 

Fe 1.704 1.835 1.472 1.443 2.186 2.102 2.068 2.054 

Mil 0.032 0.033 0.022 0.015 0.038 0.073 0.058 0.058 

Mg 2.735 2.787 3.205 3.282 2.393 2.448 2.588 2.532 

Ca 1.736 1.702 1.782 1.771 1.687 1.676 1.727 2.068 

Na 0.702 0.632 0.688 0.634 0.814 0.745 0.776 0.702 

K 0.117 0.094 0.072 0.097 0.122 0.119 0.107 0.118 

Ni 0.000 0.000 0.012 0.011 0.004 0.000 0.000 0.000 

No of O atoms 23 23 23 23 23 23 23 23 

Total (ions) 15.768 15.710 15.746 15.722 15.889 15.802 15.858 15.943 

End Members 
Barrois i te 0.182 0.076 0.111 

magnesio-alumino 0.033 0.006 0.004 

magnesio-ferri 0.107 0.056 0.089 

ferro-alumino 0.010 0.001 0.001 

ferro-ferri 0.031 0.012 0.017 

T s c h c r m a k i t e 0.487 0.442 0.422 0.427 0.431 0.510 0.440 

magnesio-alumino 0.112 0.080 0.032 0.017 0.020 0.033 0.000 

magnesio-ferri 0.249 0.259 0.310 0.340 0.266 0.312 0.304 

ferro-alumino 0.038 0.023 0.007 0.003 0.010 0.015 0.000 

ferro-ferri 0.084 0.076 0.069 0.065 0.130 0.139 0.129 

Edenite 0.191 0.224 0.333 0.314 0.089 0.087 

magnesio 0.142 0.172 0.269 0.261 0.060 0.060 
ferro 0.048 0.051 0.060 0.050 0.027 0.025 

A l B 4 S i 5 0.038 

magnesio-alumino 0.025 

ferro-alumino 0.012 

A l H 4 S i 6 

I'argasitc 

Fe pargasiti 

hastingsitc 

Mg hastingsitc 

Kacrsutt te 0.030 0.183 0.044 0.167 

magnesio-ulumino 0.022 0.122 0.030 0.1 16 

ferro-aluminc 0.007 0.059 0.013 0.049 

T a r a m i t c '0.292 0.151 0.170 0.147 0.347 0.357 0.306 

magncsio-aluminc 0.067 0.027 0.013 0.006 0.016 0.023 0.000 

magnesio-ferr 0.149 0.089 0.125 0.117 0.215 0.219 0.212 

ferro-aluminc 0.023 0.008 0.003 0.001 0.008 0.010 0.000 

ferro-ferr 0.050 0.026 0.028 0.022 0.105 0.098 0.089 

Hornblende barometer of Schmidt (1992) 

P (±0.6 kb) 7.4 6.2 5.1 4.8 7.3 6.8 6.3 6.2 
Depth (km) 26.6 22.3 18.1 17.2 25.9 24.2 22.4 22.1 
Amphibole-plagioclase geothermometer of lllundy and Holland (1990) 
T (Kelvin) 1063.8 I028.f 1109.3 1107.2 1127.0 1 105.2 1 115.6 1 133.4 
T(°C) 790.6 755. C 836.1 834.C 853.8 832.1 842.4 860.2 


