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Abstract 
In this study, mineralogical-petrographical composition and whole-rock geochemical characteristics of the mafik 

microgranular enclaves (MMEs) in Arpaköy Granitoid in the Kürtün (Gümüşhane) area were determined, and the 

evolution and origin of the MMEs were investigated. The studied mafic microgranular enclaves (MMEs) are observed in 

Late Cretaceous Arpaköy Granitoid. Although these MMEs are finer grained and darker coloured than their host rocks, 

they aslo show similar mineralogic, petrographic and geochemical properties. The studied MMEs are gabroic diorite in 

composition, and composed of plagioclase (An65-41), quartz, orthoclase, amphibole (Mg#=0.63-0.70), pyroxene and Fe-Ti 

oxides. Geochemically, the mafic microgranular enclaves (MMEs) has medium to high-K calc-alkaline and 

metaluminous characters and show similar geochemical characters to the host plutonic rocks. The MMEs are enriched in 

LILE and HREE, and show a concordant trend with the host rocks. Chondrite normalized REE patterns are concave 

shaped (LaN/YbN=7.11-11.57) and show negative Eu-anomalies (EuN/Eu*=0.37-0.91). The crystallization temperatures 

calculated according to apatite and zircon are between 647 °C and 836 °C. When petrographic, geochemical and 

geothermometer studies are evaluated together, it is understood that the MMEs represent products of small masses during 

mixing/mingling processes of mafic parental magma of the host pluton in the crustal magma chamber. 

 
Keywords: Arpaköy Granitoid, Eastern Pontides, Late Cretaceous, Mafic microgranular enclaves, Whole-rock 

geochemistry 

 
1. Introduction 

 
The Eastern Pontides (KD Turkey), located in the 

Alpin-Himalayan orogenic belt, is one of the 

important areas where volcanic and plutonic rocks 

are commonly observed [1–10]. There are many 

plutonic rocks with a wide range of age varying from 

Permo-Carboniferous to Eocene-Oligocene in the 

region (Figure 1). Especially Late Cretaceous aged 

ones from these plutonic rocks mostly include mafic 

microgranular enclaves (MMEs). 

 

Mafic microgranular enclaves (MMEs) are related to 

the host plutonic rocks and they provide important 

information of their origins. Although there are many 

studies on MMEs (e.g [11–17], the studies on MMEs 

are limited in the Eastern Pontides [18–23].  

 

Although the detailed studies related to the Arpaköy 

Granitoid made by [10], the studies on mineralogical-

petrographic, micro chemical and whole-rock 

geochemical properties outside of the Tübitak Project 

Report [24] was not performed of the MMEs in the 

Arpaköy Granitoid. 
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Figure 1. Geologic map showing distribution of Paleozoic to Eocene-Oligocene plutons in the Eastern Pontides (modified 

from [25,26]) 

 
In this study, the mineralogical-petrographic, micro 

chemical and whole-rock geochemical properties of 

the mafic microgranular enclaves (MMEs) in the 

Arpaköy Granitoid were determined, and the 

evolution and origin of the MMEs were investigated.  

 
2. Material and Method 
 
The thin sections of the MME samples collected 

from the field were prepared and detailed 

mineralogical-petrographic properties were examined 

under polarizing microscope. Modal analyses of the 

samples were made from the unaltered samples for 

determine the rock types of the samples. The modal 

mineralogy of five samples was determined by point 

counting with a swift automatic counter. Counting is 

generally carried out in the range of 0.4 mm, 

sometimes in the range of 0.2 mm. On each thin-

section a total of 600–800 points were counted, and 

modes were normalized to 100%. 

 

The major, trace and rare earth element (REE) 

analyzes of four mafic microgranular enclaves 

(MMEs) were made in analytical chemistry 

laboratories at ACME (Vancouver, Canada). The 

major and trace elements were analyzed by the ICP-

AES method, while the rare earth elements were 

analyzed by the ICP-MS method. The loss on 

ignition (LOI) is calculated from the weight 

difference after the samples were burned in 1000 
O
C. 

Total Fe content is expressed of Fe2O3. Dedection 

limits range from 0.002 to 0.04 for the major oxides, 

from 0.01 to 8 ppm for trace elements and 0.01 to 0.3 

ppm for REEs. The details of analysis technique are 

given by [10]. 

 
3. Findings and Discussion 

 

3.1. Regional Geology and Stratigraphy  
 

The Pre-Late Cretaceous units of the Eastern 

Pontides consist of Early Carboniferous metamorphic 

rocks [27], Late to Early Carboniferous Plutonic 

rocks [4,28–33], Early and Middle Jurassic volcano-

sedimentary rocks [34–37], Mid to Late Jurassic 

plutonic rocks [38–40] and Late Jurassic to Early 

Cretaceous carbonates [41]. Late Cretaceous units, 

including plutonic rocks that hosted studied MMEs, 

are composed of plutonic, volcanic and sedimentary 

rocks [42–49]. Senozoic aged units consist of 

volcanic, plutonic and sedimentary rocks [2,50,59–

61,51–58]. The youngest units in the region form 

Quaternary alluviums. 

 

The study area is located in the northern zone of the 

Eastern Pontides. In the region, there are units in 

different ages and different lithologies from the 

Paleozoic to the end of the Tertiary (Figure 2). The 

oldest units in the study area form Paleozoic aged 

plutonic rocks. Liassic units which are consist of 

basalt, andesite and pyroclastic rocks are 

conformably overlies these units. Malm-Lower 

Cretaceous aged Berdiga Formation consisting of 
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sedimentary rocks are conformably overlies these 

Liassic units. Late Cretaceous Çatak Formation 

consisting of andesite, basalt and pyroclastic rocks 

lies above of these units and undertaken Late 

Cretaceous aged Kızılkaya Formation consisting of 

dacite and pyroclastic rocks. All these units were cut 

by Late Cretaceous aged Arpaköy Granitoid (Figure 

2). 

 

 

Figure 2. Geological map of the study area (modified from [10] 

 
3.2. Field Observations 

 
The Arpaköy Granitoid is approximately ellipse-

shaped, and the long axis extends in the northeast-

southwest direction (Figure 2). The Arpaköy 

Granitoid includes mafic microgranular anklav 

(MMA). 

 

Enclaves in the Arpaköy Granitoid are called 

according to Didier and Barbarin (1991) 

classification. Enclaves with an oval shaped and fine-

grained magmatic texture are called mafic 

microgranular enclaves (MMEs). Although the mafic 

microgranular enclaves observed in the Arpaköy 

Granitoid has made sharp contact with the host-rock, 

no metamorphism or metamorphism minerals were 

not found. They are angular or slightly ellipsoidal 

shaped and the dimensions range from 2 cm to 9 cm 

(Figure 3). 

 

The elipsoidal shapes of the MMEs are due to their 

primitive physical properties and the ability to 

magmatic movement. All MMEs contain much more 

ferromagnesian minerals (e.g. hornblende), and the 

grain dimensions of the MMEs are smaller than the 

host-rocks (Figure 3). 

 

 

 
Figure 3. Hand-space photograph of the MME in the Arpaköy Granitoid 

 
3.3. Mineralogy and petrography 
 
The modal analysis results of the five mafic 

microgranular enclave samples of the Arpaköy 

Granitoid are given in Table 1. The modal contents 

of the MMEs ranges from 68.9 to 71.2 for 
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plagioclase, from 1.1 to 3.8% for quartz, from 2.5 to 

5.3 for orthoclase, from 13.3 to 14.8 for amphibole, 

from 4.6 to 7.5 for pyroxene and from 2.8 to 4.3 

opaque minerals (Table 1). According to the results 

of modal analysis, the mafic microgranular enclaves 

in the Arpaköy Granitoid are gabroic diorite in 

composition 

(Figure 4). 

 
Table 1. Modal analyzes of the MMEs in the Arpaköy Granitoid 

 
Sample 

No 

Rock 

name Plagioclase Quartz Orthoclase Amphibole Pyroxene 

Opaque 

minerals 

T4a Gbrdi 69.54 3.78 5.30 13.30 5.50 2.80 

T3a Gbrdi 69.95 3.15 4.20 13.85 4.60 4.30 

M26a Gbrdi 70.70 2.70 3.10 14.10 5.40 4.10 

T2a Gbrdi 68.85 2.45 4.85 14.35 6.10 3.60 

T1a Gbrdi 71.20 1.12 2.45 14.75 7.50 3.10 

Gbrdi: Gabroic diorite 

 

 
Figure 4. QAP classification diagram based on modal mineralogy of the MME samples in the Arpaköy Granitoid [62] 

 

 
Gabroic diorite compound MMEs show fine-grained 

textures in microscopic examinations (Figure 5). The 

main minerals are composed of plagioclase, quartz, 

orthoclase, amphibole, pyroxene and opaque 

minerals. Accessory minerals are made up of apatite 

and zircon. The most common decomposition 

products are sericite, calcite, chlorite and clay 

minerals. 

 

Plagioclases are small euhedral to subhedral crystals 

and are seen in all samples (Figure 5). They have 

police-twin and zoned structures. In the crystals of 

albite-twins, they are andesine (An47-36) in 

composition. Some plagioclases are fractured and 

partially sericitized. K-feldispars are generally small 

anhedral crystals and are found at least. They fill out 

the other minerals with quartz. Quartz minerals are 

considerably observed, they fill in the gaps between 

the other minerals. Amphiboles are euhedral to 

subhedral small prismatic crystals. The most 

abundant mafic mineral in the sections and includes 

opaque minerals. Pyroxenes are euhedral to 

subhedral small crystals. They are augite in 

composition. In some sections, they are chloritization 

and calcititation. Apatites are seen as needle-like 

shapes and found as inclusions in plagioclase. 
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Zircons are observed as small euhedral prismatic 

crystals. Opaque minerals are found as euhedral and 

subhedral both large and small crystals. 

 

 

 
Figure 5. Fine-grained texture in mafic microgranular enclaves (crossed polars, Pl: plagioclase, Oj: augite) 

 
3.4. Mineral Chemistry 

 
3.4.1. Plagioclase 

 

In all of the MMEs, the plagioclase minerals were 

observed. Microprob analysis results of plagioclase 

minerals in MME samples are given in Table 2. 

Considering the major element contents of the 

plagioclases in the MMEs, these values varying from 

51.4 to 58.1% for SiO2, 26.9 to 30.2% for Al2O3, 0.7 

to 0.8% for FeO
T
 and 0.1 to 0.4% for K2O (Table 2). 

 
Table 2. Microprobe analysis results of the MMEs in the Arpaköy Granitoid 

 

Sample No T2a-05 T2a-06 T2a-20 T2a-21 T2a-16 T2a-17 

SiO2 51.35 52.15 54.25 55.35 57.04 58.12 

Al2O3 30.18 29.16 28.05 27.89 27.26 26.87 

FeO 0.78 0.72 0.69 0.71 0.70 0.68 

CaO 13.18 12.25 10.91 9.85 8.84 8.46 

Na2O 3.82 4.12 5.18 5.67 6.13 6.45 

K2O 0.14 0.21 0.27 0.32 0.39 0.41 

BaO 0.01 0.50 0.10 0.12 0.13 0.14 

SrO 0.11 0.09 0.07 0.08 0.08 0.06 

Total 99.58 99.20 99.52 99.99 100.56 101.19 

Si 2.35 2.40 2.47 2.50 2.56 2.58 

Al 1.63 1.58 1.51 1.49 1.44 1.41 

Fe
(ii)

 0.03 0.03 0.03 0.03 0.03 0.03 

Ca 0.65 0.60 0.53 0.48 0.42 0.40 

Na 0.34 0.37 0.46 0.50 0.53 0.56 

K 0.01 0.01 0.02 0.02 0.02 0.02 

Ba 0.00 0.01 0.00 0.00 0.00 0.00 

Sr 0.00 0.00 0.00 0.00 0.00 0.00 

An 65.05 61.39 52.93 48.07 43.35 41.03 

Ab 34.11 37.36 45.49 50.07 54.39 56.60 

Or 0.85 1.25 1.58 1.86 2.26 2.37 

The formula has been calculated over 8 oxygen 
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According to the results of the microprobe analysis, 

the compositions of the plagioclases observed of the 

MMEs in the Arpaköy Granitoid are An65-41, similar 

to the host-rocks (Figure 6). 

 
Figure 6. An-Ab-Or classification diagram [63] of the MMEs in the Arpaköy Granitoid 

 

 
3.4.2. Amphibole 

 

Amphiboles are observed in an important part of the 

mafic microgranular enclaves in the Arpaköy 

Granitoid. Microprob analysis values for amphiboles 

are given in Table 3. Considering the major element 

contents of the amphiboles in the MMEs, these 

values varying from 5.5 to 7.7% for Al2O3, 47.3 to 

50.4% for SiO2 and 0.6 to 0.7% for Mg/(Mg+Fe
+2

) 

(Table 3). These values are similar to the host-rocks. 
 

Table 3. Microprob analysis results of amphiboles of the MMEs in the Arpaköy Granitoid 

 

Sample No T2a-33 T2a-33 T2a-20 T2a-32 T2a-19 T2a-33 

SiO2 47.33 47.86 48.63 49.01 49.26 50.35 

TiO2 1.87 1.62 1.23 1.45 1.07 1.25 

Al2O3 7.71 7.15 6.14 6.21 5.50 5.46 

FeO 11.87 12.25 14.97 12.47 14.59 13.95 

MnO 0.30 0.35 0.49 0.29 0.50 0.55 

MgO 15.47 15.13 14.08 15.43 14.70 14.45 

CaO 11.38 11.25 11.08 11.34 10.95 10.46 

Na2O 1.27 1.25 1.23 1.23 0.91 0.76 

K2O 0.53 0.51 0.49 0.39 0.37 0.32 

Total 97.73 97.37 98.33 97.81 97.85 97.55 

Si 6.76 6.87 6.97 6.99 7.03 7.16 

Ti 0.20 0.17 0.13 0.16 0.12 0.13 

Al
4
 1.17 1.06 0.94 0.94 0.84 0.71 

Al
6
 0.14 0.16 0.11 0.12 0.11 0.23 

Fe
+2

 0.91 1.01 1.21 1.05 0.88 0.83 

Fe
+3

 0.51 0.46 0.59 0.44 0.86 0.83 
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Mn 0.04 0.04 0.06 0.03 0.06 0.07 

Mg 3.29 3.24 3.01 3.28 3.13 3.06 

Ca 1.74 1.73 1.70 1.73 1.67 1.59 

Na 0.70 0.70 0.68 0.68 0.51 0.42 

K 0.10 0.09 0.09 0.07 0.07 0.06 

Mg/(Mg+Fe) 0.70 0.69 0.63 0.69 0.64 0.65 

The formula has been calculated over 23 oxygen 

 
According to the results of the microprob analysis of 

amphiboles, the amphibols of the studied MMEs are 

magnesium hornblend in composition (Figure 7). 

They have similar composition with host-rocks 

(Figure 7). 

 

 
Figure 7. Composition of amphiboles [64] 

 
3.5. Whole-rock geochemistry 

 

Major and trace element analysis results of five mafic 

microgranular enclaves (MMEs) are given in Table 

4, and rare earth element analysis are given in Table 

5. 

 

While SiO2 values of the MMEs vary between 53.1 

and 54.8%, MgO content varies between 2.4 and 

3.7% (Table 4). K2O/Na2O ratios of the samples are 

less than 1 and are between 0.04 and 0.1. A/CNK 

values are between 0.86 and 0.89, and magnesium 

numbers (Mg#) are between 43 and 47 (Table 4). 

Compared to the host-rocks, they have higher MgO, 

FeO3
T
 and CaO content and lower SiO2 and K2O 

content than host-rocks.  

 
Table 4. Major (%) and trace (ppm) element analysis of the MMEs in Arpaköy Granitoid 

Sample No T1a T2a M26a T3a T4a 

Rock Types gbrdi gbrdi gbrdi gbrdi gbrdi 

SiO2 53.14 53.62 54.07 54.35 54.78 

TiO2 0.81 0.79 0.78 0.76 0.75 

Al2O3 19.46 19.64 19.60 19.35 19.12 

Fe2O3 8.98 8.82 8.78 7.56 7.23 

MnO 0.21 0.19 0.18 0.16 0.17 

MgO 3.65 3.12 3.05 2.75 2.43 

CaO 9.44 9.38 9.33 9.18 9.12 

Na2O 2.85 2.92 3.00 3.15 3.28 

K2O 0.12 0.16 0.28 0.25 0.32 

P2O5 0.22 0.20 0.19 0.16 0.17 
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LOI 0.80 0.80 0.70 2.00 2.30 

Total 99.68 99.64 99.96 99.67 99.67 

Ni 2.70 2.50 2.40 2.50 2.30 

V 165.00 153.00 149.00 132.00 144.00 

Cu 43.00 45.00 46.60 48.00 47.60 

Pb 1.10 1.20 1.40 1.30 1.60 

Zn 14.00 16.00 17.00 19.00 18.00 

W 5.40 5.20 5.10 4.90 5.10 

Rb 1.30 1.20 1.40 1.90 1.70 

Ba 38.00 42.00 48.00 54.00 52.00 

Sr 324.00 312.00 304.80 307.00 301.00 

Ta 0.10 0.20 0.30 0.20 0.50 

Nb 3.00 3.10 3.20 3.10 3.40 

Hf 1.90 1.90 1.80 1.60 1.70 

Zr 48.20 47.90 47.70 47.40 47.60 

Y 14.50 14.40 14.30 14.10 14.20 

Th 1.30 1.80 1.70 2.20 2.60 

U 0.50 0.60 0.70 0.50 0.80 

Ga 17.50 17.70 17.90 18.10 18.00 

K2O/Na2O 0.04 0.05 0.09 0.08 0.10 

Mg # 47.22 43.78 43.33 44.47 42.53 

A /CNK (ASI) 0.89 0.89 0.88 0.87 0.86 

Fe2O3
T
 is total iron as Fe2O3, LOI is loss on ignition, Mg# (mg-

number) = molar 100xMgO/(MgO+ Fe2O3
T
), ASI (A/CNK) = 

molarAl2O3/(CaO+Na2O+K2O), gbrdi: gabroic diorite 

 

Table 5. Rare earth element (ppm) analysis of the MMEs in Arpaköy Granitoid. 

 

Sample No T1a T2a M26a T3a T4a 

Rock Types gbrdi gbrdi gbrdi gbrdi gbrdi 

La 3.90 4.10 4.20 4.40 4.30 

Ce 11.10 11.20 11.50 11.40 11.60 

Pr 1.15 1.17 1.19 1.21 1.20 

Nd 6.10 6.30 6.40 6.30 6.50 

Sm 1.58 1.62 1.68 1.72 1.69 

Eu 0.58 0.61 0.63 0.62 0.64 

Gd 1.65 1.67 1.68 1.71 1.69 

Tb 0.35 0.37 0.36 0.38 0.40 

Dy 3.06 3.08 3.07 3.09 3.11 

Ho 0.51 0.52 0.51 0.53 0.54 

Er 1.47 1.49 1.48 1.51 1.54 

Tm 0.28 0.32 0.31 0.35 0.34 

Yb 2.06 2.08 2.07 2.09 2.08 

Lu 0.33 0.35 0.34 0.35 0.37 

(La/Lu)n 1.22 1.21 1.28 1.30 1.20 

(La/Sm)n 1.55 1.59 1.57 1.61 1.60 

(Gd/Lu)n 0.62 0.59 0.61 0.61 0.57 

(La/Yb)n 1.28 1.33 1.37 1.42 1.40 

(Tb/Yb)n 2.70 3.70 3.51 4.50 5.34 
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(Eu/Eu*)n 1.09 1.12 1.13 1.09 1.15 

Eu* = (Sm+Gd)n/2 

 

In the (Na2O+K2O) vs. SiO2 diagram, the MMEs 

are composed of gabbroic diorite (Figure 8a).  

 

   
 
Figure 8. The samples belonging to the MMEs in the Arpaköy Granitoid, (a) (Na2O+K2O) vs. SiO2 diagram [65], (b) K2O 

vs. SiO2 diagram [66] 

 
In the K2O vs. SiO2 diagram, subalkaline samples 

forming the MMEs present a low potassium calc-

alkaline composition (Figure 8b). They have lower 

K2O values compared to the host-rocks (Figure 8b).  

 

In the SiO2 vs. ASI (molar Al2O3/(CaO+Na2O+K2O) 

diagram, MMEs are located in the metalluminous 

field, and the host-rocks are in the metallumin-

peraluminous fields (Figure 9a). In the Nb vs. 

10000Ga/Al diagram, the MMEs and host-rocks are 

located in the I-type area (Figure 9b).  

 

   
Figure 9. Rock samples from the MMEs, (a) SiO2 vs. ASI diagram (fields: [67,68], (b) Nb vs. 10000Ga/La [69] diagram 

 
In the trace element variation diagram normalized to 

the primitive mantle [70] (Figure 10a), the MMEs 

show a similar distribution with the host-rocks. The 

samples of the MMEs and Arpaköy Granitoid show 

an enrichment. However, this enrichment is less in 

MMEs than host-rocks. A negative anomaly is 

evident in Nb and Ta (Figure 10a). 

 

In the chondrite-normalized [71] rare earth element 

diagrams (Figure 10b), MMEs are less enriched than 

the host-rocks. (La/Lu)N values of the MMEs are 

between 1.20 and 1.30, (La/Sm)N values are between 

1.55 and 1.61, and (Gd/Lu)N values are between 0.57 

and 0.62 (Table 5, Figure 10b). EuN values of the 

samples are greater than 1 (1.09-1.15) and show 

positive EuN (Eu/Eu*) anamolies. They present a 

distribution similar to the host-rocks (Figure 10b). 
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Figure 10. The MMEs in the Arpakoy Granitoid (a) Primitive mantle normalized trace element patterns [70], (b) 

Chondrite-normalised trace element patterns [71] 
 
3.6. Intensive parameters 

 

3.6.1. Amphibole-plagioclase geobarometer 

 

Al
(T)

 content of amphiboles crystallising from 

granitoid magmas is known to be an indicator of 

pressure and pressure calculations are used with the 

aid of a variety of calibrations. In granitoid rocks, the 

Al
(T)

 content of amphiboles are used with the 

calibrations used for pressure estimation given 

below. The details about the calibrations are given by 

[61]. 

 

P (kbar)= 4.76 Al
(T) 

- 3.01 [72]  

P (kbar)= 5.03 Al
(T)

 - 3.92 [73]  

P (kbar)= 5.64 Al
(T)

 - 4.76 [74]  

 

The pressures calculated on the basis of the 

aluminum-horblende geobarometer in amphiboles are 

given in Table 6. Calculated pressure values of the 

MMEs vary between 0.4 and 3.2 kbar. 

 
Table 6. The minimum, maximum and average pressure values of the MMEs. 

 

Sample (n=6) Si Al (pfu) Pl (Ab) P (kbar)
1
 P (kbar)

2
 P (kbar)

3
 

Min 6.83 0.92 22.28 0.68 0.40 1.35 

Max 7.29 1.30 68.93 2.60 2.56 3.16 

Avg 7.06 1.07 49.01 1.47 1.28 2.09 
(1) 

Calculated from the calibration of [73]  
(2) 

Calculated from the calibration of [74]  
(3) 

Calculated from the calibration of [72] 

 

3.6.2. Amphibole-plagioclase geothermometer 

 
The amphibole-plagioclase thermometer 

recommended by [75] was used to estimate the 

crystallisation temperature of the magmas. This 

thermometer calculates temperature with the formula 

of T= 0.667 P - 48.98 + Y / - 0.0429 - 0.008314 LnK. 

The details about the calibrations are given by [61]. 

 

In the samples of the studied MMEs, the above 

calibration was used for temperature predictions, and 

it was determined that the temperature values were 

similar to each other. Calculated crystallization 

temperatures of the MMEs vary between 737 and 

801 ºC (Table 7). 
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Table 7. The minimum, maximum and average temperature values in the MMEs 

Sample (n=6) Si Al
(T)

 Ab T °C 

Min 6.83 0.92 22.28 737 

Max 7.29 1.30 68.93 801 

Avg 7.06 1.07 49.01 773 

Calculated from the calibration of [75]   

 

3.6.3. Zircon and apatite geothermometer 
 

Apatite and zircon saturation temperatures [76–78] 

are calculated from the whole-rock geochemical 

analyzes of rock samples. Temperature values vary 

depending on the maximum or minimum temperature 

of the intruding magma and whether the melt was 

saturated or undersaturated by these components. 

While the Zr abundances in the MME samples in the 

Arpaköy Granitoid result in zircon saturation 

temperatures of 645-647 ºC, the calculated apatite 

saturation temperatures vary between 764 and 783 ºC 

(Table 8). 

 
Table 8. Minimum, maximum and average temperature values from the MMEs 

 
Sample (n=5) T °C (Zircon) T °C (Apatite) 

Min 645 764 
Mak 647 783 
Avg 646 776 

 
3.6.4. The origin of the MMEs in the Arpaköy Granitoid 

 
There are many arguments about magmatic vs. 

nonmagmatic origin of the MMEs. The studied 

MMEs display igneous textures (Figure 3a), 

indicating that they have a magmatic origin. This 

observation excludes the possibility that the MMEs 

are xenoliths or restites, because xenoliths or restites 

typically have metamorphic or residual sedimentary 

fabric [79]. Also, restite enclaves are identified with 

clear metamorphic textures and Al-minerals (garnet, 

sillmanite, etc.) and dominently enclosed in S-type 

granitoids. The MMEs of the studied plutons can also 

not be explained as cumulates because of the absence 

of a cumulate texture [14]. Petrographical 

observations and geochemical features (i.e., 

quenched margins, acicular apatites within the 

MMEs), lower ASI values of the MMEs (0.86 to 

0.89), and strong correlations between major and 

trace elements, are indicative of magma 

mixing/mingling. Thus, the MMEs represent 

products of small masses during mixing/mingling 

processes of mafic parental magma of the host 

granitoid in the crustal magma chamber. 

 
4. Conclusions 
 
1. The studied mafic magmatic enclaves (MMEs) are 

located within the Late Cretaceous aged Arpaköy 

Granitoid. 

2. The studied MMEs are gabbroic diorite in 

composition and show similar mineralogical and 

petrographic properties with their host-rocks. 

However, they are distinguished from them by 

their finer-grained texture and higher content of 

mafic minerals. 

3. The studied MMEs mainly consist of plagioclase, 

quartz, orthoclase, amphibole, pyroxene and 

opaque minerals. 

 

4. SiO2 contents of the studied MMEs are between 53 

and 55wt.%, and they have lower SiO2 values than 

host-rocks. 

5. The studied MMEs have I-type, low-K calc-

alkaline and metalluminous characters. 
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6. The crystallization temperatures of the studied 

MMEs, calculated according to apatite-zircon 

geothermometry, vary between 645 and 783 ºC. 

7. The crystallization temperatures of the studied 

MMEs, calculated according to the amphibole-

plagioclase geothermometer, are between 737 and 

801 °C.  

8. The crystallization pressures of the studied MMEs, 

calculated according to the amphibole-plagioclase 

geobarometer, are between 0.4 and 3.2 kbar. 

9. The studied mafic magmatic enclaves (MMEs) 

have similar geochemical properties with the host-

rock and are represent products of small masses 

during mixing/mingling processes of mafic 

parental magma of the host granitoid. 
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