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This study presents mineral chemistry data the first time as a analytical data for the Ulukale porphyritic 

dome and the Çağlarca radial dykes located within the Neogene Tunceli volcanic rocks. In 

petrographic studies, it was determined that the dome and dykes with porphyritic texture were of 

trachyandesite composition. Plagioclase (oligoclase + andesine), amphibole (hastingsite + 

magnesiohastingsite and ferroedenite) and biotite (meroxene + phlogopite) found in domes-dykes, and 

pyroxene (augite and hypersthene) element contents only in dykes indicate that the magma originated 

from mantle-mantle+crust mixing and was affected by late-stage low-temperature hydrothermal fluids. 

Pyroxenes indicating low temperature - pressure conditions also indicate an upper crust source. This 

magma with mantle + crust properties supports crustal thickening and underplating mafic magma 

formation, which is a result of the compression regime in the Eastern Anatolia region. 
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1. INTRODUCTION 

Lava domes and dykes found in volcanic systems are a natural part of the system and are related to many 

related parameters, as well as the effusive and explosive nature of volcanism (Cassidy et al., 2018). Lava 

domes, which are products of explosive volcanism, will block the volcano vent and prevent magmatic gas 

outflow, which will increase the pore pressure and increase the severity of the eruption. For this reason, the 

eruption intensity of lavas with more acidic composition that constitute explosive volcanism will increase. It 

is suggested that the effectiveness of gas release is reduced due to the change in the composition of the 

dome-forming magma by hydrothermal fluids, apart from its viscosity (Ball et al., 2013; Rosas-Carbajal et 

al., 2016), and therefore the explosion severity is increased (Edmonds et al., 2013; Horwell et al., 2013). In 

explosive volcanisms, magma flow rate; gas evolution will determine the time available for cooling and 

crystallization, which will affect the morphology of the dome (Fink & Griffiths, 1998). 

In this study, the mineralogical-petrographic and mineral chemistry of the geological structures developed in 

the form of domes and radial dykes within the Tunceli volcanics, where explosive volcanism is dominant, 
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and the properties of the magma forming the geological structures were investigated. Since the study was 

guidet with very local and limited data, it is thought that it will form the basis for future studies. 

2. MATERIAL AND METHOD 

A large number of thin sections were made in the rocks in the study area and mineral chemistry (major and 

trace elements) analysis was carried out in a total of five samples, two from dome and three from dykes.  

The mineral chemistry analyzes were carried out using Bruker-Axs Quantax XF lash 3001 EDS integrated 

with a Zeiss Evo-50 EP microscope and JXA 8230 Model device under 20Kv voltage and 15NA current at 

the laboratories of Ankara University Earth Sciences Application and Research Center (YEBİM (Ankara, 

Turkey). The preparation and polishing of the thin sections used in these analyzes were carried out in this 

center. Mineral compositions were determined by converting the major and minor elements of the mineral 

obtained in oxide form from EPMA (Electron Probe Micro Analysis) into cation values (apfu = atoms per 

formula unit). 

3. GEOLOGICAL BACKGROUND OF EASTERN ANATOLIAN VOLCANISM 

The Eastern Anatolia region is considered an active continental plate margin as a result of the final closure of 

the Neo-Tethys Ocean. In these types of tectonic environments, magmatic activity with very common 

distribution develops, called orogenic magmatism. This magmatic activity forming linked to continental 

collision during geodynamic evolution of the region may become much more complicated with the effect of 

ocean-ocean or ocean-continent convergence (Innocenti et al., 1982; Pearce et al., 1990; Keskin et al., 1998; 

Turner et al., 2017; Özdemir et al. 2006; Karaoğlu et al., 2016, 2017). Continental collision is defined as the 

time when two continental plates approaching from opposite directions contact for the first time at the point 

when oceanic lithosphere or the plate between the two continental plates is fully subducted (Hu et al., 2016). 

All tectonic, magmatic or metallogenic events controlled by or directed by gravitational imbalance occurring 

when collision and convergence forces end and features related to probable subduction are defined as post-

collisional events (Kuşçu et al., 2007; Xu et al., 2020). This situation can be very clearly observed in the 

Eastern Anatolian region in terms of both tectonic, magmatic and metallogenic events. Additionally, this 

situation becomes more complicated with the development of two large transform faults developing after 

collision and affecting the whole region of the North Anatolian Fault Zone (NAFZ) and East Anatolian Fault 

Zone (EAFZ) (Figure 1a). With the full development of these two conjugate fault systems, Anatolia began to 

move as an independent microplate and they are accepted as forming a new triple junction (Eurasia-Arabia-

Anatolia) (Agostini et al., 2019). 

The Eastern Anatolia region, accepted as one of the best examples of a continental collision belt in the world, 

is considered to still be actively deformed as a result of north-south compression (Keskin, 2005). Accepted 

as beginning in the Late Oligocene from the initiation of the continental collision (Arabia-Eurasia) in Eastern 

Anatolia, magmatism forms the East Anatolia Magmatic Belt with distribution toward the east (Rabayrol et 
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al., 2019) (Figure1a, 1b). The earliest magmatic phase in this belt is the Cevizlidere magmatism with 26-25 

Ma (Oligocene) (İmer et al., 2015), then this magmatism increased over time and formed the largest volume 

Erzurum-Kars volcanic plateau in the Late Miocene (11.6-5.3 Ma). The volcanism forming the Erzurum-

Kars volcanic plateau developed in three different stages and the first stage (11-6 Ma) was stated to involve 

basic volcanism from small temporary chambers, while acidic volcanism erupted from large, zoned magma 

chambers (Keskin et al., 1998) (Figure 1a). Researchers stated that volcanism in the middle stage (mostly 

between 6-5 Ma) was characterized by single-stage volcanism forming dominantly from andesitic-dacitic 

lavas and later due to crystallization of aqueous assemblages (containing amphibole) in deeper magma 

chambers. Late stage volcanism (mostly 5-2.7 Ma) was stated to be characterized by bimodal volcanism 

comprising basically plateau basalts and basaltic andesite lavas and felsic domes (Keskin et al., 1998). The 

main magma forming this volcanism on the plateau was affected by subduction events before collision and is 

accepted as having the features of lithospheric-derived magma carrying traces of subduction.  

The Mazgirt (Tunceli) volcanics of Early-Middle Miocene (16.3 and 15.1 Ma), which are among the Tunceli 

volcanics and reflect the geodynamic framework of the Eastern Anatolia region, represent arc volcanism due 

to the Eurasia-Arabia convergence. The Late Miocene Tunceli basalts (11.4-11.0 Ma) are accepted as the 

beginning of post-collisional tectonics in Eastern Anatolia, while the Karakoçan (4.1 Ma) and Elazığ 

volcanic rocks (1.9-1.6 Ma) are accepted as being emplaced after the initiation of strike-slip movement on 

the North Anatolian and East Anatolian fault systems (Agostini et al., 2019) (Figure 1b). 

Many studies were performed related to regional magmatism for all these reasons (Arger et al., 2000; Kürüm 

et al., 2008; Önal et al., 2008; Karslı et al., 2008; Kaygusuz, 2009; Lebedev et al., 2016; Karaoğlu et al., 

2020; Oyan et al., 2016; Kaygusuz et al., 2018; Rabayrol et al., 2019; Kürüm & Baykara, 2020). Magmatism 

beginning from the initiation of Arabian plate collision in the Late Oligocene and defined as Late Cenozoic 

magmatism in Eastern Anatolia displays a variation in character from alkaline (hawaiite, mugearite) (Oyan et 

al., 2017) to calcalkaline and weak tholeiitic characteristics linked to geographical, sedimentological and 

tectonic variations.  
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Figure 1. a) View of the simplified tectonic units of Turkey and post-collision spreading volcanism in 

Eastern Anatolia (East Anatolian Volcanic Province) (MTA, 2002), b) View of the spreading volcanism in 

Tunceli and Elazığ area, and location map of the study area, c) Simplified geological map of the Ulukale and 

Çağlarca around (redrawn from Geological Map of Turkey, 1:500.000, Sivas sheet) (from Kürüm et al., 

2024). EAVP: East Anatolian Volcanic Province, GVP: Galatean Volcanic Province, VIAS: Vardar-Izmir-

Ankara Suture Zone, NAFZ: North Anatolian Fault Zone, BZSZ: Bitlis Zagros Süture Zone. 

Volcanism in the region appears to have variable composition and eruptive forms linked to compositional 

changes in the magma. For example, there are both Ocean Island Basalt (OIB)-type lavas with basic 

composition (Aydın et al., 2014; Kürkçüoğlu et al., 2015; Lustrino et al., 2010; Lebedev et al., 2016) and 

volcanics derived from the asthenospheric mantle (sub-slab) that is not affected by pre-collision subduction 

events (anorogenic volcanic rocks with in-plate geochemical features) (Kocaarslan & Ersoy, 2018). 

Depending on the different magma source formations, the composition of the volcanism in the region offers 

lava flow rocks ranging from basic to dacite/rhyolitic composition, as well as a rich pyroclastic sequence that 

is their equivalent (Pearce et al., 1990; Keskin et al., 1998; Yılmaz et al., 1998; Kürüm & Baykara, 2020). As 
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a general result of all these studies, a wide variety of models including different source areas, melting 

regimes and evolution processes have been created. Moreover, it is also stated that, differently, volcanism in 

Eastern Anatolia occurred by shallow melting of the previously metasomatized Anatolian continental 

lithosphere mantle and asthenosphere through decompression due to the collision of the Arabian and African 

asthenospheric mantles (Rabayrol et al., 2019). 

4. LOCAL GEOLOGY AND VOLCANO-STRATIGRAPHY 

Around Tunceli, there are Keban Metamorphites (Permo-Triassic) consisting of schists and crystallized 

limestones in the Paleozoic, Munzur Limestones (Jurassic-Cretaceous) and Elazığ Magmatics (Upper 

Cretaceous) in the Mesozoic, while in the Cenozoic; Eocene Kırkgeçit Formation in the turbiditic flysch 

facies, Oligo-Miocene Alibonca Formation and Miocene volcanics (Tunceli Volcanics/Karabakır Formation) 

crop out (Figure 1c). Of these units, only the Permo Triassic Keban Metamorphics form a contact with the 

Ulukale dome in the study area (Figure 1b). The Upper Cretaceous Elazığ Magmatic rocks basically 

comprise diorite group rocks (quartz diorite, diorite, monzodiorite and quartz monzodiorite) with granite, 

tonalite, quartz monzonite and gabbro (Kürüm et al., 2011; Sar et al., 2022). Dating studies for different 

lithologies determined the age of the unit varied from 59.77 ± 1.2 - 84.35 ± 1.7 Ma (Kürüm, 2011; Lin et al., 

2015; Beyarslan & Bingöl, 2018; Sar et al., 2019). The Middle Eocene-Upper Oligocene Kırkgeçit 

Formation is found above the Elazığ Magmatic rocks in the south of the study region and are generally 

layered. The Upper Oligocene-Lower Miocene Alibonca Formation forms the boundary with the studied 

volcanic rocks. Volcanic rocks contacting metamorphics around Ulukale village have angular unconformity 

with the Alibonca Formation near Çemişgezek and with the Alibonca and Kırkgeçit Formations and Elazığ 

Magmatics to the south (Figure1c).  

Volcanism in the study area and close surroundings mainly formed explosive/extrusive volcanism products 

with a very thick sequence. These volcanic products, described as pyroclastic rocks, begin with tuffs above 

the Elazığ Magmatic rocks, Kırkgeçit and Alibonca Formation forming the basement around Çemişgezek in 

the west and in the south. Tuffs, occasionally forming very thick sequences, are basically not well 

consolidated and as a result of not being resistant to surface conditions, they form generally soft topography 

with ridges, with very severe erosion especially in river beds. In the field, weathered surfaces appear to be 

dirty white and gray in color.  

Contrary to the common tuffs in the region, generally volcanic breccia forms the thickest sequence within 

pyroclastics. Found very widely, volcanic breccia formed of pebbles and blocks comprising many different 

grain sizes and shapes (from a few cm to m) contain occasional pumice levels and occasional lava layers 

locally or in pockets. Sometimes small-scale andesitic porphyry is observed to have intruded into tuff. 

Generally, the volcanic breccia comprise angular pebbles and blocks with different sizes and compositions, 

with nearly all pebble and block size grains having volcanic origin and being heterogeneous. This pyroclastic 

rocks appears to be the most important factor forming the current morphological structure of the region. 
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They reach thickest levels especially in the south close to the area containing dykes, on the south slopes of 

Akdemir (Şavak) village and south of Ulukale dome (Figure 2a, 2b). The rocks formed by the lava at the top 

of this thick sequence have not been eroded, so a very rugged and differently shaped terrain was formed due 

to erosion of less resistant pyroclastics (Figure 2b). Contrary to this, volcanism (lava rocks and pyroclastics) 

further west in the study area (W of Çemişgezek) generally form soft/smooth topography. Pyroclastic 

products in the region generally have tuff lithology. While lava flow rocks in the region have more basic 

composition and are more common in the west near Çemişgezek, the study area and surroundings have 

features of more acidic-intermediate composition. 

The lava dome, which is the subject of the study, is thought to be the last product of volcanism in the region 

(Kürüm et al., 2024). This geological structure, which has an altitude of approximately 300m and a spreading 

area of 4.80km, is massive and differs from the surrounding pyroclastic and other volcanic rocks due to its 

very hard and crack-free feature (Figure 2a). It is expected that uplift-tilt and differentiation zones will be 

observed in the contact zones of the porphyritic dome, which is the final emplacement product of this type, 

with pyroclastics. Traces of dome formation are not observed in the surrounding rocks, probably due to high 

erosion. This dome, in which porphyritic texture is clearly observed, is thought to have formed sub-

volcanically near the surface.  

 

Figure 2. The view of the a) b) Ulukale porphyritic dome and c) d) Çağlarca radial dykes 
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The radial dykes, which constitute the subject of the study, extend in different directions from a central exit 

point, again within the pyroclastics and in accordance with theoretical definitions. Radial dykes, which were 

formed by settling in the fractures that reached the surface during the period when the volatile component of 

the magma decreased, are found in pyroclastic rocks. Seven dykes were identified from the same center in 

different directions and forming a radial shape (Figure 2c, 2d). Although the length and height of the dykes 

vary, their thickness is approximately similar. Generally, a very dense crack system is observed in all dykes. 

It is more altered and weaker than dome rock samples. The weathered surfaces of rocks with porphyritic 

texture generally appear in grayish colors. One of the longest dykes, the 3rd dyke from the left, is in the 

200SW direction from the exit center to the road and is approximately 1400 m long and is important because 

it creates a height of 10 m in places. This dyke changes direction 30° to the east approximately 150 m from 

the beginning (Figure 2d). The other important dyke in the region, the 6th dyke from the leftmost dyke, is in 

the 100SE direction from the center of the outlet and is 1500 m long. The 4th and 5th dykes, which developed 

in approximately the same direction (20SW), are 360m and 550m long, respectively. The other two dykes 

extend towards the W and are relatively shorter. 

Erciyes Volcano/volcanism (Holocene), which is one of the volcanoes showing a dome structure in the 

Central Anatolia Region, located further west of the study area, is a stratovolcano volcanism in which the 

products of different eruption types can be seen together. After the Koçdağ caldera, which is a large caldera, 

developed on the Erciyes Stratovolcano, many dome and cinder cones developed along the radial faults 

around the volcano. Domes are mostly acidic and medium in composition. Although the domes in the 

Erciyes volcanism are similar in composition to the Ulukale dome, they are different in terms of formation 

mechanism. Again, within the Central Anatolian volcanics, the Göllüdağ volcanism is composed of rhyolitic 

pyroclastics, dome settlements and lava flows. In Göllüdağ volcanism, post-caldera activities after caldera 

formation are manifested by local rhyolitic dome outflows (Atıcı & Türkecan, 2017). 

5. DISCUSSION 

5.1. Petrography 

The rocks formed by lavas from the Ulukale porphyritic dome have a micro-porphyritic texture and consist 

mainly of plagioclase, biotite, amphibole, sanidine and quartz. Plagioclases are found as phenocrystals and 

microliths, and comprise the main phenocrystal phase in the rock (Fig 3a, 3b). Plagioclase phenocrysts 

occasionally contain dissolution structures and small prismatic plagioclase laths, indicating magma mixing 

(Hibbard, 1991). Biotites are the mineral most commonly found after plagioclase (Figure 3b-3d). 

Amphiboles are found as prismatic or hexagonal crystals (Figure 3d), sanidine crystals have Carlsbad 

twinning, while quartz are anhedral. Generally minerals in the rocks have low-moderate levels of alteration. 

The abundances of minerals found as phenocrystals in the rock; plagioclase > biotite > amphibole > sanidine 

> quartz. All these minerals also constitute the microcrystalline material of these porphyritic textured rocks. 

Some plagioclase minerals in the rock generally have alteration observed as seritization and clay mineral 

https://doi.org/10.54287/gujsa.1589209


235 
Kürüm, S., Sar, A., & Yurt, M. Y.  

GU J Sci, Part A 12(1) 228-249 (2025) 10.54287/gujsa.1589209  
 

 

formation, while oxidization or chloritization is clearly observed in the groundmass. Based on all these 

general textural and mineralogical features, the Ulukale porphyritic dome may be said to have trachyandesite 

composition.  

The Çağlarca radial dykes are found with different lengths and different strikes from a center in the study 

area. Samples from these dykes have similar textural features to the Ulukale dome. The main mineral 

composition of the dykes comprises plagioclase, amphibole and biotite, in order of abundance, with lower 

rates for sanidine and quartz. Plagioclases are generally prismatic euhedral-subhedral crystals, polysynthetic 

and with albite twins and occasional zoned structure (Figure 3e). In dyke samples, different to dome samples, 

the most abundant mineral after plagioclase is amphibole (Figure 3e, 3f). Amphiboles, found at high rates 

within groundmass, are generally small crystals with euhedral-anhedral form. Biotite minerals found in 

dykes occasionally have bladed form indicating magma mixing, while they occasionally contain plagioclase 

and amphibole mineral inclusions. Sanidine phenocrystals have Carlsbad twinning. Alteration observed in 

the rock in generally is seen in sanidines. Dykes with porphyritic textural features contain groundmass 

comprising microcrystalline forms of all minerals in the rock. Alteration in the rock in general is 

occasionally intensely observed in the groundmass, which appears to have dark color and be oxidized. The 

Çağlarca dykes have trachyandesite composition.  

 

Figure 3. Representative photo micrographs of texture and mineral assemblages in the a) b) c) d) Ulukale 

porphiritic dome and e) f) Çağlarca radial dykes. Plg; Plagioclase, Amp; Amphibole, Bi; Biotite (a-e; cross-

polarized light, f; plane-polarized light) 

5.2. Mineral Chemistry 

Analyses were performed on plagioclase, biotite, amphibole and pyroxene minerals identified in a total of 

five samples, two from the Ulukale porphyritic dome (Y1, Y5) and three from the Çağlarca radial dykes (Y6, 

Y9, Y11). 
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5.2.1. Plagioclase 

Six different plagioclase minerals from two samples belonging to Ulukale porphyritic dome (Y1-Y5) were 

analyzed at a total of 37 points (Supplementary Table 1). Measurements in samples from the dome found the 

content of anorthite, orthoclase and albite varied from An38-22, Or6-2, Ab74-60. According to these results, 

feldspars from porphyritic dome samples appear to have oligoclase and andesine composition (Figure 4). 

 

Figure 4. Composition of plagioclase in the classical An-Ab-Or scheme (Deer et al., 1992) for Ulukale dome 

and Çağlarca radial dykes 

Ten different plagioclase minerals from three samples (Y6, Y9, Y11) from the dykes were analyzed at a total 

of 51 points (Supplementary Table 1). According to the analysis results, dyke samples had anorthite, 

orthoclase and albite contents varying in the interval An46-22, Or5-1, Ab75-48. Based on these results, dykes 

appear to have similar plagioclase composition as samples from the dome. However, differently, plagioclase 

in the dykes had near equal rates of andesine-oligoclase composition and also had labradorite composition, 

though at low rates (Figure 4). 

To determine the relationships between elements in plagioclase minerals, a binary variation graph of Na 

(apfu), Al (apfu), Ca (apfu) and K (apfu) versus Si (apfu) was drawn (Figure 5). All examples show similar 

trends, consistent with each other. This distribution of elements indicates fractionation. 

https://doi.org/10.54287/gujsa.1589209


237 
Kürüm, S., Sar, A., & Yurt, M. Y.  

GU J Sci, Part A 12(1) 228-249 (2025) 10.54287/gujsa.1589209  
 

 

 

Figure 5. Change diagrams of elements according to Si (apfu) in plagioclase minerals 

5.2.2. Pyroxene 

Pyroxene mineral was detected only in dykes. In samples numbered Y9 and Y11, a total of 12 points were 

analyzed for 3 different pyroxene minerals. According to the analysis results calculations, the Mg# of 

samples Y9 and Y11 vary between 0.76-0.82- 0.73-1.12 respectively (Supplementary Table 2). To see the 

compositional changes of pyroxenes, binary graphs of element (cation, apfu) contents versus Mg# were 

drawn (Figure 6). Except for the two analysis points with the highest Mg# in the Figure 6, the other analyzes 

are generally compatible with each other. At these two samples Si, Ca, Na is at the lowest value and Ti, Al, 

Fe, K is at the highest value compared to the other points (Figure 6). This compositional difference may 

indicate that different thermodynamic conditions developed during crystallization. According to the 

Mg2Si2O6 (Enstatite) - Ca2Si2O6 (Wollastonite) - Fe2Si2O6 (Ferrosillite) values calculated from the main 

element contents of pyroxenes, the pyroxene in radial dykes generally had augite composition. However, 

only two sample amount with hyperstene composition was identified (Figure 7a). It is accepted that 

especially Al and Ti elements in pyroxenes limit the pressure conditions in which the mineral crystallizes 

(Nekvasil et al., 2004). For this purpose, the diagram developed and calibrated from experiments on 

terrestrial alkaline basalts shows the pressure dependence of the Al-Ti ratio for pyroxenes in equilibrium 

with basaltic magma (Nekvasil et al., 2004). Pyroxenes crystallizing from magma with basic composition 

must have high Al-Ti ratios since they are formed under high pressure conditions. Accordingly, it is seen that 

the examined samples have a very low Al-Ti ratio (except for two samples with hypersthene composition) in 

the Al-Ti diagram (Figure 7b), therefore the pyroxenes in volcanics crystallize without any difference under 

low pressure conditions. Similarly, in Figure 7c and 7d, it can be seen that pyroxenes represent low-pressure 

conditions. In Figure 7c, despite the low Ca+Na content of the samples, the relatively higher Ti content 

indicates calc-alkaline basalt source which is also consistent with the geochemical data (Kürüm et al., 2024). 
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According to Al content, pyroxenes give the composition of crustal basalt (Figure 7d) and this also indicates 

equilibrium crystallization. 

 

Figure 6. Binary variation diagrams for the main element compositions of pyroxenes 
 

 

Figure 7. Classification and discriminant diagrams for pyroxene of volcanics that are the subject of the 

study. a) En–Wo–Fs diagram (Morimoto et al., 1988), b) Crystallization depth model according to Al-Ti 
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contents (Nekvasil et al., 2004), c) Ti vs (Ca+Na) diagram (Leterrier et al., 1982), d) Al6 vs Al4 (Aydın et al., 

2009) 

5.2.3. Amphibole 

From the studied rocks, one sample from the porphyritic dome (Y1) and three samples (Y6, Y9, Y11) from 

the dykes had amphibole mineral chemistry analysis performed. A total of 14 points in 3 different minerals 

in the sample from the dome were analyzed. A total of 59 points were analyzed in 10 different amphibole 

minerals from the dykes, with three minerals from sample Y6, four minerals from sample Y9 and three 

minerals from sample Y11. Analysis data and calculations from all samples are given in Supplementary 

Table 3. The Si value of the Ulukale porphyritic dome amphibole samples is 5.60-6.58 apfu, except for one 

sample, and the Si value of the dykes is the same as the Si 5.86-6.58 apfu. Although the Mg values of domes 

and dykes, varying between 0.55-0.74% and 0.60-0.75%, are similar, and especially Ca (0.00-1.63; 1.67-

1.86) values are different. According to Si and Mg# values, it is seen that amphiboles are mainly composed 

of hastingsite and magnesiohastingsite (Figure 8a). A smaller number of samples also have ferrodenite 

composition. 

Additionally, it is seen that their amphiboles do not exceed the values of Si = 7,500 (apfu), which represents 

the silica content limit of magmatic amphiboles according to Leake (1971) (Figure 8b). The identification of 

all samples as magmatic amphiboles indicates that metasomatism is not effective in these amphiboles.  

In experimental studies, it has been determined that oxygen fugacity exerts a dominant control on the 

Fe/(Fe+Mg) ratio of mafic silicates (Zhang et al., 2015; references in the paper). Created for this purpose, the 

AlIV vs. Fe/(Fe+Mg) diagram (Anderson & Smith,1995), it can be said that the amphiboles of the rocks under 

study were formed under very different - high and low - oxygen fugacity conditions (Figure 8c). All 

amphibole samples show the same feature. In the TiO2 and Al2O3 diagram (Jiang & An, 1984) created based 

on amphibole main oxide data used to distinguish magma sources, a few dyke samples reflect the mantle-

crust feature, while most of the samples are concentrated in the mantle source region (Figure 8d). The dome 

samples are located entirely in the mantle region. Samples indicating mantle origin according to Al2O3 

content indicate mantle+crust mixing source according to MgO content. This can be considered as a sign of 

mafic magma settling/mixing in the felsic magma chamber in the crust. 

5.2.4. Biotite 

Biotites are common ferromagnesian silicate minerals in the rocks under study where it occurs as an early- to 

late-stage crystallization mineral. Total of 6-18 different points had biotite mineral chemistry analysis 

performed in 11 different biotite minerals obtained from 5 samples (Y1-Y5-Y6-Y9-Y11) from both dome 

and dykes rocks (Supplementary Table 4). The biotites in dome and dykes show variation in SiO2 content 

from 45.5-34.6 and 36.9-32.9 wt% respectively. Dyke biotite samples had total Al content from 2.8-2.5% 

atoms per formula unit (apfu), with this ratio varying from 2.7-2.5% apfu in Ulukale porphyritic dome 
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samples. The Fe2+/(Fe2++Mg) and Mg content all of the samples (dome and dykes) is approximately 0.5-0.3 

apfu 2.9-3.8 apfu respectively.  

According to the International Mineralogical Association (IMA) classification, biotite; It is divided into four 

end members: annite [KFe2+3AlSi3O10(OH)2], phlogopite [KMg3AlSi3O10(OH)2], siderophyllite 

[KFe22Al(Al2Si2)O10(OH)2] and eastonite [KMg2Al(Al2Si2O10)(OH)2] (Rieder et al., 1998).  

According to this, following the classification of Tröger (1982), all Çağlarca radial dykes had biotite 

(meroxene) composition, while the dome samples meroxene and phlogopite composition (Figure 9a). The 

fact that the total Al content and Fe2+/(Fe2++Mg) ratios in biotite are low and do not change supports the 

relationship with the absence of continental collision or continental contamination (Lalonde & Bernard, 

1993). 

It is suggested that biotites are divided into two: magmatic and hydrothermal (Jacobs & Parry, 1979; Fu, 

1981). It is accepted that igneous biotites crystallize directly from silicate melt and generally have molecular 

ratios of Mg/Fe <1.0, while hydrothermal biotites have Mg/Fe >1.5 [65]. Similarly, Fu [66] reported in his 

study that magmatic biotites have high titanium (TiO2 >3%) and low aluminum content (Al2O3 <15%), while 

neoform biotites have low titanium (TiO2 <3% and mostly <2%) and high aluminum (Al2O3 >15%) content. 
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Figure 8. a) Plots of amphibole classification diagram (Leake et al., 1997), b) Discrimination of magmatic 

and metamorphic amphibole according to Si vs. (Ca+Na+K) diagram of the Ulukale porphyritic dome and 

Çağlarca radial dyke samples, c) AlIV vs. Fe/(Fe+Mg) diagram (Anderson & Smith,1995) showing the 

possible oxygen fugacity conditions during the crystallization, d) TiO2 vs. Al2O3 magma source diagram for 

amphiboles (Jiang & An, 1984) 

Accordingly, while the biotites subject to study are compatible with neoform biotites with Mg/Fe ratios 

varying between 1.4-2.5 they have the characteristics of magmatic biotite in terms of TiO2 (>3% in all 

samples) and Al2O3 (dykes <15, dome samples generally <15) contents. In the FeO+MnO-MgO-10TiO2 

triangle diagram of biotites (Nachit et al., 1985), it is seen that they are primary and re-equilibrated primary 

biotites (Şekil 9b). Biotites were not affected by evolution or late-stage low-temperature hydrothermal fluids 

(secondary crystallization). The FeO/(FeO+MgO) vs. MgO diagram suggests that all of the dykes samples 

and dome-Y6 sample were derived from crust-mantle mixed source while dome-Y1 sample was derived 

from mantle source (Figure 9c). 

The Ti concentration in biotite depends on the crystallization temperature and oxygen fugacity (fO2) of 

biotite (Henry et al., 2005). Accordingly, low Ti content is associated with low crystallization temperature 

(Henry et al., 2005). According to Robert (1976) definition, the Ti content of biotite in primary magmas is 

generally high compared to re-equilibrated/hydrothermal/neo-formed and late-stage crystallizing magmas. 
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For this purpose, the Ti contents of our samples (dome and dykes 0.61-0.41) were compared with the Ti 

contents (0.24-0.15) of hydrothermal biotites (Tang et al., 2019). In the diagram created according to Ti, Mg 

and Fe contents to determine the formation temperatures of biotite (Deniz, 2022), it is seen that biotite has a 

pressure of 4-6 kbar and a crystallization temperature of 700-8000C (Figure 9d). 

Biotite chemistry is considered to be important in elucidating the petrogenesis of rocks. For this purpose, in 

the diagram created according to MgO--Al2O3 contents [61], the samples are concentrated in the orogenic 

magma area with calc-alkaline characteristics (Figure 9e). 

 

Figure 9. Diagrams commenting biotites belonging to the Ulukale dome and Çağlarca dykes. a) 

Nomenclature of biotite in the Fe2+/(Fe2+ +Mg) vs. Al (apfu) diagram b) FeO+MnO-10xTiO2–MgO 

triangular diagram (Nachit et al., 1985), c) Plots of FeO/FeO+MgO) vs. MgO for biotite (Zhou, 1986), d) 

Sample distribution in the temperature isotherm (°C) diagram calculated according to Ti and Mg/(Mg+Fe) 

(Tang et al., 2019), e) Plots of biotite composition in the MgO vs. Al2O3 diagram (Abdel-Rahman, 1994) 

6. CONCLUSION 

This study was conducted within the Late Miocene aged Tunceli Volcanics (Karabakır Formation), -with a 

dome with a height of approximately 300 m and a perimeter of 4800m- and reveals the petrography and 

mineral chemistry characteristics of dykes (seven) of different lengths, extending from a center at different 

angles to form a radial shape. 
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Petrographic investigations identified that rocks forming the dome had basic mineral composition of 

plagioclase and biotite with lower amounts of amphibole, quartz and sanidine, while the basic mineral 

composition of the dykes was plagioclase, amphibole and sanidine with lower amounts of biotite and quartz. 

Among the dome and dykes with porphyritic texture and trachyandesite composition, the rocks forming the 

dome have larger mineral sizes and more intense alteration than the dykes. Melting-dissolution structures in 

plagioclase and the presence of blade-shaped biotite minerals in dykes are petrographic features that indicate 

magma mixing. 

Plagioclase belonging to porphyritic domes and dykes is in the composition of oligoclase and andesine. The 

compositional similarity of plagioclase in dome and dykes is also the same in the relationships between 

elements. Such distributions among the elements indicate the fractionation in plagioclase. 

In the chemical analysis of two pyroxene minerals found only in dykes, pyroxenes are in the composition of 

augite and hypersthene (two samples). Element distributions are generally consistent (except for two 

examples). This compositional difference is caused by the presence of hypersthene mineral as an inclusion in 

the augite mineral. While hypersthene with more basic composition has high Al and Ti content, samples with 

augite composition contain lower Al and Ti. These pyroxenes, which have calc-alkaline properties, were 

affected by the equilibrium crystallization conditions that enable them to crystallize under low pressure 

conditions (upper crust + surface conditions). 

The amphiboles are mainly composed of hastingsite and magnesiohastingsite. These minerals, which 

originate from the mantle and feature magmatic amphibole, have different oxygen fugacity (low-medium-

high). Dome samples have characteristics with a more basic composition than dyke samples. 

While biotites are meroxene in composition in dykes, they are phlogopite in dome samples. Element 

changes/contents in biotites indicate that these minerals are of magmatic origin and primary - re-equilibrated 

primary biotites. Although dome and dyke samples are generally similar in terms of element distribution, 

dome sample Y1 points to the mantle source area, while other samples point to a crust-mantle mixture. These 

biotites, which feature calc-alkaline orogenic magma, were formed in the temperature range of 700-800oC. 

In conclusion; while one of the two dome analysis indicates a more basic composition and mantle source, 

while plagioclase, amphibole, and biotite minerals in and other dome and dykes specimens show generally 

similar properties. The elemental contents of these minerals indicate that these rocks are of magmatic origin 

and have not been affected by metamorphism. The fact that pyroxene mineral analysis was performed on 

only dyke samples makes it difficult to fully compare the domes and dykes in terms of this mineral and, 

accordingly, to interpret whether the magma forming the dome and dykes are the same/different. However, 

when all data are taken into account, the mantle-derived magma that started to form the dome, and later 

completed the development of both the dome and the dykes with the mantle and crust+mantle interaction. 

The formation of mantle+crust magma and temperature changes in biotite minerals (700-8000C) resulting 
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from these data can be considered as indicators of post-collision crustal thickening in the Eastern Anatolia 

Region. 
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