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ABSTRACT

The Strandja Massif cropping out in NW Turkey is cut by Late Cretaceous intrusives. These
are called Strandja Intrusives and they are felsic and mafic coeval intrusives. Felsic intrusives
consist of granite, granodiorite, quartz monzonite and syenite, while mafic intrusives consist of
diorite and gabbro composition. Main composition of felsic intrusives consists of quartz, alkali
feldspar, plagioclase, biotite, amphibole +pyroxene mineral association, while main composition
of mafic ones consists of plagioclase, biotite, amphibole +pyroxene +olivine mineral association.
Amphiboles hydrated double-chain mineral of the Strandja Intrusives observed in all rocks used
as an index mineral in this study to understand the petrological evolution of the rocks. According
to Confocal Raman Spectroscopy studies amphiboles were actinolite type and exhibited similar
spectrum and results of mineral chemistry reveals that they were calcic/Mg-hornblende types.
According to geothermobarometer calculations, amphiboles crystallize in felsic intrusives at a
pressure range of 0.49-0.94 kbar and a temperature of 757.52-814.49°C temperature at a depth of
approximately 1.34-4.93 km, while in mafic ones at 2.59 kbar pressure and 8§92.82°C temperature at
9.97 km depth. Different temperatures-depth conditions and overlaps in Raman shift obtained from
amphiboles indicate that these intrusives are derived from different sources but crystallized in the
same environment.

1. Introduction

The scattering of the beam reflected on a

scattering is equal to the energy of the light interacting
with matter (Table 1). In addition, the fact that a very
small part of the reflected light is absorbed by the

component occurs in two ways: elastic (Rayleigh) and
inelastic (Raman) scattering. If the light absorption
event does not occur during the reflection of a violent
monochromatic beam on any component, the light
scattering event occurs, and this scattering is defined
as Rayleigh scattering (Young, 1981; Skoog et al.,
1998; Ak¢e and Kadioglu, 2020). The energy of a
large part of the light scattered during elastic Rayleigh

molecule, and the wavelength of the scattered beam
is different from the wavelength of the reflected light,
is defined as inelastic Raman scattering (Raman and
Krishnan, 1928). While Rayleigh scattering gives a
single peak with 104-105 times intensity compared
to Raman scattering, it does not give any information
about vibrational transitions of molecules. In addition,
Raman scattering, which is the scattering of light
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interacting with a molecule, provides information
about the vibrational energy levels of molecules
(Raman and Krishnan, 1928; Skoog et al., 1998; Akce
and Kadioglu, 2020; Karacan, 2020).

Table 1- Scattering types of light reflected on a material (Raman
and Krishnan, 1928; Young, 1981).

Types of Scatterring the ray

Scatter Type Situation

Wavelength of scattered ray =

Rayleigh | Elastic Wavelength of the incident ray

Wavelength of scattered ray >
Wavelength of the incident ray
Wavelength of scattered ray <
Wavelength of the incident ray

Raman Inelastic

Raman scattering is the basis of Confocal Raman
Spectrometry (CRS) research. In Raman scattering,
there is a difference between the wavelength of the
beam reflected on a solid-liquid-gas molecule and
the wavelength of the reflected rays back. Decoupled
raman scattering is a reflection of a solid-liquid-gas
molecule. These differences are defined as Raman shift
and contain important information about the chemical
structure of the molecule (McMillan and Hofmeister,
1988; Ferraro et al., 2003). Raman studies of liquid
and solid phases can be identified with the individual,

the degree of crystallinity can be estimated with the
result that many more of the data obtained can be
used as a representative for temperature and density,
and the abundance of each liquid component can be
estimated, based on the characteristic of the Raman
spectrum and in addition the ability to determine the
molecular structure of a sample can be estimated
due to polymerization (Bodnar and Frezzotti, 2020).
Confocal Raman spectroscopy is a mineral that is sent
with the wavelength of light emitted Raman shifts after
the interaction with the molecule are called differences
in the wavelength of light, and these spectra, which
can reflect the identity of the mineral (Chukanov and
Vigasina, 2020). The main vibration zones in the
Raman spectrum according to mineral groups are
generally shown in Figure 1. In addition, CRS studies
show that minerals with a special solid solution (Ca-
Mg carbonates, olivines, pyroxenes and tourmalines,
etc.) also provides information about their chemical
composition (Watenphul et al., 2016). Therefore, CRS
analyses also provide useful data on qualitative phase
identification and/or quantitative phase characteristics
in mineralogical, crystallographic, geochemical,
gemological and related sub-branches in the earth
sciences (Nasdala and Schmidt, 2020; Ferrando,
2018).
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Figure 1- The main vibration zones of the most commonly observed mineral groups (Frezzotti et al., 2012; Ferrando, 2018).
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Various approaches can be made about the
crystallization processes of magma by performing CRS
applications on the mineral components contained in
intrusive rocks (Zoroglu and Kadioglu, 2007; Deniz,
2010; Kadioglu et al., 2019; Akce and Kadioglu,
2020; Ulusoy, 2021; Deniz, 2022). The differences
in the Raman spectra obtained vary depending on
the chemical structure of the molecules and thus
minerals of different composition can be identified by
distinguishing them according to their distribution and
behavior in the Raman spectrum. For example, the fact
that the mineral formed by elements/ions such as Na,
Ca, Mg, Al and OH belonging to the amphibole group
gives a different spectrum depending on the molecular
structure may be due to the compositional difference
of the amphibole mineral, and the size and uniformity
in the spectrum may be due to the physical behavior
and chemical purity of the amphibole mineral. In this
way, it will be possible to distinguish the composition,
type and different physical characteristics of the
mineral that it has acquired during the crystallization
period and/or later with the shift peaks in the Raman
spectrum shown by the minerals.

Studies on the petrology and formation conditions
of intrusive rocks outcropping in Anatolia, continue
to be developed and updated, as well as useful studies
conducted until today (Aydin et al., 2019; Kuscu et
al., 2019; Deniz and Kadioglu, 2019; Aydingakir et
al., 2020; Ozdamar et al., 2021; Deniz, 2022). As
first time in this study; By determining the changes
in the crystallization processes of magma and the
compositional behaviors of each rock group in the
crystallization differentiation process by using the
changes in the CRS spectra and the mineral chemistry
data of the mafic mineral (amphibole) content common
to all rock groups belonging to the Late Cretaceous
Strandja Intrusions outcropped in NW Turkey, it is
aimed to elucidate the petrological evolution of the
region.

2. Geology of the Study Area

Turkey, located in the Alpine Himalayan
Mountain Belt, consists of the amalgamation of many
microcontinents and associations (Sengor and Yilmaz,
1981; Okay and Tiystiz, 1999). The rock units
belonging to the Strandja Massif are outcropped from
NW Turkey and expanding towards Bulgaria. The

Strandja Massif is covered in the south by Tertiary
sediments belonging to the Thracian Basin, while
in the west it is cut by the strike-slip, N-S trending
Western Black Sea fault (Okay et al., 2001) (Figure
2). The basement rocks of the Strandja Massif consist
of pre-Permian aged crystalline rocks that lately
metamorphosed and Late Variscan intrusions that
cut the metamorphic basement (Aydin, 1982; Sunal
et al., 2006; Okay et al., 2008; Natal’in et al., 2016).
All the basement units underwent metamorphism and
deformation under the conditions of the greenschist-
amphibolite facies during the Variscan orogeny
(Okay and Yurtsever, 2006). The bassement units
are overlain by Triassic-Jurassic sedimentary cover
units, that changes from clastic to carbonated, were
metamorphosed under the lower amphibolite-upper
greenschist conditions (Aydin, 1974, 1982; Chatalov,
1988; Okay et al., 2001; Okay and Yurtsever, 2006;
Natal’in et al., 2005; Bedi et al., 2022), these units
finally underwent regional metamorphism and
compressional deformation during the Late Jurassic
(Aydin, 1988). During the Alpine Orogeny, the Late
Cretaceous aged intrusions are cut the Massif as a
result of the closure of the Neotethys Ocean (Figure
3) (Aydm, 1974, 1982, 1988; Aykol, 1979; Moore et
al., 1980; Ohta et al., 1988; Usﬁmezsoy, 1990; Aykol
and Tokel, 1991; Caglayan and Yurtsever, 1998;
Karacik and Tiysiiz, 2010; Ulusoy, 2012; Ulusoy,
2021; Ulusoy and Kadioglu, 2021; Bedi et al., 2022).
According to geochemical data, these intrusions have
a subduction-related origin (Aykol and Tokel, 1991;
Karacik and Tiiysiiz, 2010). Biotite-hornblende-
whole rock K-Ar and Ar-Ar ages indicate that the age
of intrusions are in the Santonian-Campanian range
(Moore et al., 1980; Ohta et al., 1988; Kuscu et al.,
2019; Ulusoy, 2021). All units belonging to the massif
are unconformably covered by Upper Cretaceous
sedimentary, volcano-sedimentary and volcanic units
that are not metamorphosed (Aydin, 1982; Okay and
Yurtsever, 2006). These volcanics belonging to the
volcanic-plutonic complex in the Eastern Srednogorie
zone are the product of the same system and are
associated with Late Cretaceous aged intrusions
(Okay and Yurtsever, 2006).

3. Analytical Methods

Strandja Intrusions are divided into two main
groups as felsic and mafic intrusive rocks according
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Figure 2- Location of the study area within the tectonic units of Tiirkiye (MP: Moezya Platform) (Map is modified from Okay and Tiiysiiz,

1999; Catto et al., 2018; and Candan et al., 2016).

to their compositional differences (Ulusoy, 2021).
Detailed textural and mineralogical investigation of
the representative samples selected from the rocks
belonging to these groups were performed under a
polarizing microscope and instrumental analyzes were
performed.

Semi-qualitative CRS analyses and quantitative
electron probe microanalysis (EPMA) of amphibole
minerals from samples representing each rock group
belong to the Strandja Intrusions were performed at
the Ankara University Geosciences Application and
Research Center. CRS examinations were performed
with Thermo brand DXR model CRS device. The
main components of the CRS measurement system
consist of a laser, an electrically cooled charge-coupled
device detector (CCD), an optical microscope. The
device calibration was tested using polystyrene film.

150

Raman spectra with a resolution of 2 cm™ in the range
of 0-1200 cm™! were obtained by using 633 cm™! laser
from the open thin sections of the samples. Mineral
identification was made according to the spectra.
After the polished sections of the same rocks were
coated with carbon with Qurorum Q150TES device,
the selected crystals were analyzed with JEOL brand
JXA 8230 model Super Probe equipped with five
wavelength dispersive spectrometer with a current of
20 kV and an acceleration voltage of 20 nA. Natural
oxide and mineral reference materials were used for
calibration and measurements. The conditions of the
sample preparation and analysis process were carried
out as defined in Deniz (2022). In the obtained data,
matrix effects were corrected with the software
provided by JEOL and corrections were made for
atomic number (Z), absorption (A) and fluorescence
(F) effects.
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Figure 3- Compositional and positional distribution map of Late Cretaceous aged Strandja Intrusions outcropped in the study area (Ulusoy,

2021).

4. Results

4.1. Mineralogy - Petrography

The Late Cretaceous aged Strandja Intrusions that
cut through the Strandja Massif are divided into two
main groups as felsic and mafic. Macroscopically, the
rocks are generally observed to be coarse-grained,
phaneritic textured; microscopically, they exhibit

holocrystalline hypidiomorph granular texture (Figure
4). The felsic intrusions are composed of granite,
granodiorite, quartz monzonite and syenite. The
main mineral content of the felsic group is quartz
+plagioclase (oligoclase-andesine) +orthoclase in
varying proportions depending on its composition.
Varying amounts of biotite +amphibole in granites

and granodiorites; in addition to these minerals,
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Figure 4- Summary of petrographic characteristics of rock groups belonging to Strandja intrusions (AF: alkali feldspar, K: quartz: Plj:
plagioclase, red highlighted mineral represents the mafic phase common to all rock groups).
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clinopyroxene constitutes the mafic mineral

composition in quartz monzonite and syenite.
In addition, the syenite in the study area, unlike
monzonite, contains less nepheline, which is another
distinguishing feature. Some fine-grained titanite,
allanite, apatite, zircon crystals and scattered magnetite
crystals are located secondary to the rock groups.
Mafic intrusions are composed of diorite and gabbro
and cut felsic intrusions. In the field observations,
dioritic compositional rocks have been evaluated
in mafic intrusions due to their gradual transition
with gabbro. The main composition of mafic rocks
is plagioclase, amphibole, clinopyroxene zbiotite
+olivine +orthoclase +quartz. Magnetite, ilmenite and
pyrite are scattered in varying proportions in mafic
intrusions. In the studied rocks belonging to Strandja
Intrusions, zoning in plagioclases and partially in
coarse-grained minerals (orthoclase, plagioclase,
amphibole, etc.), while poikilitic texture is observed.
The coexistence of poikilitic and zoned texture indicate
that crystallization may have continued in an irregular
temperature range. Kaolinization and sossuritization in
feldspars; magmatic uralitization observed in some of
the clinopyroxenes and defined by the transformation

only to amphibole group minerals from the crystal rim,

as well as epidotization and chloritization observed in
some parts of mafic components.

4.2. Confocal Raman Spectroscopy

Within the scope of this study, CRS investigations
of mafic component amphiboles, which are found in
varying proportions in all rock groups constituting
the felsic and mafic components of the Strandja
Intrusions, were carried out. During the investigations,
care was taken to select the amphibole crystals from
euhedral and/or subhedral amphibole crystals that do
not decompose as much as possible. The distribution
of numerical values of characteristic Raman shifts of
amphibole minerals crystallized in Strandja intrusions
according to spectral regions is given in Table 2.

Ranges in the amphibole spectrum; the region of
vibrations from the interactions between the cation
and oxygen (M-O), internal Si,O,; consists of band
vibrations and OH molecule vibrations (Apopei and
Buzgar, 2010). Raman shift spectrum of amphibole
is 625cm™! the underlying spectral fields consist of
the bending (deformation) field of the double chain
silicate and vibrations in various M regions containing
cations (Kloprogge et al., 2001; Rinaudo et al., 2004;

Table 2- Characteristic Raman shift values of amphibole minerals crystallized in the Strandja Massif.

Spectral Region Si-O-Si 0-Si-0 Si-O-Si Si Si0,0,,-OH T-M- OH (M: Mg,Fe)
Raman Shift (em™) | 1200-1021 | 1021-735 735-500 500-383 383-173 173-50
Gabbro ©102027 | +818.36 -661.43 +535.12 *366.70 “155.22
319.34
. ~383.93 17341
Diorite *667.17 *526.50 *358.09 152,35
21838 '
665.78 359.93 *171.10
. 922.72 : *406.99 : +150.05
Syenite -1021.16 +564.86 291.21
“735.74 400 +383.46 6ol 13457
8 : : .112.28
= +728.93 +363.65
i +665.78 +408.84 292.45 +151.90
2 rtz M it +1049.02
g | Quartz Monzonite 049.0 *561.15 +385.93 217.53 -115.38
+526.48 173.57
362.41
472831
. +1014.35 4289.97 +153.14
Granodiorite 91715 ggi‘;i 383.46 221753
: “174.19
*366.12
+668. +388.41
Granite 104531 |927.67 .ggg 22 388 220.63 +155.00
: “176.67
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Petry et al., 2006). 300-420cm™ spectral region
between T (M-OH), 420-610 cm™! the spectral region
is composed of Si-O-Si bending vibrations (Makreski
et al.,, 2006). T denotes the transition mode and
M denotes the Ca-Fe-Mg cations. 625-1130cm™ the
spectral region is caused by the internal vibrations
of the crystal and consists of symmetrical (Vs) and
asymmetric (Vas) vibrations of the Si-O-Si and
0-Si-0O bonds that make up the crystal (Kloprogge et
al., 2001; Rinaudo et al., 2004).

As a result of CRS investigation of amphiboles
contained in rocks of different compositions in the
study area, it was determined that the amphiboles are
in the composition of actinolite. When the spectra
of actinolite amphiboles detected in the samples are
examined, it is observed that the spectra overlap
with each other in general (Figure 5). When the
raman shifts of Mg-hornblend and Na-amphibole
(riebeckite) are compared with the Raman shifts of
the Strandja Intrusion amphiboles, it is observed
that the amphiboles of the Strandja Intrusions differ
significantly from the Na-amphibole (riebeckite)
reference member, while they clearly show similarity
to the Mg-Hornblend reference member. Raman shift
peaks observed between 420-10 cm'!, expressing OH
release and lattice transition, show a change from
felsic intrusives to mafic intrusives. The peaks of OH
release and lattice transition show low amplitude in
the early phase of magmatism and increase in later
phases (Kadioglu et al., 2019; Giillii et al., 2019).
Amphiboles representing the high temperature mineral
in granites give relatively low amplitude peaks, while
amphiboles in gabbros give higher amplitude peaks
due to relatively being a lower temperature mineral.
Giillii et al. (2019) stated that the Si4O11 bending
mode OH bond amplitudes of amphiboles crystallized
in the late phase are higher in amphibole minerals
crystallized in the early phase.

Similarly, the high amplitude OH bond developed
in such amphiboles in the Strandja Intrusives may
also be related to the H20 concentration in the late
stage residual magma. In this context, the rock groups
evaluated as early stage in the study area represent
rocks with gabbro-diorite composition, while the
late stage rock groups are represented by granite and
granodiorites.

In addition, the presence of magma mixing
processes in intrusive rocks that outcropped in the
study area can be supported by the similarity of the
raman spectra of amphibole contained in granite
and amphibole
rock. Amphiboles are determined as hornblende
under the optical microscope and mineral chemistry

contained in gabbro-composed

analyzes as actinolites in CRS investigation can
similarly be explained by magma mixing processes.
It is observed that the composition of the intrusions
in the study area varies from mafic to intermediate
and felsic composition. According to the geological,
petrographic and spectroscopic data obtained, magma
mixing is observed in all rocks (Ulusoy and Kadioglu,
2021; Ulusoy, 2021). In this context, it is observed
that a certain part of the amphiboles exhibits changes
from actinolite to chermachite as a result of magmatic
uralitization. In mafic minerals crystallizing from the
source magma of gabroic rocks, OH bonding cannot be
expected under normal conditions, but crystallization
of hydrous silicates (amphibole group minerals)
can occur by mixing with felsic magmas during the
crystallization periods of such magmas and interacting
acidic and mafic elements.

When the Raman shift spectra of all amphiboles
were compared, it was determined that they were
distributed in 6 separate bands (Figure 5). It was
determined that the Raman shift spectra of all the rocks
in the group showed significant overlap and showed a
broader spectrum range, especially by expanding in
the Si0,0,,-OH release band from gabbro to granite.
The liberalization of the spectrum in the OH band can
be explained by the increase in the water content of
magma from gabbro to granite and, as a result, the
crystallization of hydrous mafic (actinolite) silicates
(Figure 5 and Table 2).

4.3. Chemistry of Amphiboles

Amphiboles, which are hydrous, double chain
silicate minerals, are the most common mafic mineral
among all rock groups in the study area. Amphibole
minerals of varying crystal size are semi-octagonal
and octagonal in shape, and partially coarse-
grained crystals exhibit poikilitic texture. In general,
amphiboles in rocks belonging to Strandja Intrusions
display a homogeneous structure under microscope.
Serial point measurements were made from amphibole
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crystals selected from felsic and mafic rock groups
along a line from the rim to the core.

According to the obtained anoxide values,
stoichiometric calculations were performed and
the number of cations contained in each point was
determined. The cation numbers and mineral structure
were calculated according to Leake (1997) by taking
23 O. The representative mineral chemistry of the
amphiboles belonging to the rock groups examined,
the anoxide values and the calculated cation values as
a result of the analysis are given in Table 3.

In the AI¥ versus AlY variation diagram, all
amphiboles fall into the unaltered calcic magmatic
amphibole fields (Figure 6a). According to the
distribution of the points where the (Ca + Na) B values
are greater than 1 on the BCa + BNa versus BNa
exchange diagram, all of the samples have a calcic
composition (Figure 6b). In the distribution of points
where CaB is greater than 1.50 and (Na+K)A and CaA
values are less than 0.50 in the Mg/(Mg+Fe+2) versus
Si exchange diagram, it is observed that most of the
amphiboles fall into the Mg-hornblende area, and
a small number of points is located at the border of
actinolite and chermakite (Figure 6¢). The distribution

Table 3- Representative mineral chemistry analysis results of the samples belonging to the studied rock groups.

Sample Granite Granodiorite Quartz Monzonite Syenite Gabbro

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Sio, 48.30 | 49.71 | 50.97 | 47.84 | 46.11 | 49.38 | 50.64 | 51.18 | 50.23 | 51.51 | 51.23 | 49.49 | 43.68 | 50.58 | 43.41
Tio, 0.84 | 0.69 | 0.55 | 0.64 | 1.75 | 0.57 | 0.69 | 0.84 | 094 | 045 | 056 | 1.06 | 2.14 | 020 | 2.18
AlLO, 6.36 | 4.97 | 450 | 591 813 | 5.11 | 405 | 3.86 | 423 | 327 | 3.41 | 485 | 1033 | 4.62 | 11.07
FeO 15.58 | 14.86 | 14.26 | 17.48 | 1529 | 15.95 | 13.78 | 13.41 | 13.95 | 13.21 | 12.95 | 14.18 | 16.42 | 15.64 | 15.14
MgO 14.04 | 14.81 | 15.24 | 13.06 | 13.97 | 14.34 | 15.66 | 16.06 | 15.47 | 16.16 | 16.17 | 15.44 | 12.89 | 14.5 | 12.92
Ca0O 10.80 | 10.84 | 10.99 | 10.75 | 10.58 | 10.67 | 10.71 | 10.74 | 10.81 | 11.57 | 11.52 | 11.29 | 10.94 | 11.65 | 10.97
MnO 0.74 | 0.77 | 0.81 | 0.74 | 0.32 | 0.71 1.09 | 1.10 | 1.06 | 0.61 | 0.66 | 0.66 | 030 | 0.25 | 0.30
Na,0 1.19 | 096 | 0.74 | 1.03 1.61 | 093 1.27 | 1.13 1.19 | 091 1.04 | 1.40 | 1.71 | 0.68 | 1.82
K,0 0.44 | 039 | 029 | 046 | 047 | 037 | 034 | 034 | 039 | 025 | 032 | 0.50 | 0.59 | 0.19 | 0.63
Total | 98.41 | 98.00 [ 98.35 | 97.90 | 98.20 | 98.03 | 98.22 | 98.65 | 98.28 | 98.87 | 98.35 | 98.67 | 98.99 | 98.36 | 98.43

o 23 23 23 23 23 23 23 23 23 23 23 23 23 23 23

Cation 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15
Si 699 | 720 | 7.31 | 7.03 | 6.70 | 7.18 | 732 | 729 | 734 | 745 | 742 | 7.17 | 633 | 727 | 632
AlY 1.01 | 0.80 | 0.69 | 097 | 1.30 | 0.82 | 0.68 [ 0.71 | 0.66 | 0.55 | 0.58 | 0.83 1.67 | 0.73 1.68
Al 0.08 | 0.05 | 0.07 [ 0.05 | 0.09 | 0.05 [ 0.02 [ 0.02 | 0.03 0 0 0 0.10 | 0.05 | 0.22
Ti 0.09 | 0.08 | 0.06 | 0.07 [ 0.19 | 0.06 | 0.09 | 0.10 [ 0.07 | 0.05 | 0.06 | 0.12 | 023 | 0.02 | 0.24
Fe®? 1.18 | 1.23 1.12 | 1.44 | 1.09 | 128 | 1.37 | 1.39 | 135 1.30 | 1.33 1.44 | 1.05 1.19 | 1.08
Fe® 062 | 044 | 049 | 059 | 0.61 | 0.50 | 0.16 | 0.14 | 0.17 | 0.16 | 0.12 | 0.11 0.84 | 0.61 0.67
Mg 3.03 | 320 | 326 | 2.86 | 3.02 | 3.11 337 | 335 | 338 | 3.48 | 349 | 334 | 2.78 | 3.12 | 2.80
Mn 0.09 | 0.09 | 0.10 | 0.09 | 0.04 | 0.09 | 0.12 | 0.13 | 0.13 0 0 0 0.04 | 0.03 | 0.04
Ca 1.68 | 1.68 1.69 | 1.69 | 1.65 1.66 | 1.69 | 1.68 | 1.66 | 1.79 | 1.79 | 1.75 1.70 | 1.79 | 1.71
Na 0.15 | 0.10 | 0.12 | 0.09 | 0.16 | 0.09 | 0.03 | 0.03 | 0.05 0 0.01 0 0.16 | 0.10 | 0.15
K 0.08 | 0.07 | 0.05 | 0.09 | 0.09 | 0.07 | 0.07 | 0.07 | 0.06 | 0.05 | 0.06 | 0.09 | 0.11 0.03 | 0.12
Total 14.99 | 14.95 | 14.96 | 1496 | 1493 | 1491 | 1491 | 1491 | 1491 | 14.84 | 14.85 | 14.84 | 15.01 | 14.96 | 15.02
CaB 1.68 | 1.66 | 1.68 1.69 | 1.65 1.66 | 1.69 | 1.68 | 1.66 | 1.79 | 1.79 | 1.75 1.70 | 1.79 | 1.71
NaB 0.15 | 0.14 | 0.10 | 0.09 | 0.16 | 0.09 | 0.03 | 0.03 | 0.05 0 0.01 0 0.16 | 0.10 | 0.15
NaA 0.19 | 0.14 | 0.17 | 020 | 030 | 0.17 | 029 | 030 | 0.31 | 0.25 | 029 | 0.40 | 032 | 0.09 | 0.36
KA 0.08 | 0.14 | 0.17 | 020 | 0.30 | 0.17 | 0.07 | 0.07 | 0.06 | 0.05 | 0.06 | 0.09 | 0.11 0.03 | 0.12
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Figure 6- Amphiboles belong to the rock groups in the study area; a) Al versus Al change (Fleet and Barnett 1978), b) BNa versus BNa +
BCa change and c) Species naming of crystals in the Mg/(Mg+Fe+2) versus Si diagram (Leake et al., 1997).

in the aforementioned diagram can be interpreted as
the amphibole composition is concentrated in the Mg-
hornblende area in samples belonging to rocks where
the magma mixing/crust interaction is excessive.
Accordingly, it is possible to say that mafic intrusions
show homogeneous and less magma mixing effect,
while felsic intrusions (granite, granodiorite, quartz
monzonite and syenite) show more magma mixing
effect.

As suggested by Ridolfi et al. (2010), pressure

and calculations were made in

amphiboles. Accordingly, it was determined that it

temperature

crystallizing of amphiboles in granites 0.56-1.19
kbar pressure, 745.25-799.62°C temperature; 0.37-
1.28 kbar pressure, 704.07-872.33°C temperature in
granodiorites; pressure of 0.42-0.56 kbar, temperature
of 738.15-772.79°C in quartz monzonites; pressure
range of 0.35-0.63 kbar, temperature range of 738.15-
772.79°C in syenites; In the gabbros, the pressure
range of 1.82-3.34 kbar and the temperature range
of 862.15-919.61°C.  Based on thid, it has been
theoretically calculated that amphiboles in felsic
intrusions crystallize between 3.61 km and 1.88
km on average, and amphiboles in mafic intrusions
crystallize at an average depth of 9.97 km (Table 4).
It is concluded that felsic intrusive rocks crystallize
mostly in the upper crust and have a similar origin in
that they come from similar depths. It has been shown
that gabroic rocks derived from different sources may
have crystallized at deeper depths (9.97 km) compared
to granitoids by coming from deeper depths (lower
crust-mantle). In addition, it is observed that both the
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crystallization temperatures observed in felsic rocks
and the excess of overlaps in the pressures of the
medium in which they are formed may be due to the
mixing of magma.

Table 4- Crystallization conditions and depths of intrusive rocks in
the Strandja massif based on the chemical composition of
minerals in amphiboles (Ridolfi et al., 2010).

Rock Types | "™ | ) avany | domy
Granite | min | 74525 0.56 216
max | 799.62 1.19 4.58
ort | 779.74 0.81 3.12
Granodio- | min 704.07 0.37 1.42
rite max | 87233 1.28 4.93
ort | 814.49 0.94 3.61
Syenite | min | 71034 0.35 134
max | 797.49 0.63 242
ort | 76157 0.51 1.96
Quartz min 738.15 0.42 1.61
Monzonite [,/ 177279 0.56 2.15
ort | 757.52 0.49 1.8
Gabbro | min | 862.15 1.82 7.01
max | 919.61 3.34 12.86
ort | 892.82 2.59 9.97

5. Conclusion

Late Cretaceous aged subduction-related intrusions
of in Strandja Massif have been studied in two groups
as felsic and mafic intrusions. Felsic intrusions
consist of granite, granodiorite, quartz monzonite and
syenite, while mafic intrusions consist of diorite and

gabbro. Markers of coeval magma mixing processes
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are observed in Strandja intrusions with macroscopic
and microscopic evidences. Mineral chemistry and
Confocal Raman Spectrometry studies were carried
out on amphibole crystals, which are common among
all rock groups in the Strandja Intrusions, which
are the product of magma mixing. According to the
results of mineral chemistry of amphiboles, which are
hydrous silicate minerals, calcic is Mg-hornblende
type. According to P-T-d calculations made in
amphibole crystals, felsic intrusions were crystallized
under the pressure range of 0.35-1.28 kbar, 704.07-
872.33°C temperature, at a depth of about 4.93 km
to 1.34 km; mafic intrusions were crystallized at
pressure of 1.82-3.34 kbar, at temperature of 862.15-
919.61°C and at depth of 7.01-12.86 km. The fact
that the felsic intrusions have similar and overlapping
conditions both in the thermobarometric conditions of
crystallization and in the depths where they crystallize
at a higher rate of magma mixing, whereas the
mafic intrusions exhibit different thermobarometric
relationships and crystallize at different depths, which
means that they originate from different sources
and exhibit proportionally less magma mixing. In
spectroscopic investigation performed with CRS, it
was determined that felsic and mafic magma mixing
was effective in the formation of amphiboles and that
actinolite amphiboles crystallized more. As a result,
amphibole minerals in the Strandja Intrusions, As a
result, mineralogy, petrography, CRS and EPMA data
of amphibole minerals in Strandja Intrusions point
to similar petrological results, reflecting that felsic
intrusions have similar origins and are formed as a
result of magma mixing, whereas mafic intrusions are
originated from deeper depth and are less affected by
magma mixing.
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