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Abstract

Mineralogical, petrographical and mineral chemistry properties are presented for the Cenozoic aged Bahgecik volcanics
in the Eastern Pontides (NE Turkey). The studied volcanic rocks are composed of basaltic andesitic, andesitic, dacitic and
trachydacitic lavas and pyroclastics. Petrographic and mineral chemistry studies reveal some disequilibrium textures
reflecting magma mixing process. These rocks contain labradorite (Ang7.s0), andesine (Anae.34), oligoclase (Angg.is), and
albite (Anj.o;), magnesio-hastingsite (Mg# = 0.73-0.9), pargasite (Mg# = 0.76-0.78) and edenite (Mg# = 0.76-0.85),
augite (Wo43.4s5), diopside (Woss) and clinoenstatite (Enes.s0), K-feldispar, biotite, quartz and Fe-Ti oxide minerals.
Crystallization temperatures calculated from amphibole and clinopyroxene minerals are 834 °C to 1149 °C, pressure
values are 1.4 to 6.5 kbar, oxygen fugacity (logl0 fO,) are -11 to -9.6. Estimation of water content calculated by using
amphiboles is between 6.6 and 8.5%. Based on the obtained data, it is suggested that the magmas had undergone hydrous
and anhydrous crystallizations in the shallow to mid-crustal magma chambers.
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1. Introduction

The Eastern Pontides are characterized by three main
volcanic cycles developed during Liassic, Late
Cretaceous and Early Eocene to Miocene [1-3].
Although many researchers have addressed the
evolution of the Cenozoic volcanic rocks in the
Eastern Pontides [4-16], the studies of crystallization
conditions and magma chamber processes are limited

2. Regional geology and stratigraphy

The Eastern Pontides are commonly subdivided into the
northern and southern parts (18-19). The study area is
located within the northern part of the Eastern
Pontides.

The basement rocks of the Eastern Pontides consist
of Early Carboniferous metamorphic rocks [20] and
granitoids of Late Carboniferous age [21-25]. Early
and middle Jurassic volcanic and volcanoclastic
rocks lie unconformably on the basement rocks, and
are conformably overlain by middle—late Jurassic—

2 Corresponding author;

in the Bahgecik (Torul/Giimiishane) area [17]. In this
study, mineralogical, petrographical and mineral
chemistry data for volcanic rocks exposed in the
Bahgecik area are reported to  provide
thermobarometer (pressure-temperature) conditions
during the crystallization and to determine settlement
of the volcanics.

Cretaceous carbonates [19, 26]. The Late Cretaceous
units that unconformably overlie these carbonate
rocks consist of sedimentary, volcanic and plutonic
rocks. Cretaceous arc-type volcanics and intrusive
rocks were emplaced into the Eastern Pontides crust
[27-30]. The Lower Paleocene plagioleucitites are
considered to be the final product of subduction [31].
From the Paleocene to the Early Eocene, the Eastern
Pontides was above sea level probably because of
the collision between the Pontides magmatic arc
and the Tauride-Anatolide block [19, 32]. The
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Eocene volcanic and volcanoclastic rocks overlie the
Late Cretaceous series [8, 9, 12, 33-35], and are
intruded by granitoids of similar age [36-41]. Post-
Eocene uplift and erosion brought clastic input into
locally developed basins [42]. In the Late Eocene, the
region has remained largely above sea level with
continious minor volcanism and terrigeneous
sedimentation [19]. The Miocene and post-Miocene
magmatisms are characterized by calc-alkaline to
mildly alkaline compositions [6, 9, 43-44].

In the Bahgecik region (Figure 1), the basement rocks
are consisting of Late Cretaceous dacites and
pyroclastic rocks (Kizilkaya Formation, [33]). Late
Cretaceous andesites and pyroclastic rocks (Caglayan

3. Analytical techniques

Sixty-five samples were collected in the Bahgecik
(Giimiigshane) area. The modal mineralogy of these
samples was determined through point counting
using a Swift automatic counter, and 5 representative
samples being selected for electron microprobe
analyses.

Electron microprobe analyses on carbon-coated
polished sections were carried out at the New Mexico
Institute of Mining and Technology, Socorro (USA),
using a Cameca SX-100 electron microprobe with
three wavelength dispersive (WD) spectrometers.
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Formation, [33]) overlie these rocks conformably.
Late Cretaceous Kastel Granodiorite cuts these
lithologies. The Eocene sequence (Alibaba
Formation, [45]), mainly of andesite, basaltic
andesite with minor trachydacite and dacite and
associated pyroclastics, unconformably overlie by
Late Cretaceous series. Eocene volcanic rocks start
with volcanic breccia, agglomerates and tuff level in
the basement, and are overlain by a thick volcanic
sequence including amphibole/augite andesite, quartz
andesite and tuff intercalating limestone and
sandstone. The top of the unit consists of dacite and
their pyroclastic equivalents. The pyroclastic rocks
are composed of agglomerates, tuffs and volcanics
breccias.

Polished sections were examined using back-
scattered electron imagery, and selected minerals
were quantitatively analyzed. An accelerating voltage
of 15 kV and a probe current of 20 nA were used.
Peak count times of 20 s were used for all elements,
except for F (40 s; amph/mica), F (60 s; glass), Cl
(40 s), S (30 s), Sr (60 s), and Ba (60 s). A point
beam of 1 [Im was used for analyses of amphibole,
pyroxene, epidote, Fe-Ti oxide, and zircon. A
slightly defocused (10 [Im) beam was used for
analyses of feldspar, mica, and chlorite to avoid
losses due to sodium volatilization [47].
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Figure 1. Geological map of the Bahgecik (Giimiishane) area. Modified after [46].
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4. Petrography and mineral chemistry

The volcanic rocks consist of basaltic andesites,
andesites, minor dacites and trachydacites (Figure 2).
Basaltic andesites show microlitic to microlitic—
porphyric textures characterized by plagioclase,
clinopyroxene and amphibole phenocrysts. Their
groundmass is  composed of  plagioclase,
clinopyroxene and amphibole microlites, and Fe-Ti
oxide. Andesites have hypocrystalline porphyritic
and glomeroporphyritic textures. They have
phenocrysts of plagioclase, K-feldispar, ortho- and
clinopyroxene and amphibole in a groundmass of
microlites including plagioclase, amphibole, ortho-
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and clinopyroxene, and Fe-Ti oxide. Trachydacites
exhibit porphyric, glomeroporphyritic and trachytic
textures, including phenocrysts of plagioclase, K-
feldispar, quartz, clinopyroxene and amphibole in a
hyaline groundmass containing Fe-Ti oxide (Fig.
3c). Dacites  exhibit  holocrystalline-  and
microgranular textures with plagioclase, K-feldspar,
quartz, amphibole and minor biotite phenocrysts.
Their groundmass contains the microlites of

plagioclase, amphibole, biotite, Fe-Ti oxide, and
glass (Figure 2).

Figure 2. Phtomcrograhy shoing textural relaionship of the Bahgecik volcanic rocks: (a) oscillatory zoning
plagioclase; (b) embayed quartz crystals (P1: Plagioclase, Q: Quartz) (All the microphotographs are shown in the Crossed
polarized light).

The microprobe compositions for plagioclase,
clinopyroxene, amphibole and Fe-Ti oxide are given
in Table 1.

Plagioclase occurs as euhedral to subhedral crystals
and commonly displays normal and reverse zoned. It
tends to be an early, dominant phase, and some of
these show oscillatory zoning (Figure 2a) and
prismatic-cellular growth. Plagioclase samples show
poikilitic textures, in which large plagioclase crystals

may contain small crystals of plagioclase and opaque
minerals. The plagioclase phenocrysts comprise broad
compositions ranging from labradorite to albite
(Ang;_;). Anorthite composition range from Ans;

to Anjzo in basaltic andesites, from Angs to Anis

K-albite

Na-san/idine

Figure 3. Classification diagram of feldspars [48].

in andesites, and from Anss to Ang; in
trachydacites (Figure 3, Table 1).
(O Basaltic andesite
["]Andesite
%1 Trachydacite
50
Sanidine Orthoclase
Microcline
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Table 1. Minimum and maximum values of microprobe analyzes for plagioclase, pyroxene, amphibole and Fe-Ti oxide

Plagioclase Pyroxene Amphibole Fe-Ti oxide
Rock  Basaltic Andesite Trachy dacite Rock  Basaltic Andesite Rock  Basaltic Andesite Trachy dacite Rock  Basaltic Andesite
types  andesite (n=23) (n=10) types  andesite (n=9) types  andesite (n=7) (n=7) types  andesite (n=6)

(n=9) (0=7) (n=4) (0=6)

min max  min max min max min max  min max min max  min max  min max min max  min max
Si02 504 575 564 64.03 581 68.0 SiO2 50.1 520 509 53.1 SiO2 42,1 449 443 463 456 465 SiO2 0.08 030 0.09 426

2 6 4 2 9 2 5 2 2 5 5 7 9 4 8

A0 262 31.1 220 2661 197 257 ARO 1.18 452 0.61 1.98  TiO2 1.09 132 106 144 1.09 134 TiO2 673 7.13 574 876
3 3 4 6 7 2 3
FeO 043 074 017 041 0.02 043 FeO 621 9.01 746 183 AIRO 11.6 14.1 1.3 122 103 11.7 ARO 158 1.68 230 6.01

1 3 5 7 1 9 6 6 3
Ca0O 816 13.1 334 9.26 0.03 806 MnO 012 045 037 077 FeO 863 148 972 116 106 119 Cr20 0.00 0.05 005 0.08
2 1 1 6 8 3
Na20 323 6.79 585 1005 7.02 11.8 MgO 143 156 146 248 MnO 0.11 058 052 062 043 071 FeO 783 803 71.8 787
0 6 6 5 9 8 3 7 5
K20 038 074 022 055 0.04 044 CaO 21.0 225 1.09 219 MgO 129  17.0 13.7 16.1 138 152 MnO 062 079 0.56 0.67
6 1 2 8 4 5 1 7 7
BaO 0.04 009 0.00 0.16 0.00 0.10 Na20 022 038 0.02 035 CaO 1.1 115 109 120 109 114 MgO 093 1.17 199 290
6 6 8 5 5 7
Total 985 997 984 9991 994 999 Total 980 99.8° 982 991 Na20 185 248 1.18 156 123 149 CaO 0.00 0.12 0.02 0091
8 2 1 5 7 4 1 2 4
Si 232 259 257 284 262 298 Si 1.86 195 193 197 K20 038 058 012 0.67 050 0.60 Total 839 91.0 914 926
6 2 2 8
Al 139 169 115 142 1.02 136 Ti 001 002 001 0.0l Total 979 991 97.0 989 971 988 Si 0.03 011 0.03 145
7 5 2 2 9 8
Fe2+ 002 0.03 0.01 0.02 0.00 0.02 Al 0.05 020 0.03 0.09 Si 6.02 641 641 659 658 6.69 Ti 1.98 209 147 244
Ca 039 065 0.16 045 0.00 039 Fe2+ 0.19 028 024 057 Ti 0.12 0.14 011 0.16 0.12 0.15 Al 072 078 1.00 242
Na 029 059 051 0.86 0.61 1.00 Mn 0.00 0.01 0.01 0.02 Al 196 239 189 210 176 2.00 Cr 0.00 0.02 0.01 0.02
K 0.02 0.04 0.01 0.03 0.00 003 Mg 0.81 087 083 138 Fe2+ 1.02 180 1.17 139 128 143 Fe2+ 256 259 205 242
9 8 2 1

Ba 0.00 0.00 0.00 0.00 0.00 0.00 Ca 084 090 0.04 0.89 Mn 0.01 007 006 0.08 0.05 0.09 Mn 020 026 0.16 0.21
An 390 674 153 4553 012 380 Na 0.02 0.03 0.00 0.03 Mg 282 361 295 340 298 329 Mg 054 068 1.10 148

4 0 3 8
Ab 30.0 587 521 8347 60.0 99.6 Wo 434 462 217 449 Ca 171 177 170 184 169 178 Ca 0.00 005 001 033
3 9 0 1 5 1 7 9
Or 2.16 432 120 323 023 251 En 414 437 419 691 Na 1.03 137 065 087 0.68 0.83 Fet 042 044 042 0.50
5 7 8 0
Structural formula on the basis of 8 oxygen atoms Fs 100 148 126 295 K 0.07 0.11 0.02 0.12 0.09 0.11 Structural formula on the basis of 32
8 3 2 9 oxygen atoms

Mgt 0.74 0.81 071 0.78 Mgt 073 087 076 090 0.76 0.85
Structural formula on the basis of 6 Structural formula on the basis of 23 oxygen atoms
oxygen atoms

n= sample number, min: minimum values, max: maksimum values
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Amphibole occurs as subhedral to euhedral
phenocrystals and microlites in groundmasses. Some
of larger crystals may contain small plagioclase and
opaque minerals. They have (Ca+Na), values greater
than 1.00, and are calcic in composition (Figure 4a).
Amphiboles from the studied rocks are classified as
magnesio-hastingsite with AlY! < Fe®* except for

Volume 6(2), December 2017, pp 641-651

some pargasite with A1¥' > Fe** and minor edenite in
compositions (Figure 4b). The Mg# of amphiboles
varies from 0.73 to 0.90 (Table 1). Amphibole is
magnesio-hastingsite in basaltic andesite, magnesio-
hastingsite to pargasite in andesite, and edenite in
trachydacites (Figure 4, Table 1).

2.0 ! ! ! ! ! ! ! ! (Cag > 1.50 ; (Na+K), > 0.50) |
(a) (b) (Ti < 0.50) |
sodic (alkaline) 10 -
16 F 4 ’ pargasite (VAlI>Fe3*
] i (@]
0.8 edenite gﬁg 9 magnesio
12 1 E e} sadanagaite
© Ea-Mn.| i sodic-calcic 4 (%D L magnesio hastingsitg
z Mg-Fe-Mn-Li - 0.6 ("AI<Fe*)
08} 19 ;
=yat ferropargasite
B §7 (V]Al > Fe-‘*)
04 | 4 o2 b ferro edenit sadanagaite
calcic g ’ hastingsite
1 (VIAL < Fe?)
0.0 : A 0.0 ‘ ‘ ‘ ‘
0.0 0.4 0.8 1.2 1.6 2.0 8.0 75 7.0 6.5 6.0 5.5 5.0 45
Ca+Na Si (p.fu)
Figure 4. (a - b) The compositions of amphiboles [49]. Symbols are as in Fig. 3
Amphibole occurs as subhedral to euhedral some pargasite with AIY' > Fe®" and minor edenite in

phenocrystals and microlites in groundmasses. Some
of larger crystals may contain small plagioclase and
opaque minerals. They have (Ca+Na), values greater
than 1.00, and are calcic in composition (Figure 4a).
Amphiboles from the studied rocks are classified as
magnesio-hastingsite with AIY! < Fe** except for

compositions (Figure 4b). The Mg# of amphiboles
varies from 0.73 to 0.90 (Table 1). Amphibole is
magnesio-hastingsite in basaltic andesite, magnesio-
hastingsite to pargasite in andesite, and edenite in
trachydacites (Figure 4, Table 1).

Wo
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&
Augite
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" - - — AC-JD-UR
Clinoenstatite Clinoferrosillite
En\\\\\\\\\\\\\\\\\\\\\FSNa\\\\\\\\\\\\\\\\\\\\AW)
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Figure 5. Classification diagrams of pyroxene, a) Wo-En-Fs [51], b) Ti-Na-Al® [50]. Symbols are as in Fig. 3

K-Feldispar is found in andesitic, trachydacitic and
dacitic rocks as anhedral to  subhedral
microphenocryst. K—feldspar phenocrysts are sanidine
and anorthoclase in compositions.

Biotite occurs only in dacitic rocks as phenocrysts
and as a dispersed groundmas. Some phenocrysts
may contain small plagioclase and opaque minerals.
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Quartz is found only in dacitic and trachydacitic
rocks. Embayed quatz crystals are common (Figure
2b).

Fe—Ti oxides are euhedral to anhedral in shape, and are

TiO,

limenite

Usp

Volume 6(2), December 2017, pp 641-651

in many cases adjacent to plagioclase or pyroxene
phenocrysts. They are the product of the ulvospinel-
magnetite solid solution and show compositions close to the
magnetite in the ternary TiO,-FeO-Fe;O3 diagram [52]
(Figure 6).

P

@
‘ Hematite

FeO

T
Magnetite Fe,0s

Figure 6. Plot of Fe-Ti oxides in the ternary TiO,-FeO-Fe;O; diagram [52]. Symbols are as in Fig. 3

5. Intensive parameters

5.1. Clinopyroxene thermobarometry

Estimates of quantitative temperature and pressure
on clinopyroxene composition were re-evaluated by
[53]. [53] gave an equilibrium constant using Fe-Mg
exchange and Kp(Fe-Mg)®™™ = (0.27+0.03. The

calculated results of the studied rocks show pressures
ranging from 14 to 6.3 kbar and temperatures
ranging from 1081 to 1149 °C (Table 2).

Table 2. Clinopyroxene temperature and pressure calculations

Clinopyroxene-melts

Thermobarometer [53] P (32¢, kbar) T(C) Kbp (Fe-Mg)
Basaltic andesite (n=5)

Min 1.7 1081 0.25
Max 6.3 1149 0.27
Ort 3.8 1125 0.26
Sp 1.9 28 0.01
Andesite (n=5)

Min 1.4 1083 0.25
Max 4.7 1123 0.26
Ort 2.5 1102 0.26
Sp 1.3 19 0.00

5.2. Amphibole-plagioclase thermobarometer

Microprobe data for the amphibole and plagioclase
phenocrysts from the Bahgecik volcanites were
used to calculate temperature using the equations
suggested by [54]. Pressures were calculated using
Al-in-amphibole method and equations proposed by
[55] for volcanic rocks. The results obtained from

the amphibole-plagioclase thermometer and Al-in-
amphibole geobarometer are given in Table 3.
Calculated pressures and temperatures give values
of 3.9 to 6.5 kbar and 834 to 979 °C for the studied
volcanic rocks (Table 3).
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Table 3. Amphibole temperature and pressure calculations

P (kbar) [55] T °C [54]
Basaltic andesite
(n=4)
Min 4.7 871
Max 6.5 979
Ort 5.4 918
Sp 0.8 45
Andesite (n=7)
Min 4.4 859
Max 5.4 902
Ort 4.9 879
Sp 0.4 16
Trachydacite
(n=7)
Min 3.9 834
Max 4.9 879
Ort 4.4 866
Sp

5.3. Amphibole thermobarometry, oxygen fugacity, and hygrometer

[56 and 57] estimated that the P, T, H,O contents,
ANNO and fO, of volcanic rocks using microprobe
analysis of amphiboles. The calculated crystallization
pressures and temperatures of amphiboles in the Bahgecik
volcanics were 2.3 to 4.9 kbar and 850 to 946 °C,
respectively (Table 4). The relative oxygen fugacity
(ANNO) ranged from 1.0 to 3.3 for the studied rocks

(Table 4). The oxygen fugacity (log10 fO>) values of
the studied rocks varied between -9.6 and -11.0
(Table 4). Calculation results by using the formula of
[56, 57] denote that the H,Omex contents of melts
changed from 6.6 to 8.5 wt.% for the studied
volcanic rocks (Table 4).

Table 4. Amphibole temperature, pressure, H,O contents and oxygen fugacity calculations

[57] [56]

Basaltic andesite (n=3) T°C P ANNO {0, H,O P (kbar) T°C ANNO

(kbar)
Min 912 3.1 1.0 -103 6.9 3.6 907 1.6
Max 929 3.8 1.6 -10.1 7.7 4.9 942 2.0
Ort 920 3.4 1.3 -102 7.3 4.2 924 1.8
Sp 12 0.5 0.4 0.2 0.5 0.9 25 0.3
Andesite (n=7)
Min 890 2.8 1.1 -10.8 6.9 3.1 890 1.7
Max 934 3.8 1.9 -9.6 8.5 4.8 946 3.3
Ort 911 3.3 1.4 -102 7.6 4.0 909 2.5
Sp 17 0.4 0.3 0.5 0.6 0.5 20 0.5
Trachydacite (n=7)
Min 877 2.3 1.2 -11.0 6.6 2.7 850 1.5
Max 893 3.3 1.7 -10.4 8.1 43 912 2.5
Ort 884 2.8 1.4 -10.7 7.5 32 876 2.1
Sp 6 0.3 0.2 0.2 0.5 0.5 25 0.3

6. Discussion and Conclusions

Recent studies [34, 43, 8] suggested that the
Cenozoic magmas had post-collisional
characteristics and were derived from a sub-
continental lithospheric mantle source that was
previously modified by fluids and/or sediments. In
addition, the crustal structure throughout the Eastern

Pontides is not homogeneous with varying thicknesses
of 29-47 km [58] and 32-40 km [59]. For this
reason, the textural, petrographic and mineral
chemical properties of the volcanic rocks would be
changed depending on the magma chamber
processes at different crustal levels.
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The petrographic properties of the Bahgecik volcanics
indicate that they have hydrous and anhydrous
suites. The amount of water contained in the
amphibole-bearing magma is controversial at rates
ranging from 2 to 3 wt.% [60] to 5 wt.% [61-62] and
then up to 6 wt.% [63]. The estimated HyOmeir content
ranges from 6.6 to 8.5 wt.% for the Bahgecik volcanic
rocks (Table 4). The calculated -crystallization
pressures and temperatures in the studied volcanic
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