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Abstract
The NW Anatolia of Turkey (especially the Biga Peninsula) hosts substantial skarn, porphyry Cu-Mo, and epithermal 
Pb–Zn ± Ag ± Au mineralizations. Of these, ore-forming processes of the Soma (Manisa) region in the southern part of the 
Biga Peninsula are distinguished. Two subtypes of mineralization zones were identified in the study area. The first subtype 
of mineralization is located nearby outward sections of Turkali pluton, resembling a porphyry type of mineralization with 
higher homogenization temperatures (197.5 to 280.1 ℃) with salinities 2.4 to 15.8 wt.% NaCl equivalents. The relatively 
high anomalies of Cu (up to 0.36% and Mo up to 634 ppm) with minor gold anomalies found in outward zones of Turkali 
pluton suggested the pluton likely to host higher-grade porphyry-type mineralization. The mineralogical assemblage of 
Turkali-related mineralization consists of chalcopyrite and molybdenite with minor sphalerite and also points out a granite-
hosted porphyry-hydrothermal system. The second subtype of mineralization which is located around Yayladalı village can 
be described as a volcanic-hosted polymetallic Pb–Zn ± Au ± Ag hydrothermal-type mineralization. The main ore minerals 
are galena and sphalerite with supergene minerals including smithsonite and cerussite; therefore, this mineralization can 
be considered as a volcanic-hosted multiphase hydrothermal polymetallic deposition. The homogenization temperatures of 
191.5 to 251.4 ℃ with salinities 5.86 to 18.0 wt. NaCl equivalents also support this conclusion. Both mineralization fields 
have high alteration index values, as expected. The volcanic-hosted mineralization zone has higher Ishikawa Alteration 
Index (AI) and chlorite carbonate pyrite index (CCPI) values, probably caused by the higher permeability of acidic volcanic 
rocks with lots of fractures.

Keywords Polymetallic mineralization · Soma · Biga peninsula · Fluid inclusions · Hydrothermal alteration · Porphyry 
Cu-Mo deposits

Introduction

Post-collisional Cenozoic magmatic activities have occurred 
extensively in northwestern Anatolia following an Eocene 
continent-arc collision. Especially, the magmatic pulses are 
characterized in the Biga Peninsula in the northern part of the 

İzmir-Ankara-Erzincan Neotethyan suture zone (Aldanmaz 2006; 
Dilek and Atunkaynak 2009, and references therein). The Biga 
Peninsula is a tectonically complex region in northwestern Tur-
key, and numerous causative granitic bodies and volcanic prod-
ucts are well-exposed (Black et al. 2012) in this region. In the last 
three decades, there has been a remarkable increase in the explo-
ration targets of mineral deposits related to magmatic products.

The region has an ancient history of both base and pre-
cious metal endowments, which were abandoned due to low 
grades of the time or inferior existing technology to make 
them economically viable. This metalogenic belt provided a 
suitable environment from Eocene to Oligo-Miocene mag-
matism and volcanism-related mineralization of different 
deposit types. The metallic deposits in the region have been 
extensively studied and classified as Pb–Zn-Cu skarn and 
porphyry Cu-Mo ± Au to epithermal Au–Ag deposits (Yigit 
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2006; 2007; 2009; 2012; Özpınar et al. 2012; Akiska et al. 
2013; Sánchez et al. 2016; Kuşcu et al. 2019).

Pb–Zn deposits of NW Turkey are hosted by Miocene 
volcanic as vein or breccia along fault zones and as replace-
ment bodies in skarn zones between granitic suits and car-
bonate rocks (Hedenquist et al. 2000; Yilmaz et al. 2010; 
Smith et al. 2014; Leroux 2016; Akiska, 2020). Especially, 
Pb–Zn-bearing mineral deposits are classified into low, 
intermediate, and high sulphidation epithermal systems, but 
most of base metal-rich epithermal deposits in the region 
fall under intermediate sulphidation epithermal style within 
volcanic lava surrounded by intense hydrothermal alterations 
(Pirajno 1995; Yilmaz et al. 2010; Cicek and Oyman 2016).

The recent studies about base metal and precious metal-
bearing polymetallic hydrothermal systems evaluate the 
genetic origin and evolution of hydrothermal mineralizations 
by using ore paragenesis, alteration mineralogy, fluid inclu-
sion, and isotope studies in Biga Peninsula (Yilmaz et al. 2007; 
Gökce and Bozkaya 2007; Kasapçı et al. 2008; Bozkaya and 
Gökce 2009; Yilmaz et al. 2013; Bozkaya and Banks 2016; 
Cicek and Oyman 2016; Kabiru 2017; Kabiru et al. 2018; Boz-
kaya et al. 2014, 2016, 2018, 2020; Sari et al. 2021).

Despite the fact that there has been significant research car-
ried out for different kinds of polymetallic hydrothermal sys-
tems around the Biga Peninsula, some of the newly discovered 
possible sources of the Soma region are still subjects to debate 
because of the lack of systematic evaluation for geochemical 
analyses and fluid inclusion studies in that region. The previ-
ous studies outlined above by the authors mainly indicated 
the origin and type of the mineral deposits related to the Biga 
Peninsula; however, it is hard to reach robust information on 
the spatial relationship and ore-forming processes of the Soma 
region in the southern part of the Biga Peninsula.

Cu-Mo-Pb–Zn ± Ag ± Au polymetallic mineralizations in 
the Soma region (Manisa, NW Turkey) have the same charac-
teristics with plenty of similar deposits not only in Biga Pen-
insula and NW Turkey but also across the globe. Thus, we 
examine possible ore-forming sources and processes around 
the Soma region to shed light on additional constraints for 
time-consuming new research in the region and literature such 
as rapidly quantifying alteration, possible mineral targets, spa-
tial zonation, and fluid characteristics with the associated mag-
matic occurrences. The fluid inclusion studies clearly indicate 
the existence of both porphyry-hydrothermal-type mineraliza-
tions within the plutonic rocks and a volcanic-hosted hydro-
thermal system which was effective on the andesitic rocks.

Geological setting

The study area is situated in the southern part of the Biga 
Peninsula in northwestern Turkey, about 33 km from the 
city of Soma (Fig. 1). The basement rocks of this region 

are composed mainly of strongly deformed and partly meta-
morphosed clastics and volcanic series, the so-called Kara-
kaya Complex, representing a subduction-accretion process 
(Bingöl et al., 1973; Tekeli 1981). The Karakaya Complex 
of the Permian and Triassic age is subdivided into two 
tectonostratigraphic units; Nilüfer unit consisting of meta-
basite, intercalation of phyllite, and marble series which 
is overlain by Hodul unit comprised of arkosic sandstone, 
shale, and siltstone intercalations followed by sandstone, 
siltstone, conglomerate with Permian limestone olistos-
trome on top, and finally by greywacke, shale, chert, lime-
stone, and spilitic volcanic rock series (Okay et al. 1991; 
Okay and Göncüoğlu 2004; Sayit and Göncüoglu 2009; 
Altunkaynak and Yilmaz 1999; Okay and Altiner 2004; 
Özdamar et al. 2021).

The study area is dominated by basement rocks com-
prising metapelite and metabasite overlaid uncomfortably 
by Triassic sedimentary sequence. The lower section of 
this sequence is composed of fine-grained detrital sedi-
ments of marl, shale, and limestone. The upper sequence 
overlies uncomfortably the lower sequence with medium-
coarse-grained, yellow to whitish, well-sorted feldspathic 
sandstone which grades upward to fine-medium-grained, 
gray-greenish, siltstone and dark brown greywacke, thick 
layered-massive, partially recrystallized micritic gray-white 
Permian limestone (Okay and Göncüoğlu 2004).

A shear matrix characterizes the sediments deposited 
adjacent to steeply dipping approximately N-S or NE-SW 
trending faults, representing deposits from a fluvial and 
lacustrine environment (Altunkaynak and Yilmaz 1999). 
These basement rocks are covered by unconformably alter-
nating with Neogene volcano-sedimentary (Fig. 1). The 
clastic sedimentary rocks of Neogene are surrounded or 
passed into volcanic rocks and consist of the lower and upper 
sequences. Volcano-sedimentary rocks observed include 
gray-white thinly bedded tuffs of plagioclase and biotite with 
limited extent or impregnated with a block of lapilli, volca-
nogenic clays. The volcanic rocks overlie uncomfortably the 
metamorphic rock and are composed of high K-calc-alkaline 
andesite, basaltic-andesite, trachyandesite, and dacite.

Oligocene–Miocene calc-alkaline volcanism with con-
temporaneous magmatism has a cogenetic association as 
the magma changes from calc-alkaline to alkaline, which 
may result from tapping from a zoned magma chamber 
(Yilmaz 1989; Aldanmaz 2006; Altunkaynak and Genç 
2008; Seghedi et al. 2015; Ersoy et al. 2017).

Analytical methods

Fifty samples were collected from andesites, breccia, and 
stockwork vein orebodies during geological mapping. After 
petrographic investigations, the selected samples were 
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prepared for geochemistry, ore microscopy, and fluid inclu-
sion studies at the Geochemical Laboratories of Istanbul 
Technical University. Whole-rock analyses were conducted 
on thirty samples. The ore and altered samples were crushed 

by a crusher to 2 mm, dried under a controlled temperature 
at 105 ℃ for 16 h, and pulverized using a Tungsten Carbide 
ring mill pulverizer to 40 μm. Pellets were made using a 
powdered sample, aluminum cup, boric acid, and wax for 

Fig. 1  Geological map and simplified stratigraphic section of the study area
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Fig. 2  Field photographs of Yayladalı mineralizations. (a) Position of 
altered andesite hosting mineralizations, barite veins, and old galery. 
(b) Volcanic breccia. (c) Galena vein cutting altered andesite. (d) 

Brown-colored sphalerite vein cutting altered andesite. (e) Granitic 
rocks of Turkali pluton and mafic dike. (f) Altered granitic rocks of 
Turkali pluton with stockwork quartz veins
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major element analyses, while the powdered sample and 
Polysium were used for trace element analysis. The pre-
pared samples were analyzed using BRUNKER S8 TIGER 
model X-ray fluorescence spectrometer with a wavelength 
ranging from 0.01 to 12 nm for major and minor elements. 
Trace, rare earth element (REE), and platinum group of ele-
ments (PGEs) were analyzed inductively coupled plasma-
mass spectrometry (ICP-MS). A 100 mg of an oven-dried 

powdered sample was digested in two steps. The first step 
was completed using 6 ml of 35% HCl and 2 ml of 65% 
HNO3 (3:1/Aqua-Regia) to dissolve sulfide ores since it is 
strongly oxidized. A 1 ml of 38–40% HF was added to the 
Aqua-Regia solution to dissolve silicate minerals, controlled 
pressure and temperature using a Teflon tube (inert to many 
acids), with a Berghoff microwave at 135 ℃. The second step 

Fig. 3  Photomicrographs of the mineral assemblages in the Turkali 
pluton (a–f) and Yuntdagı volcanites from the Yayladalı mineraliza-
tion field (g–l). Abbreviations: plagioclase (pl), chlorite (chl), horn-
blende (hbl), sericite (ser), barite (brt), calcite (cal), quartz (qtz), 

anglesite (ang), cerrusite (cer), galena (gn), barite (brt), sphalerite 
(sp), pyrite (py), orpiment (orp), realgar (rlg), chalcopyrite (cpy), cal-
cite (cal)
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was completed by adding 6 ml of 5% boric acid solution to 
dissolve precipitated metal fluoride.

ELAN DRC-e Perkin Elmer model ICP-MS used this 
solution to analyze trace, REE, and PGEs. Fifteen ore sam-
ples were studied using DM4500P to reveal paragenesis 
sequences and ore texture. Fluid inclusion studies were con-
ducted on 13 double-polished samples with minerals quartz, 
calcite, barite, and sphalerite minerals. The petrographical 

determinations were made on inclusions greater than 10 
microns. The Linkam THMGS600 heating/freezing stage 
connected to a Leica microscope with a camera was used to 
obtain fluid inclusion data. The micro-thermometric data is 
recorded during the heating/freezing technique. Homogeni-
zation temperature is the minimum temperature of the fluid 
inclusion entrapped by the mineral in the heating experi-
ment, and it is usually represented by Th. The temperatures 

Fig. 4  Photomicrographs of 
the ore mineral assemblages 
in the Turkali pluton (a–e) and 
Yuntdagı volcanites from the 
Yayladalı mineralization field 
(g–i). Abbreviations: barite(brt), 
quartz (Qtz), anglesite (ang), 
cerrusite (cer), galena (gn), 
barite (brt), sphalerite (sl), 
pyrite (py), chalcopyrite 
(cpy),smithsonite (sm), calcite 
(cal), molybdenite (mo), ten-
antite (Tn)

Fig. 5  Paragenetic sequence of quartz, carbonate, and barite with sulfide minerals and supergene minerals as defined by mineral assemblages for 
Turkali and Yayladali ores
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at which the last ice melt (Tmice) determine the freezing 
point of the fluid, and its value is used to determine the 
composition of the fluid (salinity). The salinity is determined 
according to Bodnar’s Equation (1993).

where wt.% is the weight percent and Tmice is the tempera-
ture at which the last ice melted in degrees celsius (℃).

Hokieflics-H20-NaCl Excel sheet was used for the inter-
pretation of fluid inclusion data. This Excel sheet was devel-
oped as a numerical tool to calculate P–V-T-X properties and 
trapping conditions of H2O-NaCl fluid inclusions by Steele-
MacInnis et al. in 2012. Calculations on the program are 
based on the observed phase, the temperature of this phase 
that melts last and homogenization temperature data. Each 
calculation iterates for each single fluid inclusion. The salin-
ity, density, pressure at homogenization, and dP/dT isochore 
slope are calculated for each fluid inclusion. (For the detailed 
explanations and detail behind the error corrections, please 
check Steele-MacInnis et al. 2012.)

Results

Mode of mineralization, petrography, and ore 
mineralogy

Two separate mineralization zones were identified in the 
study area. The Turkali granite-hosted Cu-Mo ± Au miner-
alization is located at the outward zones of Turkali pluton (N 
of Turkali village, Manisa) and has a significant resemblance 
to porphyry-type deposits. The granitoid is predominantly 
composed of quartz, K-feldspar, plagioclase, hornblende, 
and biotite (Fig. 3a–e).

Petrographic data show that the Turkali granitoid can be 
classified as a coarse-grained, plagioclase rich granodiorite 
with hornblende, biotite, and augite as mafic minerals. Due 
to the intense hydrothermal alteration process, the stockwork 
veins and brecciated zones are common within the granitoid 
body (Fig. 2f). Therefore, chlorite, calcite barite, and some 
opaque minerals are also observable (Fig. 3). The hydrother-
mal alteration types which observed in granite-hosted min-
eralization zones were identified as argillic (with kaolinite, 
smectite, and illite minerals) and phyllic (with fine-grained 
sericite, pyrite, and chlorite minerals) alterations.

The presence of chalcopyrite, molybdenite sphalerite, 
tennantite, and galena (Fig. 4a–e) indicates a porphyry-
to-late stage overprinting; the hydrothermal system was 
active in Turkali granite-hosted mineralization field. In 
addition, the effect of weathering process can be concluded 
for the existence of supergene minerals such as anglesite, 
malachite, and azurite (Fig.  4a,d,e). The paragenetic 

Salinity(wt.%) = 1.78α − 0.0442α2 + 0.000557α3 (α = Tmice)

relationships between gangue and ore minerals suggest 
three-phased mineralization at Turkali pluton-related min-
eralization (Fig. 5).

On the other hand, volcanic-hosted Yayladalı vein-
type Pb–Zn ± Au ± Ag mineralization is situated approxi-
mately 33 km to Soma (Manisa) region, blocky pink to 
andesitic rocks belonging to the Yuntdagı Volcanics asso-
ciated with volcanic breccias and stockworks host to the 
Pb–Zn ± Au ± Ag mineralization (Fig.  2a). The Pb–Zn 
occurrence was previously mined from a gallery of ~ 7 m 
in length in the district (Fig. 2b). The mineralizations in 
this region are found as vein/veinlets in the altered andesitic 
rocks. Thicknesses of these veins vary from 1 to 15 cm 
within argillic and chloritic alteration zones (Fig. 2c–f).

The medium-to-coarse-grained porphyritic andesites 
are composed of plagioclase (mostly andesine), amphibole 
(hornblende), biotite, and rarely sanidine phenocrysts in the 
study area. Accessory minerals such as apatite, zircon, rutile, 
sphene, and opaque minerals are observed in a microlithic 
groundmass. In some hydrothermally altered volcanic rocks, 
plagioclases are altered to sericite and epidote, and horn-
blendes and biotites to chlorite and fracture and veins are 
filled with recrystallized calcite (Fig. 3i,j,k). The volcanic-
hosted mineralizations in the Yayladalı field were observed 
with argillic, phyllic, propyllitic, chloritic, silicic, and car-
bonate types of alterations. These alterations were possibly 
developed by a series of recurring hydrothermal pulses with 
significant base metal content.

Fig. 6  SiO2 versus  Na2O +  K2O diagram (using the classification 
scheme of Le Bas et al. 1986) showing the distribution of Yuntdagi 
volcanic (fresh rock geochemical data from; Ersoy et al. 2012)
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The main ore formation styles are stockwork, and vein-
type ore mineralizations occur as open-space filling in frac-
ture, vein, and breccia within andesite in the study area. The 
vein type is 50-m long and 60-cm wide, dominated mainly 
by galena, pyrite, sphalerite quartz, and barite, whereas 
the stockworks are a mesh work of tiny veins 1-m long and 
10-cm wide consisting of honey-colored and pale yellow 
sphalerite, galena, pyrite, chalcopyrite, barite, and calcite. 
Mineralogical composition is significantly dominated by 
massive sphalerite, galena, pyrite, and chalcopyrite, making 
up 90% of the ore minerals. Massive galenas are observed 
on the vein ore with triangular pits showing deformation 
structure (Fig. 4g).

The vein pyrites are corroded and partly replaced by hem-
atites or associated with sphalerite and galena. Sphalerite 
is richer than galena at the stockwork and shows mutual 
association with galena replacing sphalerite on most of the 
ore samples, which might indicate contemporaneous depo-
sition. The ore mineral paragenesis of Yayladali volcanic-
hosted mineralization points out a three-phase sequence 
with quartz, carbonate barite as gangue minerals (Fig. 5). 
Most of the fluid inclusion types in the barite and sphalerite 
samples studied are primary and rare secondary inclusions. 
The sizes of inclusions range from 5 to 20 μm. The mineral 
assemblage indicates an intermediate sulphidation system in 
the Yayladali mineralization field.

Geochemistry

Miocene West Anatolian volcanic rocks (WAVR) are 
andesite, latite, trachyte, dacite, and rhyolite, displaying oro-
genic signatures characterized by high K-calc-alkaline series 
(Ersoy et al. 2012). Their silica contents range between 45 
and 70 (wt. %) and MgO content of < 9 (wt. %) with some 
leucite Miocene bearing dikes showing shoshonitic to ultra-
potassic affinity (Akal 2013). Moreover, the geochemical 
data reveal a high LILE/HFSE ratio, high 87Sr/86Sr, and low 
143Nd/144Nd isotopic compositions, indicating subduction-
related enriched mantle domains (Sayit and Göncüoglu 
2009; Altunkaynak and Yilmaz 1999; Ersoy et al. 2012; 
Aldanmaz 2006).

The volcanic in the study area can be summarized as 
a calc-alkaline volcanic suite with rhyolites, dacites, and 
andesites according to the TAS diagram (Fig. 6). The geo-
chemical data from the collected samples (Tables 1, 2, 3, 4, 
5 and 6) and unaltered volcanic rock data from (Ersoy et al. 
2012) were examined with the variation diagram (Fig. 7). 
Due to the intense alteration of both the granitic rocks of 
Turkali pluton and Yayladalı volcanic rocks, only the vol-
canic fresh rock geochemical data was used from Ersoy et al. 
(2012).

The geochemical data show positive trends for  Al2O3, 
 K2O,  TiO2, and  P2O5 vs.  SiO2 and negative trends for  Na2O, 

MgO, CaO, and  Fe2O3 vs.  SiO2. These results for volcanic 
rocks indicate a fractionation process was active during the 
formation of Yuntdagi volcanic rocks. The negative trends 
of CaO and MgO alongside FeO can be interpreted as the 
fractionation of a hybrid magma chamber. It can be expected 
that the older parts of the volcanic sequence are more frac-
tioned due to the active extensional tectonic regime in NW 
Turkey during the Eocene-Miocene period.

Geochemical signatures also suggest that crustal mate-
rials have possibly contaminated the magma due to the 
mixing of crustal or mantle magma or assimilation of the 
crustal material by the mantle-derived magma (Altun-
kaynak and Genç 2008). The mixing of mantle-derived 
magmas and lower crustal melts formed the main source 
of the primitive medium-to-high K-calc-alkaline rhyolite 
from the andesites (Ersoy et al. 2012). On the other hand, 
in mineralized volcanic samples, any correlation between 
 SiO2 with major oxides was not detected except for  SiO2 
vs  K2O. This phenomenon likely occurred by the phyllic 
alteration observed with the sericitization of K-feldspar 
crystals.

The positive anomalies of large ion lithophile element 
(LILE) such as Ba, Rb, and K on mantle normalized trace 
element patterns (Fig. 8a) of unaltered Yuntdagi volcanic 
and least-altered Turkali granite sample points out that 
the post-collisional hybrid magma chamber had a signifi-
cant incompatible element enrichment during fractionation 
the process. In addition, an important Pb anomaly is also 
observable, mostly caused by crustal contamination. The 
mineralized samples have more LILE enrichment and Pb 
anomalies, indicating that hydrothermal fluids also carried 
the mentioned elements alongside base metals.

The chondrite normalized REE (Fig. 8b) patterns in 
unaltered samples show enrichment in LREE and rather 
flat patterns in HREE, likely caused by the rather low 
interference of crustal contamination. The hydrothermally 
altered samples in both Turkali and Yayladali samples 
have lower LREE and HREE values, suggesting some of 
REEs may have remobilized during hydrothermal altera-
tion stages. The positive Eu anomaly in hydrothermally 
altered rocks can be explained by the breakdown of Eu 
bearing plagioclase crystals, resulting in less mobile Eu 
ions enriched.

Hydrothermal alteration

Major element variations are quantified to trace the intensity, 
fluid pathway, and depositional environment of hydrother-
mal alteration surrounding mineral deposits, especially in 
volcanogenic massive sulfide (VMS) (Ishikawa et al. 1976; 
Large et al. 2001a; Franklin and Gubins 1997). Most of the 
rocks around Yayladali (Soma region) are highly suscep-
tible to weathering or secondary alteration processes. The 
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1 3

depletion and enrichment of alkali elements (Na and K) and 
alkaline earth elements (Mg) are employed to delineate the 
different zones during hydrothermal activities. Sericite is 
represented by  K2O formed by the destruction of feldspar 
and chlorite and  Fe2O3 and MgO due to the destruction 
of mostly hornblende and biotite in rocks (Ishikawa et al. 
1976). However, the same approach is used to zone a stock-
work and vein deposits hosted within andesitic volcanic rock 
using Eqs. (1) and (2) (Large et al. 2001b).

Stockwork veins are generally found with a pale green-
ish chlorite-sericite-quartz zone, whitish sericite-quartz, 
and ore center with the chlorite-sericite-carbonate-pyrite 
zone. Veins demonstrated intense quartz-carbonate-barite 
and quartz-pyrite alteration zones. The vein gives AI val-
ues ranging from 23 to 66% in the quartz-pyrite-carbon-
ate-barite zones. CCPI reveals 84 to 88% values in the 

(1)
Ishikawa alteration index(AI)100 ×

(

K2O +MgO
)

∕K2O +MgO + Na2O + CaO

(2)

chlorite carbonate pyrite index (CCPI)100 ×
(

MgO + Fe2O3

)

∕ MgO + K2O + Fe2O3 + Na2O

greenish chlorite-sericite-quartz zone, 21 to 68% in the 
whitish-sericite-quartz zone, and 89 to 98% from toward 
the ore center with chlorite-sericite-carbonate-pyrite zone 
and barite zone. The vein shows CCPI values from 82 
to 99% in the quartz-carbonate and quartz-pyrite zones. 
The concentrations of  Na2O and CaO decreased in altered 
samples but increased 10 to 25% toward the ore center 
zone. The MgO,  Fe2O3, and  K2O ratio increases from 
distal zones toward the center from 6 to 7%, 11 to 22%, 
and 3.5 to 7%, respectively, indicating the intensity of 
chlorite and sericite alteration zones (Table 7). The altera-
tion data of AI and CCPI are plotted on a box plot dia-
gram (Fig. 9), separated by a diagonal line with the upper 
section, representing hydrothermal alteration and lower 
section diagenetic processes (Large et al. 2001b). All the 
samples plotted above the hydrothermal zone suggest 
a hydrothermal origin. Subtype 2 (Yayladali) occurred 
as massive ore bodies, quartz, and calcite; subtype 1 
(Turkali) was mainly observed in the veins and stock-
works. Quartz veins show comb and crustification struc-
ture with epizonal character in texture due to open-space 
mineralization. The Zn-Pb- ± Au ± Ag ore veins around 
the Yayladalı district in the southern part of the studied 

Table 4  Major oxide analysis of 
Yayladalı mineralization field 
samples

ND, not detected

Sample SiO2
(%)

Al2O3
(%)

Fe2O3
(%)

MgO
(%)

Na2O
(%)

K2O
(%)

CaO
(%)

TiO2
(%)

MnO
(%)

P2O5
(%)

LOI
(%)

Total
(%)

ML1 63.9 14.2 4.75 2.44 2.86 3.33 5.07 0.61 0.04 0.23 2.31 99.8
ML2 20.0 3.71 19.2 3.9 ND 0.05 23.3 0.13 1.50 0.06 14.0 99.9
ML3 24.3 3.11 22.5 4.68 ND 0.16 12.7 0.05 7.36 0.02 24.8 99.9
ML4 57.2 17.7 4.05 2.11 0.14 7.19 2.71 0.63 0.11 0.25 6.94 99.9
ML5A 53.3 15.6 12.3 6.00 0.03 3.14 0.25 0.54 0.36 0.19 6.16 99.9
ML5B 63.2 7.96 10.9 0.60 0.05 1.25 1.50 0.20 1.70 0.13 7.45 99.9
ML6A 43.7 5.86 7.77 0.49 0.12 1,51 2.02 0.13 0.60 0.07 8.85 99.9
ML6B 92.4 1.95 0.87 0.15 0.01 0.31 0.03 0.04 0.03 0.02 1.58 100.0
ML7 56.9 14.7 12.2 0.52 0.13 5.22 0.10 0.47 0.01 0.23 8.85 99.9
ML8 64.9 18.8 1.77 0.70 1.16 7.21 0.23 0.62 0.01 0.26 4.00 99.9
ML9 38.3 6.48 6.84 2.09 ND 0.82 5.50 0.17 0.52 0.06 10.0 99.8
ML10 45.7 1.33 3.96 6.88 ND 0.34 16.0 0.03 1.05 0.02 15.9 99.9
ML11 61.6 15.8 5.35 3.63 2.43 6.03 0.58 0.58 0.11 0.28 3.21 99.8
ML12 29.1 8.71 15.0 2.57 0.69 1.25 8.37 0.25 1.32 0.09 14.7 99.8
ML 13 62.1 15.8 5.31 2.97 2.51 6.00 0.53 0.56 0.20 0.26 3.18 99.8
ML 14 66.6 19.6 1.48 0.57 1.98 4.37 0.19 0.61 ND 0.05 4.35 99.9
ML 15 80.4 6.96 3.54 0.07 0,02 0.05 0.04 0.07 0.14 0.05 3.81 99.9
ML16 26.02 1.06 6.60 4.52 ND 0.17 15.5 0.03 1.93 ND 14.2 99.7
MLG1 13.75 6.30 18.3 5.71 ND 0.25 12.5 0.13 1.62 0.06 15.2 99.9
MLG2 7.36 2.49 22.5 5.93 ND 0.33 13.7 0.04 1.44 0.03 14.0 99.9
MLG3 2.05 1.17 8.95 7.72 0.01 0.15 24.6 ND 2.99 ND 13.0 99.9
MLG4 25.3 11.05 18.97 7.15 ND 0.05 10.8 0.31 1.48 0.12 16.18 99.9
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1 3

area show evidence of three paragenetic sequences for 
mineralizations. Pre-mineralization deposition of fram-
boidal pyrites and quartz followed by faulting and brec-
ciation to main ore mineralization stage of other sulfides. 
Sulfide phases such as sphalerite, galena, chalcopyrite, 
and tennantite in open-space fracture are replaced with 
cubic pyrite, barite, hydrothermal quartz, calcite with 

cerussite, smithsonite, hematite, and anglesite in later 
mineralization stage.

Characteristics of fluid inclusions

Sphalerite-galena sulfide ore samples from veins were 
used to obtain the relationship between the host rock and 

Fig. 7  Major element trends of unaltered Yuntdağı volcanic (data from Ersoy et al. 2012) and Yayladalı mineralization field

Page 15 of 23    1172Arab J Geosci (2022) 15: 1172



1 3

the mineralization corresponding fluid inclusions. Fluid 
inclusion studies of these samples were characterized by 
quartz, calcite, barite, and sphalerite. To this end, 13 double-
polished sections of quartz, calcite, barite, and sphalerite 
samples were used, and observations were iterated for 28 
different fluid inclusion from these samples. The aim of this 
study here is to determine the ore formation conditions such 
as temperature, density, and salinity of the entrapped fluid.

Fluid inclusions are classified as primary, secondary, or 
pseudo secondary if they are formed as a result of growth 
around crystals during fracture healing or formed by fracture 
during crystal growth, respectively (Roedder 1984; Gold-
stein et al. 2003). According to the genetic classification of 
Roedder (1984), the inclusions in the studied samples are 
primary (P) and rare secondary (S) in character and have 
varying shapes and sizes.

Fig. 8  (a) Primitive mantle (Sun and McDonough, 1989) normalized trace element and (b) chondrite normalized (Boynton 1984) REE patterns 
of study area rocks (Avg Yuntdagi data were obtained from Ersoy et al. 2012)
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Micro-thermometry studies were conducted mostly on 
primary fluid inclusions because they are formed around 
crystal growth and likely reflect the genetic formation condi-
tions. Primary quartz inclusions are mainly perpendicular to 
the euhedral quartz crystal faces. Sphalerite inclusions are 
bright and yellowish, while quartz and barite are colorless 
(Fig. 10c). The bright colors reveal a high aqueous density 
fluid of water, and others are dark due to a low refractive 
index of carbon dioxide liquids (Van den Kerkhof and Hein 
2001).

The sizes of inclusions range from 5 to 40 μm. The 
dominant morphology of the fluid inclusions encountered 
is elongated or negative crystal shapes. A significant fraction 
of the fluid inclusions is greater than 10 µm, even if some 
of them are less than it. The shape of the inclusion ranges 
from rounded to globules and some elongated (Fig. 10a,b). 
The main inclusions recognized are type I (liquid + vapor), 
type II (liquid + vapor +  CO2 vapor), and type III (liq-
uid + vapor +  CO2 vapor + solid).

Types of fluid inclusions and their genetic features are 
summarized in Table 8. The L/V volume ratio varied from 
90 to 70%, where inclusions are elongated more; they show 
a variable L-V ratio, and in some sphalerite, samples appear 

Fig. 9  Samples alteration 
pattern on AI-CCPI box plot 
diagram (modified after Large 
et al. 2001a, b)

Table 7  Calculated values for AI and CCPI for Turkali (KB) and 
Yayladali (ML) samples

Sample AI (%) CCPI (%) Sample AI (%) CCPI (%)

AB 1 76.5 90.9 ML1 42.1 52.0
AB2 42.5 60.6 ML4 76.6 44.0
KB 1 9.16 37.3 ML5A 97.1 84.3
KB 3 6.58 53.4 ML5B 54.3 88.9
KB 4B 97.1 77.4 ML6A 48.2 82.1
KB 5A 97.8 23.3 ML6B* 92.8 74.8
KB 7 16.0 4.91 ML7 96.2 68.3
KB 8 52.8 75.2 ML8 85.1 21.6
KB 10 33.4 43.9 ML10 31.1 97.0
KB 11 33.1 57.0 ML11 76.2 49.9
KB 12 23.1 7.21 ML12 29.7 89.2
KB 14 82.5 40.0 ML 13 74.8 47.7
KB S 24.8 44.0 ML 14 69.5 23.0
KBB V 78.9 41.0 ML 15 66.4 98.0
KBAG 38.6 40.7 52.0
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to stretch as a result of volume change without loss of mate-
rials (Fig. 10d). Daughter minerals are not seen in fluid 
inclusions.

Micro‑thermometry of fluid inclusions

Type I and type II generations were micro-thermometry ana-
lyzed because they are part of the fluid inclusion assemblages 
(FIA). Type III and some others formed around heal micro-
cracks crosscutting crystal boundaries were not evaluated 

because they are the later generations or not concerned a part 
of FIA. The micro-thermometric data for both primary and 
secondary inclusions were recorded, emphasizing the primary 
inclusion measurements from quartz, barite, and sphalerite.

However, very few samples hosted an appreciable amount 
of measure fluid inclusions. Individual measurements of vari-
ous fluid inclusions with varied characteristics were obtained 
and not the average. The spatial distribution of primary inclu-
sion suggests that entrapment of the fluid inclusions occurs 
during specific stages in the growth of the crystals. In all 

Fig. 10  Photomicrograph of 
ore mineral assemblages and 
specific fluid inclusions. (a) 
Liquid phase (LH2O) and vapor 
phase (VH2O) in sphalerite. (b) 
Some different types of fluid 
inclusion assemblages (FIA). 
(c) Scale of the low refractive 
index of liquids. (d) Tensional 
effects and decrepitation of fluid 
inclusions
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measured fluid inclusions, the vapor phase shrinks progres-
sively during heating; this implies that they are not homog-
enized with the liquid phase. The measurements from the 
secondary fluid inclusions give a homogenization tempera-
ture of less than 150 ℃, which may also represent another 
episode of the primary fluid inclusions within the quartz and 
sphalerite crystals that range from 192 to 280 ℃.

The homogenization temperatures (Th), last ice melt-
ing temperatures, salinity, and densities are summarized 
and illustrated in (Table 2). Combing the homogenization 
temperature (Th) and fluid salinity contours gives fluid den-
sity by equal density lines (Brown 1989). The density var-
ies from 0.794 to 1.056 g/cm3. Fluid inclusions of primary 
quartz veins from the study area show Th ranging between 
204 and 264 ℃, sphalerite 192 and 251 ℃, and barite 208 
and 280 ℃. Fluid inclusion studies on sphalerite, quartz, 
barite, and calcite veins give high salinity fluid (2.4–15.47 
wt.% and 5.86–17.96 wt.%) with corresponding high homog-
enization temperature (197.5–280.1 ℃ and 191.5–250.1 ℃) 
for Turkali and Yayladali, respectively (Table 9).

These parameters are favorable for the mineralization/
precipitation/deposition of more base metals like Zn-Pb 
which are usually transported as chloride complexes and 
indicate an intermediate epithermal sulphidation vein-type 
mineralization (Bodnar et al. 2014). However, as a contro-
versy in the Turkali region, high salinity measured only with 
high-temperature data indicates a high sulphidation miner-
alization style additionally to the intermediate sulphidation 
mineralization style in the region (Bodnar et al. 2014 and 
references therein for the implications originating from char-
acteristics of IS- and HS-type deposits). The fluid density 
and trend likely indicate boiling as the main physical process 
responsible for ore fluid precipitation with a trace of influ-
ence by fluid mixing (Figs. 11 and 12).

Table 8  Summary of fluid inclusion types, morphology, and phases present at 25 ℃

1 Observations about L/V ratios are based onKlyukin et al. (2019)
2 Solely liquid and vapor terms are defining  H2O

Type Subtype Inclusion shape Size (µm) Number of Phases L/V  ratio1 Types2

I a Negative crystals  < 5–40 4–5 90–80/10–20 Liquid + vapor
b Elongate  < 5–30 4–5 90–70/10–30 Liquid + vapor
c Rounded  < 5–20 3–4 80–70/20–30 Liquid + vapor
d Globule  ~ 20 1–2 80/20 Liquid + vapor
e Irregular  ~ 20 1–2 80/20 Liquid + vapor

II a Negative crystals  < 20–30 2–3 80/20 Liquid + vapor  (H2O +  CO2)
b Elongate  < 5–20 4–6 90–70/10–30 Liquid + vapor  (H2O +  CO2)
c Irregular  < 10–20 3–4 90/10 Liquid + vapor  (H2O +  CO2)

III a Negative crystals  ~ 35 1 55–10
(35 solid)

Liquid + vapor  (H2O +  CO2) + halite

Table 9  Calculated values of salinity and homogenization tempera-
ture (Th) during heating/freezing which is used to predict the ore 
deposit type by Wilkinson (2000), classification diagram

Sample Type Tmice (℃) Th (℃) Salinity 
(wt.%)

Density (g/
m3)

KB3-1 Brt  − 6.2 280.1 9.47 0.841
KB3-2 Brt  − 6.2 276.5 2.41 0.841
KB5 Cal  − 11.6 231.3 15.5 0.954
KB5 Cal  − 11.5 240.4 15.4 0.944
KB5 Cal  − 11.7 270.1 15.7 0.913
KB5 Cal  − 11.8 235.4 15.8 0.952
KB5 Cal  − 11.5 239.2 15.5 0.945
KB6C Qtz  − 1.4 264 2.40 0.794
KB6C Qtz  − 4.5 228.1 7.17 0.909
KB12-2 Sl  − 10.4 219.5 14.4 0.957
KB12-2a Sl  − 11.5 228.4 15.5 0.956
KB12-3 Sl  − 11.5 197.5 15.5 0.987
ML10 Cal  − 14.2 249.8 18.0 0.955
ML10 Brt  − 11.2 209 15.2 0.974
MLG2-4 Sl  − 7.8 195.4 11.5 0.958
MLG2-4 Sl  − 9.7 191.5 13.6 0.979
MLG2-4 Brt  − 6.1 251.4 9.34 0.878
ML-G3-1a Sl  − 3.6 243.4 5.86 0.857
ML-G3-1a Sl  − 3.6 237.5 5.86 0.865
ML-G3-1a Sl  − 3.6 250.1 5.86 0.848
ML-G3-1b Brt  − 9.1 208 12.9 0.957
MLG4-1 Sl  − 9.4 232.5 13.3 0.934
MLG4-1 Sl  − 8.5 211.5 12.3 0.948
MLG4-1 Sl  − 4.5 210.5 7.17 0.909
MLG4-2 Sl  − 7.3 219.5 10.9 0.928
MLG4-2 Sl  − 10.4 215.4 14.4 0.961
MLG4-2 Sl  − 11.5 215.4 15.5 0.970
MLG4-3 Qtz  − 5.1 204 8.00 0.922
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Fig. 11  Fluid inclusion data on 
homogenization temperature 
and salinity diagram illustrating 
typical density ranges (g/cm.3) 
for fluid inclusions (Brown 
1989). HS, high sulphidation; 
IS, intermediate sulphidation

Fig. 12  Homogenization (Th)–
salinity diagram showing differ-
ent areas for the fluid inclusion 
of various deposit types. Note 
that fields should not be consid-
ered definitive and compositions 
exist outside the ranges shown 
(Wilkinson 2001). HS, high 
sulphidation; IS, intermediate 
sulphidation
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Conclusion

The present study was carried out to determine the subtypes 
of mineralizations using ore mineralogy, alteration indexes 
(AI-CCPI), and fluid inclusions to understand fluid charac-
teristics and traces of deposits. We revealed the following 
conclusions based on the integrated geochemistry, petrogra-
phy, and fluid inclusion data obtained from the Soma Region 
(Manisa, NW Anatolia), which is characterized by numerous 
polymetallic, porphyry, and epithermal economic orebodies.

(1) Data from ore petrography, alteration indexes, and fluid 
inclusion studies are instrumental in characterizing flu-
ids in vein-type mineralization and how they are associ-
ated with their original magma.

(2) The precipitation of Pb–Zn ± Au ± Ag in open-space 
fractures and vein/veinlets at the Yayladalı (Soma) 
region yields homogenization temperatures ranging 
between 192 and 280 ℃ with high salinity. The fluid 
inclusion data noticeably suggest the existence of 
both porphyry and hydrothermal-type mineralizations 
within the ore-forming system which was effective on 
the post-collisional intrusive and extrusive rocks in the 
region.

(3) In the Yayladalı region, the mineralization represents 
regions of high MgO and Low  Na2O and gain or loss 
of  K2O. The mineralogy box plot reveals that alteration 
zones around Pb–Zn veins are either chlorite-quartz-
carbonate or sericite-quartz-carbonate, with more chlo-
rite-quartz-carbonate observed in the study area. For 
mineral exploration, the combination of AI and CCPI 

and mass change in MgO may give a better vector for 
mineralization.

(4) Polymetallic Pb–Zn ± Au ± Ag mineralization specifies 
an intermediate vein-type epithermal deposit similar 
to mineralizations in the region with temperature from 
192 to 280 ℃ and salinity 2 to 17 wt.% NaCl equiva-
lents which deposited more Pb and Zn than Au and 
Ag in open-space fractures and veins. Besides, the Cu 
and Mo presumably originated from the Turkali plu-
ton, classified predominantly as granite-granodiorite in 
composition.

(5) Deep-seated high-sulphidation acidic fluid might have 
migrated to the lithocap and moved through wall rock 
water reaction by neutralizing and reducing this fluid 
to form intermediate sulphidation veins (Fig. 13). As 
shown by fluid inclusion data, the intermediate sulphi-
dation fluids with high salinity favor the precipitation 
of base metal Zn-Cu-Pb-Ag than precious metal Au. A 
more complete understanding of the ore-forming sys-
tem in the region must be examined through interdis-
ciplinary detailed studies.
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