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ABSTRACT

Early–middle Miocene reefal limestones are overlain disconformably by late Serravallian–
early Tortonian incised valley-fi ll deposits of Dağpazarı formation in the Mut Basin. Dağpazarı 
formation is composed of mudstone, siltstone, sandstone and conglomerates. Facies associations of 
the formation are: fl uvial, lagoon, shoal-water delta, shoreface, beach and barrier island deposits. 
Loxoconcha tumida Brady and Loxoconcha sp. in the gray mudstones indicate the freshwater 
infl uence and decrease in salinity. Hemicyprideis sp. documents brackish water conditions. The 
shoreface sandstones alternating with the lagoonal mudstones, and oyster-rich beach deposits in 
different levels of the sequence indicate episodes of marine connections. The age of the Dağpazarı 
formation is provided by the planktonic foraminifera from the marine mudstones and marls below 
and above the formation, and corresponds to the MMi8–MMi10 biostratigraphic interval, which 
spans the late Serravallian–early Tortonian. Late Serravallian eustatic sea-level fall caused to the 
quick shallowing of the Mut Basin and subaerial exposure of the reefal limestones at the basin 
margin. Thus, the incised valley, formed upon the reefal limestones of the Mut formation. This 
incised valley refl ects a regional forced regression and unconformity. The Dağpazarı formation was 
deposited within this incised valley following an early Tortonian relative sea-level rise.
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1.  Introduction

The Mut Basin in the Central Taurides consists 
of Oligo-Miocene terrestrial and marine deposits. In 
the basin, lacustrine carbonates and fl uvial sediments 

have been deposited during the Oligocene-early 
Miocene time. Although the marine sequence of 
late Burdigalian-Tortonian age in the Mut Basin is 
mainly composed of reefal and platform carbonates, 
an unconformity refl ecting a late Serravallian forced 
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Figure 1- Location map of the study area, (a) location of the Mut Basin and main tectonic lines are seen 
on the topographical image of Anatolia (SRTM in 90 m resolution, from Jarvis et al., 2008), (b) 
simplifi ed geological map of the Mut Basin (from Şenel, 2002 and Ulu, 2002).

regression can easily be defi ned because the Miocene 
sedimentary sequence of the Mut Basin contains well 
preserved sedimentary records of the relative sea level 
changes.

Mudstones, sandstones and conglomerates 
outcropping in vicinity of the Dağpazarı village 
in north of Mut, located on reefal limestones of the 

Mut formation (Figure 1) were studied and mapped 
as the Köselerli formation by Gedik et al. (1979). 
However, these rocks, which refl ect terrestrial and 
transitional environments, were defi ned as the 
Sertavul formation by Demir (1997) as they differ 
from the Köselerli formation in terms of lithology, 
depositional environment and age. Sertavul 
formation refl ects back-reef lagoon environment and 
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occasionally fl uvial deposits, coastal sands, coals and 
limestones (Demir, 1997). The same rock assemblage 
was defi ned by Atabey et al. (2000) as the Dağpazarı 
formation and interpreted as products of the back-
reef lagoon and alluvial fan environments. According 
to Atabey et al. (2000), the Dağpazarı formation is a 
transitional unit with Mut and Köselerli formations, 
and was deposited during a regressive phase. Bassant 
et al. (2005) document the early-middle Miocene 
sea level changes in the Mut Basin, but they did not 
present data on regional exhumation related to these 
changes. Although Cipporalli et al. (2013) did not 
traced sea level changes in the basin, they argued that 
there should be effects of sea level changes in the 
stratigraphic sequence. 

The Dağpazarı formation, which is the subject 
of this study consists of clastic terrestrial and 
transitional facies, and disconformably overlies 
the reefal limestones of the Mut formation. This 
erosional surface forms a negative paleotopographic 
depositional environment within the Mut formation. 
The boundary between the Mut and Dağpazarı 
formations also refl ects abrupt facies changes in the 
stratigraphic sequence, and a basinward erosional 
shift of the late Serravallian shoreline and the forced 
regression. Occurrence of proximal facies over distal 
facies across an erosional surface constitutes the most 
important defi ning criteria for incised valleys (Zaitlin 
et al., 1994; Hampson et al., 1997). The Dağpazarı 
formation shows the deposition in an incised valley 
according to its stratigraphic and facies characteristics. 
This incised valley and valley fi ll represents the 
most important records of  relative sea level change 
occurred in the Mut Basin during the late Serravallian-
early Tortonian.

Incised valley fi lls are important deposits in 
stratigraphic sequences, because these valley fi lls are 
depositional complex and represent both the formation 
of the valley and the deposition of sediments in the 
formed valley (Boyd et al., 2006). The formation of 
these deposits is controlled by the interaction between 
sea level changes, tectonism, climate, sediment 
discharge into the basin and paleogeomorphology 
(Posamentier and Vail, 1988). Therefore, the 
identifi cation of these deposits in stratigraphic 
sequences is of great importance for interpretation 
of stratigraphic relationships, paleogeographic 
reconstruction and understandings of depositional 
evolution (Archer and Feldman, 1995; Boyd et al., 
2006).

The aim of this study is to explain the geological 
history of the late Serravallian-early Tortonian sea 
level changes in the Mut Basin and to discuss the 
relative roles of processes such as eustatic, local 
tectonic and the amount of sediment transportation 
that control these changes. For this purpose, the 
sedimentary facies analysis of an incised valley fi ll 
sandwiched between Miocene marine carbonates 
analyzed and dated with paleontological data.

2.  Terminology

The sedimentological terms used in this study 
were described according to Harms et al. (1975, 
1982) and Collinson and Thompson (1982). For 
the identifi cation of planktonic foraminifer species, 
Kennett and Srinivasan (1983), Iaccarino (1985) 
and Bolli and Saunders (1985) were used. In 
biozone defi nitions, Sprovieri et al. (2002) and 
Iaccarino et al. (2007)’s “Mediterranean Planktonic 
Foraminiferal Biostratigraphy” was taken as the basis 
and biostratigraphic age was evaluated according to 
ATNTS2004 (Lourens et al., 2004) scale (Lourens et 
al., 2004).

The term “regression” denotes seaward 
displacement of shoreline and this leads to an increase 
in land areas (Posamentier and Vail, 1988; Posamentier 
et al., 1992). Regression refl ects the interplay between 
the relative sea-level change and the supply of 
sediment to the shoreline. This interaction causes 
normal or forced regression (Posamentier et al., 1992; 
Posamentier and Morris, 2000). Normal regression 
refers to the shoreline displacement towards the sea 
due to high sediment supply during a relative sea-
level stillstand or slow rise. The forced regression 
means the basinward shoreline displacement due 
to relative sea-level fall. The amount of sediment 
supply to the shoreline during the forced regression 
is not signifi cant. The forced regression occurs due to 
eustatic sea level fall or a tectonic uplift.

An incised valley is a bigger, longer topographic 
depression than a single river channel excavated by 
fl uvial erosion. Abrupt facies changes occur basinward 
along the bottom of these valleys (Zaitlin et al., 1994). 
Incised valleys are fi lled with sediments transported 
from rivers and seas (Dalrymple et al., 1992; 1994) 
and include deposits accumulated under the control of 
tidal, wave and fl uvial processes.

The terminology of sequence stratigraphy was 
used as suggested by Catuneanu (2006). A relatively 
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conformable succession of genetically related strata 
bounded by unconformities are called as sequence 
(Mitchum, 1977). Each sequence is composed of 
system tracts and parasequences. A conformable 
succession of genetically related strata bounded by 
transgression surfaces form parasequences 

In this study, three different system tracts were 
defi ned as; the “forced-regressive systems tract”, 
“lowstand systems tract” and “transgressive systems 
tract”. System tracts were defi ned according to the 
vertical stacking pattern of the sedimentary facies 
associations and the direction of displacement of 
the palaeoshoreline (Helland-Hansen and Martinsen 
1996). The “forced-regressive systems tract” occurs 
during a relative sea level fall. The “lowstand systems 
tract” is a normal regressive coastal progradation 
deposited during a relative sea level fall and then 
remains stable. The units deposited during the rise 
of the relative sea level constitute the “transgressive 
systems tract”.

3.  Regional Geological Setting

The Taurides located in the eastern Mediterranean 
part of the Alpine-Himalayan mountain belt and 
the southern part of Turkey are studied by dividing 
them into three sections as; the West, East and the 
Central Taurides  (Figure 1a).  The  Western  Taurides 
extend from the Isparta Angle to the west towards 
the Hellenides. The Central Taurides are between the 
Isparta Angle and Ecemiş Fault. The Eastern Taurides 
extend from the Ecemiş Fault to the east into the 
Zagros Mountains. The orogeny forming Taurides 
continued until the end of Eocene in the Central 
Taurides (Şengör, 1987; Clark and Robertson, 2002). 
However, the compressional tectonics, indicating 
the latest movement of nappes, has continued until 
middle Oligocene (Kelling et al., 1987; Andrew 
and Robertson, 2002). In the Eastern Taurides, the 
orogenic deformation has continued until the late 
Miocene and the Misis Structural Uplift has been 
formed due to the folds and thrusts (Michard et al., 
1984; Aktaş and Robertson, 1990; Dilek and Moores, 
1990; Yılmaz, 1993; Yılmaz et al., 1993; Robertson, 
2000; Sunal and Tüysüz, 2002). At the transition 
of the Western and Central Taurides, the Lycian 
Nappes collided with the Isparta Bend (Collins and 
Robertson, 1998, 2000; Poisson et al., 2003; Sagular 
and Görmüş, 2006). The Miocene thus saw the last 
stages of localised compressional deformation, 
while the Taurides in general had already become 

subject to post-orogenic isostatic uplift and crustal 
extension with the development of orogen-collapse 
basins (Seyitoglu and Scott, 1991, 1996; Jaffey and 
Robertson, 2005; Karabıyıkoğlu et al., 2005; Bartol 
et al., 2011; Koç et al., 2012; Cosentino et al., 2012). 
This orogen-collapse basins occurred in the form of 
grabens. The continental crust, which has excessively 
thickened during the Eocene period, caused the 
formation of the basin under the effect of gravity due 
to the disappearance of compression (Gautier et al., 
1999; Dilek and Whitney, 2000). According to Le 
Pichon and Angelier (1981) and Gautier and Brun 
(1994), the extensional tectonic regime was formed 
by the back-arc spread as a southern retreat process of 
the northerly subducting Hellenic plate.

4.  Dynamic Stratigraphy of the Mut Basin

The Mut Basin (Figure 1), located in Central 
Taurides, forms one of the molasse basins between the 
mountains during Neogene period. It is thought that 
Mut Basin was formed due to the orogenic collapse 
behind the extensional back-arc of the Cyprus arc 
in the south (Kempler and Ben-Avraham, 1987; 
Robertson, 2000; Kelling et al., 2001; Ünlügenç et al., 
2001). The basin has then continued to develop under 
the infl uence of an extensional regime.

The bedrocks of the basin are Aladağ and Bozkır 
nappes emplaced in the late Eocene period (Özgül, 
1976; Andrew and Robertson, 2002). The nappes are 
composed of Jurassic-Cretaceous limestones and Late 
Cretaceous ophiolitic melange (Figure 1b). These 
units are locally overlain by Eocene shallow marine 
limestones. Heavily eroded allochthonous bedrocks 
are overlain by the Oligocene lacustrine carbonates, 
which are called the Fakırca formation in the study 
area (Figure 2). These lacustrine units, which have 
limited lateral extent, form the initial productions 
of intramountain basins. Fakırca formation consists 
of thin to medium, planar to undulated bedded, 
planar parallel stratifi ed and wave-rippled limestone 
and marl alternation. Pine needles, leaf fossils and 
Planorbis type gastropod fossils commonly observed 
in limestones and marls indicate the fresh water 
environment. Coal seams are observed at the bottom 
of the early-middle Oligocene Fakırca formation 
sequence (Tanar, 1989; Tanar and Gökçen, 1990).

Following the compressional tectonism that 
occurred towards the end of the middle Oligocene 
due to the latest movement of nappes the extensional 
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tectonic regime in the region has been dominant and 
the structural development of the basin was established. 
Due to continuous sedimentation in post Oligocene in 
the Mut Basin, the fl uvial sediments of the Derinçay 
formation were unconformably deposited on the Fakırca 
formation in the early-middle Burdigalian period (Ünay 
et al., 2001) (Figure 2; Ilgar et al., 2016). Derinçay 
formation consisting of red conglomerate, sandstone 
and mudstone refl ects the channel lag, sigmoidal point 
bar and fl ood plain deposits of a meandering river 
system. The marine transgression, which occurred in 
the late Burdigalian led to the drowning of Antalya, 
Mut and Adana basins and the development of the 
fi rst marine deposition during the Neogene period in 
these basins. Thus, the reefal limestones, platform 
carbonates and the marl to thin bedded limestone 
forming the sediments of the Köselerli formation were 
deposited in the late Burdigalian–Serravallian (Figure 
2). The shallow marine carbonate deposits of the Mut 
formation (Figure 3a), which forms onlapping structure 
due to the marine transgression on bedrocks towards 
the north (Figure 3a), pass into offshore deposits of the 
Köselerli formation towards south in the basinward 
direction (Figure 3b).

The relative sea level fall in the late Serravallian 
period led to the shoaling of the basin, migration of 

the reefal limestones of the Mut formation on to the 
Köselerli formation in basinward direction and to 
crop out on the basin margin. The sedimentary facies 
belonging to the Dağpazarı formation, which is the 
subject of this study, were deposited in an incised 
valley generated during this forced regression (Figure 
2). The early Tortonian transgression caused the re-
fl ooding of the northern parts of the Mut Basin and 
the deposition of the reefal limestones of the Tırtar 
formation on basin margins and the marl to thin 
bedded limestones of the Ballı formation inside the 
basin (Figure 3c). In the late Tortonian, the marine 
sedimentation in the Mut Basin terminated with the 
isostatic uplift of the Taurides and the basin began to 
expose (Cosentino et al., 2012; Ilgar et al., 2013a, b).

5.  Dağpazarı Formation and its Sedimentary 
Facies

The Dağpazarı formation mainly composed of 
mudstone, sandstone and conglomerate outcropping 
in the north of Mut Basin is located between the reefal 
limestones and carbonate platform deposits of the 
Mut and Tırtar formations and observed in the form 
of incised valley fi ll deposits in the reefal limestones 
of the Mut formation (Figure 3c). The Dağpazarı 
formation, which is defi ned within belt in the north-

Figure 2- (a) Detailed geological map of the study area in the Mut Basin and the distribution of the Dağpazarı formation. Numbers 1-3 on the 
map indicate the section localities. 1. Alaçamburnu section, 2. İbrahimli section and 3. Ballı section, (b) Generalized stratigraphical 
section of the Mut Basin. 
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south direction, consists of several branches to the 
north of the basin. The valley fi ll is approximately 
35 km long, 0,5-2 km wide and 130 m thick.

The Dağpazarı formation unconformably overlies 
the reefal limestones of the Mut formation or shoreface 
sandstones and shell-rich fossilliferous pebbly beach 
deposits which is occasionally observed at the topmost 
layer of the formation. It is transgressively overlain by 
the reefal limestone, shoreface sandstone and pebbly 
beach sands of the Tırtar formation and marl to thin 
bedded limestones of the Ballı formation (Figure 3c).   

At the Alaçamburnu locality, 2,5 km to the 
northwest of the Dağpazarı village is the type section 
of the formation (Figures 2a and 4a). The surround 
of Çivi and Ballı villages (Figure 2a) and the north 
of the Büyükeyre Mountain (Figure 3c) in the study 
area allow to observe the contacts with underlying 
Mut formation and the overlying Ballı and Tırtar 
formations. 

The Dağpazarı formation is mainly composed of 
dark gray mudstone, light brown-brick red mudstone 
and siltstone, very fi ne to fi ne grained sandstone and 
medium to coarse grained sandstone and granule to fi ne 

Figure 3- (a) Reefal limestone beds of the Mut formation onlapping on the basement rocks consisting of 
Jurassic-Cretaceous limestones, (b) Gradational transition of the Mut formation into marl-fi ne 
bedded limestones of the Köselerli formation in the basinward direction. (c) The stratigraphical 
relations of the Mut, Dağpazarı, Ballı and Tırtar formations around Dağpazarı Village in the 
north of Mut. The fl uvial deposits of the Dağpazarı formation unconformably overlie the Mut 
formation.
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pebble size conglomerate (Figures 4b and 5). In this 
formation, total of 6 facies associations were defi ned 
as fl uvial, shoal water delta, lagoon, shoreface, beach 
and barrier island (Figure 5). These facies associations, 
which are lateral and vertical transitional, have variable 
lateral extent and thicknesses and are repeated several 
times in the succession. Since each facies association 
refl ects the depositional environment and conditions, 
it is described under the headings of the environments 
and described below in detail.

5.1. Fluvial Deposits

The fl uvial deposits defi ned in the Dağpazarı 
formation are mainly composed of pale brown-brick 
red mudstone, siltstone, sandstone and gray-pale 
brown sandstone, pebbly sandstone and conglomerate. 
Gray sandstones and conglomerates consist of bedsets 
which have maximum thicknesses of 2,5 m and do not 
have lateral continuity. These bedsets are located on 
pale brown-brick red mudstones and siltstones with a 

sharp and erosional bottom contact (Figure 6a). The 
amount of erosional relief reaches up to 1 m. The upper 
surfaces of bedsets are planar or undulatory. Chutes 
are often observed at the bottom of these deposits. 
These gray sandstone and conglomerate bedsets show 
thinning and fi ning upward units (Figure 6a). These 
sandstones and conglomerates, which have the main 
sedimentary structures of planar inclined or sigmoidal 
beds, are interpreted as meandering river deposits 
(Figure 6a). Pale brown-brick red, thin bedded 
mudstones and siltstones alternating with meandering 
river deposits form fl oodplain deposits (Figure 
6a and b). These facies grades each other within 
vertical succession and alternates. Sedimentological 
characteristics of the meandering river and fl ood plain 
deposits are mentioned below.               

5.1.1. Meandering River Deposits

The meandering river deposits described in the 
Dağpazarı formation are composed of the channel lag 

Figure 4- (a) The Alaçamburnu type section where the facies defi ned in the Dağpazarı formation are best 
observed. (b) Close-up view of the Alaçamburnu section. The fl uvial, shoal water delta, lagoon, 
shoreface and beach facies associations were defi ned in this section.
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Figure 6- (a) Pale brown-brick red fl ood plain and meandering river point bar deposits composed of conglomerates and sandstones 
which are overlain by lagoon deposits. (b) River channel and fl ood plain deposits and meandering river point bar deposits, 
and overlying planar cross stratifi ed chute deposits. (c) Shoal water delta deposits alternating with gray lagoonal mudstones. 
These deposits consists of distributary channel deposits and mouth bars.
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deposits stored within the stream channel and point 
bar and chute sediments on them (Figure 6a, b).

The channel lag deposits (Miall, 1985; Nemec and 
Postma, 1993) are observed on the pale brown-brick 
red mudstones, siltstones, sandstones of the fl ood plain 
deposits or at the bottom of channels. These are isolated 
beds of pebble conglomerates, which have erosional 
bottom surface, and are laterally discontinuous. These 
small-medium pebble conglomerates have clast-
supported, cobbly framework fi lled with medium to 
very coarse sand, granules. Point bar deposits are 
located above the channel fl oor lag deposits (Figures 
5 and 6a, b).

Point bar deposits in cross sections are formed 
by sandstones, pebbly sandstones or conglomerates 
in planar inclined or sigmoidal geometry (Figure 6a, 
b). These deposits, which are formed by these planar 
dipping beds, has 1-2,5 m set heights and 10°-20° dip 
angles. The dip angles of sandstones with sigmoidal 
geometry decrease both in upward and downward 
slopes and tangentially pass to the channel lag (Figure 
6a). These layers are planar parallel and planar cross 
stratifi ed. The current ripples can also be seen in 
upward slopes of sandstones. The superimposed 
channel deposits in the sequence are separated from 
each other by erosional surfaces. These channel 
deposits also consist of planar inclined deposits at 
different dip amounts and directions. 

At the uppermost part of horizontally inclined 
sandstones and conglomerates, channel deposits up to 
50 cm at thick and 3 m in width take place (Figure 6b). 
These channels with erosional bottom surfaces were 
developed diagonally in the dip direction of horizontal 
dipping layers. Channel deposits consisting of small 
pebbly conglomerate and coarse grained sandstones 
are generally planar cross-stratifi ed (Figure 6b).    

Horizontally inclined bedded or sigmoidal point 
bar sediments defi ned in the meandering river deposits 
were interpreted as the meander-belt sediments 
that have been formed by lateral accretion due to 
the migration of river channels in lateral direction 
(Jackson, 1976; Nanson, 1980; Brierley, 1991). 
In upper levels of the point bar deposits planar to 
cross stratifi ed and current rippled sandstones were 
formed due to bedload transportation. The channel 
lag deposits located below the point bar deposits and 
on the basal erosional surface are associated with 
laterally migrating channel bottom (Ghinassi et al., 
2014). Small channellized deposits on top of point 

bars were interpreted as chute channel deposits. Chute 
deposits represent erosion and fi lling deposits formed 
during fl ood periods of the river (Mc Gowen and 
Gamer, 1970). The cross bedded sandstones deposited 
in chutes form chute bars deposited in the downstream 
side of bars (McGowen and Gamer, 1970; Ghinassi et 
al., 2014).    

5.1.2. Flood Plain Deposits

Flood plain deposits associated with bar and chute 
deposits of the meandering rivers in stratigraphic 
succession consist of pale brown-brick red mudstone, 
gray siltstone and very fi ne to fi ne grained sandstones 
(Figures 5 and 6b). Massive mudstones form the 
dominant lithology of the succession. Very thin bedded 
siltstones and sandstones alternate with mudstones. 
These deposits are planar parallel stratifi ed and are 
laterally widespread. 

This facies association refl ects sediments deposited 
on fl ood plains of meandering rivers (McGowen and 
Gamer, 1970). Planar parallel stratifi ed sandstones 
and siltstones are the products of sedimentations 
that occurred at upper fl ow regime during fl oods 
(McGowen and Garner, 1970; Miall, 1985). The 
energy decrease in the non-channelized sheet-fl oods 
caused the deposition of mudstone from suspension 
(Collinson, 1996; Tooth, 1999). 

5.2. Lagoon Deposits

Lagoon deposits alternating with fl uvial, 
shoreface, beach and shoal water delta sediments 
in the succession mainly consist of yellowish-dark 
gray mudstone, siltstone and very fi ne to fi ne grained 
sandstones (Figure 5 and 6c). Massive mudstones are 
the dominant lithology of the succession. Mudstones 
alternate with very thin bedded siltstones and very fi ne 
grained sandstones. These deposits are rich in ostracod 
fossils and occasionally Ostrea fossils are observed. 
Because of dense bioturbation, the lamination or 
other sedimentary structures have not been generally 
preserved. 

Ostracod species such as; Loxoconcha tumida 
Brady and Loxoconcha sp. in gray mudstones in the 
formation (Figure 7) indicate the fresh water entrances 
into the depositional environment, Hemicyprideis sp. 
on the other hand refl ects brackish water conditions. 
The shoreface sandstones and oyster-rich beach 
deposits defi ned at different levels of the succession 
indicate the marine connections from time to time. 
The fossils of Acanthocythereis hystrix (Reuss), 
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Figure 7- Ostracod species described in lagoonal mudstones of the Dağpazarı formation. Ostracod species such as Loxoconcha tumida Brady 
and Loxoconcha sp. refl ect freshwater recharge into the depositional environment and the reduction in salinity, and Hemicyprideis 
sp. indicates the brackish water conditions. Fossils of Acanthocythereis hystrix (Reuss), Aurila soummamensis Cautella and Yassini, 
Bairdia subdeltoidea Müenster, Paracypris polita Sars, Pokornyella deformis minor (Moyes), Ruggeria tetrateptera tetrateptera 
(Sequenza), Xestoleberis glabrescens (Reuss) indicate that the depositional environment has sometimes marine connections. Bar 
scale 200 μm.
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Aurila soummamensis Cautella and Yassini, Bairdia 
subdeltoidea Müenster, Paracypris polita Sars, 
Pokornyella deformis minor (Moyes), Ruggeria 
tetrateptera tetrateptera (Sequenza), Xestoleberis 
glabrescens (Reuss) also support that the depositional 
environment has sometimes connection with marine 
environment (Figure 7).

The lagoon deposits represent the sediments 
deposited in protected areas against the effects of wave 
and storm by limiting the open-marine connection due 
to the development of a barrier island.

5.3. Shoal Water Delta Deposits

The shoal water delta deposits are mainly composed 
of medium to very coarse grained sandstones (Figures 5 
and 6c) with granule and fi ne pebbles. Deltaic deposits 
located on lagoonal mudstones with a sharp contact 
relationship form thickening and coarsening upward 
successions (Figures 5 and 6c). The shoal water delta 
deposits have 1,5-2 m thickness and 50-100 m lateral 
continuity. In these deposits, the beds becomes thinner 
and fi ner both downdip and laterally, and the delta 
passes into other deposits (Figure 6c). The sandstone 
beds are gently sloping (<10°) in both directions and 
display a lenticular package (Figure 6c). Each delta 
deposit is composed of distributary channel and mouth 
bars (Figures 5 and 6c). Similar delta deposits form 
delta package nearly in 5–8 meters thickness which 
developed on each other with lateral displacements 
(Figure 5). The displacement of shoal water deltas 
in lateral and vertical directions in delta packets is 
related with the stillstand or increasing relative water 
level. In case of stable water level, the deltas migrate 
laterally and when the water level increases the delta 
packets stacked upon one another. These delta packets 
are overlain by lagoonal mudstones or river fl ood 
plain deposits. 

5.3.1. Mouth Bar Deposits 

These mound-shaped mouth bar deposits are 1,5–2,5 
m thick, typically thickening and coarsening upwards 
(Figure 5 and 6c). These sequences are composed of 
medium to very coarse grained sandstones, granules 
and very fi ne pebbly conglomerates. Among mouth 
bar successions, which are located in vertical or 
lateral directions, there are inclined erosional surfaces. 
Sandstones beds forming the mouth bar deposits 
have 5-25 cm thick. Sandstones are generally planar 
parallel stratifi ed and rarely current and wave rippled 
cross stratifi ed. Within sandstones, occasionally the 

granule-fi ne pebble layers parallel to stratifi cation 
are observed. Conglomerates defi ned in mouth bar 
deposits have a thickness of 5-35 cm and consist of 
alternation of granule-fi ne pebbly conglomerate. 
Conglomerates, which have grain supported textures, 
are mostly planar parallel stratifi ed. The grain sizes 
of sandstones and conglomerates forming the mouth 
bars decrease both laterally and towards basin, and 
the layer thickness becomes thinner and wedges out 
(Figure 6c). Thus, these rocks tend to form downlap 
structures on the beds below.

The sandstones forming the mouth bars were 
originated by stream frictional effl uent (Wright, 
1977). Thus, the planar parallel stratifi ed sandstones 
and current ripples were formed. The wave ripples 
observed on sandstones are the products of wave 
activity developed after deposition. Similar mouth 
bar deposits developed in shoal water deltas were also 
defi ned by Ilgar and Nemec (2005), Leszczyński and 
Nemec (2014) and Ilgar (2015). Most of the mouth 
bar deposits are erosionally overlain by distributary 
channel deposits. In some of them, granule-fi ne 
pebbled, planar parallel stratifi ed, well sorted beach 
deposits take place (Bluck, 1967, 1999). Beach 
deposits indicate that mouth bar and distributary 
channel deposits were reworked by wave activities 
(Ilgar, 2015).   

5.3.2. Distributary Channel Deposits

Channel deposits, which are located in axial 
sections of the mouth bar bodies and have concave 
erosional bottom surfaces, form the distributary 
channel deposits of the shoal water deltas (Figure 
5 and 6c). Distributary channel deposits consist of 
grain supported, medium sorted, semi rounded-
rounded granule and fi ne pebble conglomerates. 
Distributary channel deposits, which are as solitary 
channel and form a fi ning upward sequence, have a 
thickness of 30-80 cm and maximum width of 5 m 
(Figure 6c). Medium to coarse pebble conglomeratic 
layers interpreted as the channel bottom lag deposits 
are observed at the erosional bottom surfaces of 
distributary channel deposits (Miall, 1985; Nemec ve 
Postma, 1993). Alternation of planar cross stratifi ed 
granule-fi ne pebble conglomerate takes place on the 
channel bottom lag deposits. Planar cross stratifi ed 
conglomerates are 25-60 cm high and refl ect the 
transverse or mid channel bar deposits of the braided 
rivers (Miall, 1985). 
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upper boundary. Planar parallel stratifi cation or 
wave ripples in less amounts form main sedimentary 
structures of the sandstones (Figure 5 and 8a). 
Sandstones are rich in Ostrea (Figure 8b) and shells are 
observed in occasion (Figure 8c). The fi rst shoreface 
deposits located over the Mut formation are quite rich 
in broken coral fragments. Some levels are formed by 
fully intricate, well developed coral fragments (Figure 
8d). 

5.4. Shoreface Deposits 

Shoreface deposits consist of yellow-gray 
sandstones and very few amounts of siltstone and 
mudstones (Figures 5 and 8a). Well sorted, medium 
to coarse grained sandstones forming the shoreface 
facies are 15-50 cm thick and are laterally continuous. 
Sandstones, which have a sharp bottom contact, have 
horizontal lower boundary and planar to undulatory 

Figure 8- (a) Gray colored, planar parallel stratifi ed shoreface sandstones defi ned in the Dağpazarı formation. (b) 
Sandstones are rich in ostrea fossils, (c) they also contain mollusc fossils in places. (d) Shoreface sandstones 
defi ned just on top of the Mut formation is quite rich in fragmented reef fossils. (e) Beach conglomerates 
which are laterally and vertically transitional with shoreface sandstones. (f) Barrier island deposits downlapping 
basinward defi ned between planar parallel stratifi ed shoreface sandstones.
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In intermediate levels of this shoreface deposit 
(Figure 5 between 5,5-8 m) very fi ne grained 
sandstone, siltstone and mudstone alternations 
take place. Thinly stratifi ed (1-20 cm) sandstones 
and siltstones are laterally continuous. The upper 
boundaries of sandstones, which have a sharp and 
horizontal bottom contact on mudstones, are planar or 
undulatory. Well sorted sandstone and siltstone layers 
are normal graded, planar parallel stratifi ed and wave 
rippled. Gray mudstones alternating with sandstones 
and siltstones are laterally continuous. Mudstones 
have massive appearance due to bioturbations. 
Shoreface sandstones are both laterally and vertically 
transitional with beach conglomerates. 

Planar parallel stratifi ed and wave rippled, medium 
to coarse grained, amalgamated sandstones indicate 
the deposition in the upper shoreface environment 
on the normal wave base (Walker and Plint, 1992; 
Ainsworth and Crowley, 1994). Mud sedimentation 
and preservation is diffi cult in this environment. The 
alternation of thin bedded sandstone, siltstone and 
mudstone defi ned in the shoreface succession indicate 
the sedimentation transported at certain time intervals 
such as the stormy periods in stable conditions. While 
the muds were deposited in normal conditions, the 
silt and other sand size grains were transported into 
the environment due to stormy conditions (Hunter 
and Clifton, 1982; Walker, 1984; Walker and Plint, 
1992). This depositional environment indicates the 
lower shoreface environment at the normal wave base 
boundary or the offshore transition environment just 
below that environment (Ainsworth and Crowley, 
1994).

5.5. Beach Deposits 

Beach deposits, which are defi ned in the Dağpazarı 
formation and generally alternated with shoreface 
sandstones, consist of sandstones and conglomerates. 
These sandstones and conglomerates are rich in ostrea 
and these fossils are observed as mounds in occasion 
(Figure 5). Granular conglomerates and 5-20 cm thick, 
coarse to very coarse grained interbedded sandstones 
are planar to parallel stratifi ed (Figure 8e).

Conglomerates are small-medium pebble sized, 
mostly well sorted, well rounded, spherical pebbles 
(Figure 8e). The intergranular voids in grain-
supported conglomerates are fi lled with coarse sand 
or granule. The parallel or low angle stratifi cations 
are observed due to grain size difference in 

conglomerates. Sandstone and conglomerate beds are 
inclined basinward at a very low angle (Figure 8e). 
Conglomerates have gradational or sharp contact 
relationship with the sandstone. The bed boundaries 
with sharp contacts are mostly erosional (Figure 8e). 
There are observed coarsening upward sequences 
in places where the sandstones gradually pass into 
conglomerates.

The characteristics features of this facies 
association refl ect the deposition that had occurred in 
the beach environment (Bluck, 1967, 1999; Clifton, 
1973; Massari and Parea, 1988; Postma and Nemec, 
1990). Well-sorted and well-rounded conglomerates 
and the stratifi cations developed due to grain size 
differences indicate that pebbles were washed 
and reworked by the waves and storms during the 
deposition (Clifton, 1973; Postma and Nemec, 1990). 
Coarsening upward sequences in beach deposits 
indicate prograding beaches (Maejima, 1983; Nemec 
and Steel, 1984).

5.6. Barrier Island Deposits

The barrier island deposits are located between 
the horizontally bedded shoreface sandstones and 
mainly consist of sandstones, granule and very 
fi ne pebble size conglomerates in few amounts. 
Foresets inclined towards the basin and the overlying 
topsets form the barrier island deposits (Figure 8f). 
Foreset deposits formed by inclined beds have 3-6 
m thickness. Medium to coarse sandstones show 
thickness of 20-50 cm.  Their lower boundary surfaces 
are planar whereas the upper contact is either planar 
or undulating. Sandstones are mostly planar parallel 
and in addition planar cross stratifi ed in few amounts. 
Foreset deposits have the slope angle of 20-50° and 
the layers tangentially pass into shoreface deposits 
below. The boundaries of these sandstones with topset 
deposits are mostly erosional. Small scale erosional 
surfaces are also observed in foreset deposits.

Foreset deposits are overlain by nearly 1 m thick 
topset deposit and generally consist of coarse grained 
sandstones and granular conglomerates. Topset 
deposits are not laterally continuous in transverse 
sections and thin out into shoreface sandstones 
(Figure 8f). Sandstone and conglomerate layers have 
the thickness of 10-30 cm and planar parallel or planar 
cross stratifi ed. 

Deposits forming the barrier island pass landward 
into lagoonal mudstones and to shoreface sandstones 
in basinward direction (Figure 8f).
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Barrier island, lagoon and estuaries are the 
characteristic depositional systems of transgressive 
shores (Swift et al., 1991). Sediments transported by 
waves and longshore currents form the barrier island 
ridges by being deposited in the form of sand bars 
parallel to the shore. The deposition occurs by the 
upward growing of beaches and shoreface bars due 
to the sea level rise (Swift, 1975). Erosional surfaces 
defi ned in foreset deposits refl ect abrasions that 
occasionally developed due to storm events. The cross 
stratifi cations defi ned in topset deposits are mega 
ripples formed by strong longshore currents (Nielsen 
et al., 1988). Barrier islands are not stable in places 
and migrate landward as the sea level rises (Swift et 
al., 1991).

6.  Biostratigraphic Dating

In order to determine the age of the Dağpazarı 
formation, total of 19 samples collected from the 
İbrahimli Stratigraphic Section at the lower boundary 
and from the Ballı Stratigraphical Section at the upper 
boundary of the formation are analyzed based on the 
planktonic foraminiferal biostratigraphy (Figure 2a). 
Planktonic foraminifera of the İbrahimli section are 
recorded in marine mudstones of the lower boundary 
of the Dağpazarı formation that can be conformably 
correlated in the basin. Planktonic foraminiferal 
assemblages are also determined in the marl samples 
from the lowermost part of the Ballı formation which 
overlies the Dağpazarı formation. Thus, the Dağpazarı 
formation is dated based on the age data obtained from 
the upper and lower boundaries of the formation. 

The planktonic foraminiferal fauna in both sections 
are similar in terms of species diversity whereas they 
are different each other in the number of individual 
(abundance) and degree of preservation (fossilization). 
The İbrahimli section is characterized by abundant and 
well-preserved assemblages (Figure 9, 1-20). On the 
other hand, it is observed that the dominant fossil group 
is benthic foraminifers and planktonic foraminifera is 
low abundant and moderately preserved in the Ballı 
section (Figure 9, 21-25).

The planktonic foraminiferal fauna is represented 
by 25 species in the 11 marl samples from the İbrahimli 
section. Paragloborotalia siakensis (LeRoy), 
Pg. partimlabiata (Ruggieri and Sprovieri) and 
Neogloboquadrina acostaensis (Blow) are identifi ed 
in all samples, whereas Paragloborotalia mayeri 
(Cushman and Ellisor) is recorded in a few samples 

(İBR 3, 4, 8) and Globigerinoides subquadratus 
Brönnimann is only in one sample (İBR 1) (Figure 
9). While, Globigerinoides trilobus (Reuss), Gs. 
quadrilobatus (d’Orbigny), Gs. sacculifer (Brady), 
Globigerina bulloides d’Orbigny, G. falconensis 
Blow, Orbulina universa d’Orbigny, O. suturalis 
Brönnimann, Globigerinella obesa (Bolli), D. 
baroemoenensis (LeRoy) are represented by a large 
number of specimens, G. praebulloides Blow, G. 
occlusa Blow and Banner, G. ciperoensis Bolli, Gs. 
bulloideus Crescenti, Dentoglobigerina altispira 
(Cushman and Jarvis), Globoturborotalita decoraperta 
(Takayanagi and Saito), Glt. woodi (Jenkins), 
Globigerinita glutinata (Egger), Tenuitellinata 
angustiumbilicata (Bolli), Globorotalia scitula 
(Brady) and Globigerinella siphonifera (d’Orbigny) 
are observed in fewer specimens (Figure 9).

The presence of Neogloboquadrina acostaensis 
(Blow) and Paragloborotalia siakensis (LeRoy), 
which are the characteristic species of MMi8 - MMi9 
zonal interval, shows that the İbrahimli section is 
late Serravallian - early Tortonian in age (Figure 10; 
Sprovieri et al., 2002; Lirer et al., 2002; Hilgen et 
al., 2005; Lirer et al., 2005 Iaccarino et al., 2007). 
The other marker planktonic foraminiferal species, 
Pg. partimlabiata (Ruggieri and Sprovieri), Pg. 
mayeri (Cushman and Ellisor) and Globigerinoides 
subquadratus Brönnimann also support this age 
interval (Figure 10; Hilgen et al., 2003; Aguilar et al., 
2004; Hilgen et al., 2005).

The 8 mudstone samples of the Ballı section don’t 
include Paragloborotalia siakensis (LeRoy) which is 
the biomarker of the MMi9 Zone and is present in all 
samples of the İbrahimli section. Two characteristic 
species of the Serravallian, Pg. mayeri (Cushman and 
Ellisor) and Pg. partimlabiata (Ruggieri and Sprovieri) 
are not also recorded in the samples. In addition, 
Neogloboquadrina acostaensis (Blow), one of the  
marker species of the late Serravallian MMi8 Zone 
and Globigerinoides subquadratus (Brönnimann) are 
found only in one each sample (BAL 6 and BAL 1), 
similar to those in the İbrahimli section (Figure 9). 
The Ballı section includes Globigerinella pseudobesa 
(Salvatorini) (BAL 1, 2, 7), Globoturborotalita 
nepenthes (Todd) (BAL 1) and Neogloboquadrina 
atlantica atlantica (Berggren) (BAL 1, 2, 3) (Figure 
9) in contrast to the İbrahimli section in which 
these species are not determined. The other species 
identifi ed in the assemblage are Globigerinoides 
trilobus (Reuss), Gs. quadrilobatus (d’Orbigny), Gs. 
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Figure 9- SEM views of the planktonic foraminifers described in the İbrahimli and Ballı sections (Scale: 
1-9, 15-19, 24-25: 100 μm; 12b, 20, 21: 110 μm; 23: 120 μm; 10-12a, 13b-14: 125 μm). 1a-c. 
Neogloboquadrina acostaensis (Blow), (a) umbilical view, (b) umbilical view, (c) spiral view, 
İBR.4; 2. Tenuitellinata angustiumbilicata (Bolli), umbilical view, İBR.10; 3. Globigerinita 
glutinata (Egger) umbilical view, İBR.10; 4a, b. Globoturborotalita woodi (Jenkins), (a) spiral 
view, (b) umbilical view, İBR.4; 5a, b. Globigerinella obesa (Bolli), (a) spiral view, (b) umbilical 
view, İBR.10; 6. Globigerinoides bulloideus Crescenti, spiral view, İBR.5; 7. Globigerinoides 
subquadratus Brönnimann, umbilical view, İBR.1; 8. Catapsydrax parvulus Bolli, Loeblich 
and Tappan, umbilical view, İBR.10; 9. Neogloboquadrina atlantica praeatlantica Foresi, 
Iaccarino and Salvatorini, umbilical view, İBR.4; 10a, b. Globigerinoides trilobus (Reuss), (a) 
spiral view, (b) umbilical view, İBR.11; 11a, b. Globigerinoides quadrilobatus (d’Orbigny), 
(a) spiral view, (b) umbilical view, İBR.3; 12a, b. Globigerinoides sacculifer (Brady), (a) 
umbilical view, (b) spiral view, İBR.3; 13. Dentoglobigerina altispira (Cushman and Jarvis), 
spiral view, İBR.2; 14a, b. Dentoglobigerina baroemoenensis (LeRoy), (a) umbilical view, (b) 
spiral view, İBR.6; 15a-c. Paragloborotalia partimlabiata (Ruggieri and Sprovieri), (a) spiral 
view, (b) umbilical view, (c) side view, İBR.4; 16a-c. Paragloborotalia siakensis (LeRoy), (a) 
spiral view, (b) umbilical view, (c) side view, İBR.4; 17. Paragloborotalia mayeri (Cushman 
and Ellisor), umbilical view, İBR.4; 18. Globigerina occlusa Blow and Banner, umbilical 
view, İBR.10; 19. Globigerina praebulloides Blow, umbilical view, İBR.10; 20. Orbulina 
universa d’Orbigny, İBR.10; 21. Orbulina bilobata (d’Orbigny), BAL.6; 22. Globigerinella 
siphonifera (d’Orbigny), oblique view, BAL.2; 23. Globigerinella pseudobesa (Salvatorini), 
oblique view, BAL.1; 24. Globigerinoides ruber (d’Orbigny), spiral view, BAL.1; 25. 
Neogloboquadrina atlantica atlantica (Berggren), umbilical view, BAL.3.
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sacculifer (Brady), Orbulina universa d’Orbigny, 
O. suturalis Brönnimann, O. bilobata (d’Orbigny), 
Tenuitellinata angustiumbilicata (Bolli), Globigerina 
bulloides d’Orbigny, G. cf. ciperoensis Bolli, G. cf. 
praebulloides Blow, Globigerinella obesa (Bolli), 
Gln. siphonifera (d’Orbigny),  Dentoglobigerina 
altispira (Cushman and Jarvis), Globorotalia scitula 
(Brady), Neogloboquadrina continuosa (Blow), 
Globoturborotalita decoraperta (Takayanagi and 
Saito), Neogloboquadrina atlantica praeatlantica 
(Foresi, Iaccarino and Salvatorini) and Globigerinita 
glutinata (Egger) Thus, 23 planktonic framiniferal 
species are determined in the Ballı section. 

The record of Neogloboquadrina acostaensis 
Blow, N. atlantica praeatlantica (Foresi, Iaccarino and 
Salvatorini), Globigerinella pseudobesa (Salvatorini) 
and Globoturborotalita nepenthes (Todd) which are 
fi rstly occurred in the MMi8 Zone indicates that the 
lowest age for the Ballı section is late Serravallian. 
On the other hand, the absence of Paragloborotalia 
siakensis (LeRoy), zonal marker of the MMi9 Zone, 
in any samples from the section, but the occurrence 
of Neogloboquadrina atlantica atlantica (Berggren) 
in some samples (BAL 1, 2, 3) reveals that the Ballı 
section can be correlated with the MMi10 Zone 
(Figure 10; Sprovieri et al., 2002; Lirer et al., 2002; 
Hilgen et al., 2005; Lirer et al., 2005; Iaccarino et al., 
2007). 

On the basis of the planktonic foraminiferal 
biostratigraphy, the valley fi ll deposits of the 
Dağpazarı formation correspond mainly to the MMi8 
– MMi9 zonal interval (Neogloboquadrina atlantica 
praeatlantica - Paragloborotalia siakensis zones) and 
partly to the MMi10 Zone (Globigerinoides obliquus 

Zone) which span the 11,78-10,90 million years 
interval.

7.  Sequence Stratigraphy and Paleogeographic 
Evolution 

The marine transgression, which began in late 
Burdigalian in the Mut Basin, has continued until late 
Serravallian and the reefal and platform carbonates of 
the Mut formation in the basin have been deposited in 
this period. The late Serravallian basin boundary of 
the Mut Basin is represented by the reefal limestones 
of the Mut formation (Figure 1b) around Paşabağı and 
Güçler villages in the north. Shoreface, beach, fl uvial, 
lagoon and shoal water delta deposits of the Dağpazarı 
formation disconformably overlie the reefal limestones 
which represent a highstand systems tract (Figures 11 
and 12). These sediments, which were deposited in 
an incised valley in late Serravallian-early Tortonian 
time (Figure 12), are located 20 km to the south of the 
late Serravallian basin boundary of the Mut Basin in 
basin direction. The sedimentological characteristics 
of Mut and Dağpazarı formations refl ect an abrupt 
facies change, an erosional displacement of the late 
Serravallian shoreline towards basin and, therefore, 
a forced regression in the stratigraphic sequence 
(Zaitlin et al., 1994; Hampson et al., 1997; Plint ve 
Nummedal, 2000). The forced regression and the 
incised valley indicate a relative sea level fall in the 
basin in late Serravallian. The decrease in relative sea 
level caused the partial exposure of the Mut Basin 
and the formation of valleys on the reefal limestones 
(Figure 12). Three different system tracts were defi ned 
as the “forced regressive systems tract”, “lowstand 
systems tract” and “transgressive systems tract” which 

Figure 10- Mediterranean planktonic foraminifer stratigraphy and ATNTS2004 magnetic chronostratigraphy. The stratigraphical distribution of 
characteristic species described in samples of the Dağpazarı formation and eustatic sea level curves (Hardenbol et al., 1998).
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Figure 11- Sequence stratigraphy interpretation of the incised valley fi ll forming the Dağpazarı formation. This model was constructed based 
on the section shown in detail in fi gure 5.   

Figure 12- Schematical model of the incised valley where the facies associations forming the Dağpazarı formation 
deposited (not to scale).
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formed during the relative sea level fall, lowstand and 
the increase of the sea level in the basin. System tracts 
refl ect the paleogeographic changes through different 
types of deposition and boundary relationships.

7.1. Forced Regressive Systems Tract 

While large erosional areas have been developed 
outside the basin due to the relative sea level decrease 
and the shoaling have occurred in the depositional 
area on the basin margin. Sediments derived from 
new erosional areas were transported into the basin 
and deposited on carbonate platforms with a sharp 
contact and formed shoreface and beach deposits. 
The presence of branched corals within shoreface 
sandstones in the form of fragmented components 
(fi gure 8d) indicates the exposure of reefal limestones 
and the transportation into the basin. 

The sharp boundary between carbonate platforms 
and the overlying shoreface sandstones forms the 
“marine erosional surface of forced regression” (Plint, 
1988) (Figure 11). The beginning of decrease in the 
relative sea level caused the lowering of the wave base 
in the shoreface environment and formation of marine 
erosional surface. Shoreface sandstones and beach 
pebbles were deposited on this surface. 

In different sections of the basin, beach and 
shoreface deposits and the underlying platform 
carbonates were eroded by stream processes and 
fl uvial sediments of the Dağpazarı formation were 
unconformably deposited (Figures 3c and 11). The 
deposition of fl uvial facies indicates that the relative 
sea level fall continues. The unconformity surface is 
accepted as the sequence boundary (Mitchum, 1977) 
and units deposited on this boundary constitute the 
“lowstand systems tract” (Posamentier and Vail, 
1988; Van Wagoner et al., 1988; Helland-Hansen and 
Gjelberg, 1994). The deposits, which were defi ned 
between the “highstand systems tract”, “lowstand 
systems tract” and deposited during relative sea 
level fall were named as the “falling stage systems 
tract” by Nummedal et al. (1992) and the “forced 
regressive systems tract” by Hunt and Tucker (1992). 
The shoreface and beach deposits, which overlie the 
highstand carbonates of the Mut formation with a 
sharp contact and disconformably underlie the fl uvial 
deposits, are interpreted as the “forced regressive 
systems tract” (Figure 11).

7.2. Lowstand Systems Tract 

The fl uvial sediments of the Dağpazarı formation 
were deposited on an unconformity surface restricting 
the upper surface of the forced regressive system 
tract and forming the sequence boundary in the Mut 
Basin (Figure 5 and 11). The fl uvial deposits vertically 
alternate with shoreface and lagoon deposits in the 
lower parts of the Dağpazarı succession (Figures 
5 and 11). This alternation indicates the relative 
sea level rise after the fi rst fl uvial deposition in the 
incised valley. Thus, parasequences restricted by 
marine fl ooding surfaces in the succession were 
formed. Each parasequence that begins with shoreface 
deposits passed upward into lagoon, beach and fl uvial 
mud plains and refl ects normal regressive shore 
progradations. Total of 5 parasequences with thickness 
varying between 2,5 and 14 m were defi ned in the 
lower part of the sequence. These parasequences form 
an aggradational deposition and were interpreted as 
the “lowstand systems tract” (Posamentier and Vail, 
1988; Van Wagoner et al., 1988; Helland-Hansen and 
Gjelberg, 1994) (Figure 11). High sediment supply 
from the basin margin prevented the relative sea level 
rise to fl ood the incised valley. Thus, the development 
of a rapid transgression in the basin was prevented 
and the sediments of the lowstand systems tract were 
deposited although the relative sea level rise had 
begun. 

7.3. Transgressive Systems Tract 

The continuous rise in the relative sea level 
fl ooded the incised valley and caused the valley to 
turn into a bay. The fresh waters discharging into the 
bay by rivers and the barrier island development in 
the bay mouth diluted the normal water salinity and 
caused the formation of brackish water conditions 
in the lagoon. Mainly lagoonal mudstones and shoal 
water delta deposits and subordinate shoreface and 
fl uvial sediments were deposited in this environment 
(Figures 5 and 11). The shoal water deltas developed 
on lagoonal mudstones refl ect the normal regressive 
shore progradations and parasequences. In the upper 
section of succession (between 63-129 meters) seven 
parasequences were defi ned with thicknesses varying 
between 4-21 meters (Figure 11). The development 
of these parasequences within incised valley refl ect 
the interaction between the marine transgression and 
sediment transportation into the basin. In periods when 
the sediment supply into the basin are high and the 
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relative sea level rise are low, the normal regressive 
deltaic shore progradations on basin margin occurred. 
The increase in the relative sea level rise and the 
decrease in the sediment supply caused an increase in 
the accommodation space and formation of lagoonal 
mudstones. These parasequences form backstepping 
bodies in which marine processes are dominant. The 
deposition which refl ects the deepening in the basin 
and the retreat of the shoreline were interpreted as the 
“transgressive systems tract” (Figure 11). 

Thick fl uvial and delta deposits alternating with 
lagoon and shoreface deposits within the Dağpazarı 
incised valley were interpreted as an “overfi lled incised 
valley” as a whole (Breda et al., 2009). The continuing 
transgression in the basin caused the drowning of 
the incised valley and fl ooding of very large areas 
of the Mut Basin. The retreat of the shoreline due to 
transgression allowed re-establishment of carbonate 
deposition, which has continued until late Tortonian. 

8.  Discussion

Incised valley fi lls are signifi cant deposit types in 
stratigraphic successions as they present the formation 
and the deposition of the valley (Boyd et al., 2009). 
The formation of these sediments is controlled by the 
relative sea level changes, tectonism, climate, sediment 
supply into the basin and paleogeomorphology 
(Posamentier and Vail, 1988). Accordingly the 
defi nition of these sediments in stratigraphical 
successions has a great importance in interpreting 
the stratigraphical relationships, paleogeographical 
developments and evolutions of deposition (Archer 
and Feldman, 1995; Boyd et al., 2006). 

The Mut Basin forms one of the molasse basins, 
which was opened due to post-orogenic collapse 
in Neogene (Kempler and Ben-Avraham, 1987; 
Robertson, 2000; Kelling et al., 2001). There is no any 
compressional tectonic deformation in Neogene in 
the basin, normal faults associated with post-orogenic 
tectonic extension in basin margin occur (Figure 13) 
(Ilgar et al., 2013; 2016). In addition, there is no any 

Figure 13- Normal fault planes cutting the bedrocks and Miocene limestones in different parts of the Mut Basin.
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angular unconformity between the Mut formation 
and the overlying Dağpazarı formation. All these 
stratigraphical and structural characteristics of the 
Mut Basin show that the Miocene sedimentation in the 
basin has occurred in a post-orogenic quiet tectonic 
period. The isostatic rise of the Tauride began in late 
Tortonian and the Mut basin began to expose due to 
this rise which was seen in regional scale (Cosentino 
et al., 2012; Ilgar et al., 2013a). Local tectonic data 
of the Mut Basin and isostatic data of Tauride show 
that the exposure of the Mut Basin in late Serravallian 
and the formation of the incised valley did not develop 
depending on tectonism.

The planktonic foraminiferal biostratigraphy 
show that the youngest deposits below the forced 
regressional surface are located in the MMi7 biozone 
(12,77-11,78 million year interval) and the incised 
valley fi ll in MMi8 - MMi10 biozones (11,78-10,90 
million years interval) (Ilgar et al., 2013b). The age 
of the forced regression surface, which causes the 
formation of the incised valley in the basin and can 
be correlated in regional scale, is conformable with 
the late Serravallian eustatic sea level fall (Ser4/
Tor1; Figure 10). Therefore, the formation of the 
Dağpazarı incised valley can be associated with the 
late Serravallian eustatic sea level fall (eg. Rouchy and 
Saint Martin, 1992; Larsen, 2003; Roveri and Manzi, 
2006; Ilgar et al., 2013a, b) which are also defi ned in 
Miocene basin around the Mediterranean. 

During the migration of the shoreline, the 
sediments of the “forced regressive systems tract” can 
be either redeposited or completety eroded and shifted 
basinward. This situation depends on the amount of 
sediment supply and the drop velocity and amount in 
the relative sea level fall (Plint, 1988; Helland-Hansen 
and Gjelberg, 1994). The formation of the “forced 
regressive systems tract” during the relative sea level 
fall were interpreted in a such way that the sediment 
discharged into the Mut Basin was high. The fact that 
the exposure did not occur rapidly during the fall of the 
relative sea level probably indicates the contribute of 
subsidence in the basin. The deposition of thin-bedded 
sandstones and mudstones, which were interpreted as 
the lower shoreface facies during the deposition of 
coastal sandstones (Figure 5, 5.5-8 m), indicates the 
tectonic deepening of the basin.

Ser4/Tor1 eustatic sea level fall controls the 
exposure and the formation of the incised valley in 
the Mut Basin. In addition, it is also considered that 
the eustatic sea level rise (Figure 10) is one of the 

factors controlling the infi lling of the incised valley. 
The beginning of the eustatic sea level rise has also 
caused the base level rise and terminated the erosion 
that caused the valley formation. Thus, thick fl uvial 
deposits began to deposit within the incised valley. 

In addition, the basin subsidence and the sediment 
supply into the basin also controlled the facies 
development in the incised valley. Eustatic sea 
level rise and the subsidence of the basin caused the 
deepening of the incised valley and the increase of the 
depositional area. The marine transgression in these 
periods fl ooded the incised valley and allowed the 
deposition of shoreface sandstones in the valley. 

In times when relative sea level increased slowly, 
the formation of barrier-island and lagoonal basin 
conditions in protective areas behind barrier-island 
have developed. Thus, the mudstone deposition 
occurred in the lagoon during periods when it was 
protected from the effects of open sea processes such 
as waves and tides and was not intensely affected by 
fl uvial processes. The shoal water deltas were formed 
within lagoon during high sediment supply periods. 
Most probably, the regional climatic fl uctuations 
and changes in the amount of river sediment, have 
controlled the intensity of the stream activity. 

The shoreface sandstones deposited on lagoon 
sediments indicate the times when the open sea 
connection was re-established through passing over 
barrier-islands due to the eustatic sea level rise and the 
subsidence in the basin.      

The “lowstand systems tract” and “transgressive 
systems tract” forming the incised valley fi ll is 
consisted by 12 parasequences. These parasequences 
indicate small sea level rises occurred during the 
infi lling of the incised valley. The facies analysis and 
sequence stratigraphy of the Dağpazarı formation in 
the Mut Basin, which is a subsidence area due to the 
post-orogenic tectonic extension, showed that the 
interaction between the eustatic sea level rise in small 
amounts, extensional tectonic regime and the variable 
sediment supply rate controlled the deposition. 

9.  Conclusion  

The sedimentary facies analysis of the middle-
late Miocene clastic sequence of the Mut Basin 
was carried out and then the sequence stratigraphic 
evolution was interpreted by detailed sedimentological 
study. The relative sea level changes that control the 
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development of sedimentary facies were dated by 
means of the planktonic foraminiferal biostratigraphy. 
Thus, the sedimentological and biostratigraphical data 
and the sequence stratigraphic interpretations were 
used in the basin and the middle and late Miocene 
sedimentological (paleogeographical) evolution 
of Mut basin and the processes controlling this 
development were discussed.

The reefal limestones and platform carbonates 
of the Mut formation were deposited during the late 
Burdigalian-late Serravallian in the Mut Basin. The 
shoreface, beach, fl uvial, lagoon and shoal water 
delta deposits forming the Dağpazarı formation 
unconformably overlay the reefal limestones of 
the Mut formation and refl ect a valley fi ll sequence 
deposited within incised valley. This sequence is 
located about 20 km to the south of the basin margin 
of the late Serravallian highstand reefal carbonates. 
The facies characteristics of the Mut and Dağpazarı 
formations refl ect abrupt facies changes in the 
stratigraphic sequence, basinward erosional shift of the 
late Serravallian shoreline and the forced regression.

There is no any compressional tectonic deformation 
in Neogene Mut Basin which opened depending 
on post-orogenic tectonic extension. The Miocene 
sedimentation occurred relatively in a quiet tectonic 
period. The local tectonic data of the Mut Basin and the 
regional isostatic data of Tauride indicate that the late 
Serravallian exposure and incised valley formation in 
the basin did not develop due to tectonic.

The planktonic foraminiferal biostratigraphy 
shows that the incised valley fi ll was formed between 
the biozones of MMi8–MMi10 (11.78-10.90 million 
years interval) in the late Serravallian-early Tortonian. 
The age of the forced regression, which caused 
the formation of the incised valley in the basin, is 
conformable with the late Serravallian eustatic sea 
level fall (Ser4/Tor1). Therefore, the formation of the 
incised valley of Dağpazarı was associated with the 
late Serravallian eustatic sea level fall. It is thought 
that the post Ser4/Tor1 eustatic sea level rise in the Mut 
Basin is one of the factors controlling the valley fi lling. 
In addition, the basin subsidence in the extensional 
tectonic regime and varying sediment supply into the 
basin also controlled the facies development within 
incised valley.
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ABSTRACT

The Yenice-Gönen Fault (YGF) is located in the central part of the Biga Peninsula between Gönen 
and Yenice and is a right-lateral strike-slip active fault with general trending N65°E. On 18 March 
1953 there was an earthquake on the YGF that died 263 people (Ms=7.2) and a 70 km surface rupture 
developed during this earthquake. In this study measurements of slip distribution were performed 
on the surface rupture of the Yenice-Gönen Earthquake (YGE) and the annual slip rate on the YGF 
was calculated. Right-lateral displacements of between 1.70±0.1 and 3.20±0.2 metres were measured 
on the surface rupture of the YGE. The maximum displacements were in an area close to the central 
part of the YGF (between Çakır and Karaköy village) and these values decreased relatively in NE and 
SW directions, documenting that was the bilaterally surface rupture propogation during the YGE. In 
the last 300.000 years, a total offset of 800±50 metres was measured on Gönen River and annual slip 
rate of 2.65±0.15 mm was calculated along the YGF. Current GPS studies show right-lateral strike-slip 
faults in the South Marmara region have slip rates of 6-8 mm/year. This slip rate is assessed as being 
partitioned between the YGF, Sarıköy Fault and Çan-Biga Fault zones which represent extensions 
of the North Anatolian Fault system within the South Marmara region. Paleoseismology studies 
determined that in the last 6200 years 6 earthquakes resulting in surface ruptures have occurred on 
the YGF, including the 1953 earthquake. According to the 14C and OSL dating results, the variable 
and irregular earthquake recurrence interval of YGF is ranging from 505 to 1793 years. In this study 
average earthquake recurrence interval of YGF was determined as 1180 years.
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1.  Introduction

As a result of progressive deformation developing 
linked to continental collision between the African, 
Arabian and Eurasian plates in the Eastern 
Mediterranean Region, four main neotectonic regions 

have developed separated by the North Anatolian 
Fault system (NAFS), East Anatolian Fault system 
(EAFS), Dead Sea Fault Zone (DSFZ) and the 
active subduction zone of the Aegean-Cyprus arc 
(McKenzie, 1972, 1978; Şengör, 1979, 1980; Jackson 
and McKenzie, 1984; Şengör et al., 1985; Taymaz et 
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Figure 1- Simplifi ed active fault map of northwest Anatolia (Emre et al., 2012).

al., 1991; LePichon et al., 1995; Armijo et al., 1999; 
Bozkurt, 2001). Currently, NW Turkey, is deformed 
by the western extensions of the NAFS (Figure 1).

The North Anatolian Fault system (NAFS) is a 
right-lateral strike-slip active fault system with nearly 
1500 km length characterised by large earthquakes 
produced in the last century (Figure 1; Barka and 
Kadinsky-Cade, 1988). One of the most active fault 
systems in the Eastern Mediterranean Region in terms 
of seismicity, the NAFS begins at the Karlıova triple 
junction and extends in a linear zone to nearly 100 km 
east of Adapazarı. The NAFS divides into a northern 
and southern branch in this region due to the effect of 
variable stress states and forms a large-scale horsetail 
structure (Barka and Gülen, 1988; Şengör and Barka, 
1992) (Figure 1). From east of Adapazarı the northern 
branch of the NAFS extends within Lake Sapanca 
to the Sea of Marmara. Within the Sea of Marmara, 
the system is represented by the Adalar, Avcılar, 
Kumburgaz and Tekirdağ segments from east to west, 
respectively (Emre et al., 2013). The northern branch 
extends nearly W-E through the Sea of Marmara, 

before bending toward the SE near Şarköy to enter the 
Gulf of Saros and the North Aegean Sea (Figure 2).

The southern branch extending with nearly E-W 
trending in Dokurcun Valley and south of the Sea 
of Marmara, is represented by the Geyve, İznik-
Mekece and Gemlik Faults in this area from east to 
west, respectively. Between the Bay of Gemlik and 
Kapıdağ Peninsula, along the south coast of the Sea 
of Marmara, the southern branch makes a restraining 
bend to the SW from Kapıdağ Peninsula to extend into 
the Biga Peninsula. The southern branch of the NAFS 
extends from the NE of the Biga Peninsula to the SW 
and is represented by the Edincik, Sinekçi, Çan-Biga 
fault zone, Sarıköy, Bekten, Yenice-Gönen, Evciler 
faults and Edremit fault zone (Figure 2).

Destructive earthquakes have occurred in the 
historical and instrumental periods on the western part 
of the NAFS (Tables 1 and 2) (Figure 2). The YGF, 
one of the most active fault segments of the NAFS 
in south of Marmara produced an Ms=7.2 magnitude 
earthquake on 18 March 1953 and this earthquake 
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Figure 2- Active and capable active faults were drawn from Emre et al (2013) and in their references. GPS vectors taken from Meade et al. 
(2002). For historical and instrumental period earthquakes and focal mechanism solution references please see tables 1 and 2.

caused a surface rupture with nearly 70 km length 
between  the  east  of  Gönen  and  the  southwest  of 
Yenice (Kürçer, 2006; Kürçer et al., 2008) (Figure 2).  

After the 18 March 1953 YGE the fi rst macroseismic 
observations were made by Ketin and Roesly (1953), 
who recorded right lateral displacements varying 
from 4,3 m to 1,5 m along the surface rupture with 
total length of 50 km. Ketin and Roesly (1953) 
proposed the rupture progressed from E to W during 
the earthquake considering the P and S wave motion 
times. Another macroseismic study related to the 
YGE was completed by Pınar (1953). According 
to Pınar (1953), the YGE occurred on the southern 
branch of the NAFS and created a surface rupture 
with total 60 km length between the Sea of Marmara 
and the Gulf of Edremit. Focal mechanism solutions 
indicating the YGE was caused by a NE-SW striking 
right lateral strike-slip fault were made by McKenzie 
(1972). According to Herece (1990), the length of 
the surface rupture developing during the YGE was 
50 km. The researcher stated the YGF experienced 
several faulting periods in the Quaternary based on 

fault scarps at different erosion levels observed during 
surface rupture mapping. Herece (1990) proposed that 
the total right lateral offset of the YGF was 2,8 km 
from the Late Pliocene to the present and annual slip 
rate was 1,4 mm. A study of active tectonism in central 
and northern Aegean by Taymaz et al. (1991) stated 
the thrust component was dominant during the 1969 
Gönen earthquake (see fi gure 2) and indicated that the 
Biga Peninsula was rising due to this compression.

GPS studies in the Marmara region (Straub, 1996; 
Straub and Kahle, 1997; Reilinger et al., 1997; Meade 
et al., 2002; Kreemer et al., 2004; Reilinger et al., 
2006) reveal the annual right lateral movement of 
the Anatolian block relative to Eurasia is 20-25 mm 
and this is mainly distributed along the NAFS. Straub 
(1996) proposed that the majority of this movement 
was on the northern branch of the NAFS with the 
remaining portion distributed along the southern 
branch. Meade et al. (2002) proposed annual slip rates 
from right-lateral strike-slip faults and normal faults 
which were extensions of the NAFS in the Marmara 
region based on GPS measurements. Accordingly, the 
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Table 1- Large historical earthquakes occurring in northwest Turkey.

Date
Degree of 
latitude (N)

Degree of 
longitude (E)

Magnitude 
(M) Location Reference

32 40,5 30,5 7,0 Nicaea (İznik) Ambraseys (2002)
68 40,7 30,0 7,2 Nicaea (İznik) Ambraseys (2002)
121 40,5 30,1 7,4 Nicomedia (İzmit) Ambraseys (2002)
10.11.123 40,3 27,7 7,0 Cyzicus (Erdek) Ambraseys (2002)
155 Hellespont and Bithynia Ambraseys and Finkel (1991)
160 40,0 27,5 7,1 Hellespont (Ç. straits) Ambraseys (2002)
03.05.180 40,6 30,6 7,3 Nicomedia (İzmit) Ambraseys (2002)
268 40,7 29,9 7,3 Nicomedia (İzmit) Ambraseys (2002)
24.08.358 40,7 30,2 7,4 İzmit Ambraseys (2002)
02.12.362 40,7 30,2 6,8 İzmit Ambraseys (2002)
11.10.368 40,5 30,5 6,8 Persis Ambraseys (2002)
368 40,1 27,8 6,8 Germe Ambraseys (2002)
01.04.407 40,9 28,7 6,8 Hebdomon (Bakırköy) Ambraseys (2002)
25.09.437 40,8 28,5 6,8 İstanbul Ambraseys (2002)
06.11.447 40,7 30,3 7,2 Nicomedia (İzmit) Ambraseys (2002)
07.04.460 Cyzicus (Erdek) Ambraseys and Finkel (1991)
25.09.478 40,7 29,8 7,3 Helenopolis Ambraseys (2002)
484 40,5 26,6 7,2 Callipolis Ambraseys (2002)
06.09.543 Cyzicus (Erdek) Ambraseys and Finkel (1991)
16.08.554 40,7 29,8 6,9 Nicomedia (İzmit) Ambraseys (2002)
14.12.557 40,9 28,3 6,9 Silivri Ambraseys (2002)
26.10.740 40,7 28,7 7,1 Marmara Ambraseys (2002)
23.05.860 40,8 28,5 6,8 Marmara Ambraseys (2002)
09.01.869 40,8 29,0 7,0 CP Ambraseys (2002)
02.09.967 40,7 31,5 7,2 Bolu Ambraseys (2002)
25.10.989 40,8 28,7 7,2 Marmara Ambraseys (2002)
23.09.1063 40,8 27,4 7,4 Panio Ambraseys (2002)
1065 40,4 30,0 6,8 Nicaea (İznik ) Ambraseys (2002)
01.06.1296 40,5 30,5 7,0 Bithynia Ambraseys (2002)
1323 İstanbul Ambraseys and Finkel (1991)
18.10.1343 40,7 27,1 6,9 Ganos Ambraseys (2002)
18.10.1343 40,9 28,0 7,0 Heraclea Ambraseys (2002)
01.03.1354 40,7 27,0 7,4 Hexamili Ambraseys (2002)
15.03.1419 40,4 29,3 7,2 Bursa Ambraseys (2002)
10.09.1509 40,9 28,7 7,2 CP Ambraseys (2002)
10.05.1556 Sea of Marmara Ambraseys and Finkel (1991)
18.05.1625 40,3 26,0 7,1 Saros Ambraseys (2002)
17.02.1659 40,5 26,4 7,2 Saros Ambraseys (2002)
14.02.1672 39,7 25,8 7,0 Bozcaada Karakaisis et al. (2010)
25.05.1719 40,7 29,8 7,4 İzmit Ambraseys (2002)
06.03.1737 40,1 27,3 7,0 Aşağı İnova Ambraseys and Jackson (2000)
29.07.1752 41,5 26,7 6,8 Edirne Ambraseys (2002)
02.09.1754 40,8 29,2 6,8 İzmit Ambraseys (2002)
22.05.1766 40,8 29,0 7,1 Marmara Ambraseys (2002)
05.08.1766 40,6 27,0 7,4 Ganos Ambraseys (2002)
19.04.1850 40,1 28,3 6,1 Between Lakes Manyas and Uluabat Ambraseys and Jackson (2000)
28.02.1855 40,1 28,6 7,1 Bursa Ambraseys (2002)
21.08.1859 40,3 26,1 6,8 Saros Ambraseys (2002)
09.02.1893 40,5 26,2 6,9 Saros Ambraseys (2002)
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right-lateral slip rate along the Uluabat and Manyas 
faults in the southern Marmara region was 3,6±2,0 
mm with vertical offset rate of 8,0±3,4 mm; while 
along the YGF and Sarıköy İnova fault the annual 
right lateral offset was 6,8±2,3 mm and vertical slip 
rate was 0,8±3,4 mm. Another GPS study of active 
faults in the southern Marmara region by Kremmer 
et al. (2004) calculated the right-lateral strike-slip 
annual slip rate was 7 mm along the southern branch 
of the NAFS defi ned as the Bursa-Yenice-Gönen line. 
The approximately 7 mm/year right-lateral slip rate 
calculated by Meade et al. (2002) and Kremmer et al. 
(2004) for all faults belonging to the southern branch 
of the NAFS must be shared between different faults 
led by the Yenice Gönen and Sarıköy faults (Kürçer, 
2008).

The fi rst studies researching the paleoseismologic 
properties of the YGF were completed by Kürçer 

(2006) and Kürçer et al. (2008). Kürçer et al. (2008) 
dated three earthquakes on the YGF causing surface 
ruptures in the last 1400 years including the 1953 
earthquake. The fi rst of these earthquakes was in 620 
AD and the second was in 1440 AD. Based on this age 
data, they proposed the average earthquake recurrence 
interval for the YGF was 660±160 years. Using the 
earthquake recurrence interval and a displacement 
amount of 4,2 metres, the researchers calculated the 
annual slip rate for the YGF as 6.3 mm and noted the 
compliance of this value with results obtained from 
GPS measurements. Dirik et al. (2008) in a study 
researching the neotectonic and paleoseismologic 
properties of the YGF reported the surface rupture 
length of the YGF was 60 km. The researchers 
measured 65 to 495 cm right lateral displacement 
during the YGE. Cumulative displacement amounts 
measured along the YGF varied from 6,8 to 38 m. 
Based on the cumulative offset values on the Seyvan, 

Table 2- Fault plane solutions for the instrumental period earthquakes listed in fi gure 2 (adapted from Şengör et al., 2004).
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1 20.06.1943 15:33 40,83 30,48 6,4 ? 176 76 0 McKenzie (1972)
2 18.03.1953 19:06 40,01 27,49 7,2 10* 59 84 14 McKenzie (1972), Ayhan et al. (1981)
3 26.05.1957 06:33 40,58 31,00 7,0 ? 87 78 179 McKenzie (1972)
4 26.05.1957 09:36 40,80 30,80 6,0 ? 114 24 -166 Canıtez and Üçer (1967)
5 27.05.1957 11:01 40,70 31,00 5,5 ? 293 74 157 Canıtez and Üçer (1967)
6 18.09.1963 16:58 40,71 29,09 6,4 15 304 56 -82 Taymaz et al. (1991)
7 06.10.1964 14:31 40,20 28,20 6,9 14 100 40 -90 Taymaz et al. (1991)
8 23.08.1965 14:08 40,39 26,12 5,9 33 261 70 -132 Kocaefe and Ataman (1976)
9 22.07.1967 16:56 40,67 30,69 7,1 12 275 88 -178 Taymaz et al. (1991)

10 30.07.1967 01:32 40,72 30,52 5,6 16 301 50 70 McKenzie (1972)
11 03.03.1969 00:59 40,08 27,50 5,7 4 219 65 45 McKenzie (1972)
12 23.02.1971 19:41 39,62 27,32 5,6 10 86 66 160 Papadopoulos et al. (1986)
13 27.03.1975 05:15 40,45 26,12 6,6 15 279 46 -43 Jackson and McKenzie (1984)
14 05.07.1983 23:02 40,33 27,21 6,1 15 254 49 -173 Harvard Univ. (1998)
15 24.04.1988 20:49 40,88 28,24 5,3 15 356 71 -11 Harvard Univ. (1998)
16 17.08.1999 00:01 40,70 29,99 7,4 9 91 87 164 GCMT Catalogue
17 17.08.1999 03:14 40,59 30,62 5,3 8 192 32 -82 Örgülü and Aktar (2001)
18 19.08.1999 15:17 40,65 29,09 5,0 4 92 60 -110 Örgülü and Aktar (2001)
19 31.08.1999 08:10 40,74 29,99 5,0 8.6 80 70 -143 Özalaybey et al. (2002)
20 13.09.1999 11:55 40,76 30,07 5,8 12 293 73 164 Örgülü and Aktar (2001)
21 29.09.1999 00:13 40,71 29,30 5,0 8 85 63 -161 Örgülü and Aktar (2001)
22 11.11.1999 14:41 40,78 30,29 5,5 20 307 66 179 Örgülü and Aktar (2001)
23 08.01.2013 14:16 39,65 25,50 5,7 8 54 89 -166 Kürçer et al. (2015)
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Karasu and Gönen segments, Dirik et al. (2008) 
proposed at least fi ve earthquakes had occurred. A 
study of the seismotectonics of the Biga Peninsula and 
south Sea of Marmara by Özden et al. (2008) revealed 
that the faults located in the north of the Biga Peninsula 
were currently transpressive while the faults located 
in the south were mainly transtensive in character. 
On the Revised Turkish Active Fault map, Emre et al. 
(2013) assessed the YGF as a 67 km long, active fault 
comprising 4 geometric segments. The researchers 
adapted the 5 km value recommended by Duru et al. 
(2012) in the Hallaçlar formation near Yenice as the 
total offset on the YGF. Based on GPS studies (Meade 
et al., 2002; Kremmer et al., 2004), Emre et al. (2013) 
proposed that the recommended 6-8 mm total annual 
slip rate proposed for all the NE-SW oriented faults 
in the Biga Peninsula was equally shared between the 
YGF, Sarıköy Fault and Biga-Çan fault zone. From 
this aspect, they proposed the annual slip rate on the 
YGF was 2-3 mm. A study researching historical 
earthquakes affecting ancient city of Troy by Kürçer et 
al. (2012) proposed that Troy III (2200-2050 BC) and 
Troy VI (1800-1275 BC) settlements were destroyed 
by earthquakes and that these earthquakes may be 
due to active faults in the area. According to izoseist 
maps of the 1912 Şarköy-Mürefte (Mw=7.2), 1953 
Yenice-Gönen (Mw=7.2) and 1983 Biga (Mw=6.8) 
earthquakes occurring near Troy in the last century, 
the researchers stated these earthquakes affected the 
Troy region with VIII-X intensity (MSK). Based on 
this they noted that active faults in the Biga Peninsula 
may have affected the Troy region in the historical 
period. The researchers recommended that earthquake 
dates obtained from paleoseismological studies to be 
completed in the Biga Peninsula should be  compared  
with  the  destruction  times  of  Troy  III and VI 
settlements. 

In this study, comprehensive active fault and 
paleoseismology studies completed on the surface 
rupture of the 18 March 1953 Yenice-Gönen 
earthquake were used to research the active tectonic 
and  paleoseismologic  properties  of  the  YGF  and 
re-evaluate it within the regional tectonic framework.

2.  Geology of Yenice-Gönen Fault and 
Surroundings

In the study area, there are outcrops of different 
age from the Palaeozoic to the present and types of 
rock units (Figure 3). Pre-Tertiary aged rocks in the 
Biga Peninsula and surroundings are composed of 

four tectonic belts with trending NE-SW (Duru et al., 
2012). These are the İzmir-Ankara Zone / Bornova 
Flysch, Sakarya Zone, Çetmi Melange and Ezine 
Zone, from east to west, respectively. 

The basement units near the YGF and surroundings 
located in the central part of the Biga Peninsula 
comprises the Kazdağ Metamorphics belonging 
to the Sakarya zone. In the study area the Kazdağ 
Metamorphics are represented by the Sütüven 
formation (Cs).

These units are overlain by the metamorphics of 
the Late Paleozoic age Kalabak Group with a tectonic 
contact. Comprising low-grade metamorphics, the 
Kalabak Group Metamorphics are represented by 
the Torasan formation (Pzt) comprising marble and 
phyllite and schists with metaserpentinite lenses at 
the base and the Sazak formation (Pzs) comprising 
metatuffs with marble intercalations at the top (Duru 
et al., 2012).

The Torasan metamorphics in the Kalabak Group 
are cut by the Çamlık Metagranodiorite (Pzç) consisted 
of metagranodiorite and granitic gneiss (Duru et al., 
2012).

The Kalabak Group Metamorphics are tectonically 
overlain by Karakaya Complex (Okay and Göncüoğlu, 
2004; Aysal et al., 2012a,b). The Karakaya Complex 
comprises Late Permian (?)-Triassic aged units with 
mainly tectonic contacts but occasional transitions. 
Within the Karakaya Complex, undifferentiated 
units of metaconglomerate, metasandstone, sandy 
limestone, tuff, metavolcanics and Devonian, 
Carboniferous and Permian-aged limestone blocks 
are defi ned as Karakaya Complex units (Trkk) (Duru 
et al., 2012). Additionally, the Karakaya Complex is 
represented by arkosic sandstone (Trka), Mehmetalan 
formation (Trkm) and Çal formation (Trkç) from 
bottom to top.

The Karakaya Complex units are unconformably 
overlain by the Lias-aged Bayırköy formation 
comprising continental and shallow marine 
conglomerates, sandstone, mudstone and limestone.

Toward the top of the Bayırköy formation, there is 
a transition to the Callovian-Hauterivian-aged Bilecik 
formation comprising platform-type limestones. 
Above the Bilecik formation, there is a conformable 
transition to the hemipelagic, micritic limestone and 
claystone alternations of the Hauterivian-Albian-aged 
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Pınar formation (Duru et al., 2012). These cover units 
above basement units are only represented within the 
study area by the Bilecik formation with very limited 
outcrop area NE of Yenice.

The study area contains, volcanic units of Tertiary 
magmatism, volcanosedimentary sequences and 
granitoids (Altunkaynak et al., 2012; Aysal, 2015). 
Products of Tertiary magmatism outcrop in larger 

areas of the central part of the Biga Peninsula and are 
represented by the Middle Eocene Şahinli formation, 
Late Oligocene-Early Miocene Hallaçlar formation 
and the coeval Tertiary granitoids, Lower Miocene 
Şapçı Volcanics and Middle Miocene Işıkeli Rhyolite 
(Karacık et al., 2008; Aysal et al., 2012b). In the Biga 
Peninsula, mainly closed basins developed under 
control of active faults with terrestrial sediments and/
or lacustrine carbonate rocks deposited in fl uvial or 

Figure 3- Geologic map of the central part of the Biga Peninsula (adapted from Duru et al., 2012).
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lake environments. These units comprise Middle 
Miocene sediments and coals of the Çan and Soma 
formations, Upper Miocene sediments of the İlyasbaşı 
formation and Pliocene sediments and occasional 
carbonates of the Bayramiç formation. Quaternary-
Holocene modern sediments unconformably cover all 
these units.

3.  Segment Structure of Yenice-Gönen Fault

The YGF is an active fault that has produced more 
than one earthquake resulting in surface rupture in the 
geologic past. In the literature, “earthquake segments” 
are defi ned as differentiable sections of an active 
fault producing earthquakes with two or more surface 
ruptures (dePolo et al., 1989, 1991). Therefore, the 
YGF is assessed as an earthquake segment with 
proven seismicity based on the 1953 earthquake and 
paleo-earthquakes identifi ed in this study. Within 
fault segments, shorter sections separated from each 
other by step or bend structures are assessed as fault 
sections.

The YGF comprises 6 fault sections with lengths 
varying from 5,5 to 19 km separated by restraining or 
releasing bends or steps. These are named the Sazak, 
Çakır, Gaybular, Muratlar, Kalfaköy and Tütüncü 
fault sections from SW to NE (Figures 3 and 4).

The Sazak section has total length of 19 km 
and comprises three sub-sections separated by en-
echelon offset-overlapping steps (Figure 3). The 

section in the SW has N45°E strike and 6 km length 
(1a on Figure 3). This section of the fault extending 
from Sakardağı to Sazak Stream is observed within 
the Sütüven formation (Cs) belonging to the Kazdağ 
Metamorphics. The second subsection of the Sazak 
section is 6,5 km long and begins in the west at Kale 
Hill and is observed to continue west of Sazak Valley 
with N75°E strike (1b on Figure 3). In this section the 
fault cuts a normal fault contact between the Sütüven 
formation (Cs) belonging to the Kazdağ Metamorphics 
and the Sazak formation (Pzs) belonging to the 
Kalabak Group, offsetting it to the right-laterally. 
The easternmost part of the Sazak section is 9,5 km 
long (1c on Figure 3). The fault in this section extends 
with N85°E strike between Sazak Valley and Yenice 
and forms the boundary between the Sazak formation 
(Pzs) and Quaternary-aged alluvial sediments in the 
Sazak Valley. From east of Sazak Valley to Yenice, 
it controls the contacts between the Sazak formation 
(Pzs) with the Torasan formation (Pzt) of the Kalabak 
Group, between Tertiary granitoids (Tg) and Karakaya 
Complex units (Trkk) and between Tertiary granitoids 
and Plio-Quaternary basin sediments of the Yenice 
Basin (Tplb) (Figure 3).

The Sazak section is separated from the Çakır 
section by a 200 m wide and 500 m long restraining 
step in the south of Yenice. The Çakır section has 
total length of 19 km between Yenice and Ortaoba 
(2 on Figure 3). With E-W strike between Yenice 
and Seyvan, the fault bends to the left SW of Seyvan 
Village to extend towards the east of Çakır with 

Figure 4-  Surface rupture map of the YGE (adapted from Emre et al., 2013). Numbers represent the fault sections. 1a, 1b and 1c: Sazak, 2: 
Çakır, 3: Gaybular, 4: Muratlar, 5: Kalfaköy, 6: Tütüncü..
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N67°E general trending. In this section the fault has 
reverse component the effect of restraining bending. 
East of Çakır the fault again bends toward the left 
and extends to the west of Güzeloba with N67°E 
strike. The remaining easternmost part of the Çakır 
section between Güzeloba and Ortaoba villages is 
characterised by bends to the right and left. The 
Çakır section cuts Tertiary granitoids and the Late 
Oligocene-Early Miocene Hallaçlar formation 
between Yenice and Seyvan. South of Seyvan, the fault 
controls the contact between the Hallaçlar formation 
and Yenice basin sediments and occasionally cuts Late 
Quaternary-Holocene alluvial sediments in this area. 
Between Çakır and Karaköy, the fault mainly cuts 
Yenice (Small Agonia) stream sediments entering the 
Hallaçlar formation east of Karaköy and is observed 
within these units until the east boundary of the fault 
section.

NW of Ortaoba, a 750 m long, 250 m wide left 
step separates the Çakır section from the Gaybular 
section with 10 km length (3 on Figure 3). Extending 
from southwest of Kumköy to Çatalçal hill with 
N55°E trending, the Gaybular section is mainly 
observed within the Hallaçlar formation, occasionally 
cutting neritic limestones belonging to the Jurassic-
Cretaceous Bilecik formation.

The Gaybular section is separated from the 
Muratlar section by a 3 km long, 500 m wide restraining 
bend west of Kumköy (4 on Figure 3). The Muratlar 
section has total length of 16 km and extends with 
N65°E trending between Kumköy and Gönen Stream 
before bending toward the right from Gönen Stream 
to extend west of Çakmak Village with E-W trending. 
The Muratlar section brings the Hallaçlar formation 
side-by-side with Pliocene clastic sediments of the 
Bayramiç formation between Kumköy and Muratlar. 
East of Muratlar, the fault cuts alluvial sediments of 
Gönen Stream, before cutting sediments from the 
Bayramiç formation south of Korudeğirmeni and 
ending within the Hallaçlar formation.

Comprising the easternmost section of the main 
body of the YGF, the Kalfaköy section extends with 
general trend of N60°E from west of Korudeğirmeni 
to east of Saraçlar village (5 on Figure 3). With total 
length of 6 km, the section is represented by a 300 
m wide deformation zone. The Kalfaköy section ends 
with a bend to the SE (Saraçlar bend) near Saraçlar 
village. This section is also to the section where the 
Yenice-Gönen Fault overlaps with the surface rupture 

of the 1964 Manyas earthquake. The majority of the 
Kalfaköy section controls the contact between the 
Hallaçlar formation and the Bayramiç formation. 

The 5,5 km section of the YGF between 
Korudeğirmeni and Koçbayırı villages with N70°W 
trending is named the Tütüncü section (6 on Figure 
3). The Tütüncü section is a splay fault of the YGF 
extending toward the SE. The fault gains a reverse 
component making a bend to the left north of Tütüncü 
(Figure 5). The majority of the Tütüncü section 
controls the contact between the Bayramiç formation 
and the Soma formation, occasionally cutting the 
Soma formation and alluvial fan sediments.

4. 18 March 1953 Yenice-Gönen Earthquake 
(Ms=7.2) Surface Rupture

On 18 March 1953 at 19:06 (GMT) in southern 
Marmara (Coordinates: 40.01 N – 27.49 E), an 
earthquake (Ms=7.2) occurred with 10 km focal depth 
(Ayhan et al., 1981). As a result of the earthquake, 263 
people died, more than 8000 buildings were damaged, 
211 schools, 176 offi cial buildings and 27 mosques 
were destroyed (Barka et al., 2002). The earthquake 
was felt in Çanakkale, Edirne, İstanbul, Adapazarı, 
Bursa, Balıkesir, Dikili, Foça and Karaburun. 
According to focal mechanism solutions, the source of 
earthquake is a N59°E trending right-lateral strike-slip 
fault (Canıtez and Üçer, 1967; McKenzie, 1972). A 
total surface rupture length of 70 km was caused by the 
YGE (see fi gures 3 and 4). In this study, observations 
of the 1953 YGE surface rupture were made at a total 
of 28 points (Table 3).

The fi rst point where the 1953 YGE surface rupture 
traces can be observed is Dede Çeşme near Taşlıburun 
Ridge southwest of Yenice (YGF-01 in Table 3). At 
this location the YGE offsets a stream by 1,70±10 cm 
right-laterally and 50±5 cm vertically.

South of Yenice a 200 m wide and 500 m bend 
toward the left divides the Sazak section from the Çakır 
section, with total length of 19 km between Yenice 
and Ortaoba. Following E-W strike between ancient 
Yenice and Seyvan, the surface rupture bends 15° to 
the left from southwest of Seyvan Village with N75°E 
strike east of Çakır. In this area, the fault has reverse 
component due to the effect of restraining bends. 
This characteristic is clearly observed in trenches 
ezcavated south of Seyvan. The 1953 surface rupture 
is characterised by linear fault scarps between ancient 
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Yenice and Seyvan (Figure 6). South of Seyvan, the 
fault forms the contact between the Late Oligocene-
Early Miocene Hallaçlar formation and the Pliocene 
Bayramiç formation, cutting occasional alluvial fan 
sediments and slope debris. From east of Seyvan, the 
fault enters the Bayramiç formation and reaches south 
of Çakır by cutting the Yenice – Pazarköy road (Figure 
7) N75°E (YGF-03 in Table 3).

The surface rupture of the 1953 earthquake extends 
with N70°E strike between Karaköy and Güzeloba. 

The easternmost part of the Çakır section between 
Güzeloba and Ortaoba villages is characterised by 
bends to the right and left. In this section the surface 
rupture is observed within the Late Oligocene-Early 
Miocene Hallaçlar formation. The surface rupture 
is observed as a crushed-brecciated fault zone in 
a stabilised road cut at the Kuştepe locale (YGF 17 
in Table 3) located 1 km NE of Güzeloba village. 
According to information obtained from witnesses 
of the earthquake, there was a surface rupture 
southwest of Namazlık stream in Karasu (Karasuçam) 

Figure 5- Structural properties of the Tütüncü fault section north of Tütüncü Village, a) Field photograph, b) Geological cross-section, c) Fault 
plane solution on Schmidt network hemisphere using Faultkin program (Almendinger et al., 2012).
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 Table 3- Observation points of surface rupture of YGE (adapted from Kürçer, 2006).

Observation no Sheet no Coordinates 
(UTM)

Displacement amount 
(cm)

Explanation

YGF-01 İ 18 a2 35 0519481 E
44 18504 N

170±10 (right lateral)
50±5 (vertical)

Offset stream in Dede Çeşme locale west of Yenice

YGF-02 İ 18 b1 35 0525157 E
44 19713 N

2.86 (right lateral)
50±10 (vertical)

Linear fault scarps in trench area south of Seyvan

YGF-03 İ 18 b1 35 0527 125 E
44 21120 N

2.50 (right lateral) Point where 1953 surface rupture cuts Yenice-Gönen road

YGF-04 İ 18 b1 35 0528759 E
44 21870 N

320±50 (right lateral) South of Çakır, offset tree line west of the bridge 

YGF-05 İ 18 b1 35 0528987 E
4421983 N

200±10 (right lateral) South of Çakır, offset fi eld boundary east of the bridge 

YGF-06 İ 18 b1 35 0528786 E
4421884 N

190±30 (right lateral) South of Çakır, offset fi eld boundary west of the bridge 

YGF-07 İ 18 b1 35 0528808 E
4421917 N

220±20 (right lateral) South of Çakır, offset fi eld boundary at west edge of the 
bridge 

YGF-08 İ 18 b1 35 0529329 E
4421931 N

2200±200 (right lateral) Cumulative stream offset SE of Çakır 

YGF-09 İ 18 b1 35 0529655 E
4422068 N

2300±200 (right lateral) Cumulative stream offset SE of Çakır 

YGF-10 İ 18 b1 35 0528886 E
4421778 N

200±10 (right lateral) Offset fi eld boundary SE of Çakır 

YGF-11 İ 18 b1 35 0529263 E
44 22035 N

320±20 (right lateral) South of Çakır, offset fi eld boundary east of the bridge

YGF-12 İ 18 b1 35 0529998 E
44 22325 N

300±30 (right lateral) Offset fi eld boundary SE of Çakır

YGF-13 İ 18 b1 35 0530015 E
44 22328 N

320±20 (right lateral) Offset fi eld boundary SE of Çakır

YGF-14 İ 18 b1 35 0530053 E
44 22358 N

310±20 (right lateral) Offset fi eld boundary SE of Çakır

YGF-15 İ 18 b2 35 0531779 E
4423208 N

1800±200 (right lateral) Cumulative stream offset SE of Karaköy 

YGF-16 İ 18 b2 35 0532046 E
44 23454 N

2100±200 (right lateral) Cumulative stream offset SE of Karaköy 

YGF-17 İ 18 b2 35 0536199 E
44 26017 N

Crush zone 1 km NE of Güzeloba

YGF-18 İ 18 b2 35 0538042 E
44 26787 N

N50°E-trending surface rupture 500 m SW of 
Karasukabaklar

YGF-19 İ 18 b2 35 0532046 E
44 23454 N

Reidel fracture in Karasubaklar Village 

YGF-20 H 18 c3 35 0538883 E
44 28291 N

Earthquake surface rupture at Yolçatı locale 2 km north of 
Karasukabaklar

YGF-21 H 18 c3 35 0538883 E
44 28291 N

Earthquake surface rupture at Akpınar stream locale 4 km 
north of Ortaoba

YGF-22 H 19 d4 35 0542834 E
44 31164 N

Earthquake surface rupture and sag pond 2 km southwest 
of Gaybular 

YGF-23 H 19 d4 35 0547376 E
44 34888 N

175±15 cm (right lateral) Offset fence, pressure ridge and linear fault scarp north of 
Kumköy 

YGF-24 H 19 d4 35 0550525 E
44 36293 N

150 cm (right lateral)
10 cm (vertical)

Offset old village road northeast of Muratlar 

YGF-25 H 19 d4 35 0550731 E
44 36368 N

Point where surface rupture cuts Muratlar-Gönen road

YGF-26 H 19 d3-
d4

35 0553674 E
4437384 N

800±50 m (right lateral) Total offset of Gönen Stream

YGF-27 H 19 d3 35 0562103 E
44 39833 N

YGF cutting Hallaçlar formation southwest of Kalfaköy 

YGF-28 H 19 d3 35 64139 E
44 40556 N

50 cm (vertical) Surface rupture south of Gökçesu 
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Village and the north block fell down nearly 50 cm. 
The strike of the surface rupture between Karasu 
and Karasukabaklar village was N50°E. Within 
Karasukabaklar Village, a N70°W surface rupture 
developed during the 1953 earthquake. This rupture is 
interpreted as an R fracture developing within a right-
lateral strike-slip system.

 Northwest of Ortaoba, the Çakır section is separated 
from the 10 km Gaybular section by a 750 long and 
250 m wide step to the left. With N55°E strike, the 
Gaybular section extends from southwest of Kumköy 
to Çatalçal Hill and is observed mainly within the 
Hallaçlar formation in this area, occasionally cutting 
neritic limestones of the Jurassic-Cretaceous Bilecik 
formation. The fi rst point in the Gaybular section 
where the earthquake surface rupture is observed is at 
Yolçatı locale 2 km north of Karasukabaklar Village 
(YGF-20 in Table 3). At Yolçatı locale, a surface 
rupture with N58°E strike developed. The earthquake 
surface rupture is clearly observed in the northwest 
slope of Çaltepe 4 km north of Ortaoba. From north of 
Çaltepe until west of Gaybular, the surface rupture has 
N60°E strike with a small-scale sag pond occurring in 
the area northwest of Bozkıraç Hill (YGF-22 in Table 
3). The surface rupture forms the contact between the 

Figure 6- Linear fault scarp (looking south) (YGF-02) south of Seyvan Village (Photograph taken from Kürçer, 
2006).

Figure 7- Offset due to the YGE surface rupture on the Yenice – 
Gönen road (photograph taken from Ketin and Roesly, 
1953) (YGF-03) (View to the east).
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Jurassic-Cretaceous neritic limestones of the Bilecik 
formation and the Late Oligocene-Early Miocene 
Hallaçlar formation in the near southwest of Gaybular 
Village.

West of Kumköy, the Gaybular section is separated 
from the Muratlar section with total length of 16 km 
by a 3 km long and 500 m wide restraining bend. The 
Muratlar section extends with N65°E strike between 
Kumköy and Gönen Stream. North of Kumköy in the 
area of the earthen football pitch (YGF-23 in Table 3), 
the surface rupture is characterised by offset cultural 
structures, a small-scale pressure ridge and linear fault 
scarps.

Between Kumköy and Muratlar, the surface rupture 
follows the contact between the Hallaçlar formation 
and Bayramiç formation with N70°E strike and enters 
ancient alluvial sediments of Gönen River from the 
north of Muratlar. Ketin and Roesly (1953) reported 
an old village road east of Muratlar was offset by 
1,5 m to the right with the south block falling nearly 
10 cm during the YGE (Figure 8) (YGF-24 in Table 

3). From here, the surface rupture cuts the Muratlar 
– Gönen asphalt road with N70°E strike (YGF-25 
in Table 3), toward the NE it continues 2 km within 
alluvial sediments of Gönen River. Just west of Gönen 
River, Kalaylı Hill rises in the form of a pressure ridge 
appropriate to the geometry of the fault. The Muratlar 
section bends 20° to the right from Gönen River to 
extend toward Çakmak village with E-W strike. In 
this section, east of Gönen River, the fault cuts the 
Bayramiç formation and ancient alluvial sediments of 
the Gönen River in a limited area south of Pilevne and 
Tirnova neighbourhoods before returning to alluvial 
sediments until south of Korudeğirmeni. The Muratlar 
section of the surface rupture enters the Hallaçlar 
formation south of Korudeğirmeni and continues 
within this unit west of Çakmak Village where it ends. 

The Kalfaköy section forms the easternmost 
section of the main body of the YGF. This section 
extends with strike of N60°E between Korudeğirmeni 
in the west and Saraçlar in the east. With total length 
of 6 km, the Kalfaköy section is represented by a 
deformation zone nearly 300 m wide. The Kalfaköy 
section ends in a bend toward the SE near Saraçlar 
village. This section is also equivalent to the region 
where there is overlap with the surface rupture from 
the 1964 Manyas earthquake on the YGF (Emre et 
al., 2012; Kürçer et al., 2017). Most of the Kalfaköy 
section controls the contact between the Hallaçlar 
formation and the Bayramiç formation and is 
occasionally observed within the Bayramiç formation.

The data related to the surface rupture in the 
Kalfaköy section is limited, but some observations 
were made that can reveal the structural characteristics 
of the fault. For example, a nearly 3 m wide crushed 
and brecciated fault zone was observed southwest of 
Kalfaköy within the Hallaçlar formation (YGF-27 in 
Table 3) (Figure 9). From east of Kalfaköy, the fault 
controls the contact between the Hallaçlar formation 
and the Bayramiç formation and continues within the 
Bayramiç formation from south of Gökçesu to reach 
the Saraçlar bend. South of Gökçesu, the northern 
block of the earthquake surface rupture fell down 
nearly 50 cm (YGF-29 in Table 3) and is currently 
observed as a linear fault scarp (Figure 10). The 
Saraçlar region represents the easternmost section of 
the main section of the 1953 YGE surface rupture. 
In this region, the surface rupture bends toward the 
SE before continuing 1 km further and ending SE of 
Saraçlar village. This easternmost 1 km of the surface 
rupture also ruptured in the 1964 Manyas Earthquake.

Figure 8- Offset of Muratlar village road during YGE a) Field 
photograph, b) Sketch (taken from Ketin and Roesly, 
1953).
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Figure 9- YGF cutting Late Oligocene-Early Miocene Hallaçlar formation (Toh) southwest of Kalfaköy (view towards SSW).

Figure 10- Earthquake surface rupture in the south of Gökçesu village (YGF-24) (Photograph taken from Kürçer, 2006) (view toward SSW).
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Figure 11- Panoramic view of Tütüncü section of YGF (view north from Tütüncü – Kavakoba road).

The 5,5 km section of the YGF extending N70°W 
between Korudeğirmeni and Koçbayırı villages is 
named the Tütüncü section. The Tütüncü section 
is a splay fault separating from the YGF toward the 
SE (Figure 11). The fault bends toward the left north 
of Tütüncü and gains a reverse component. Most of 
the Tütüncü segment controls the contact between 
the Soma formation and the Bayramiç formation, 
occasionally cutting the Bayramiç formation and 
alluvial fan sediments.

5.  Offset Measurements the Yenice-Gönen Fault

On the YGE surface rupture, right-lateral 
displacements varying from 1,70±0,1 m to 3,2±0,2 
m were measured (Figure 12, 13 and table 4). 
Additionally, total displacements varying from 
18±2 m and 24±2 m were measured in the Holocene 
drainage systems in the Çakır section (Figure 13 and 
14). The Total station and tape meter were used for 
these measurement of displacements. 

Figure 12- Displacement measurements along the Çakır fault section.
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Figure 13- Displacements measured on the YGE surface rupture at some points described in fi gure 12 and table 4.

Table 4- Displacement measurements along the surface rupture of the YGE.

Station 
number

Location Latitude 
(N)

Longitude (E) Displacement (m) Measurement 
quality

Offset properties and 
thoughts 

01 SW of Yenice 4418504 35 0519481 1,70±10 cm
0,50±5 cm

B Offset dry stream

02 SW of Seyvan 4419869 35 0525124 2,86 A Offset dry stream
03 NE of Seyvan 4421120 35 0527125 2,50 A Yenice – Pazarköy road
04 SSW of Çakır 4421870 35 0528759 3,20±50 cm C Field boundary
05 SSW of Çakır 4421884 35 0528786 200±10 cm A Field boundary
06 SSW of Çakır 4421884 35 0528801 1,90±30 cm B Field boundary
07 SSW of Çakır 4421917 35 0528808 2,20±20 cm B Field boundary
08 E of Çakır 4421936 35 0529326 22,00±2 m B Offset stream bed (total 

displacement) 
09 E of Çakır 4422075 35 0529653 23,00±2 m B Offset stream bed (total 

displacement) 
10 S of Çakır 4421983 35 0528987 2,00±10 cm A Field boundary
11 SSE of Çakır 4422035 35 0529263 3,20±20 cm B Field boundary
12 SE of Çakır 4422325 35 0529998 3,00±30 cm A Field boundary
13 SE of Çakır 4422328 35 0530015 3,20±20 cm A Field boundary
14 SE of Çakır 4422358 35 0530053 3,10±10 cm A Field boundary
15 SE of Karaköy 4423201 35 531769 18±2 m B Offset stream bed (total 

displacement) 
16 SE of Karaköy 4423251 35 531955 21±2 m B Offset stream bed (total 

displacement) 
17 SE of Karaköy 4423394 35 532242 24±2 m B Offset stream bed (total 

displacement) 
18 N of Kumköy 4434888 35 0547376 1,75±15 cm B Field boundary
19 E of Muratlar 4436118 35 0550464 1,50 A Village road
20 W of Gönen 4437400 35 553605 800±50 m B Gönen Stream
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Figure 14- a and b) Google earth images of total displacement on some stream beds described in fi gure 12 and table 4 
along the Çakır fault section, c) Field photograph of station 16.
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Figure 15-  Google Earth image of Seyvan trench area (view slanted to the south).

6. Palaeoseismology Studies

On the Çakır Fault section of the Yenice-Gönen 
earthquake segment, palaeoseismic trench studies 
were completed in the Seyvan and Çakır trenches 
(see fi gure 12) selected as a result of air photograph 
analysis and detailed surface rupture mapping. The 
trench areas fi rstly had microtopographic maps 
produced using total station equipment (Figure 16 
and 20). All trenches had 1 m2 gridding applied, and 
the trench walls were logged with the photomosaic 
technique. Palaeoseismologic results are presented 
on sections from the Seyvan 2013-1 trench west wall, 
Seyvan 2013-2 trench west wall and Çakır 2013 trench 
west wall.

6.1. Seyvan 2013-1 and Seyvan 2013-2 Trenches

The Seyvan trench area was located 500 m. SW 
of Seyvan village (UTM coordinates: 35 0525151 E 
– 4419713 N), SW of Çakır fault section (see fi gure 
12). The Çakır section extending W-E from south of 
Yenice enters a left restraining bend south of Seyvan 
and continues to Ortaoba with N67°E strike. In this 
section the fault gains reverse component due to the 
effect of the restraining bend (Figure 15).

6.1.1. Site Selection

The clearest data belonging to the surface rupture 
developing during the 1953 YGE are observed in 

the Çakır section of the YGF. In this area the 1953 
surface rupture is characterised by linear fault scarps. 
In the Seyvan trench area, a probably Holocene 
or Late Pleistocene dry stream was cut by the YGF 
and offset 34±2 m laterally to the right (see fi gure 
13). Ketin and Roesly (1953) measured 4,3 m right 
lateral displacement on the surface rupture of the 1953 
earthquake in Seyvan trench area and surroundings. 
In this study, right lateral displacements varying 
from 2,50 m to 3,20 m were measured in Seyvan 
and close surroundings (see fi gure 12). From this 
viewpoint, the total displacement of 34±2 m observed 
on microtopographic maps is predicted to belong to at 
least 8 earthquakes. The trench site was chosen with 
this point of view.

In the Seyvan Trench site, two parallel trenches 
were excavated perpendicular to the fault and these 
trenches were named Seyvan 2013-1 trench and 
Seyvan 2013-2 Trench (Figure 16). Seyvan 2013-1 
Trench was 10 m long, mean 3 m deep and 5 metres 
wide, while Seyvan 2013-2 Trench was 8 m long, 3 m 
deep and 2 m wide.

6.1.2. Stratigraphy and Structural Patterns

Eleven different microstratigraphic levels were 
defi ned in the Seyvan trenches. In both trenches 
the basement was altered volcanics (volcanic and 
pyroclastic rocks) from the Late Oligocene-Early 
Miocene Hallaçlar formation. These units were 
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Figure 16-  Microtopography map of the Seyvan trench site. Contour interval 20 cm (Kürçer et al., 2016).

unconformably overlain by fan sediments and fault 
colluvial sediments (Figure 17 and fi gure 18). In the 
Seyvan trenches, units numbered 6 and 7 are fault 
colluvial sediments defi ning the north of the main 
fault zone. The structural deformation in the walls 
of the trenches indicates a transpressive regime. This 
situation may be explained by the local fault geometry 
in the trench area. 

Considering palaeoseismologic criteria like 
the tectonostratigraphic relationships between the 
units, fault colluvial wedge geometry and upward 
termination of the fault strands, 6 earthquakes 
resulting in surface ruptures were defi ned and dated in 
the Seyvan trenches in the last 6200 years, including 
the 1953 earthquake. Data belonging to Earthquakes 1, 
3, 5 and 6 are present in Seyvan 2013-1 trench, while 
data for earthquakes 1, 2, 4, 5 and 6 were obtained 
from Seyvan 2013-2 trench (Figure 17 and Figure 18).

6.1.3. Dating

With the aim of dating the earthquakes identifi ed 
in the trenches, 20 coal and organic sediment 
samples were collected and sent to the Beta Analytic 
Laboratory in the USA for analysis (Table 5). 
Additionally, 6 sample were collected from levels 
without carbon-rich material for optically stimulated 
luminescence dating method (OSL) and these samples 
were analysed at Ankara University Department of 
Physical Engineering (Table 6).

6.1.4. Paleoseismologic Interpretation

Earthquake 6: Earthquake 6, which could be 
determined in both trenches, had an event horizon 
determined at the base of unit number 5. In Seyvan 
2013-1 and 2 trenches, faults north of the main fault 
zone (between 4th and 5th metres) cut units 1, 2, 3 
and 4 and are covered by the gravel in unit number 5. 



 Bull. Min. Res. Exp. (2019) 159: 29-62

48

Figure 17- a) Uninterpreted photomosaic of the west wall of Seyvan 2013-1 trench b) Trench log of the west wall of Seyvan 2013-1 trench 
(adapted from Kürçer et al., 2016).
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Figure 18- a) Uninterpreted photomosaic of the west wall of Seyvan 2013-2 trench b) Trench log of the west wall of Seyvan 2013-2 trench.
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Table 5- Radiocarbon dating results of samples from Seyvan 2013-1, Seyvan 2013-2 and Çakır 2013 trenches.

Trench Wall
Sample No

Laboratory 
No

(BETA)

Stratigraphic 
unit Material

Measured 
radiocarbon 

age (BP)

13C / 12C
(‰)

Traditional 
radiocarbon 

age (BP)

Calibrated age 
interval (2σ)

Çakır 2013- West CKR-A.W-01 366225 3 Organic 
sediment

5140±40 -24,0 5160±40 BC 4040 - 4010 
BC 4000 - 3940 
BC 3860 - 3840 
BC 3840 - 3820

Çakır 2013- West CKR-A.W-02 366226 1 Organic 
sediment

7050±40 -25,0 7050±40 BC 5980 
BC 5940 
BC 5920

Çakır 2013- West CKR-A.W-03 366227 8 Organic 
sediment

1770±30 -23,9 1790±30 AD 130 - 260 
AD 280 - 330

Çakır 2013- West CKR-A.W-04 366228 4 Organic 
sediment

3980±30 -24,2 3990±30 BC 2570 - 2460

Çakır 2013- West CKR-A.W-05 366229 9 Organic 
sediment

60±30 -25,0 60±30 AD 1690 - 1730 
AD 1810 - 1840 
AD 1840 - 1850 
AD 1860 - 1860 
AD 1870 - 1920
AD Post 1950

Çakır 2013- West CKR-C.W-01 366230 5 Organic 
sediment

3150±30 -25,0 3150±30 BC 1490 - 1470 
BC 1460 - 1390

Çakır 2013-West CKR-C.W-02 366231 5 Organic 
sediment

2960±30 -25,0 2970±30 BC 1300 - 1120

Çakır 2013- West CKR-C.W-04 366232 5 Organic 
sediment

3260±30 -25,5 3250±30 BC 1610 - 1450

Seyvan 2013-1 
- East

SEY.1-EC-01 366233 7 Coalifi ed 
material

3970±40 -24,0 3990±40 BC 2580 - 2460

Seyvan 2013-1 
- West

SEY.1-WC-04 366238 8 Coalifi ed 
material

2290±30 -27,2 2250±30 BC 390 to 350
BC 320 to 210

Seyvan 2013-1 
- West

SEY.1-WC-06 366239 11 Coalifi ed 
material

160±30 -26,6 130±30 AD 1670 to 1780
AD 1800 to 1900 
AD 1900 to 1940 
AD 1950 to post 
1950

Seyvan 2013-1 
- West

SEY.1-WC-10 366241 9 Organic 
sediment

1420±30 -23,7 1440±30 AD 570 to 650

Seyvan 2013-1 
- West

SEY.1-WC-12 366242 4 Organic 
sediment

6160±40 -24,1 6170±40 BC 5220 to 5000

Seyvan 2013-1 
- West

SEY.1-WC-13 366243 7 Organic 
sediment

4000±30 -23,0 4030±30 BC 2620 to 2470

Seyvan 2013-1 
- West

SEY.1-WC-14 366244 5 Organic 
sediment

5520±40 -23,1 5550±40 BC 4460 to 4340

Seyvan 2013-1 
- West

SEY.1-WC-15 366245 9 Organic 
sediment

1220±30 -23,6 1240±30 AD 680 to 880

Seyvan 2013-1 
- West

SEY.1-WC-17 366246 10 Organic 
sediment

660±30 -23,9 680±30 AD 1270 to 1310
AD 1360 to 1390

Seyvan 2013-2- 
Doğu

SEY.2-EC-01 366248 9 Organic 
sediment

1010±30 -23,1 1040±30 AD 900 to 910
AD 970 to 1030

Seyvan 2013-2- 
West

SEY.2-WC-01 366249 8 Coalifi ed 
material 

2700±30 -26,8 2670±30 BC 890 to 880
BC 850 to 800

Sey Seyvan 
2013-2- West

SEY.2-WC-02 366250 11 Coalifi ed 
material

70±30 -26,8 40±30 AD 1710 to 1720 
AD 1830 to 1830 
AD 1890 to 1910 
AD Post 1950



51

 Bull. Min. Res. Exp. (2019) 159: 29-62

Table 6- Optically stimulated luminescence (OSL) dating results for samples from Seyvan 2013-1, Seyvan 2013-2 and Çakır 2013 trenches.

Trench Wall Sample No Stratigraphic unit Material Equal dose (Gy) Measured OSL age (BP)
Seyvan 2013-2- West SYN2-OW-01 9 Rough sand 2,1±0,2 500±100
Seyvan 2013-2- West SYN2-OW-02 8 Pebbly sand 15,5±1,1 3500±300
Seyvan 2013-2- West SYN2-OW-05 4 Sand 42,7±5,5 9300±1300
Çakır 2013 - West CKR-OW-03 1 Silty clay 45,4±3,9 7700±800
Çakır 2013 - West CKR-OW-04 6 Mud 22,5±1,6 3700±300
Çakır 2013 - West CKR-OW-05 3 Sandy gravel 34,6±4,9 6100±900

The youngest unit cut by faults related to Earthquake 
6 is unit number 4 with age dates obtained as 6170±40 
years BP. The youngest age obtained above the event 
horizon (between unit number 4 and 5) is 5550±40 
years BP. According to this stratigraphy and age data, 
the predicted earthquake date for Earthquake 6 is 
determined to be between 6170±60 BP and 5550±40 
BP.

Earthquake 5: Data belonging to Earthquake 5 
were found in both trenches. The event horizon for this 
earthquake was determined to be based in unit number 
6. Faults north of the main fault zone between the 
2nd and 4th metres in Seyvan 2013-1 and 2 trenches 
cut all units up to unit number 5 and are covered by 
colluvial sediments of unit number 6. The youngest 
age obtained from unit number 5 is 5550±40 years BP. 
Though age dates could not be obtained from colluvial 
sediments in unit number 6 covering Earthquake 5, an 
age of 4030±30 years BP was obtained from the base 
level of unit number 7 above this. In this situation, the 
estimated earthquake date for Earthquake 5 is between 
5550±40 years and 4030±30 years BP.

Earthquake 4: Evidence of this event was present 
between the 4th and 5th meters of Seyvan 2013-
2 Trench. The event horizon for Earthquake 4 was 
determined at the base of unit number 7. The youngest 
unit cut by a fault belonging to this earthquake was 
unit number 6 and no age dates could be obtained. 
As a result, the lower age for the earthquake can be 
given as 5550±40 BP obtained from unit number 5. 
The youngest age obtained from unit 7 covering unit 
6 is 4030±30 years BP. According to this age data, the 
estimated earthquake date for Earthquake 4 can be 
given as between 5550±40 years and 4030±30 years 
BP, similar to Earthquake 5.

Earthquake 3: Earthquake 3 can be clearly 
distinguished in Seyvan 2013-1 trench. The dark 
grey coloured pebbly-sand (unit number 8) observed 
as a marker level in the trench walls forms the event 

horizon for this earthquake. Two fault branches north 
and south of the main fault zone end at the base of 
unit number 8. With the aim of dating the earthquake, 
the date of 3990±40 years BP was obtained from 
unit number 7, the youngest unit cut by the fault. 
Both OSL and C-14 dates were obtained from unit 
number 8 covering the event horizon. The OSL age 
obtained from a level close to the base of this unit was 
3500±300 years. According to this stratigraphy and 
age data, Earthquake 3 must have occurred between 
3990±40 and 3500±300 years BP.

Earthquake 2: According to Seyvan 2013-2 trench, 
the event horizon for Earthquake 2 was determined as 
the base of unit number 9. In Seyvan 2013-2 trench, 
two faults south of the main fault zone (between 4th 
and 5th metres) cut unit number 8 and are covered 
by unit number 9. The youngest age obtained from 
unit number 8 is 2250±30 years BP. The base of 
unit 9 covering the event horizon is 1440±30 years 
BP. According to this data, Earthquake 2 must have 
occurred between 2250±30 and 1440±30 years BP.

Earthquake 1 (1953 Earthquake): The surface 
rupture of the 1953 earthquake is clearly observed in 
both trenches. In the fi rst trench the 1953 earthquake 
is represented by a narrow deformation zone, while in 
the second trench there are two fault branches visible. 
The age obtained from the youngest unit cut by the 
1953 earthquake surface rupture is 130±30 years BP.

6.2. Çakır 2013 Trench

The Çakır trench site is located in the central 
part of the Çakır fault section (see fi gure 12). The 
Çakır fault section extends trending N67°E after 
a restraining bend to the left south of Seyvan and 
continues within fl ood plain sediments of the Yenice 
Stream from south of Çakır to Güzeloba village (see 
fi gure 3). In this section the fault is characterised by 
unique topography of right-lateral strike-slip faulting. 
Displacements in this section related to the 1953 
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earthquake and total displacements of the Holocene 
drainage system were measured (see fi gure 14). The 
Çakır trench site is located 1250 m ESE of Çakır 
village (UTM coordinates: 35 05299973 E – 4422153 
N; fi gure 19).

6.2.1. Site Selection

In this area, fi eld boundaries are systematically 
displaced by the 1953 earthquake surface rupture. The 
Çakır trench site and surroundings had 300±30 cm 
to 320±30 cm right lateral displacements measured 
during the 1953 YGE (see fi gure 13). Additionally, 
east and west of the Çakır trench site, right lateral 
total displacements of 18±2 m and 24±2 m were 
measured in the Holocene drainage system (see fi gure 
12). The Çakır trench site, where systematic fi eld 
boundary offsets are clearly observed, is located on 
fl ood plain sediments of Yenice Stream. With the aim 
of determining microtopographic properties of the 
Çakır trench area, total station equipment was used 
to produce microtopographic maps (Figure 20). In the 
Çakır trench site and surroundings, fi eld boundaries 
systematically offset during the 1953 earthquake are 
present. These offsets can be clearly observed on 
microtopographic maps with 20 cm contour intervals 
produced using the total station (Figure 20).

In the Çakır trench site, one trench was excavated 
with 10 m length, mean 2,5 m depth and 5 m width 
perpendicular to the fault.

6.2.2. Stratigraphy and Structural Patterns

The 9 different microstratigraphic levels, were 
defi ned in Çakır 2013 trench. Most of these units 
consists of fl ood plain sediments of Yenice Stream and 
partly fault colluvial sediments (Figure 21). The style 
of structural deformation in the Çakır Trench indicates 
strike-slip deformation. The faults have transpressive 
character linked to the local fault geometry in the 
trench site (Figure 21).

6.2.3. Dating

With the aim of dating the earthquakes identifi ed 
in the Çakır trench, 8 radiocarbon and 3 OSL samples 
were reviewed and analysed. For the analysis results, 
please see table 5 and table 6.

6.2.4. Paleoseismologic Interpretation

Based on the paleoseismological criteria, 5 
paleo earthquakes, resulting in surface rupture, were 
identifi ed and dated within the last 7000 years in Çakır 
Trench site (Figure 21).

Earthquake 5: At the 6th metre of the Çakır 2013 
trench, the event horizon for Earthquake 5, with 
typical colluvial wedge geometry, was determined 
at the base of colluvial unit number 2. A date of 
7050±40 years BP was obtained from unit number 1, 
the youngest unit cut by the fault associated with this 

Figure 19- Google Earth image of Çakır trench site (Oblique view toward the south).
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Figure 20- Microtopography map of the Çakır trench site. Contour interval is 20 cm.

event. Though age dates could not be obtained from 
unit 2 covering this event horizon, an age of 6100±900 
years BP was obtained for unit number 3 just above 
this unit. According to this age data, the recommended 
age interval for Earthquake 5 is between 7050±40 and 
6100±900 years BP.

Earthquake 4: Data belonging to this event are 
observed between the 7th and 8th metres of this trench. 
In this section the fault clearly cuts unit number 3 and 
is covered by unit number 5. As unit number 4 was not 
observed in the south block of the main fault zone, the 
event horizon for Earthquake 4 was determined as the 
base of unit number 5. An age of 3990±30 years BP 
was obtained from unit number 4. An age of 3250±30 
years BP was obtained from the base of unit 5 covering 
the event horizon. According to this data, the age of 
Earthquake 4 was determined between 3990±30 and 
3250±30 years BP.

Earthquake 3: The event horizon for Earthquake 
3 identifi ed in Çakır 2013 trench is at the base of unit 
number 7. Data belonging to this event are clearly 
observed between the 4th and 5th metres in the trench. 
An age of 3700±300 years BP was obtained from 
unit number 6 under the event horizon. There was no 
dateable material found in unit number 7 above the 
event horizon. For this reason, the 1790±30 year BP 
age date obtained from unit number 8 above this unit 
was used. Accordingly, the date for Earthquake 3 is 
proposed to be between 3700±300 and 1790±30 years 
BP.

Earthquake 2: Clearly observed between the 
4th and 5th metres in the trench, the event horizon 
for Earthquake 2 was determined as the base of unit 
number 8. As no age data could be obtained for unit 
number 7, the recommended dates for Earthquake 3 
of 3700±300 to 1790±30 years BP were adopted for 
Earthquake 2.
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Figure 21- a) Uninterpreted photomosaic of the west wall of Çakır, 2013 trench, b) Trench log for the west wall of Çakır, 2013 trench.
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Earthquake 1 (1953 Earthquake): The surface 
rupture of the 1953 YGE can be clearly observed in 
Çakır 2013 trench. The main fault branch extends 
upwards and cuts very young current soil levels dated 
to 60±30 years BP.

6.3. Comparison of Seyvan and Çakır Trenches

As a result of evaluating the identifi ed and dated 
earthquakes from the Seyvan (2013-1 and 2013-2) and 
Çakır 2013 trenches together, a total of 6 earthquakes 
that resulted in surface rupture were identifi ed and 
dated on the YGF in the last 6200 years, including 
the 1953 earthquake (Figure 22). The evaluation of 
these earthquakes is presented in the Discussion and 
Conclusion section.

7. Evaluation of Total Offset, Annual Slip Rate 
(Late Quaternary-Present) and Age of the 
Yenice-Gönen Fault

For the fi rst time in this study, the total offset and 
annual slip rate of the YGF was calculated for the last 
300.000 years (Late Quaternary) to the present day. 
The data indicating the total offset of the YGF in the 
Late Quaternary comes from Gönen River. West of 
Gönen, Gönen River is cut by the YGF and offset 
800±50 m right-laterally (Figure 23). Kazancı et al. 
(2014) stated the excavation times for large valleys in 
the South Marmara Region could not go back further 
than 300,000 years to erosion and deposition rates. 
This study accepted the incision time for Gönen River 

Figure 22-  Comparison of earthquakes identifi ed and dated in the Seyvan and Çakır trenches.
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as 300,000 years. Calculations using the incision 
time for Gönen River (300.000 years) and total 
displacement amount (800±50) found the annual slip 
rate on the YGF as 2,65±0,15 mm/year. This value 
complies with previous studies and regional GPS 
studies. Current GPS studies show the total annual 
right-lateral slip rate on active faults with NE-SW 
trending in the Southern Marmara Region is 6-8 mm 
(Meade et al., 2002; Kreemer et al., 2004). Emre et 
al. (2012) proposed the annual slip rate on the YGF 
was 2-3 mm based on the fact that this value has to be 
shared between the Yenice-Gönen, Sarıköy and Çan-
Biga fault zones.

Gürer et al. (2003) in a study of the neotectonic 
development of the southeast Marmara region 
described the region as a transition zone between 
the NAF zone and the Western Anatolia Extensional 
system. Selim et al. (2013) reported the southern 
branch of the NAF was effective on the morphotectonic 
development of the South Marmara region. Selim and 
Tüysüz (2013) assessed the Bursa-Gönen depression 
as a complex basin and stated the basin began opening 
as a small pull-apart basin in the Late Pliocene and 
later evolved into a large basin. The geomorphology 
of the Biga Peninsula where the study area is located 
began to be shaped by the effect of the Western 
Anatolia Extensional System from the beginning of 
the Miocene. In this period, small lacustrine basins 
like Bayramiç, Çan, Yenice, Kalkım, and Gönen 
developed under the control of normal or strike-slip 

normal faults. In these basins, the Çan and Soma 
Formations, occasionally containing coal, developed 
from the lacustrine facies in the Middle Miocene, 
while the Bayramiç formation developed from 
terrestrial, occasionally fl uvial, facies in the Pliocene. 
The Yenice Basin is initially assessed as forming a half 
graben in the Upper Miocene-Pliocene with the effect 
of the Western Anatolia Extensional System. The 
structural evidence for this tectonic phase is present 
south of Yenice. Slip data measured on fault planes 
in Oligo-Miocene aged granites (Tg) south of Yenice 
document that the Yenice Basin initially developed 
under the control of oblique-slip normal faults (Figure 
24). Later in the process, the right-lateral strike-slip 
YGF cut the basin sediments.

Additionally, new data was reached about the 
geological offset of the YGF. In the Yenice area, the 
Late Oligocene-Early Miocene Hallaçlar formation is 
cut by the YGF with 4,7±0,3 km right-lateral offset 
(Figure 25). However, as this offset amount could only 
be measured linked to a single contact, it is open to 
debate.

When the annual slip rate (2,65±0,15 mm) 
calculated for the YGF in this study and the 4,7±0,3 
km geological offset are assessed together, the 
formation age of the YGF is expected to be nearly 
1,9 million years. However, as can be clearly seen 
on Figure 24, the Yenice Basin had a half graben 
form shaped by strike-slip normal faults initially. 

Figure 23-  Google Earth image of total displacement on the Gönen River.
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Figure 24- a) Panoramic view of the Yenice Basin, b) Field photograph showing rock units outcropping in the south of the Yenice Basin. 
For explanations of rock units see fi gure 3. Star: shows fault plane observation point. c) Oblique slip normal fault plane at the 
basin edge measured in Tertiary-aged granitoids (Taken from Kürçer, 2006) (view to the south).

As a result, a signifi cant amount of the 4,7±0,3 km 
geological offset measured in the Late Oligocene-
Early Miocene Hallaçlar formation south of Yenice 
must be associated with the strike-slip normal faulting 

during basin development. In this situation, the age of 
the YGF may be assessed as being much younger than 
1,9 million years.
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Figure 25- Total geological offset of YGF in Yenice area.

8.  Discussion and Conclusions

In this paper, the properties of the 18 March 
1953 YGE surface rupture, active tectonics and 
palaeoseismologic characteristics of the YGF were 
assessed holistically.

The YGF is an earthquake segment with total length 
of 70 km comprising 6 fault sections with lengths 
varying from 5,5 to 19 km separated by releasing or 
restraining steps or bends (Figure 3 and 4).

Right-lateral displacements varying between 
1,70±0,1 m and 3,2±0,2 m were measured on the 
YGE surface rupture, with the largest displacement 
of 3,2±0,2 m measured southeast of Çakır village 
(Figure 12). The displacement amounts show relative 
reductions in the NE and SW directions, showing 
the rupture during the 1953 earthquake began NE of 

Yenice (between Çakır and Karaköy) and generally 
progressed in both directions toward the NE and partly 
toward the SW. Total displacement of between 18±2 
m and 24±2 m measured in the Holocene drainage 
system is morphotectonic evidence that the YGF 
produced earthquakes resulting in surface rupture at 
least six times during the Holocene.

According to paleoseismology studies on the 
Çakır fault section of the YGE segment, 6 earthquakes 
resulting in surface rupture were identifi ed on the YGF 
in the last 6200 years including the 1953 earthquake. 
These earthquakes were dated with radiometric 
methods (14C and OSL) (Figure 22).

As a result of assessing the trenches together, the 
earthquake (Earthquake 2) before the 1953 earthquake 
was determined to have occurred between 330 BC 
and 190 AD and was correlated with the 160 AD 
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earthquake. In historical earthquake catalogues, there 
is no historical earthquake data that can be compared 
with some of the earthquakes (Earthquakes 3, 4, 5 and 
6) identifi ed and dated in this study. Additionally, there 
is archaeological evidence that ancient Troy, located 
west of the study area and dated to 3000 BC to 400 
AD, was destroyed or damaged by ancient earthquakes 
(Rose, 1994 and 1996). Kürçer et al. (2012) found 
traces of ancient earthquakes in the remains from 
layers 3 and 6 in Troy. On an izoseist map for the 
1953 YGE (Kalafat et al., 2007), it appears the area 
around Troy was affected by MSK=VIII (see fi gure 23 
in Kürçer et al., 2012). Earthquakes 3 and 4 identifi ed 
in this study may be assessed as the earthquakes 
destroying Troy layers 3 and 6 in Troy. Earthquake 3 
is proposed to date to 1275 BC, the fi nal date for Troy 
layer 6 (1800-1275 BC), and Earthquake 4 is proposed 
to date to 2050 BC, the fi nal date for Troy layer 3. 
There is no historical earthquake or archaeological 
information found for comparison with Earthquakes 5 
and 6. The predicted date for Earthquake 5 is between 
3250 and 3650 BC. For Earthquake 6, the period from 
3640 to 4260 BC is proposed.

According to palaeoseismology studies in Kürçer 
(2006) and Kürçer et al. (2008) with data obtained 
from three earthquakes including the 1953 earthquake, 
the averagely earthquake recurrence interval for the 
YGF is proposed as 660±160 years. According to 
the earthquake dates obtained in this study, the YGF 
has a variable and irregular earthquake recurrence 
interval from 505 years to 1793 years. Accordingly, 
the averagely earthquake recurrence interval for the 
YGF is proposed as 1180 years.

The temporal and spatial proximity of some 
earthquakes identifi ed in this study (Earthquake 1 
and 2) with earthquakes occurring in the instrumental 
and historical periods in the region is noteworthy 
(see fi gure 2). This data point out that historical 
and instrumental earthquakes occurring on active 
faults in the region may be caused stress transfer to 
neighbouring fault segments.

In this paper, the total offset and annual slip rate 
for the YGF was calculated for the last 300,000 years 
(Late Quaternary-present). Data illustrating the total 
offset of the YGF since the Late Quaternary comes 
from Gönen River. According to erosion and deposition 
rates, Kazancı et al. (2014) stated the incision times 
for large valleys in the Southern Marmara region did 
not extend beyond 300,000 years. Selim et al. (2013) 
proposed the Gönen River was cut by the YGF and 

offset by a total of 5,5 km. However, the fault location 
stated for the YGF in this study (see fi gure 5 in Selim 
et al., 2013) is very different to the location known in 
the literature and adopted in this study. Considering 
the excavation times for large rivers in the Southern 
Marmara region do not extend beyond 300.000 years 
(Kazancı et al., 2014), for the YGF to cause a total of 
5,5 km offset on the Gönen River, the annual slip rate 
on the fault must be 18 mm which does not comply 
with regional geology, and active fault and geodesy 
studies. In this study the total displacement amount on 
Gönen River west of Gönen was measured as 800±50 
m (Figure 23). Calculations using the incision time of 
Gönen River (300.000 years) and total displacement 
amount (800 ±50 m) found the annual slip rate on the 
YGF was 2,65±0,15 mm/year. This value complies 
with previous studies and regional GPS studies. 
Current GPS studies show the total annual right-lateral 
slip rate on NE-SW striking active faults located in 
the Southern Marmara region is 6-8 mm (Meade et 
al., 2002; Kreemer et al., 2004). Emre et al. (2012) 
stated that this value must be shared between the 
Yenice-Gönen, Sarıköy and Çan-Biga fault zones. In 
this situation, after the YGF, the remaining amount of 
the 6-8 mm/year slip rate calculated from GPS studies 
is considered to be shared by other active right-lateral 
strike-slip faults within the Biga Peninsula led by the 
Sarıköy and Çan-Biga fault zones. 

The geological offset of the YGF was determined 
as 4,7±0,3 km in the Late Oligocene-Early Miocene 
Hallaçlar formation near Yenice (Figure 25). When the 
annual slip rate (2,65±0,15 mm) and 4,7 km geological 
offset are assessed together, the formation age of the 
YGF is predicted as 1,9 million years. However, the 
Yenice Basin began as a half-graben shaped by an 
oblique-slip normal fault. As a result, a signifi cant 
portion of the 4,7 km geological offset measured in the 
Late Oligocene-Early Miocene Hallaçlar formation 
may be associated with oblique-slip normal faulting 
during basin development. In this situation, the age of 
the YGF may be assessed as much younger than 1,9 
million years.
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ABSTRACT

Instrumental and historical earthquake catalogues have to be examined and evaluated to understand 
the long-term seismic behaviour of active faults. Although the instrumental records have been 
determined from the national and international observatories, the historical seismic catalogues 
are very limited in Turkey. For the reason, we aimed to compile paleoseismological trench studies 
carried out before 2012 in the areas of onshore and offshore sections of Turkey. In terms of a Turkey 
Paleoseismological Project (TURKPAP) posted by General Directorate of Mineral Research and 
Exploration (MTA) in the 2012 year, a number of paleoseismological investigations have been 
initiated and documented for archiving at a standardized data layout. In this study, we compiled all 
paleoseismological trench surveys with the defi nite dates of past strong seismic events occurred in 
Turkey before that date. By using this compilation, not only the historical earthquakes but also many 
paleoseismologic parameters of the studies have been listed clearly.

Citation Info: Gürboğa, Ş., Gökçe, O. 2019. Paleoseismological catalog of Pre-2012 trench studies on the active faults in Turkey. Bulletin of 
Mineral Research and Exploration, 159, 63-87. http: //dx.doi.org/10.19111/bulletinofmre.561925

1.  Introduction 

The areas, experienced strong seismic events, 
have been the target for paleoseismological studies. 
In this manner, historical earthquakes could be 
determined. It could allow us to obtain detailed 
data about spatial and temporal attitudes of active 
faults, and assessment of paleo-earthquake records. 
The catalogues of destructive earthquakes in the 
European Archive of Historical Earthquake Data 
(AHEAD) system are updated continuously. But 
this system is not going to solve the problem of 
lack of proper historical catalogue in Turkey. For 
this reason, Turkey needs a historical earthquake 
archive. Without information about the past seismic 
events sourced from active faults, it is impossible to 
achieve assessment and planning the hazard and risk 
studies. In this paper, all paleoseismological trench 
surveys compiled in Turkey to be the foundation 

for future studies. All studies completed up to 2012 
years were examined regarding the national boundary 
of Turkey that has paleoseismological data on land, 
sea and lake studies including defi nite dating results 
about the past seismological events.  After 2012, a 
systematic catalogue started to organize in the content 
of paleoseismology project (TURKPAP) prepared 
by General Directorate of Mineral Research and 
Exploration.Because of that, the investigations in the 
content of TURKPAP and the other papers have not 
been included in this catalogue.   

In this paper, we exploited and compiled all 
paleoseismological trench studies that discovered and 
confi rmed the presence of historical and pre-historical 
earthquakes. Only the defi nite trench locations were 
issued in this catalogue. Geographically unknown 
locations could not be included. All used data have 
been collected, selected, listed and inserted into 
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a new paleoseismological catalogue of Turkey. 
Another focus of our work is the development of long 
earthquake records that are critical for determining the 
distribution of earthquake recurrence intervals along 
the active faults. Electronic supplementary material 
in this paper gives a chance to readers for comparing 
the recurrence interval and source of devastating 
earthquakes.

2.  Active Faults in Turkey

Turkey has very complex tectonic features 
because of the Arabian, African and Eurasian plate 
motions. This situation creates a number of single 
active faults and fault systems. They generated 
devastating earthquakes in the past, and are capable 
to produce many of them in the future. Taking their 
various characteristics and locations into account, we 
grouped them to represent their paleoseismological 
outcomes. They are handled in the given order; 
1) North Anatolian Fault System; 2) East Anatolian 
Fault System; 3) Horst-graben system in western 
Anatolia, 4) Central Anatolia, and 5) A part of Dead 
Sea Fault System inside the border of Turkey.  

North Anatolian Fault System (NAFS) is the 
subject of several studies to understand the long-term 
behaviour of its different segments. In fact, it is one 

of the most active strike-slip structures in the world 
comprising the plate boundary between Eurasia and 
Anatolia. The NAFS is a 1500 km long right-lateral 
strike-slip fault system running convex to the Black 
Sea coast. It is located between Karlıova in the east 
and the Aegean Sea in the west (Figure 1). Most of 
the paleoseismologic studies were performed along 
the NAFS in Turkey. Some of the events occurred 
in adjacent segments could be correlated with each 
other.  Because different recurrence intervals for 
the same segments have been suggested owing to 
suspicious dating results. It is not surprising outcomes 
regarding the various characteristics of each segment. 
This catalogue provides the comparison of previous 
earthquakes dated by paleoseismological researches. 

Another important megastructure in Turkey is 
the East Anatolian Fault System (EAFS). It is the 
580 km long and NE-SW-trending sinistral zone 
of deformation located between Karlıova in the NE 
and Antakya in the southwest (Arpat and Şaroğlu, 
1972; Lovelock, 1984; Şaroğlu et al., 1992; Şengör 
et al., 1985) (Figure 1). The last known devastating 
earthquakes sourced from the EAFS are the 1874 
Lake Hazar and the 1971 Bingöl earthquakes that 
created surface ruptures (Jackson and McKenzie, 
1984; Ambraseys and Jackson, 1998). Thus, all the 
geological studies in literature evidently indicate the 

Figure 1- Active fault map of Turkey. Different coloured circles represent the locations of paleoseismological trench surveys on land (blue) and 
core surveys on lake-marine (red). Active faults are compiled from Emre et al., 2013 and 2018.



65

 Bull. Min. Res. Exp. (2019) 159: 63-87

activeness of EAFS. Even if the historical seismicity 
and fi eld observation indicate the high activeness of 
the EAFS, its seismicity is relatively lower than the 
NAFS. For this quiescence, the EAFS may be locked 
and accumulating the energy (Dewey et al., 1986; 
Yönlü et al., 2017). Therewithal, paleoseismological 
trench surveys are very limited along the EAFS (Yönlü 
et al., 2017). We added the paleoseismological studies 
along both the DSFS and the EAFS in this paper.

Horst-graben system in western Anatolia is very 
famous active continental extensional province 
in the world. Margin-boundary active faults have 
created moderate to large earthquakes recently (Tan 
et al., 2008). In terms of paleoseismological studies 
carried out along these active normal faults, reliable 
conclusions were obtained.

All the NAFS, EAFS, and the western and central 
Anatolian graben-horst systems were taken into 
account to classify the trench studies along the active 
faults. In each research, different active fault maps and 
references have been used to defi ne fault segments, 
thus, more than one names came up for the same fault 
and segment. To produce uniformity, active fault map 
prepared by Emre et al. (2013 and 2018) are used as a 
base map in this paper (Figure 1). The term segment 
preferred by authors of this manuscript means that 
it is a section of a single fault separated from the 
adjacent fault parts by the intervening variations such 
as bending, bifurcation, and jumping. Moreover, main 
attributes of this catalogue are seen in table 1.    

2.1. Paleoseismological Studies Along The North 
Anatolian Fault System

The total length of the NAFS was examined under 
three parts (Figure 2). These are the eastern_NAFS 
(Figure 3 and table 2), the central NAFS (Figure 4 and 
table 3), and the western_NAFS (Figure 5 and table 4). 
The locations of the paleoseismological trenches are 
illustrated from the east towards the west regarding 
the segments in the relevant tables. 

Paleoseismology studies the core samples to 
provide reliable dating results. The water-saturated 

core sediments make materials suitable for radiocarbon 
dating. Both the marine and lacustrine core samples 
were taken from Sea of Marmara and small lakes 
along the NAFS and they produced a well correlated 
data. As the attributes are listed in table 5, their results 
are given in the red circles in fi gures 1, 2.    

2.2. Paleoseismological Studies Along the East 
Anatolian Fault System

There is no common agreement on the segmentation 
of the EAFS as is those on the NAFS. The number 
of segments varies between 2 and 14 according to 
different authors (Barka and Kadinsky-Cade, 1988; 
Perinçek and Çemen, 1990; Şaroğlu et al., 1992;  
Hempton and Dewey 1981; Muehlberger and Gordon 
1987; Westaway, 1994; Duman and Emre, 2013; 
Yönlü et al., 2017). To be consistent, the segmentation 
prepared by Emre et al., (2013 and 2018) is on this 
catalogue. Red and blue circles defi ne the offshore 
and onshore paleoseismological surveys, respectively 
(Figure 6 and table 6-7). 

2.3. Paleoseismological Studies on the Central 
Anatolia

Paleoseismological investigations are very limited 
in Central Anatolia. Only one trenching was performed 
along the Lake Salt Fault Zone by Kürçer (2012). The 
locations and results are in fi gure 7 and table 8. 

2.4. Paleoseismological Studies on the Area of Horst-
Graben System in Western Anatolia 

Western Turkey is one of the most important 
areas experiencing the intracontinental extension in 
the world. The extensional regime yields a number 
of horst-graben structures bounded by the normal 
faults. The recent earthquake activity indicates the 
earthquake potential of the area (Tan et al., 2008; 
Kalafat et al., 2011; Kadirioğlu et al., 2018). Even 
though paleoseismological researches are more 
important for such seismically active areas, we have 
23 studies with radiometric dating results (Figure 8 
and table 9).
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Figure 3- The map shows the east NAFS (Emre et al., 2013 and 2018), and trench locations on the digital elevation model. 
Their attributes are in table 2. The colouring makes a distinction among fault segmentations.

Figure 4- The map shows the central NAFS (Emre et al., 2013 and 2018) and the trench locations on the digital elevation 
model. The attributes are in table 3. The colouring makes a distinction among fault segmentations.
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Figure 6- Paleoseismological trench (blue) and an offshore core sample from lake sediments (red) points along the EAFS. Their attributes are 
in tables 6 and 7.  Colouring makes a distinction among fault segmentations.

Table 6- The paleoseismological catalogue of onshore core samples along the EAFS.

No Name_
of_F

Name_
of_S

Name_
of_Tr

Code_
T Lon Lat Event

_T

Eq_
date_
min

Eq_
date_
max

Corr Rptr
_L

Rptr
_M

Slip
_R

Rec_
Int

Last_
rup Ref

w42

EAFS Pötürge- 
Palu

Hazar 
lake Ha1 39,395

56
38,48
198 8

1874

300
Hubert_
Ferrari et 
al., 2005

w43 1789

w44 1513

w45 1284

w46 995

w47 602

w48 440 1

w49 -650 -300
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Figure 7- The map shows paleoseismological trench locations along active faults (Emre et al., 2013 and 2018) in central Anatolia. The attributes 
are in table 8. Colouring is for fault segmentation.

Table 8- The list of attributes for paleoseismological catalogue of the central Turkey.

No Name_
of_F

Name_
of_S

Name_
of_Tr

Code
_T Lon Lat Event

_T

Eq_
date_
min

Eq_
date_
max

Corr Rptr
_L

Rptr
_M

Slip
_R

Rec_
Int

Last_
rup Ref

219

Tuz 
Gölü

Acıpınar

Tuzgölü Ac1 33,64574 38,78449 4

-2130 -1660

0,05

Kürçer et 
al., 2011

220 -9630 -4940

221 -21980 -16580

222 -32590 -25410

223

Altınkaya Ac2 33,76614 38,63866 3

-7190 -1990

0,05224 -11310 -7190

225 -24540 -16010

226

Helvadere

Duru He1 34,1696 38,23969 3

-1360 1950

0,03 4664227 -10550 -3600

228 -27640 -14710

229 Bağlar-
kayası He2 34,17942 38,23503 2

-3710 -580
0,03 4664 Kürçer et 

al., 2011230 -8460 -7700
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Figure 9-  The chart shows comparison of the historical earthquakes from trenches in the central part of the NAFS. Red lines are the boundary 
of segments. The 1688 earthquake is an example for the problematic situations occurred along the central NAFS.

3.  Discussion 

In agreement with historical and instrumental 
information, all previous researches confi rm that 
NAFS reactivated during destructive earthquakes in 
the past centuries (Tan et al., 2008; Kalafat et al., 2011; 
Kadirioğlu et al., 2018). For this reason, we focused on 
the NAFS and analyzed its seismic activity segment 
by segment for the fi rst usage of this catalogue. As 
is known from literature (Barka and KadinskyCade, 
1988; Crone and Hailer, 1991; Knuepfer et al., 1989; 
Wheeler, 1987; dePolo et al., 1989; Crone and Hailer, 
1991), the seismic and geometric segments of faults 
are still under discussion.

If any geometric segment or some part of it 
reactivates and creates a noteworthy earthquake, it 
is called a seismic segment. Such description creates 
some hesitations about the existence of huge past 
events on different segments. Similar controversial 
segmentations are present along the NAFS for 
destructive earthquakes. For this reason, we use the 
geometric segmentation suggested by Emre et al. 
(2013 and 2018) in our paper. Thus, the compilation 

of earthquakes and their usage in catalogues are very 
effi cient for the scientifi c applications. Radiocarbon 
dating results from the palaeoseismological researches 
may not allow accessing a reliable data about certain 
strong earthquake all the time. However, most of them 
could be achieved by systematic trenching along the 
active faults, and the results enable to reach the certain 
data in this way. For instance, the 1688 earthquake was 
a very destructive event. It was identifi ed and dated by 
the researchers along the NAFS. But the question is 
that which segments were reactivated. The catalogue 
evaluation could help us to answer of the question. 
The Erbaa, Destek, Ilgaz and Gerede segments are the 
sources of the 1688 earthquake according to previous 
works. On the other hand, the trenches along the Havza 
and Kamil segments located between Destek and Ilgaz 
do not record the 1688 earthquake (Figure 9). In this 
frame, were there two events happened along the 
different segments in 1688 or the 1688 event could 
not be determined along Destek and Ilgaz segments? 
Obviously, this catalogue will provide important data 
when it is necessary to make such a discussion and try 
to solve them in scientifi c ways.
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4. Conclusion

Totally 250 events obtained from the trenches on 
land, and 49 offshore data sets from core samples 
evaluated in paleoseismological studies published 
in both the national and international publications 
before 2012 were used for this catalogue. Only the 
studies that have defi nite locations, dating results 
and recurrence intervals are in it. The locations of all 
trenches are in the format of WGS84 system regarding 
given coordinate information in the source papers.

Excluding some parts of the NAFS, 
paleoseismological studies are scarce, locations of 
trenches and recurrence intervals in some researches 
are not clear along the active faults. Although some 
missing information is present in this catalogue due 
to the incomplete data in references, it is the fi rst 
compiled catalogue including paleoseismological 
results covering whole Turkey. We believe that this 
compilation is to be very helpful for the researchers 
who would like to apply more paleoseismological 
works or seismic risk analyses.          

Comparison results of trench studies along the 
NAFS, EASF, Western Turkey, and central Anatolia 
indicate that paleoseismological researches are very 
limited in central Anatolia (Tan et al., 2008). This 
is associated to very long recurrence interval of 
earthquakes in this area. If the trenching surveys are 
being increased in the future, this evaluation will come 
closer to the truth. The other comparison between 
segments and destructive earthquakes is done by using 
the Electronic Supplementary Material in this paper.
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ABSTRACT

In this study, the genus Alveolina D’ Orbigny, 1826 and its Alveolina (Alveolina) D’ Orbigny, 1826 and 
Alveolina (Glomalveolina) Hottinger, 1960 subgenera were re-examined and identifi ed. Systematics of 
the subgenera Alveolina (Alveolina)=Alv. (Alv.) and Alveolina (Glomalveolina)=Alv.(Glomalv.) have 
also been reviewed and revised. Alv. (Glomalv.) is considered as a subgenus, not a genus (?). Because, 
all the generic features of microspheric generations (fB) of these two subgenera are identical. Thus, 
Alveolina D’ Orbigny, 1826 and Glomalveolina Hottinger, 1960 cannot be used as if they were two 
different genera (?). Otherwise Glomalveolina would be the synonym of Alveolina in “Systematic 
Paleontology” chapter. Therefore, Alv. (Alv.) and Alv. (Glomalv.) are both subgenusses, and the 
structural difference between these subgenera is observed seen in their megalospheric generations 
(fA). Besides, description of the genus (?) Glomalveolina has never been made in any of the studies in 
which Glomalveolina is referred as genus (?). However, the subgenus Alv. (Glomalv.) has incorrectly 
been used by many authors as “genus (?) Glomalveolina Hottinger, 1960 or 1962”.
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1.  Introduction

Reichel (1937, p.80) examined Thanetian 
aged, small sized, spherical or subspherical shaped 
alveolinids, and realised that nepionic stage (just after 
the protoconch) of megalospheric generations (fA) 
of these alveolinids had triloculine chambers in one 
or two planes, and these chambers were followed by 
biloculine chambers. It especially differs, with the 
presence of triloculine chambers, from nepionic stage 
of the megalospheric generations (fA) of the genus 
Alveolina D’ Orbigny (1826). Because, nepionic 
stage (just after the protoconch) of megalospheric 
generation (fA) of the genus Alveolina has only 
biloculine chambers. Therefore, Reichel (1937, p.80) 
proposed a new subgenus in order to indicate this 
difference (the presence of triloculine chambers in one 
or two planes) and named as “s.gen. Glomalveolina 

nom.nov.”. However, Reichel (1937) is not the author 
of the subgenus “s.gen. Glomalveolina nom.nov.”. 
Because, Reichel (1937, p.80) in that paper, described 
a new alveolinid species as “Alveolina primaeva n.sp” 
but not as “s.gen. Glomalveolina primaeva n.sp.”. 
Therefore, Reichel (1937, p.80) is the fi rst author who 
proposed the subgenus Glomalveolina or he can be 
considered as the author who has only the rights of the 
name of the subgenus Glomalveolina. The subgenus 
Alveolina (Glomalveolina)=Glomalveolina s.str.=Alv.
(Glomalv.) Hottinger, 1960 was fi rst described and 
its systematics was done by Hottinger (1960, p.26, 
52) in his PhD thesis, hence he is the author of the 
subgenus Alv. (Glomalv.) and its year of publication is 
1960 (Figure 1). Cover page of Hottinger’s PhD thesis 
is given below for settling the controversies on the 
year of the publication of the subgenus Alv.(Glomalv.) 
(Figure 1). The year 1960 is clearly observed on the 
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original cover page of the PhD (Figure 1). So, the year 
of publication of the subgenus Alv.(Glomalv.) is not 
1962 (Figure 1). On the other hand, Hottinger has no 
single author paper in 1962! Glomalveolina s.str. (in the 
strict sense) means the subgenus Glomalveolina (Prof. 
Dr. Kuniteru Matsumaru, personal communication; 
Acar, 1995, p.11).

Many scientists including Hottinger, used the 
name “subgenus Alveolina (Glomalveolina) Hottinger, 
1960” as “Hottinger, 1960” by referring Hottinger’s 
PhD thesis (Figure 1) (Loeblich and Tappan, 1964; 
Sirel, 1972, 1975, 1976, 1986, 1998, 1999; Hottinger, 
1974; Sirel and Gündüz, 1976; Sirel et al, 1983, 1986; 
Drobne, 1977; Rahaghi, 1978, 1983; Sartorio and 
Venturini, 1988; Acar, 1995).

The subgenus Alv.(Glomalv.) was widely used as 
a subgenus between the years 1958-1998 (Hottinger, 
1958, p. 447, fi g. 6f; 1960, p. 26, 52, Pl. 1, fi gs. 1-33; 
Pl. 2, fi gs. 9, 25; 1974, p. 34, fi g. 17; Pl. 31, fi gs. 1-9; 
Pl. 32, fi gs. 1-13; Loeblich and Tappan, 1964, p. C504, 
fi g. 391, C509; Sirel, 1972, p. 278, Pl. I, fi g. 3; 1975, p. 
181; 1976, p. 90, fi g. 2, Pl. I, p. 1-18; 1986, p. 154, fi gs. 
2, 7; 1998, p. 63, Pl. 28, fi g. 11; Pl. 29, fi gs. 1-13; Pl. 
30, fi gs. 1-13; Pl. 31, fi gs. 6-12; 1999, fi gs. 2, 5; Sirel 
and Gündüz, 1976, Pl. XIV, fi g. 6); Sirel et al, 1983, 
p. 151, Pl III, fi gs. 5-7; Drobne, 1977, p. 13, fi gs. 1a-e, 
fi g. 2e, fi gs. 3f-i, fi gs. 4k-n, fi gs. 5o,p; Rahaghi, 1978, 
p. 43, Pl. 6, fi gs. 1-10; 1983, p. 49, Pl. 21, fi gs. 1-3,10; 
Sartorio and Venturini, 1988, p. 158; White 1992, p. 
54, Table 1; Acar, 1995, p. 16, Pl. 1, fi gs. 1-11; Pl. 2, 
fi gs. 1-6; Pl. 3, fi gs. 1-9).

However, the subgenus Alv.(Glomalv.) has been 
used as a genus (?) since 1998 by some paleontologists 
including Hottinger (Loeblich and Tappan, 1987, p. 
361, 363, Pl. 372, fi g. 2; Pl. 376, fi gs. 6, 7;   Hottinger, 
1999, p. 388; 2006, p. 96, fi g. 57; 2009,  p. 7, 9; Bassi 
and Broglio, 1999, p. 232; Özcan et al, 2001, p. 339; 
2010, p. 34, p. 46, fi g. 19, p. 47, fi g. 20; Çolakoğlu and 
Özcan, 2003; Sirel, 2004, p. 27, Pl. 27, fi gs. 5-12; Pl. 
28, fi gs. 1-13; 2009, p. 420; 2010, p. 8, fi gs. 7; Özgen-
Erdem et al, 2005, p. 403; Özgen-Erdem, 2008,  p. 69, 
fi g. 3; Sirel and Acar, 2008, p. 4,  Pl. 1, fi gs. 1-8, Pl. 2, 
fi gs. 1-13, Pl. 3, fi gs. 1-16, Pl. 4, fi gs. 1-16; Pignatti et 
al, 2008, Pl. 5, fi g. 5, Pl., 7, fi gs. 8a–b; BougDagher-
Fadel, 2008, p. 307; Scheibner and Speijer, 2009, p. 
210, fi gs. 11A-F; İbrahimpasic, 2012, p. 32,33).

Remarks: This critical note is on the systematics of 
the alveolinids in the book about alveolinids written 
by Sirel and Acar (2008, p.4). Glomalveolina is 

referred as a genus in the book. This is the viewpoint 
of fi rst author (Sirel). Second author (Acar) disagrees 
with this idea. The second author accepts Alveolina 
(Glomalveolina) as a subgenus. 

There has been a confusion in systematic 
paleontology about Paleocene and Eocene 
glomalveolinids  for  20 years (1998-2018). This 
paper is prepared in order to clarify this subject. Alv.
(Glomalv.) is a subgenus, defi nitely not the genus 
“Glomalveolina”. Because anybody has not made 
the description of the genus (?) “Glomalveolina” in 
any place up until today. Therefore, at fi rst, well-
known description of the genus Alveolina D’ Orbigny 
(1826) which these two subgenus are linked to, 
is was made here in made and then the subgenera 
Alveolina (Alveolina) = Alveolina s.str.=Alv.(Alv.) 
D’Orbigny 1826 and Alv.(Glomalv.) Hottinger, 1960 
were redescribed. Alv.(Alv.) and Alv.(Glomalv.) are 
both subgenusses. Because, generic features of 
microspheric generations (fB) of these two subgenera 
are all the same. In that case, “Alveolina D’ Orbigny, 
1826” and “Glomalveolina Hottinger, 1960/1962” 
whose microspheric forms (fB) are identical in 
generic characteristics, can’t be two different genera. 
The genus Alveolina D’ Orbigny, 1826 has been 
described earlier. In this case, Glomalveolina would 
be a synonym of Alveolina. Because of this reason, 
Glomalveolina can never be used as a separate genus. 
Therefore, Alv.(Alv.) and Alv.(Glomalv.) are both 
subgenusses. and the structural difference between 
them can only be observed in their megalospheric 
forms (fA). This structural difference could only be 
shown as “subgenus” in systematic paleontology (Figs. 
2-4) (Hottinger, 1960, p.26, 52, 63). As it is observed, 
when determining alveolinid genera or species, axial 
sections of megalospheric (fA) individuals should be 
taken into consideration. Because, axial sections of 
alveolinids are more characteristic. While describing 
species/subspecies, new species or new subspecies 
especially from a smaller, spherical, subspherical or 
ovoid shaped Alv.(Alv.) or Alv.(Glomalv.), sections 
must be axial and magnifi cation must be X40. Besides, 
microspheric (fB) forms should also be described.

2. Systematics and Generic Features of the Genus 
Alveolina D’Orbigny, 1826 

In systematic paleontology (Loeblich and Tappan, 
1964 and Acar, 1995) are followed.

Phylum: Protozoa GOLDFUSS, 1817,
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Subphylum: Sarcodina SCHAMARDA, 1871,

Class: Rhizopodea von SIEBOLD, 1845,

Order: Foraminiferida EICHWALD, 1830,  

Suborder: Miliolina DELAGE AND HÉROUARD, 
1896,

Super Family: Alveolinacea/Miliolacea 
EHRENBERG, 1839, 

Family: Alveolinidae EHRENBERG, 1839,

Genus: Alveolina D’ORBIGNY, 1826,

Type Species: Oryzaria boscii DEFRANCE in 
BRONN, 1825.

1st Subgenus: Alveolina(Alveolina) D’ORBIGNY, 
1826,

1st Type Species: Oryzaria boscii DEFRANCE in 
BRONN, 1825,

2nd Subgenus: Alveolina (Glomalveolina) 
HOTTINGER, 1960,

2nd Type Species: Alveolina dachelensis 
SCHWAGER, 1883.

Genus: Alveolina D’Orbigny, 1826

Generic features: D’Orbigny (1826) fi rst described 
the genus Alveolina in 1826. Reichel (1931, p.234; 
fi gure 1) explained the structural features of the genus 

Figure 1- Cover page of Lucas Hottinger’s (1960) PhD thesis (original publication).
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Alveolina through fi gures. Some important studies 
on the structural elements of the genus Alveolina has 
been conducted later on (Reichel, 1937, p.7, fi gure 1; 
Hottinger, 1960, p.26, fi gure 9; Hottinger, 1974, p.22, 
fi gs. 10A-C). Generic features of the genus Alveolina 
are as follows:

1- Preseptal and postseptal canals are present 
(Figure 2) (Reichel, 1931, p. 294, fi g. 1; 1937, p. 7, 
fi g. 1; Hottinger, 1960, p. 26, fi g. 9; 1974, p. 22, 34, 
fi gs. 10A-C; Loeblich and Tappan, 1964, C 506; Acar, 
1995, p. 28, fi g. 7, Pl. 38, fi gs. 1-3).

2- Aperture is consisting of two row of openings 
which are alternating in position. These apertures 
include main apertures located between septula and 
secondary apertures located at the base of septula or 
on the axis of septula (Reichel, 1931, p. 294, fi g. 1; 
1937, p. 7, fi g. 1; Hottinger, 1960, p. 26, fi g. 9; 1974, 
p. 22, 34, fi gs. 10A-C; Loeblich and Tappan, 1964, C 
506; Acar, 1995, p. 28, fi g. 7, Pl. 38, fi gs. 1-3).

3- Both the septula and the chamberlets are 
alternating in position (Reichel, 1931, p. 294, fi g. 1; 
1937, p. 7, fi g. 1; Hottinger, 1960, p. 26, fi g. 9; 1974, 
p. 22, 34, fi gs. 10A-C; Loeblich and Tappan, 1964, 
C 506; Acar, 1995, p. 28, fi g. 7, Pl. 38, fi gs. 1-3). 
Dimorphism in the genus Alveolina is distinct.

Quinqueloculine, triloculine and biloculine 
chambers which follow very small spherical 
protoconch, are present in the axial sections of 
microspheric (fB) individuals. These biloculine 
chambers are subdivided into chamberlets by 
alternating septula (Hottinger, 1960, p. 26, fi g. 9; 
Loeblich and Tappan, 1964, C 506; Acar, 1995, p. 28, 
fi g. 7).

Biloculine chambers which follow the large 
protoconch, are present in the axial section of 
megalospheric (fA) individuals and these biloculine 
chambers are subdivided into chamberlets by 
alternating septula (Hottinger, 1960, p. 26, fi g. 9; 

Figure 2- Equatorial sections of megalospheric and microspheric individuals of the subgenera Alveolina (Glomalveolina) Hottinger, 1960 and 
Alveolina (Alveolina) d’Orbigny, 1826, (Modifi ed after Hottinger, 1960, p.26, fi gure 9). 

Figure 3- Systematics of the subgenus Alveolina (Alveolina) d’Orbigny, 1826 in the original publication (Hottinger, 1960, p.63).

Figure 4- Systematics of the subgenus Alveolina (Glomalveolina) Hottinger, 1960 in the original publication (Hottinger, 1960, p.52).
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Loeblich and Tappan, 1964, C 506; Acar, 1995, p. 28, 
fi g. 7).

2.1. Systematics and Features of the Subgenus 
Alveolina (Alveolina) D’Orbigny, 1826

Family: Alveolinidae EHRENBERG, 1839,

Genus: Alveolina D’ORBIGNY, 1826,

Type Species: Oryzaria boscii DEFRANCE in 
BRONN, 1825,

1st Subgenus: Alveolina(Alveolina ) D’ORBIGNY, 
1826 

1st Type Species: Oryzaria boscii DEFRANCE in 
BRONN, 1825. 

1st Subgenus: Alveolina(Alveolina ) D’Orbigny, 
1826

Features of the subgenus: Features (canal 
structures, apertural openings, positions of septula) of 
the subgenus Alv. (Alv.) are completely same as in the 
genus Alveolina (Figures 2, 3) (Hottinger, 1960, p. 26, 
fi g. 9, p. 63; Loeblich and Tappan, 1964, C 506; White 
1992, p. 63; Acar, 1995, p. 28, fi g. 7; 1996, p. 15).

Undivided quinqueloculine and triloculine 
chambers with biloculine chambers which follow 
spherical protoconch, are observed in the axial sections 
of microspheric (fB) specimens. These biloculine 
chambers are also subdivided into chamberlets by 
alternating septula (Figure 2) (Hottinger, 1960, p. 26, 
fi g. 9; Loeblich and Tappan, 1964, C 506; Acar, 1995, 
p. 28, fi g. 7; 1996, p. 15).

Divided biloculine chambers are observed just 
after a large protoconch in the axial sections of 
megalospheric (fA) specimens. These biloculine 
chambers are also subdivided into chamberlets by 
alternating septula (Figure 2) (Hottinger, 1960, p. 26, 
fi g. 9; Loeblich and Tappan, 1964, C 506; Acar, 1995, 
p. 28, fi g. 7; 1996, p. 15).

2.2. Systematics and Features of the Subgenus 
Alveolina (Glomalveolina) Hottinger, 1960 

Family: Alveolinidae EHRENBERG, 1839,

Genus: Alveolina D’ORBIGNY, 1826, 

Type Species: Oryzaria boscii DEFRANCE in 
BRONN, 1825,

2nd Subgenus: Alveolina(Glomalveolina) 
HOTTINGER, 1960,

2ndType Species: Alveolina dachelensis 
SCHWAGER, 1883.    

2nd Subgenus: Alveolina (Glomalveolina) Hottinger, 
1960,

Features of the subgenus: Hottinger (1960, p.52) 
explained systematics and the features of the subgenus 
Alveolina (Glomalveolina) in his PhD (Figures 1, 
2). The coiling patterns succeeding protoconch, 
canal structures, apertural openings and positions 
of septula in microspheric (fB) forms (which means 
all the features) of the subgenus Alv. (Glomalv.) are 
completely same as in the genus Alveolina so in the 
microspheric (fB) forms of the subgenus Alv. (Alv.) 
(Figures 2, 4) (Hottinger, 1960, p. 26, fi g. 9, p. 63, 
Pl.1, fi gs. 1-33; Loeblich and Tappan, 1964, C 506; 
Drobne, 1977, p. 14, fi gs. 1-5; Sirel et al, 1983, Pl. 
III, fi gs. 5-7; White 1992, p. 54, Table 1; Acar, 1995, 
p. 28, fi g. 7, Pl. 1, fi gs. 1-11, Pl. 2, fi gs. 1-6, Pl. 3, 
fi gs. 1-9). There is no structural difference between 
microspheric (fB) forms of these two subgenera.

Structural features of the megalospheric (fA) 
specimens are different in each subgenus (Figures 2) 
(Hottinger, 1960, p. 26, fi g. 9; Loeblich and Tappan, 
1964, C 506; Drobne, 1977, p. 14, fi gs. 1a, 1d, fi gs. 
4k, l; Acar, 1995, p. 28, fi g. 7). For instance, in the 
axial sections of megalospheric (fA) specimens of 
the subgenus Alv. (Glomalv.), undivided triloculine 
chambers which come just after the protoconch, are 
followed by divided biloculine chambers (Hottinger, 
1960, Pl. 1, fi gs. 6, 7, 9, 12, 14, 16, 20, 23, 26, 29; 
Drobne, 1977, p. 14, fi gs. 1a, 1d, fi gs. 4k, l; Sirel et al, 
1983, Pl. III, fi gs. 6, 7; Acar, 1995, p. 16; Pl. 1, fi gs. 
2- 4, 7, Pl. 2, fi gs. 1, 3, 5, 6, Pl. 3, fi g. 3) 

In equatorial sections of megalospheric sections 
(fA) of the subgenus Alv. (Glomalv.); undivided 
triloculine chambers come just after the protoconch, 
these triloculine chambers are followed by septa of 
planispirally coiled whorls, canals and chambers 
before and after these septa, are also present (Figure 2) 
(Hottinger, 1960, p. 26, fi g. 9, Pl. 1, fi gs. 7, 10, 13, 25, 
28; Sirel et al, 1983, Pl. III, fi g. 5; Acar, 1995, p. 16).

These chambers which are formed by the septa 
of planispirally coiled whorls in equatorial sections; 
correspond to the biloculine chambers that are 
subdivided into chamberlets by septula in axial sections. 
Especially, the presence of undivided triloculine 
chambers found in both axial and equatorial sections 
of megalospheric (fA) specimens of the subgenus Alv. 
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(Glomalv.) is the structural difference of the subgenus 
Alv. (Glomalv.) (Figure 2) (Hottinger, 1960, p. 26, fi g. 
9; Loeblich and Tappan, 1964, C 506; Acar, 1995, p. 
16) (Figure 5). These triloculine chambers do not exist 
in the megalospheric (fA) specimens of the subgenus 
Alv. (Alv.).

2.3. Structural Difference Between The Subgenera 
Alveolina (Glomalveolina) Hottinger, 1960 And 
Alveolina (Alveolina) D’Orbigny, 1826

The presence of undivided triloculine chambers 
found in axial and equatorial (in one or two 
plans) sections of megalospheric (fA) specimens 
of the subgenus Alv. (Glomalv.) is an important 
structural difference of the subgenus Alv. (Glomalv.) 

Figure 5- Axial sections of megalospheric (fA) specimens of the subgenera Alv.(Glomalv.) Hottinger, 1960 
and Alv.(Alv.) d’Orbigny, 1826. 1, 2: Alv.(Glomalv.) primaeva (Reichel, 1937), early Thanetian, 
X40, (Acar, 1995, Pl. 1, fi gs. 3, 4). 1A, 2A: Enlarged photo of 1 and 2; protoconch, and the 
following undivided triloculine chambers and divided biloculine chambers are present in both 
fi gures. X75. 3: Alv.(Alv.) corbarica Hottinger, 1960, protoconch and the succeeding divided 
biloculine chambers are apparent, middle Ilerdian, X20, (Sirel and Acar, 2008, Pl. 38, fi g. 6). 
4: Alv.(Alv.) erki Acar, 1995, protoconch and the succeeding biloculine chambers which are 
subdivided into chamberlets are distinct, early Ilerdian, X40, (Acar, 1995, Pl. 3, fi g. 10 ).
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(Figure 2) (Hottinger, 1960, p. 26, fi g. 9; Loeblich 
and Tappan, 1964, C 506; Acar, 1995, p. 16) (Figure 
5). These triloculine chambers are not present in the 
megalospheric (fA) specimens of the subgenus Alv. 
(Alv.).

3.  Conclusions and Suggestions

A- Glomalveolina Hottinger (1960) is not a 
genus. Alv.(Alveolina) d’Orbigny, 1826 and Alv.
(Glomalveolina) Hottinger, 1960 are both subgenusses 
since all the generic features of their microspheric 
(fB) forms are the same (Figure 2) (Hottinger, 1960, 
p.26, fi g. 9). Structural difference between these two 
subgenera can only be observed in the megalospheric 
(fA) forms (Figure 2) (Reichel, 1937, p. 80; Hottinger, 
1960, p. 26, fi g. 9). This structural difference could only 
be shown as “subgenus” in systematic paleontology 
(Figures 2-4) (Hottinger, 1960, p. 52,63; Loeblich and 
Tappan, 1964, C 506). Because of the reason that all the 
generic features of “Alveolina” and “Glomalveolina” 
are the same, these cannot be two different genera, so 
Glomalveolina can never be used as a genus. Since the 
genus Alveolina was fi rst described in 1826, the genus 
(?) Glomalveolina 1960/1962 would be a synonym of 
the genus Alveolina. Consequently, Alv.(Alveolina) 
d’Orbigny, 1826 and Alv.(Glomalveolina) Hottinger, 
1960 are both subgenusses, and each has to be used as 
“subgenus” in the systematic paleontology. 

B- The author of the subgenus Alv. (Glomalv.) is not 
Reichel but is Hottinger, and the year of publications 
is not 1962 but is 1960 (Figure 1). Besides, Hottinger 
has no single author paper in 1962!

C- Axial, equatorial, tangential, and also oblique 
sections of megalospheric (fA) forms should be used 
when describing species/subspecies, new species or 
new subspecies (especially the small sized specimens) 
of all alveolinids (e.g. Praebullalveolina Sirel and 
Acar, 1982, Bullalveolina Reichel, 1937, Borelis De 
Montfort, 1808 and the subgenera Alv. (Alv) or Alv.
(Glomalv.)). Positions of chambers which follow 
the protoconch and their internal structures could 
clearly be observed and examined in axial sections of 
especially megalospheric (fA) forms. This principle is 
also current when describing known alveolinid genera 
or a new genus. In general, standard (magnifi cation) 
should be used for Late Cretaceous, Paleogene 
and Neogene alveolinids (Reichel, 1931, 1937; 
Hottinger, 1960; Drobne, 1977; Acar, 1995; Sirel and 

Acar, 2008). For instance, in the fi rst description of 
(new) species Alveolina (Alveolina) erki Acar, 1995, 
magnifi cation was used as X40, in order to compare 
with glomalveolinids and to discuss (Acar, 1995, p. 
35, Pl. 3, fi gs. 10–13).
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ABSTRACT
Yarpuz-Kaypak (Osmaniye) region, located in Amanos Mountains, contains harzburgitic tectonites 
and mafi c cumulates. The tectonites are represented by serpantinized harzburgites, whereas the 
cumulates are characterized by gabbronorite and gabbro compositions. The crystallization order 
within the cumulates is clinopyroxene, orthopyroxene plagioclase and amphibole. The major element 
compositions of the tectonites and cumulate rocks are consistent with formation in an arc-related 
tectonic setting. Trace element concentrations of these rocks exhibit large ion litophile element 
enrichments. Both geochemical and petrographic evidence suggest that the tectonite and cumulate 
rocks from the Yarpuz-Kaypak (Osmaniye) region represent the remnants of an oceanic lithosphere 
that formed in a supra-subduction zone tectonic setting during the closure of the Southern Neotethyan 
ocean and emplaced onto the northern margin of the Arabian platform in Late Cretaceous.
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1. Introduction
The Tethyan evolution of Turkey covers two 

tectonic periods, the Paleotethys and Neotethys, 
which show continuity with each other in terms of 
time. The Paleotethys period took place between 
Carboniferous and Lias, having an effect particularly 
in Northern and Central Anatolia (Robertson and 
Ustaömer, 2009; Göncüoğlu et al., 2000, 2007; Okay, 
2000). Whereas the Neotethys period affected the 
entire Anatolia between the Triassic and Miocene 
period, and continued its effect up to present time 
(Şengör and Yılmaz, 1981; Robertson and Dixon, 
1984). The Anatolian Plate is an important part of 
the Alpine-Himalayan orogenic belt which covers the 
remnants of E-W trending Neotethyan oceanic basins 
located between metamorphic massifs and/or platform 
carbonate sequences. The Neotethyan remnants 
from top to bottom are represented by ophiolites, 
metamorphic soles and ophiolitic mélanges (Şengör 

and Yılmaz, 1981; Dilek and Moores, 1990; Dilek et 
al., 1999; Floyd et al., 2000; Robertson, 2002). The 
Neotethys is composed of two oceanic basins, namely 
a northern branch and a southern branch (Şengör 
and Yılmaz, 1981). The northern branch covers the 
İzmir-Ankara-Erzincan ocean, Intra-Tauride ocean 
and Intra-Pontide ocean, whereas the southern branch 
covers the Berit and South Neotethyan oceans (Şengör 
and Yılmaz, 1981; Görür et al., 1984; Robertson and 
Dixon, 1984; Robertson et al., 2012, 2013a; Figure 1). 
As the Neotethys ocean started to close during the Late 
Cretaceous, ophiolites of both northern and southern 
branches emplaced over the passive continent margin 
to the south (Şengör and Yılmaz, 1981; Robertson and 
Dixon, 1984; Yılmaz et al., 1993; Robertson, 2002; 
Robertson et al., 2006). The ophiolites, which have 
a signifi cant place within the Neotethys evolution of 
Turkey, are of the supra-subduction zone (SSZ) type 
(Yalınız et al., 1996; Parlak et al., 1996, 2000, 2002, 
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Figure 1- Tectonic map of the East Mediterranean Region showing the distribution of Neothetyan ophiolites and their relative U-Pb ages (after 
Dilek and Flower, 2003; Çelik et al., 2011). 1) Dilek and Thy 2006, (2) Dilek et al., 2008, (3) Liati et al., 2004, (4) Mukasa and 
Ludden 1987, (5) Konstantinou et al., 2007, (6) Dilek and Thy 2009, (7) Parlak et al., 2013, (8) Karaoğlan et al., 2013a, (9) Koglin, 
2008, (10) Koglin et al., 2009, (11) Topuz et al., 2013, (12) Sarıfakıoğlu et al., 2012, (13) Karaoğlan et al., 2012, (14) Robertson et 
al., 2013b, (15) Karaoğlan et al., 2013b, (16) van Hinsbergen et al., 2016, (17) Alparslan and Dilek 2018. Abbreviations: LO: Lesvos 
Ophiolite, AO: Antalya Ophiolite, BHO: Beyşehir-Hoyran Ophiolite, ORO: Orhaneli Ophiolite, KO: Kınık Ophiolite, EO: Eldivan 
Ophiolite, MO: Mersin Ophiolite, PKO: Pozantı-Karsantı Ophiolite; OsO: Osmaniye Ophiolite, GKO: Göksun (Kahramanmaraş) 
Ophiolite, PO: Pınarbaşı Ophiolite, IO: Ispendere Ophiolite, DO: Divriği Ophiolite, KmO: Kömürhan Ophiolite, SO: Sevan 
Ophiolite, SKO: Sarıkaraman Ophiolite; plg: plagiogranite, gb: gabbro, dk: dike, tnl: tonalite, rhy: rhyolite.

2009; Robertson, 2002; Çelik and Delaloye 2003, 
2006; Vergili and Parlak, 2005;  Bağcı et al., 2005, 
2006, Rızaoğlu et al., 2006; Bağcı et al., 2008; Bağcı 
and Parlak, 2009; Sarıfakıoğlu et al., 2009; Dilek and 
Thy 2009), and their formation and emplacement, 
respectively, refl ect the sequence of events that they 
shared since the Late Cretaceous. 

Amanos mountains are characterized by having 
wide-spread ophiolitic rocks (Yılmaz et al., 1984). 
The ophiolitic nappes in the Amanos mountains are 
seen in the form of separated nappes and clips which 
cover an area of about 13.000 km2 (Tekeli and Erendil, 
1986). Many detailed petrological, geochemical 
and geochronological studies have been carried out 
particularly in the Kızıldağ (Hatay) ophiolite and 
in ophiolitic rocks of the Amanos mountains which 
constitute the northwest margin of the Arabian 
platform (Dubertret, 1955; Çoğulu, 1975; Parrot, 
1973; Delaloye et al., 1980; Tinkler et al., 1981; 
Tekeli and Erendil, 1984; Selçuk, 1985; Pişkin et al., 
1990; Dilek and Thy, 2009; Bağcı et al., 2005; 2008; 
Bağcı, 2013; Boulton et al., 2006; Parlak et al., 2013; 
Karaoğlan et al., 2013a; Tanırlı and Rızaoğlu, 2016).        

The study area covers an area of about 40 km2 
in the vicinity of the Yarpuz-Kaypak district in the 
Osmaniye province. Studies on ophiolites cropping 
out in this region are limited, and Yılmaz et al. (1984) 
designated the ophiolites in the Central Amanos and 
around Osmaniye as Zorkun and Tozaklı ophiolites. 
Yapıcı (1990) has conducted a study on the geology 
and petrographic features of the ophiolitic rocks in the 
region. However, no studies on the geochemistry of 
ophiolitic sequence in the region, located in the north-
northeast of the Amanos mountains, have been carried 
out so far. In the frame of this study, petrographical and 
geochemical features of the ophiolitic rocks cropping 
out in the Yarpuz-Kaypak (Osmaniye) region will be 
investigated in order to evaluate its tectonic setting 
and compare to similar units in the region, as well as 
to better understand processes for the oceanic crust 
formation in the southern branch of Neotethys. 

2. Regional Geology 

The Amanos-high in southern Turkey constitutes 
the northwestern margin of the Arabian platform and 
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consists of allochthonous and autochthonous units 
formed between Precambrian and Quaternary. The 
South Anatolia Orogenic Belt formed as a result of 
collision of the Tauride and Arabian Platforms, and 
it is divided into three E-W trending main tectonic 
zones. From south to north, these are the Arabian 
Platform, the zone of imbrication and the nappe 
zone (Yılmaz, 1993). These three structural units are 
composed as follows: metamorphic massifs (Malatya, 
Bitlis and Pötürge metamorphic sequences), ophiolitic 
complexes and thick sedimentary sequence of the 
Arabian platform. The Arabian platform, which is 
represented by autochthonous sedimentary rock 
formations deposited from Early Paleozoic with small 
interruptions, includes the ophiolite nappes emplaced 
during Late Cretaceous and cover sediments formed 
between Late Cretaceous and Miocene. It is divided 
into three units, namely the lower autochthonous, the 
upper autochthonous and the allochthonous (ophiolite 
and mélange) units (Yılmaz, 1993; Yılmaz et al., 1993). 
Paleozoic clastic sediments of the autochthonous 
Arabian platform in Yarpuz-Kaypak (Osmaniye) form 

the basement of the study area in Amanos Mountains, 
trending SW-NE direction between Antakya and 
Kahramanmaraş (Figure 2). A carbonatic sequence 
consisting of Upper Jurassic and Lower Cretaceous 
dolomite and dolomitic limestones unconformably 
overlies this basement rocks (Dubertret, 1955; Atan, 
1969; Yılmaz et al., 1984; Tekeli and Erendil, 1986). 
This unit is tectonically overlain by Upper Cretaceous 
ophiolitic units (Yılmaz et al., 1984; Yapıcı and İşler, 
1991; Yılmaz et al., 1993). The sediments covering 
the ophiolitic nappes in the region are represented by 
Miocene clastic and carbonate-rich rocks (Gül, 1987; 
Terlemez et al; 1992). Pliocene rocks consisting of 
continental clastics and lagoon units and Quaternary 
basaltic volcanic rocks, alluviums and alluvium fans 
are the youngest units (Rojay et al. 2001).   

The ophiolites observed in the study area are 
mainly composed of mantle tectonites and cumulate 
rocks. The tectonites, which cover wide areas in the 
region, are highly fractured and weathered with red to 
reddish colored coating, while fresh fracture surfaces 

Figure 2- Simplifi ed geological map of Yarpuz-Kaypak region (Ulu, 2002).
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are dark green to greenish. The tectonites display 
structural features such as foliation and lineation, 
refl ecting plastic deformation related to mantle fl ow. 
When highly serpentinized, they present greenish to 
dark black colors and oily brightness. Cumulates show 
fi ne to medium grain-size, hard-solid sharp-edged 
and exhibit cumulate structures such as magmatic 
banding-lamination.

3. Analytic Method 

Thirty-fi ve samples were collected from the study 
area for petrographic and geochemical analyses. 
The thin sections were prepared for petrographic 
observations in the Thin Section Laboratory of the 
Geological Engineering Department of Çukurova 
University. The major-trace element analysis of  
29 samples were carried out in the Geochemistry 
Laboratory of the Mineralogy Department of Geneva 
University, Switzerland. Major elements were 
measured by means of X-Ray Florescence (XRF) 
within the glass pellets which were prepared by 
adding 1/5 of sample and lithium tetraborate (Li2B4O7) 
into platin-gold crucible at 1150 oC. Loss of ignition 
(LOI) values were calculated by taking the weight 
difference after heating the samples at 1000 oC.  The 
trace elements were analyzed by means of pellets 
pressed by the same method. 

4. Petrography 

The samples were defi ned as mantle rocks 
(tectonites) and mafi c cumulates as a result of the 
detailed petrographic determinations on thin sections 
prepared from the ophiolitic rock samples taken from 
the Yarpuz-Kaypak (Osmaniye) region. 

The tectonites are represented by serpentinized 
harzburgites and display porphyroclastic (Figure 
3a) and sieve textures. Olivine (70–75 vol%) is the 
most abundant mineral, where the sieve texture is 
observed, remained partially fresh. When completely 
serpentinized, tectonites show the typical sieve 
texture indicative of static replacement of olivine by 
serpentine (Figure 3b). Orthopyroxene (20-25 vol%) 
commonly highly replaced by bastite (Figure 3a-b). 
Furthermore, signifi cant amount of disseminated and 
elongated chromite crystals observed in tile red color 
is seen within the rock. 

Cumulate rocks are defi ned as gabbronorite and 
gabbro (Figure 3c-h). Plagioclase, clinopyroxene, 

orthopyroxene are observed as cumulus and 
intercumulus minerals in the cumulate rocks which 
represent adcumulate, mesocumulate and poikilitic 
textures. Plagioclase, which is the most abundant 
mineral of the gabbronorite, represent high degree 
of sericitization. Plagioclase, occurring as prismatic 
crystals with ambiguous polysynthetic twins and 
make ca. 45-50 vol% of the rock. According to the 
polysynthetic twin measures carried out in fresh 
mineral, the fact that the angle of extinction was 
determined as 30 o-35o shows that the plagioclases 
have a composition ranging from labrador to 
bytownite. Orthopyroxene, clinopyroxene and 
amphibole constitute the dark colored minerals of 
the rock. Orthopyroxenes are polarized in grey tones 
and include clinopyroxenes in the form of exsolution 
lamellas. In some clinopyroxenes, h1(100) twin is 
observed. Amphibole commonly constitutes the 8-10 
vol% of the rock and it occurs as anhedral intercumulus 
phase.       

Gabbro is commonly medium to coarse-grain sized 
and shows adcumulate texture. Polysynthetic twins are 
locally distinct in plagioclase which is the dominant 
mineral phase of the rock. Abundant ferromagnesian 
mineral is clinopyroxene, and orthopyroxene is locally 
encountered (gabbronorite). Some of the pyroxene 
crystals show alteration by uralitization. 

Aforementioned textural and mineralogic features 
show that the crystallization order of mineral phases 
in the cumulate rocks are as follows: clinopyroxene → 
orthopyroxene → plagioclase → amphibole.

5. Whole Rock Geochemistry 

Whole rock analysis results of the tectonites 
and the mafi c cumulates from the Yarpuz-Kaypak 
(Osmaniye) region are given in table 1. LOI values 
are quite high (11,9-14,4 wt%) in tectonites, while 
they vary between 0,8-2,8 wt% in mafi c cumulates. 
The variation in LOI values indicates that the studied 
rocks were affected by variable extent of alterations 
(e.g., serpentinization, uralitization, and sericitization) 
refl ecting the contribution of secondary hydrated and 
carbonate phases (Rollinson, 1993). For petrologic 
interpretations, it is suggested to utilize the rare earth 
elements (REE) and the high-fi eld-strength (HFS) 
elements generally considered relatively stable 
(immobile) during rock alteration (Pearce and Cann, 
1973; Smith and Smith, 1976; Floyd and Winchester, 
1978), in contrast to the mobility of major elements 
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Figure 3- Thin section images of Yarpuz-Kaypakophiolites. (a) harzburgite showing porphyroclastic texture, (b) sieve texture, 
(c) gabbronorite showing adcumulate texture, (d-e) gabbronorite showing poikilitic texture, (f) adcumulate gabbro, 
(g) sericitization seen in plagioclases, (h) uralitization seen in pyroxenes, (Mineral abbreviations are taken from 
Whitney and Evans, 2010). 
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and large-ion lithophile elements (LIL) commonly 
attributed to alteration (Hart et al., 1974; Humphris 
and Thompson, 1978; Thompson, 1991). Therefore, 
the high fi eld strength elements are utilized in order to 
defi ne the petrologic features of the rocks.

Tectonites are the most depleted rocks and have 
composition characterized by low SiO2 (38,1-40,2 
wt%), Al2O3 (0,7-3,2 wt%), Fe2O3 (7,4-9,5 wt%), CaO 
(0-4,5 wt%), Sr (1-6 ppm), Ga (2-4 ppm), V (38-87 
ppm), and high Ni (1203-1478 ppm) and Cr (2219-

3984 ppm). Whereas the mafi c cumulates is represent 
ed by high SiO2 (45,9-51,8 wt%), Al2O3 (6,7-18,9 
wt%), Fe2O3 (6,3-9,6 wt%), CaO (7,7-14,2 wt%), Sr 
(14-388 ppm), Ga (5-13 pmm), V (125-222 ppm), low 
Ni (122-373 ppm) and Cr (116-1921 ppm).

When we analyze the variations in major oxide 
values of the tectonites and mafi c cumulates of the 
ophiolite sequence with respect to the MgO content 
(Figure 4a-d); SiO2, Al2O3, CaO have a negative trend 
from tectonites to the mafi c cumulates. The selected 

Figure 4- Variations between MgO and major-trace element contents in the Yarpuz-Kaypak ophiolites.
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trace elements such as Ga and V display a negative 
trend, whereas Ni and Cr display a positive trend 
with increasing MgO (Figure 4e-h). In AFM diagram 
(Beard, 1986), from mafi c cumulates, there is an 
enrichment from MgO to FeO (Figure 5). N-MORB 

normalized spider diagrams for the tectonite and mafi c 
cumulate rocks (Figure 6a-b) indicate that there is an 
enrichment in large ion lithophile (LIL) elements (Rb, 
Ba, Th) and depletion in high fi eld strength (HFS) 
elements.

6. Discussion  

6.1. Petrogenesis

The petrography and geochemistry of crustal 
rocks belonging to the ophiolite sequence observed in 
Yarpuz-Kaypak (Osmaniye) region indicate evidence 
of fractional crystallization. The increase in SiO2, 
Al2O3 and CaO in mafi c cumulate rocks (Figure 
4a, b, d) shows that olivine and pyroxene minerals 
decrease while plagioclase mineral increases, due 
to magma differentiation. The Ga element shows a 
negative relationship with MgO (Figure 4e) since 
the Ga is incompatible in olivine. Existence of V in 
clinopyroxene (Ross et al., 1954; Borisenko, 1967; 
Ballantyne, 1992) is consistent with the higher amounts 
of V in mafi c cumulates with respect to tectonites 
(Figure 4f); the Sr increasing in mafi c cumulates 
(Table 1) suggests higher amount of plagioclase 
crystallization (Grove and Baker, 1984; Beard, 1986). 
The high content of compatible trace elements such 
as Ni, Cr within tectonites (Figure 4g-h) with respect 
to the lower content in mafi c cumulates indicate that 
olivine, spinel and clinopyroxene fractionated in the 
studied rocks. All the cumulates with low content of 
HFS elements such as Zr, Y, Nb (Table 1), indicate 
high proportion of cumulus minerals and a small 
amount of intercumulus liquid, as supported by 
textural evidence. Furthermore the spider diagram of 
cumulate rocks suggests that the LIL elements (Rb, 
Ba, and Sr) have been enriched by hydrous solutions 
derived from a subducting oceanic slab (Pearce, 1982; 
Arculus and Powel, 1986; Yogodzinski et al., 1993; 
Wallin and Metcalf, 1998).

 The geochemical features of the cumulate rocks 
belonging to the studied ophiolitic sequence (Figure 
4, 5, 6) exhibit similarities with those of the Kızıldağ 
(Hatay) ophiolite cumulate gabbro formed in the 
supra-subduction zone fore-arc environment (Bağcı et 
al., 2005; Dilek and Thy, 2009), the ultramafi c-mafi c 
cumulates from the ophiolitic rocks of the south of 
Kahramanmaraş province (Bağcı, 2013; Tanırlı and 
Rızaoğlu, 2016), and the mafi c cumulates of Kuluncak 
(Malatya) ophiolite (Camuzcuoğlu, et al., 2017). 
Moreover, the geochemical features of the mantle 

Figure 5- AFM diagram of mafi c cumulates of Yarpuz-Kaypak 
ophiolites. Fields of cumulate and non-cumulate rocks 
are from Beard (1986). Symbols are as in fi gure 4. 

Figure 6- N-MORB normalized spider diagrams for the tectonites 
and mafi c cumulates of Yarpuz-Kaypak ophiolites. 
Normalized values from Sun and McDonough, 1989. 
Symbols are as in fi gure 4. 
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tectonites exhibit close similarity to depleted residual 
mantle peridotites from suprasubduction zone (SSZ) 
settings (Uysal et al., 2012; Saka et al., 2014).

Ophiolites are commonly classifi ed as mid-ocean 
ridge ophiolites (MORB) and supra-subduction zone 
(SSZ) ophiolites depending on their internal structures 
and composition, geochemical and tectonic features, 
(Pearce et al., 1984; Shervais, 2001; Robertson, 
2002; Saccani and Photiades 2004; Arai et al., 2006; 
Pearce, 2008). Dilek and Furnes (2011) made a 
new classifi cation of the ophiolites as subduction-
related and non-subduction-related ophiolites; these 
authors classifi ed the subduction-related ophiolites as 
subduction zone (SZ) and volcanic arc (VA) ophiolites, 
whereas classifi ed the non-subduction-related 
ophiolites as continental margin (CM), mid-ocean 
ridge (MOR) and mantle plume (P) ophiolites. They 
also classifi ed the supra-subduction zone ophiolites 
(SSZ) as back-arc (BA), fore-arc (FA), oceanic back-
arc (OBA) and continental back-arc (CBA) ophiolites.  

Supra-subduction zone ophiolites in general 
are formed in the fi rst stages of the intra-ocean 
subduction. The crustal rocks of the supra-subduction 
zone ophiolites have the geochemical characteristics 
of island arcs. The distinct features are as follows: 
mantle series are highly depleted, there are more 
common presence of podiform chromite deposits, 
clinopyroxene crystallizes before plagioclase, wehrlite 
is relatively dominant compared to troctolite in the 
cumulate series. Most of the best preserved ophiolites 
in the orogenic belts are of the SSZ-type (Pearce et 
al., 1984). In SSZ-type ophiolites, clinopyroxene 
typically crystallizes before plagioclase (Pearce et al., 
1984; Hébert and Laurent 1990; Parlak et al., 1996, 
2000, 2002; Bağcı et al., 2005, 2006; Bağcı, 2013).  
The crystallization order of the minerals within the 
cumulate rocks in the Yarpuz-Kaypak (Osmaniye) 
region is clinopyroxene + orthopyroxene + plagioclase 
+ amphibole, and exhibits the similarities with 
cumulate rocks formed in the supra-subduction zone 
environments. 

In terms of their ages and geodynamic environment 
of formation, the ophiolites observed along the Alpine-
Himalayan orogenic belt are divided into two groups, 
namely the Western and the Eastern Mediterranean 
ophiolites. In the Western Mediterranean, there are 
ophiolites remaining in the west of Albania, Hellenides 
and Dinarides. These ophiolites are of Jurassic age and 
formed in mid-ocean ridge settings (MORB) (Koller 

and Höck, 1990). In the Eastern Mediterranean belt, 
there are Pindos, Vourinos (Greece), Troodos (Cyprus) 
ophiolites, all ophiolites in Turkey, Baer-Bassit (Syria) 
and Oman ophiolites further towards southeast. The 
ophiolites in Turkey have a crystallization age of Late 
Cretaceous in general. However, it has been stated that 
there are ophiolites and metamorphic soles with Early-
Middle Jurassic age in the central and eastern section 
of İzmir-Ankara-Erzincan Suture Zone (Çelik et al., 
2011; Topuz et al., 2013; Robertson et al., 2013a). 
All of the Turkish ophiolites formed in a variety of 
tectonic settings within a SSZ environment, including 
back-arc, arc and fore-arc. There does not exist any 
MORB-type ophiolite body in the Turkish part of 
the eastern Mediterranean region. Most MORB-
type oceanic crust was subducted, or preserved only 
as dismembered thrust sheets or blocks in ophiolitic 
mélange (Robertson, 2002). Recent studies performed 
on mantle rocks of ophiolites in southwest Turkey 
have shown that compositions of mantle rocks from 
different tectonic environments are the results of 
different styles of depletion and refertilization events 
and varying degrees of partial melting (Aldanmaz et 
al., 2009; Aldanmaz, 2012; Uysal et al., 2012).

Except for one rock (T-31), the fact that the mantle 
tectonites in the study area have quite low CaO and 
Al2O3 values indicates the relationship with Ca 
depletion during serpentinization process (Coleman, 
1963; Puga et al., 1999; Li et al., 2004; Palandri and 
Reed 2004; Shervais et al., 2005). On this diagram 
(Figure 7a) the studied rocks are very depleted in Al2O3 
and CaO and similar to fore-arc peridotites (Ishii et al., 
1992; Pearce et al., 1992). Abyssal peridotites formed 
by the extraction of relatively low melt fractions (3-
15%) under dry melting conditions (Dick and Bullen, 
1984; Johnson et al., 1990; Niu, 1997, 2004; Jean et 
al., 2010) while peridotites from the mantle wedge 
above subduction zones are depleted, and formed 
by the extraction of relatively large melt fractions (> 
20%) in hydrous melting conditions (Ishii et al., 1992; 
Parkinson et al., 1992; Arai, 1994; Parkinson and 
Pearce, 1998; Pearce et al.,  2000; Uysal et al., 2012). 
The partial melting trend (Niu, 1997) and the Al2O3 
and MgO contents of tectonites are shown in fi gure 
7b. It has been observed that most of the samples are 
the remnants of 15-25% partial melting compared 
to the primary mantle. The low MgO content of the 
tectonites is related to the MgO depletion by the 
alteration caused by the sea water (Niu, 2004). Low 
CaO and Al2O3 values (Table 1) of the tectonites of 
the Yarpuz-Kaypak (Osmaniye) region show that 
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tectonite samples are partially the remnants of high-
grade partial melting, and resemble to the subduction-
related fore-arc peridotites (Parkinson and Pearce, 
1998). With these features, mantle peridotites of the 
study area represent similarities with mantle rocks of 
Pozantı-Karsantı ophiolite in the South Turkey (Saka 
et al., 2014). 

According to the AFM diagram (Beard, 1986), 
the mafi c cumulate rocks display enrichment from 
MgO to FeO and plot within the fi eld of arc-related 
ultramafi c-mafi c cumulate rocks, suggesting their 
subduction related origin (Figure 5). 

Existence of plagioclases with high An content 
in the mafi c cumulates indicates high water vapor 
pressure (P-H2O) (Arculus and Wills, 1980; Sisson 
and Grove, 1993; Panjasawatwong et al., 1995) 
and large Ca/(Ca+Na) ratio in the magma during 
crystallization (Jaques, 1981; Sisson and Grove, 
1993). The formation of amphibole mineral in the 
hydrous magmas conditions of the arc regions is a 
likely process (Jakes and White, 1972; Arculus and 
Wills, 1980; Foden, 1983; Hébert and Laurent, 1990). 
The presence of amphibole and An-rich plagioclase in 
the mafi c cumulates of Yarpuz-Kaypak (Osmaniye) 
region indicate hydrous environment during the 
oceanic crust development, and represent similarities 
to supra-subduction zone ophiolites of Eastern 
Mediterranean (Hébert and Laurent, 1990; Parlak et 
al., 1996, 2000; Bağcı et al., 2005, 2006; Rızaoğlu 
et al., 2006; Sarıfakıoğlu et al., 2009; Bağcı, 2013; 
Tanırlı and Rızaoğlu, 2016; Camuzcuoğlu et al., 2017) 
and gabbroic rocks of island arcs (Arculus and Wills 
1980; Dupuy et al., 1982; Beard, 1986; Debari and 
Coleman, 1989; Fujimaki, 1986; DeBari et al., 1987).       

6.2. Geodynamic Environment

Depending on the spreading of South Atlantic 
Ocean at the end of Early Cretaceous, the regime 
in the Neotethys oceanic basin situated between 
Eurasian and African plates shifted from divergent 
to convergent regime (Livermoore and Smith, 1984; 
Savostin et al., 1986). As a result of this convergent 
regime, a northward subduction started in the 
southern branch of the Neotethys. Cold and dense 
Triassic-Cretaceous aged oceanic lithosphere segment 
subducted northward into asthenosphere and enabled 
the formation of SSZ-type ophiolites within the intra-
ocean subduction zone. Two ophiolite belts, namely 
the southern and northern belts, trending about NE-
SW are presently observed in the Southeast Anatolia. 

The south belt includes Troodos (South Cyprus), Baer-
Bassit (Syria), Tekirova (Antalya), Kızıldağ (Hatay), 
Amanos (Osmaniye), Koçali (Adıyaman) ophiolites. 
These ophiolites were formed at Southern Neotethys 
between Bitlis-Pütürge metamorphic and Arabian 
platform (Figure 8). The northern belt includes Göksun 
(Kahramanmaraş), İspendere (Malatya), Kömürhan 
and Guleman (Elazığ) ophiolites. These ophiolites 
were formed in the Berit Ocean which was developed 
between Bitlis-Pütürge and Tauride platform (Figure 
8) (Robertson et al., 2012, 2013a; Karaoğlan et al., 
2013b). Although the ophiolites of both belts were 
formed at intra-ocean subduction zones, they represent 
differences in terms of tectonic relationship, ophiolite 
stratigraphy, petrography and petrologic features 
(Parlak et al., 2009). The northern belt ophiolites are 
tectonically overlain by the Tauride (Malatya-Keban) 

Figure 7- (a) Variations of whole rock Al2O3 contents with respect 
to CaO contents in all tectonites of Yarpuz-Kaypak 
ophiolitic sequence; the fi elds of abyssal and fore-arc 
peridotites and mantle depletion trend have been taken 
from Ishii et al. (1992) and Pearce et al. (1992). (b) 
Variations of whole rock Al2O3 contents with respect to 
CaO contents; the depletion trend of the primitive mantle 
and partial melting have been taken from Niu (1997). 
Symbols are as in fi gure 4.
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platform at the top and in turn overthrust Middle 
Eocene Maden Complex at the bottom contact. 
Moreover, the northern belt ophiolites and theTauride 
platform were cut by Late Cretaceous-Eocene I-type 
calk-alkaline arc granitoids (Parlak, 2006; Rızaoğlu et 
al., 2009; Karaoğlan et al., 2016; Nurlu et al., 2016). 
The Kızıldağ (Hatay), Koçali (Adıyaman) and Baer-
Bassit (Syria) ophiolites of the southern belt are directly 
emplaced over the Arabian Platform and no granitoid 
intrusion is seen (Selçuk, 1981; Robertson, 1986). The 
Bitlis metamorphic massif, which shows widespread 
outcrops in the southern of northern belt ophiolites, 
carries the traces of high pressure-low temperature 

(HP/LT) metamorphism.The Kesandere (Bitlis) 
eclogitic rocks underwent HP peak metamorphism in 
Late Cretaceous (84.4±0.9 – 82.4±0.9 My) under the 
conditions of 19-24 kbar and 480-540oC (Oberhansli, 
2013). Furthermore, glaucophane-rich blueschist 
rocks have undergone (HP/LT) metamorphism in 
Late Cretaceous (Ar-Ar: 79-74 My) under 10-11 
kbar and 350-400oC (Oberhanslı et al., 2012). This 
data indicates that the Bitlis metamorphics had 
undergone subduction and HP/LT metamorphism in 
Late Cretaceous age. Therefore, some researchers 
have suggested that there might be development of 
two different oceanic basins (the Berit ocean and the 

Figure 8- Late Cretaceous Paleogeography around the study area. Subduction zone (SSZ-type) ophiolites 
emplaced on the passive continental margin to the south (Arabian platform and microcontinents). 
On the other hand, arc volcanism accompanying the subduction is seen in Pontides, Southeast 
Turkey and North Cyprus (Robertson et al., 2012).
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Southern Neotethys ocean) to the northbetween Bitlis/
Pütürge continent and the Tauride platform and to 
the south between Bitlis/Pütürge continent and the 
Arabian platform (Robertson et al., 2012, 2013a).

Our results, in addition to general models for 
the life cycle of ophiolites (Shervais, 2001; Pearce, 
2003) and a number of tectonic models related to the 
southeast Anatolian orogen (Yazgan and Chessex, 
1991; Yılmaz et al., 1993; Beyarslan and Bingöl, 
2000; Robertson et al., 2007) point that Yarpuz-
Kaypak (Osmaniye) ophiolites in Amanos Mountains 
were formed in a supra-subduction zone environment 
and emplaced onto the passive continental margin of 
Arabian plate from the southern branch of Neotethys 
during Late Cretaceous.

7.  Conclusions

(a) Yarpuz-Kaypak (Osmaniye) ophiolites are 
represented by harzburgitic mantle tectonites and 
mafi c cumulate rocks. 

(b) Mafi c cumulates are composed of gabbronorite 
and gabbro; displaying adcumulate, mesocumulate 
and poikilitic textures. 

(c) Major and trace element geochemistry of the 
harzburgitic tectonites and mafi c cumulates indicate 
an intra-oceanic subduction-related setting.

(d) The petrographic and geochemical data 
obtained from this study suggest that Yarpuz-Kaypak 
(Osmaniye) ophiolites were formed in an intra-ocean 
subduction zone during closure of southern branch of 
Neotethys during Late Cretaceous and emplaced onto 
the northern margin of Arabian platform.
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ABSTRACT

As a result of complex studies - geological-structural, morphostructural analytical, mineralogical 
mapping of quartz formations, detailed geochemical work and analysis of geochemical fi elds – 
forecasting prospecting features of gold ore taxon’s: ore zone; ore fi eld; deposit and ore body. 
They are characterized by groups of criteria: morphostructural, stratigraphic-lithological, 
structural-tectonic, magmatic, geophysical, metasomatic, mineralogical, geochemical factors and 
attributes, and a geological-genetic model of the gold-bearing ore-forming system in the collapse 
zone. Favorable geological and structural conditions for the localization of gold mineralization 
in the mountains of Karakchatau are associated with the areas of long-term tectonic-magmatic 
activation in metalliferous sediments of Є-О contrast lithological composition. The coincidence of 
manifestations of gold mineralization to the blocks formed by transverse faults at the sites where 
they intersected the Karakchatau crush zone was noted. To the channel-localizing parts inside are 
blocky and unextended interblock tectonic structures with positions in favorable “structural traps” 
in their azimuthal curvatures of executed productive types of hydrothermal, sulfi dizing quartz. The 
results of mineralogical mapping of quartz formations along the Karakchatau crush zone (Western 
Uzbekistan) are considered. Five genetic types of quartz are distinguished. The most productive of 
them is hydrothermal quartz of types 3 and 4 associated with pyrite,arsenopyrite  and gold, which 
forms vein fi elds in areas of kinks and expansion of the zone of crushing. Identifi cation of any goods 
and services that can be used for commercial purposes, including in the geological structure, other 
regions of Western Uzbekistan.
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1. Introduction

The Karakchatau mountains are taken place among 
the areas with the potential of covered ore-grade gold 
in Nurata region. The purpose of this study is to 
expand and reveal the mineral resource base of the 
Republic of Uzbekistan for gold, covered, inaccessible 
depths, mineralization in areas with operating mining 
enterprises. 

With modern defi nition, typomorphism is a 

phenomenon in which a number of minerals and their 
paragenesis are formed in strictly defi ned, relatively 
narrow in the range, thermodynamic conditions, 
clearly recording the nature of these conditions. Theory 
of the typomorphism of minerals mainly include 
- general geological, crystal and morphological, 
chemical, structural, isotopic and thermal and 
barometric characteristics. A mineralogical study 
of the rock samples from vein quartz formations of 
various genetic types of the Karakchatau shear zone 
focused on the features of the external appearance of 
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quartz, the mineral composition of paragenesis, and 
the interrelationships of minerals and the morphology 
of quartz (Babaev, 1951; 1985).

2. Regional Geology

The Karakchatau mountains are located in the 
Zarafshan-Turkestan structural-formation zone, where 
the prevailing part of the industrial gold potential of 
Western Uzbekistan is associated with (Figure 1). 
The regional ore controlling structures of the fi rst 
order are the branches of the South Nurata  Fault - 
the North and South, the component link of the last 
Karakchatau and Karatau fault zones (Koloskova, 
2007). During collisional stage, the shear zones are 
important structures for ore-bearing hydrothermal 
systems and ore-controlling structures and also variety 
of mineralization is so common in these zones. Shear 
zones are outcropped in Pre-Mesozoic basement rocks 
along 90 to 180 km, respectively, the width of them 
from 1-2 to 5-6 km. On the bearing of these zones, 
local shear zones are revealed, representing individual 
branches of the general structure. 

The features of the geological structure and ore 
content, that developed in intensively deformed Pre-

Mesozoic basement rocks are represented with two 
main rock types: sedimentary - terrigenous, siliceous 
and carbonate rocks; and intrusive – dikes. The 
sediment covered-folded structure of the mountains 
of Karakchataus, as well as of the South Nuratau 
region as a whole, was formed because of prolonged 
processes of sedimentation (Koloskova, 2007; 2008; 
Yanovsky, 1990). 

3.  Material and Method

Study of the typomorphism of quartz minerals 
is based on visually observed signs, polished thin 
sections investigation, scanning electron microscope 
(SEM), and spectral data analysis. Mineralogical 
mapping study was completed by using 2000 points of 
random distributed quartz minerals which are located 
in outcropped part of pre-Mesozoic basement rocks.  
Quantitative indicators identify anomalous areas 
identifi ed within the individual segments of the zone. 

4.  Distribution of the Quartz Bodies

The index of “silicifi cation”, represents average 
length and thickness of quartz bodies in higher values, 
indicates the level of ore bearing quartzolite in the 

Figure 1-  Geological map of study area. Structures: 1 - boundary of folded systems of the Middle and Southern Tien Shan; 2 -4 boundary 
of structural and formation zones; mainly intra-block, with functions of ore-bearing and ore-distributing; 5-block forming faults 
with functions of ore-destroying, 6 – shear zones: I-South-Nurata (1-southern branch, 2-northern branch), II-Karatau; 7 - 9 - rock 
complexes of the Zarafshan-Turkestan, SFZ: 7 - intrusive, 8 - terrigenous, 9 - carbonate; 10 - gold ore deposits; 11 - the boundaries 
of the outcrops of pre-mesozoic formations; 12 - the boundary of the research area.
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Figure 2- (Extension) Distribution of vein silicifi cation at observation points. Extensity is the prevalence of quartz mineralization from the 
observation point (10x10 m area): 1 - within the observation point; 2 - beyond the boundaries of the point (up to 25 m); 3 - can be 
traced at a considerable distance (up to 50-75 m).

above- and near-intrusive position of the non-eroded 
granitoid body and disparate anomalies in other parts 
of the zone (Figure 2). The morphology of quartzolite 
bodies depends on the intensity and nature of the ductile 
and brittle  deformation, and the mechanical properties 
of the rocks: veins intensity, both individual and 
accompanied , which follow the distribution are linear 
veins, quartz nests, and differently oriented interlacing 
veins are negligible. Quartz crystal or quarzolite has 
the ability to respond to stress by changing the internal 
structure, under the ductile or brittle deformation. In 
some areas, changes predominate without disrupting 
the continuity of the crystal bending deformations; 
in others, deformation is expressed in the mosaic 
disintegration of crystals into inhomogeneous areas 
(Koloskova, 2007; Yurgenson, 1984).

Extensive development of quartz mineralization, 
correlated in the observation point and at a distance 
from it to 50-75 m, fi xes the high saturation of the 
Karakchatau shear zone of crumpling by quartz veins 
(Figure 2).

5. Deformation Degrees of the Quartz Crystals

With bending deformation, gradual and 
unidirectional turns of (frame) structure predominate. 
The degree of deformation is determined by 
the magnitude of the maximum deviation in the 

orientation of extinction of different parts of the same 
grain, referred to the diameter of this grain, which 
characterizes, as it was, the “curvature of the bend” 
of the lattice. Intensive deformation is seen only in 
crystals of primary quartz - about 6-8° per 0.1 mm. In 
secondary ones, it is about 2-3° per 0.1 mm. Among 
the deformation of bend, stages of deformation; simple 
deformation (in the form of extinction by one wave), 
complex-striped (several parallel waves), spotted 
(areas of heterogeneous orientation) are distinguished. 
This is the fi rst degree of deformation.

With mosaic texture, the large grain of quartz does 
not get a general bend, but as if broken into parts. The 
degree of deformation is expressed by the angle of 
the relative rotation of the mosaic blocks, (fi xed in a 
polarized light) defi ned under polarized microscopy 
by their non-simultaneous extinction. This is the 
secondary degree of deformation.

Brittle deformation is defi ned in the appearance 
of microcracks along the boundaries of crystals and 
mosaic blocks. The extreme degree of deformation is 
represented by the breccia texture of quartz grains. In 
the early stages, recrystallization is closely intertwined 
with granulation. Fine-grained sugary crystals, 
consisting of pure and distorted crystals, are products 
of recrystallization with a partial reprecipitation of 
deformed veined-fi lling quartz.
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There is an increase in the intensity of brittle-ductile 
deformations of quartz, as well as other minerals as 
they approach large deformation zones (Petrovskaya, 
1956).  The peak degree of bending deformation in 
quartz are observed along the contacts of the veins and 
environments close to inclusions in the veins.

6.  Mineralogy

Five genetic types of quartz crystals are distinguished 
according to the features. Metamorphogenic quartz 
(Q-1): Macroscopically it is white or grayish in 
color, glassy, often translucent and folded with the 
surrounding rocks.. Under the microscope, this type 
of quartz is characterized by heterogeneity with the 
predominance of coarse crystals measuring 0,1-
2,0 mm and larger. The mineral boundaries are 
irregular and broken. Ductile and brittle deformation 
are characterized by the microgranulation, and 
recrystallization along the crystals boundaries and 
microcracks along the  feldspars, chlorite, muscovite, 
sericite, biotite, rare cubic pyrite mineral boundaries. 
The extinction of the crystals is predominantly 
undulatory simple or mosaic- undulatory, in addition, 
there are a band-gap undulatory and undulatory 
extinction converging toward the center.  The angle 
of propagation of the undulatory extinction (APEW) 
is about 2-30 by 0,1 mm. Brittle deformation occurred 
in the form of cracks, is heterogeneous. In fi ne veins, 
it is noted that small-medium-grained hypidiomorphic 
quartz crystals are poorly ductily deformed which 
is defi ned under microscope by the determination 
undulatory, irregular or wrinkled extinction of 
individual grains of quartz. 

Feldspar minerals, especially orthoclase, in 
white and cream coloured samples, are formed up to 
1-2 mm in size and rarely more, the form is usually 
isometric or slightly elongated. In thin sections, 
dust like appearance is interpreted as pelitization, 
weak kaolinisation. Microcline is rarely observed. 
Late-ordered, fi ne-grained albite-quartz minerals are 
hexagonal shaped and overlap the below ones.

Pyrite is observed in the form of disseminated 
impregnation of small cubic crystals or pseudomorphs 
of iron hydroxides in pyrite. It is possible to observe 
brownish, reddish, and dark yellow-colored iron 
hydroxides along microcracks.

The gold content of metamorphogenic quartz is 
usually lower than the sensitivity of gold-spectral 
analysis, sometimes it increases up to 0,1-0,2 g/t, but 

usually, in quartz the Au content does not exceed 0.0n 
g/t. 

Metamorphogenic-hydrothermal quartz with 
inclusions of feldspar (Q-2): Feldspar-quartz formations 
of this type often form cutting veins, sub-coarse small 
lenticular veins, nests of metamorphogenic quartz and 
metamorphosed sandy-schist rocks. A characteristic 
feature of this type is an increased amount of cream 
and pinkish colored feldspars, reaching up to 50-60% 
of the volume of mineral content. During the vein 
formation and development process, pseudo-breccia 
texture may form and the granular matrix of pink 
feldspar contains relatively isomorphic crystals of 
quartz. 

Quartz minerals are seen in white to grayish, 
translucent, sugar-like and vitreous. Under cross-
polarized microscope, undulatory extinction and the 
initial stages of the mosaic texture are observed but 
more often the crystals are almost undeformed. The 
texture is hypidiomorphic, grained, with grain sizes in 
the range 0,02-2,0 mm. Length of creamy and pinkish-
colored feldspar is up to 2-3 cm in size and granular 
feldspar crystals are in between quartz minerals. 
Feldspar is usually replaced by sericite and kaolinite, 
which is from single scales to 20-25% of the volume 
of feldspar outcrops.

The main typomorphic feature of this type is 
a large amount of feldspar, saturated with clay-
like particles. The crystals of feldspar (albite and 
orthoclase, predominate albite) have good-developed 
cleavage and are distinguished by irregular shape 
of faces. Among them, sections of large crystals up 
to 1-1,5 mm and zones of fi ne-grained crystals up to 
0,1 mm in length are allocated. Among the crystals 
of quartz, large differences up to 2 mm or more are 
of primary importance. However, along with them, a 
large volume of the section is occupied by medium- 
and fi ne-grained albite crystals of the metasomatic 
appearance, which forms intergrowths with quartz. 
On the surface of quartz, there dust-like inclusions, 
and possibly kaolinite, are found much lesser amount 
than on the surface of feldspar. Forms of crystals are 
very diverse - from angular elongated to irregular and 
slightly rounded.

In general, the gold grade is measured as 0,0015 
g/t one of the locations, it increases up to 0,8 g/t with 
an increased content of iron hydroxides in quartz.

Pneumatolytic-hydrothermal quartz (Q-3): 
Macroscopically quartz from white and light gray 
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to dark gray, coarse-grained, from translucent to 
transparent in shallow cracks. This type of quartz 
minerals are characterized by matte luster. There 
are veins with a patchy uneven random distribution 
of color from almost transparent to dark gray, rarely 
reddish. The external appearance in the fi eld, quartz 
minerals are observed as sugar to vitreous is both 
opaque and translucent. The texture of vein fi lling is 
medium- and coarse-grained, cryptocrystalline. In the 
large quartz veins, a rhythmic banding was observed, 
caused by alternating of 1-2 mm of translucent and 
opaque quartz. The veins contain  small isometric 
and elongated inclusions of muscovite, transparent, 
slightly greenish and brown iron, white and cream-
colored  feldspar up to several mm in size. Individual 
crystals of pyrite, iron hydroxides and manganese are 
observed along cracks up to 0,5-1 cm. 

Under microscope, medium-coarse-grained 
crystals idiomorphic or hypidiomorphic texture. 
In some cases, grain boundaries are irregular and 
sinuous. Quartz crystals are characterized by the 
absence of dust-like inclusions, which distinguishes it 
from other types of quartz. The outfl ow has normal 
characteristics of undeformed quartz or weak cloudy 
and undulatory. It is possible to observe fi ne-grained, 
recrystallized quartz crystals and related chlorite and 
carbonate. Single rutile crystals of isometric and 
elongated sections up to 0,01-0,01 mm in size, apatite 
of irregular shape up to 0,2 mm in size are observed 
(Ivankin and Nazarova, 2001)

Some of the veins that fi lled by white and 
grayish pneumatolytic-hydrothermal quartz, also 
contain broken and supergene sulfi de mineralization, 
represented by pyrite and iron hydroxides. Under 
the microscope, broken and allotriomorphic-grained 
quartz minerals, with optical signs of bending 
deformation, are overlapped by sulfi de minerals are 
observed. The fi ne-granied and granular texture of 
quartz develop intensively along microcracks and 
grain boundaries. This quartz is characterized by 
intensive fracturing both unsystematic and oriented 
lamellar. The nonmetallic minerals, fi ne-grained 
ferrous carbonate, sericite, kaolinite, hydromica, 
chlorite are developed along the fi ssures. Often these 
minerals are associated with the occurrences of ore 
mineralization. There are crystals of feldspar up to 2-3 
mm in size.  

Ore minerals are observed as disseminated, 
lens, nests in quartz veins are intensively replaced 
by secondary minerals of the oxidation zone. Iron 

hydroxides are disseminated, nests and widespread in 
quartz veins and cracks.

Hydrothermal gold mineralization in Alyamdi 
region is, developed along the veins and related 
pneumatolytic-hydrothermal quartz. In the samples 
selected of gold-bearing quartz veins, are dark 
yellow-colored, brittle, branched and 5-6 cm in size, 
colloform-texture, consist of limonite, inclusions 
of reddish-brown goethite, veins of jarosite with a 
thickness of up to 2-3 mm, rare primitive scorodite 
(Figure 3-4). 

Hypidiomorphic medium and coarse-grained 
quartz minerals are intergrowths with albite. Quartz 
has a weak cloudy-undulatory extinction and albite 
is represented by colorless tabular crystals with 
polysynthetic twinning (Sample 1017, Figure 3c, d). 
Cracks develop fi ne-grained idiomorphic-grained 
quartz, apatite grains are up to 0,2 mm, short-prismatic 
rutile crystals up to 0,02 mm in size. The distribution 
of ore mineralization is controlled by cracks in the 
albite-quartz crystals and is also associated with later 
cutting quartz-carbonate (ankerite, calcite) veins. 
Post-ore veins are fi lled by calcite (Mikhailov et al., 
2004). 

In the heavy fraction of the sample of Alyamdi, 
rare pyrite, malachite, cerussite and native gold are 
observed (Figure 3b). The color of gold varies from 
light yellow to reddish-yellow. Gold grains are mostly 
less than 0,1 mm and represent a thin dust-like form. 
The texture of gold is granular, rounded, elongated 
and irregular. Gold is interlocked with quartz. Larger 
golds have nodular surface (Figure 4).

Probably the presence of bismuthinite, scheelite, 
molybdenite within quartz, as indicated by the 
increased contents of Bi, W, and Mo in the samples, as 
is the case for As, Ag, and Cu in some other samples 
are increased in some samples.

Hydrothermal quartz associated with pyrite, 
arsenopyrite and gold (Q-4): Hydrothermal gold-
bearing quartz is macroscopically white, grayish and 
light gray, in some parts, is randomly spotted and 
a bluish-colored, represented by cryptocrystalline 
opaque crystals of porcelain or sugar-like texture 
(Figure 5a). Q-4-grouped quartz minerals contain 
inclusions of creamy-pink feldspar from 0,1-0,2 mm 
to 2-2,5 mm, veins and micro-allocation of carbonate, 
chlorite, sericite, kaolinite. Under the microscope, 
quartz is characterized by large-crystal with abundant 
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pulverous inclusions forming “wrinkles” apperance. 
Hydrothermal quartz is characterized by intense 
brittle-ductile deformation, characterized by irregular 
cloudy-undulatory extinction, the mosaic texture of 
crystals, formation of granular quartz along cracks 
and grain boundaries (Figure 5b), transparent, 
without inclusions. A fi ne-grained quartz crystals with 
carbonates, sericite, kaolinite, chlorite, pseudomorphs 
of iron hydroxides through pyrite, jarosite, and native 
gold develop along the fi ssures (Figure 5c). Rare 
nests and impregnations of pyrite are observed in 
some sections of quartz veins up to a few mm in size; 
accumulation of iron hydroxides are widespread in the 
veins, and cracks.

In the concentrates of the crushed sample from 
the limonitized quartz veins, the Tusun mineralization 

contains native gold, pyrite, chalcopyrite, 
arsenopyrite, galena, malachite, scorodite minerals. 
Native gold in the heavy fraction of crushed sample 
1209 are characterized by free gold of light-yellow 
color and in intergrowths with quartz, and by dusty 
inclusions in quartz. The size of the gold is from 0,01 
to 0,75 mm. The texture of gold is: cloudy, lamellar, 
complex interstitial, elongated and isometric (Figure 
5d). The surface of the native gold is smooth, as 
well as tuberculate, and turbinate, as occurred more 
often. In polished sections of the same quartz vein, 
the individual elongated, vein-like and isometric 
lumpy and dusty gold are confi ned to microcracks in 
quartz (Figure 5c). Accumulations of gold from 0,005 
to 0.1 mm in size are associated with microcracks 
that contain quartz-sericite-hydromica-kaolinite and 
gold inclusions are also observed in iron hydroxides. 

Figure 3- a) View of gold-bearing quartz from the Alyamdi Gold Deposits:b) View of gold, c, d) view of mineral compound under the 
microscope.

a

c

b

d
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Figure 4- View of gold minerals in hydrothermal feldspar-quartz veins from Alyamdi Gold Deposits.  

According to the results of the semi-quantitative 
spectral analysis, the lead content in this same vein is 
increased by 0,48%, arsenic 0,1%, copper 0,1%, silver 
415 g/t, gold 26,25 g/t. High Pb contents suggest the 
presence of galena. 

In Naymanbulak and Tusun area, veins are fi lled 
by porcelain quartz (Q-4), and in Ingichkasay, west 
of Naymanbulak area, quatz veins with gold content 
of 0,1-0,8 g/t are covered by loose material. In Tusun 
region, some parts of porcelain quartz veins contain 
dark yellow colored iron hydroxides up to 10-12 
cm in thickness, have high gold concentration. Post-
ore, hydrothermal low-temperature quartz (Q-5): It 

forms in veins which developed in tectonic zones and 
the breccia texture is observed in quartz minerals. 
Macroscopically it is white and grayish in color, 
sugar-like, sometimes fi nely-grained and metasomatic 
in appearance.

The fi ne-grained quartz breccia contains intensely 
silicifi ed rock fragments as observed point 836. 
Intensely silicifi ed rocks are between 1-2 mm and 3-5 
cm in size, usually acute-angled, contain from 5-10 to 
40-50% of quartz. Under the microscope, amorphous 
quartz crystals are hypidiomorphic (a combination of 
xenomorphic crystals and crystalline forms) and 0,05-
0,1 to 0,5-0,6 mm in size, and weakly deformed. In 
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association with post-ore quartz formation, formation 
of chlorite, sericite, albite, calcite, kaolinite fl ake, 
gypsum are also observed. 

The results of mineralogical mapping of quartz vein 
along the Karakchatau Shear Zone show that quartz 
veins are most intensively developed in the central 
part of the zone. They form linear zones and fi elds, 
concentrated in local geological blocks; vein fi elds 
develop in the areas of expansion of the Karakchatau 
shear zone, and in the areas of its clamping the intensity 
of quartz mineralization decreases; the location of the 
fi elds and their morphology depend on the nature of 
the block deformation of the shear zone.

The typomorphic mineralogical-geochemical 
features of quartz veins from different genesis, 
defi ned as a result of research, are comparable with the 
available data from other shear zones with the same 
geological features, which allows them to determine 
target area for gold prospecting projects.  

6.1. SEM (Scanning Electron Microscope) Study 
Results

Under the SEM, vitreous metamorphogenic quartz 
(Q-1) (sample 1140) of a cryptocrystalline structure 
with a grain size range from about 0,1 to 0,2 microns 
and a banded, lace-like texture contains scattered 
impregnation of ore minerals up to several microns 

Figure 5- Gold-bearing veins  in Tusun region; a) a sample of white porcelain quartz (Q-4) from the core ( sample 1209, 0.9g/t concentrated 
gold); b) compressional deformation and the mosaic texture of quartz crystals and micrograins in cracks (sample 1209, cross-
polarized light, X56); c) native gold (light-colored) in quartz-kaolinite-carbonate microfractures (dark) (sample 1209, X60); d) 0.15-
0.55 mm in size gold in quartz vein (sample 1209, X36). 

a

c

b

d
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in size. As a result of replacement processes, quartz 
minerals are recrystallized and get sugar-like texture 
that contains small gaseous-liquid inclusions of 1 to1.5 
microns in size. A comb texture of quartz is observed 
at the background of a thin-globular surface with 
precipitates of a presumably carbonaceous substance 
which has an isometric and elongated shape ranging 
from 0,1 to 2 microns in nodes. Some crystals have 
radial-radiant structure.

Q-3 type quartz show idiomorphic crystals under 
SEM (Figure 6a). (Figure 6a).  Random distribution of 
irregular-shaped gaseous-liquid inclusions are located 
on the edges of crystals, are probable indicated as 
secondary origin (Figure 6b).

Under the SEM, presence of isometric and 15-20 
microns in size gaseous-liquid inclusions are observed 
in the cleavages, developed in fi ne-grained porcelain 
hydrothermal quartz (Q-4). In coarse-grained quartz 
crystals there are disseminated ore minerals, there 
are hexagonal quartz crystals and largely elongated 
gaseous-liquid inclusions over quartz growth zones. 
The “wrinkle texture” of  quartz is observed in crystal 
growth zones by pulverized gaseous-liquid inclusions 
and fracutures along the microinclusions of ore 
minerals which are (Figures 7a,b).

Figure 6- a) View of  high-temperature quartz (Q-3) fom sample 1187; b) View of 2 micron-sized gaseous-liquid inclusions in high-temperature 
quartz (Q-3) minerals from Sample 1017. 

a b

Figure 7- SEM images of the sample 371. Zonal structure of hydrothermal quartz crystals (Q-4); a) sulfi de impregnated “Wrinkled” quartz 
crystals. (X6000); b) the same with gaseous-liquid inclusions by growth zones (X6000).

a b
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7.  Discussion

The evolution of ore-forming processes in the 
gold-bearing quartz veins of crushing in terrigenous 
sequences of the cover-folded regions of Western 
Uzbekistan is controlled by geological, metasomatic, 
mineralogical and geochemical features. In this 
research, the typomorphic features of quartz minerals 
in the Karakchatau shear zone are studied, since quartz 
varies by properties and properties of mineral-forming 
processes (Yurgenson, 1984, Babaev, 1985). The 
obtained data makes it possible to clarify geological 
evolution of ore forming conditions in the studied 
area.

Gold mineralization is formed as a result 
hydrothermal fl uid circulation in fractures and faults 
in the early stage of development of the shear zone, 
pneumatolytic-hydrothermal processes associated 
with granitoids, and telethermal processes with late 
stage of deep structures (Koloskova, 2007). Late 
Silurian processes of movement of lithospheric plates 
provided suitable environment for the migration of 
ascending fl uid fl ows from the subduction zone. Pre-
Devonian regional metamorphism is considered by 
most researchers as one of the earliest processes of 
concentrating gold in sedimentary strata. In the early-
collision stage, during the middle Carboniferous, 
complications of early over thrust along the borders 
of the covers occur and large plates, which in the late- 
and post-collision period took the form of shear zones 
conformal cover-fold structure. At fi rst, the period of 
collision, when the granite-gneiss layer was not yet 
formed, the deformation zones were the structures of 
migration of mantle fl uids, which contributed to the 
formation of metamorphogenic-metasomatic rocks 
with a high background metal content, including gold 
content (Ivankin and Nazarova, 2001): 1) carbonate-
sulphide-carbon metasomatites; 2) albite-quartz 
metasomatites and vein-veinlet formations of a similar 
composition. The formation of polygenic collision 
granitoids of the S-type need to be explained was 
accompanied by a large-scale migration of gold and 
a number of ore-bearing elements in the geothermal 
gradient fi eld of intrusions with a concentration 
in favorable positions. Dislocations of this period 
control the placement of dyke and vein type quartz 
mineralization. With periods of post-collisional 
tectonic activation of the associated formation of 
quartz breccias, gold-bearing quartz. 

8.  Conclusions

In this article, we considered the practical 
application of one of the geological phenomena 
defi ned by the term “typomorphism of minerals”. 
Field mineralogical mapping of quartz formations was 
performed along the ore-saturated Karakchatau fault 
zone with potential of hidden gold mineralization.

Mineralogical study of rock samples from different 
genetic type quartz veins of the Karakchatau Shear 
Zone paid attention to the peculiarities of the external 
appearance of quartz, the mineral composition of 
paragenesis, and the interrelationships of minerals and 
the morphology of quartz crystals.

Five genetic types of quartz formations are 
distinguished by a complex of characters that include 
metamorphogenic quartz (Q-1); metamorphogenic-
hydrothermal (Q-2); pneumatolytic-hydrothermal 
quartz (Q-3); hydrothermal quartz with sulfi des and 
gold (Q-4); hydrothermal low-temperature quartz, 
post-ore (Q-5). Mineralogical mapping was carried 
out in that mapping: in the Karakchatau Shear Zone, 
quartz veins are most intensively developed in its 
central part.

Result of typomorphic mineralogical-geochemical 
features of different genetic type quartz veins are 
provided and allows to compare with other shear zones 
from similar geological backgorund, that may help to 
determine new target areas for gold mineralization.   
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ABSTRACT

The Rare Earth Elements (REE) deposits and mineralization of Turkey can be divided into four 
types based on their geological setting and origin. First are deposits associated with carbonatite-
alkaline magmatic rocks, rich in Light Rare Earth Elements (LREE). The best known examples are 
the Kızılcaören (Eskişehir) and Kuluncak (Malatya) deposits with TREE grades of 2.9% and 0.7% 
respectively, and typical enrichment of La-Ce. Lower grade REE mineralization at Keban (0.05% 
TREE) and Divriği (0.13% TREE) is associated with abundant fl uorite and all four occurrences 
show similar ranges for homogenization temperatures and salinities for fl uid inclusions in fl uorite 
and REE profi les. The second type are Triassic shales and the bauxites formed from them in the 
Bolkardağı region. Enrichment of Heavy REE (HREE) is typical and TREE grades are about 0.15% 
in bauxites and its protolith. These occurrences are geochemically similar to “ion adsorption type” 
deposits associated with lateritic clay on the weathered granitic rocks of China. Third is the placer 
type, represented by the Çanaklı (Burdur) deposit which is enriched in U, Th and HREE and heavy 
minerals such as; magnetite, zircon and rutile and has an average grade of about 0.08% TREE. 
The fourth potential source of REE is phosphorites. These rocks host the world’s largest resources 
elsewhere, however the Cretaceous Mazidag deposits in Turkey are very low grade (40ppm TREE) 
and clearly uneconomic. Consideration of the environmental and health issues associated with 
exploitation and processing of REE has identifi ed the more favorable outcomes associated with 
exploitation of the ion adsorption type of deposits and justifi cation for further evaluation of the 
resources and processing technologies that would enable exploitation of REE-enriched bauxites in 
the Bolkardağı region.
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1. Introduction

The Rare Earth Elements (REE) consist of a total 
of 17 elements, including 14 natural and 1 artifi cial 
element known as the Lanthanides (La) starting 
from the mass number of 57 up to Lutetium (Lu) 
with mass number of 71, plus Y and Sc, due to their 
similar geochemical properties. In this REE group 

where the ion charge is usually +3 valence; La, Ce, 
Pr, Nd and Sm elements are called as the LREE, 
and Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu and Y elements 
are called as the HREE. Because of its geochemical 
characteristics, the REE group is widely used for the 
analysis of geotectonic-petrogenetic environment, 
the interpretation of physicochemical conditions and 
for many other geological problems. However, more 
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importantly, the REE mining has gained extraordinary 
importance in the world over the last fi fty years due to 
demand from the electronics and defense industries.

Some raw materials are regarded as strategic and 
critical according to their supply risk and economic 
importance (http://ec.europa.eu/growth/sectors/raw-
materials/specifi c-interest/critical_en) and the REEs 
are at the top of these critical raw materials (Figure 1). 
Eighty-fi ve percent of the total REE of 140 thousand 
tons produced per year in the world is realized by 
China. China supplies 65% of its production from 
bastnasite, the main mineral of hydrothermal deposits 
associated with carbonatites, and the remaining from 
clays formed by supergene processes.

The reason why China is the main leader in the 
worlds REE production is not only the rarity of 
deposits elsewhere in the world, but also the usual 
presence of high levels of radioactive elements, such 
as Th and U, which in turn limits the production. 
Exposure to radiation during production, processing, 
and storage of waste containing U and Th, can result 

inserious health threat both to workers and for all post-
production environmental damage.

The world’s major REE resources include (i) 
bastnasites (REE, Ce(CO3)F) in carbonatites (eg, 
Mt Pass Deposit USA) Hewett (1954), Bayan Obo 
Deposit China, Xu et al. (2012)  (ii) monazites located 
in the ocean shore placers (REEPO4) (eg, Indian 
and Australian shores) Paleparthi et al. (2017), (iii) 
xenotime (Y, REEPO4), a byproduct of Ti, Zr, Sn 
deposits, (iv)  sedimentary phosphate deposits (Emsbo 
et al., 2015), (v) bauxites (Deady et al., 2016b), and 
(vi) ion adsorption clays - type deposits result from  
deep tropical weathering of granites  (Voßenkaul et 
al., 2015), where the combination of high precipitation 
and temperature decomposes the REE-bearing 
minerals (Sanematsu and Watanabe, 2016). Following 
their exploitation in China, similar deposits were 
discovered in Madagascar and Brazil (Rocha et al., 
2013).

Except for REE resources associated with 
monazite and xenotime, the geological environments 

Figure 1- Position of the raw materials critical to the EU Commission for the year 2017 according to the threshold of 
supply risk and economic importance (see upper right-hand region, http://ec.europa.eu/growth/sectors/raw-
materials/specifi c-interest/critical_ en).
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Figure 2- Geological settings of the deposits and mineralization with REE potential in Turkey.

and formations for the other types of REE deposits are 
observed in Turkey (Figure 2). The geological setting, 
mineralogy, trace element and REE geochemistry 
and fl uid inclusion properties of these deposits and 
occurrences will be discussed in this article.

2. Method

In this study, a total of 44 ore samples were taken 
from the deposits and mineralization with REE 
potential from different geological environments in 
Turkey (sample numbers of deposits and mineralization 
are seen in Tables 1 and 2). Their mineralogical, 
petrographical, geochemical (REE, major oxide 
and trace element geochemistry) and fl uid inclusion 
properties were studied, with geochemical analyses 
carried out in Canada at the ACME Laboratories using 
ICP-AES for main oxides and the loss on ignition, 
and ICP-MS for the other elements. Boynton (1984) 
values were used in the chondrite normalization. Fluid 
inclusion analyzes were carried out on the Linkham 
THMG-600 instrument at the Geological Engineering 
Department of Istanbul University- Cerrahpaşa. In this 
study, the fl uid inclusion data are given as a summary 
and results relating to the REE geochemistry are 
discussed. As REE is transported in the form of fl uorine 
complexes in hydrothermal systems (Migdisov et al., 
2009), the REE geochemistry and fl uid inclusion 

properties of all fl uorite deposits in Turkey were 
examined. However, only the mineralizations that 
show REE enrichment were introduced among fl uorite 
deposits of Turkey. 

3. REE Sources Associated with Carbonatite and 
Alkaline Magmatic Rocks 

REE enrichment associated with carbonatites 
occur at Kızılcaören (Eskişehir) and Kuluncak-
Başören (Malatya).  Alkaline magmatic rocks-related 
REE-bearing fl uorite deposits occur at Keban (Elazığ) 
and Divriği (Sivas).  All these deposits are always 
associated with fl uorite. This is due to the fact that 
REE is transported by the fl uorine forming complex 
ions (Migdisov et al., 2009). The most important 
example of carbonatite-hosted deposit in Turkey is 
Kızılcaören (Eskişehir) (Kaplan, 1977a; Stumpel and 
Kırıkoğlu, 1985; Nikiforov et al., 2014). This deposit 
also contains Th which has strategic signifi cance. 
Apart from Kızılcaören, the Kuluncak Fluorite-REE 
mineralization in the vicinity of the Başören village 
(Kuluncak-Malatya) has been studied by MTA with 
a similar interest in terms of Th (Özgenç and Kibici, 
1994). The MTA has also conducted a research on the 
Cu-F mineralization of Divriği (Sivas) for uranium, 
and the high REE content of the mineralization will be 
presented in this study for the fi rst time.
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3.1. Kızılcaören REE Deposit

The Kızılcaören deposit is the biggest REE deposit 
in Turkey and also the largest occurrence of F-Ba-Th. It 
consists of sub-horizontal banded ore and sub-vertical 
vein-type mineralization within steeply dipping 
Permo-Triassic conglomerates, sandstones and 
schists (Figure 3). The sub-horizontal mineralization 
shows variation between the bands and individual 

bands can be rich in either fl uorite, manganese oxide, 
barite or fi ne-grained silica. These banded ores are 
coarse grained but have a soft and earthy features. 
The sub-vertical veins lack banding and this harder 
mineralization is fi ner grained and includes locally 
fl ow structures. Alkali metasomatism is indicated 
by widespread fenite veins of K-feldspar and alkali 
amphiboles that sometimes form small outcrops and 
feldspathic bands within the deposit. 

Table 1-  The REE+Y, Th, U contents of REE deposits and the rocks that have potential for REE of Turkey. Kızıldağ shale (protolith of 
bauxites), Kemikli Tepe and Mortaş bauxite data are from Hanilçi (2013), the red mud data is from Deady et al. (2016b), the Canaklı 
placer data is from Cox et al. (2013), the ion absorption clay deposit data of China is from Voßenkaul et al. (2015) and the Seydişehir 
phyllite data is from Karadağ et al. (2009). The other data are produced in this study  (n.d: no data; Please see table 2 for sample 
locations).

NTE
Resource

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ƩNTE Y U Th

Kızılcaören 
Carbonatite 

(n=10)
9380 15070 1234 3584 289 57 224 15 66 9,4 25 3,9 23 2,9 29982 331,7 123 1072

Kuluncak 
Carbonatite 

(n=6)
2919 3317,1 248,8 598,4 48,8 8,7 43,1 5,4 29 5,8 16 2,2 11 1 7254,7 214,6 14,4 297,5

Divriği Alkali 
Magmatite 

(n=6)
299,7 507,6 62,4 237,8 58,8 7,3 61,2 9,4 53 9,9 27 3,8 22 2,6 1362,9 698,5 116 2,8

Keban Alkali 
Magmatite  

(n=10)
219,2 247,2 19,3 42,4 3,5 0,8 3,2 0,4 2,2 0,4 1 0,1 0,8 0,1 540,5 13,2 46 8,8

Çanaklı (Placer) 191 325 34 120 16 4,1 11,1 1,4 6,7 1,1 3,3 0,5 3,2 0,5 717,2 37 10,4 49

Kemiklitepe 
Bauxite (n=2)

337,1 635,7 91,8 376,1 71,9 15 65,2 8 42 7,2 19 2,9 18 2,7 1693,1 126,2 15,6 47,7

Kızıldağ Shale 
(n=3)

398,9 467,7 96,5 361,1 65,8 13 58,7 8 39 6,7 16 2,3 14 2,1 1548,5 125,2 10,2 26,4

Mortaş Bauxite 
(n=1)

39,5 191,6 10,5 38 8,6 1,8 7,8 1,5 11 2,1 6,9 1,1 8 1,2 329,2 49,7 6 47,8

Red mud 
(Bauxite waste, 

Seydişehir)
356,2 728,5 102,7 346,7 67,9 14 8,2 52 43 8,2 22 3,3 22 3,3 1777,4 180,2 vy vy

Seydişehir 
(Phyllite)

58,1 124,6 13,7 54 10,1 2,0 8,5 1,4 7,8 1,5 4,5 0,7 4,3 0,7 292,0 vy vy vy

Şarkikaraağaç 
Bauxite (n=2)

44,6 110 13,6 63,4 16,3 5,5 14,5 2 10 2 4,9 0,8 4,4 0,6 293 42,4 1,3 4,5

Şarkikaraağaç 
(Bauxite- 

protolith is 
basalt)

17,2 33,4 4,21 18,0 4,11 1,32 4,45 0,71 4,18 0,72 1,9 0,3 1,67 0,24 92,41 18,6 0,5 2,3

Mazıdağı 
phosphorite 

(n=4)
15,1 5 1,51 6,2 1,12 0,3 1,67 0,2 2,3 0,7 2,2 0,2 2 0,4 39 45,3 71,8 < 0,2

Ganzhou 
(China clay 

deposit)
287 311 65 278 44 8 36 5 26 5 14 2 11 2 1094 157 vy vy
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K/Ar radiometric dating of the phonolites and 
alkali vein rocks in the deposit indicates that the 
mineralization is Upper Oligocene (23 Ma, Nikiforov 
et al., 2014).

Exploratory drilling by MTA at Kızılcaören 
indicates reserves of 0,38 million tons of ore with a 
grade of 0,212 % ThO2 and 4,78 million tons ore with 
an average grade of 2,78% NTE (Ce + La + Nd + Y) 
(Kaplan 1977a, b). MTA also identifi es the potential 

Table 2- Major oxide and trace element contents of the REE deposits and probable REE sources of Turkey. Data of Bayan Obo deposit 
from Yang et al. (2003) (KO: Kızılcaören deposit; KUL: Kuluncak mineralization; DIV: Divriği mineralization, KB: Keban 
mineralization; KM: Kemikli tepe bauxite deposits, KD: Kızıldağ protholith, MR: Mortaş bauxite deposit, SK: Şarkikaraağaç iron- 
rich bauxite deposit, MD: Mazıdağı phosphorites).

Deposits KO KUL DIV KB KM KD MR SK MD Bayan 
Obo

Sheet and 
Coordinate

İ26c4
Y: 60195
X: 85070

K39a2
Y: 83370
X: 12620

J40a2
Y: 31124
X: 66040

K41a3
Y: 96750
X: 76300

N32c2
Y: 88220
X: 09990

N32c1
Y: 13247
X: 11735

N27b3
Y: 01005
X: 27500

M26b2
Y: 65030
X: 06563

N44b1
Y: 15840
X: 50023

M
aj

or
 O

xi
de

s (
%

)

 (n=10) (n=6) (n=6) (n=10) (n=2) (n=3) (n=1) (n=2) (n=4) Yang 
vd.,2003

SiO2 2,22 6,12 11,11 7,08 3,50 9,60 8,91 11,265 0,37 1,64

Al2O3 0,95 1,38 0,39 2,07 57,90 49,70 56,89 12,9 0,02 0,29

Fe2O3 4,23 1,65 16,16 2,58 22,90 26,50 17,31 55,735 0,07 11,78

MgO 0,15 0,27 0,05 1,52 0,10 0,40 0,15 0,97 0,18 9,23

CaO 37,63 56,97 45,23 53,18 0,10 0,10 0,13 0,305 55,72 23,92

Na2O 0,06 0,09 0,01 0,07 0,10 0,10 0,03 0,03 0,67 0,02

K2O 0,08 1,21 0,09 1,31 0,00 0,20 0,22 0,19 - 0,09

TiO2 0,05 0,33 0,01 0,06 2,90 2,60 2,52 0,53 - 0,30

MnO 0,44 0,17 0,07 0,15 0,10 0,10 - 12,485 - 1,58

P2O5 0,49 0,53 0,01 0,08 0,00 0,10 - 0,03 30,60 0,26

LOI 4,46 8,55 5,55 13,84 11,70 8,10 13,60 5,3 12,10  

Total 50,76 77,27 78,68 81,94 99,40 97,60 99,76 99,74 99,71  

Tr
ac

e 
E

le
m

en
ts

 (p
pm

)

Ba >50000,00 226,80 9,20 1505,90 24,00 55,00 36,00 313 103,50 1089,00

Rb 3,00 61,30 4,20 73,00 1,10 7,90 11,80 4,55 - 5,00

Sr 3290,00 1474,70 39,70 880,40 56,20 40,30 13,40 104,95 1424,35 1621,00

Th 1071,60 297,50 2,80 8,80 47,70 45,60 47,80 8,9 -  

U 123,20 14,40 116,30 46,00 15,60 20,60 6,00 4,25 65,88  

V 334,10 16,80 8,70 22,10 501,00 579,00 241,00 77 97,50 44,00

Zr 21,30 360,40 12,50 15,30 612,10 619,60 464,10 114,6 12,25 1,00

Y 331,70 214,60 698,50 13,20 191,50 87,40 49,70 30,2 41,95 132,00

Nb 56,00 312,90 21,30 7,90 71,00 74,60 43,20 10,35 0,10 340,00

Ga 3,30 11,10 2,90 4,60 71,10 61,80 50,90 28 -  

Hf 0,60 2,80 0,60 0,50 16,90 17,50 13,60 3,05 0,10  

Ta 0,96 2,66 0,76 0,18 5,00 5,00 3,50 0,75 -  

Mo 56,00 3,80 11,90 1594,10 0,90 1,10 7,70 3,2 1,03  

Cu 3,40 8,50 9160,50 291,80 13,10 18,20 3,30 35,25 27,05 13,00

Pb 520,00 457,50 177,70 6661,60 61,30 17,20 57,50 197,7 6,15  

Zn 244,50 219,00 484,80 1832,90 97,00 50,30 7,00 328,5 509,00 81,00

Ni 21,10 108,00 385,30 177,20 83,90 73,60 66,20 78,85 12,38 5,00
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for ten million tons of fl uoride and barite (Kaplan, 
1997b). The current license holder, Eti Mining, carried 
out a detailed study between 2015-2017 related to 
resources and technological studies on the recovery of 
barite, fl uorite and thorium. 

The main REE mineral is bastnasite (Kaplan 1977a, 
Özgenç, 1993) and microprobe data indicates that it 
also contains thorium (Nikiforov et al., 2014). Studies 
indicate that fl uorite, barite, pyrite and Mn-carbonate 
minerals are paragenetically linked to bastnasite with 
oxidation of carbonates and pyrite leading to Fe and 
Mn oxides. Enrichment of La and Ce enrichment is 
typical, and the chondrite normalized REE pattern 
shows a strong decrease from LREE towards HREE 
(Figure 4). 

Fluid inclusion studies indicate multiple phases of 
mineralization. For example, purple and green fl uorites 
contain both two phase and three phase inclusions with 
homogenization temperatures of between 150-394°C. 
Salinities are about 11% for two-phase inclusions 
and 32% (NaCl weight equivalent) for three-phase 
inclusions (Altuncu, 2009) and the results from fl uid 
inclusion studies at Kızılcaören resemble those for the 
Kuluncak, Divriği and Keban mineralization.

Fluoride minerals expand during fl uid inclusion 
measurements, which cause higher homogenization 
values to be measured than the actual homogenization 
temperature. For this reason, it should be taken into 
consideration that the homogenization temperatures 
obtained from fl uoride minerals may be higher than 
actual temperatures.

3.2. Kuluncak REE-bearing Fluorite Mineralization

The Kuluncak REE - bearing Fluorite 
mineralization is located near the Başaören village of 
Kuluncak district in Malatya within a license held by 
MTA which is undertaking intensive exploration. The 
mineralization is observed in the Upper Cretaceous-
Paleocene (Leo et al., 1974) nepheline syenite and 
in narrow zones at the contacts with Cretaceous 
limestone within an ophiolitic mélange setting. Purple 
fl uorites are the main ore mineral and compared to 
other formations except the REE high Nb and Ta are 
observed in the chemical analyzes carried out in the 
mineralization. The TREE value in the fl uorite ore 
is 7254,7 ppm. A typical decrease in the chondrite 
normalized pattern is observed from LREE towards 
HREE. The Ce and Th-rich mineral, britholite was 

Figure 3- Sections showing the wall rock relationships of the carbonatite-hosted Kızılcaören REE-F-Ba-Th deposit and the 
carbonatite-nepheline syenite-hosted Kuluncak REE-bearing fl uorite and the Keban and Divriği Fluorite-REE 
mineralization associated with alkaline intrusives (not to scale).
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detected by Özgenç and Kibici (1994). Fluid inclusion 
data for the Kuluncak fl uorites give homogenization 
temperatures ranging from 145-600°C with salinities 
between 4-64 % NaCl equivalent, broadly similar to 
results for the Kızılcaören deposit (Altuncu, 2009).

3.3. Divriği Fluorite-REE-Cu Mineralization

The mineralization in Divriği district of Sivas 
province is located within the Efendi River at 
elevations of 1600 m in Paleocene-Eocene (Boztuğ et 
al., 2007) alkali granites (Figure 3). The mineralised 
zone has a thickness ranging from 0,6 to 1 m at the 
surface and a length of approximately 300 m. It 
was discovered in 1958 by MTA during uranium 
exploration where investigations, including drilling, 
revealed 50m long galleries and an estimated 35,000 
tons of Cu-fl uorite mineralization. The center of the 
ore vein is green fl uorite and the wall zones are rich 
in chalcopyrite, galena and sphalerite. The ore also 
includes arsenopyrite, pyrite, bismutinite, covellite, 
chalcocite calcite, quartz, clay (possibly kaolinite) and 
limonites after pyrite.

The average TREE value of 6 fl uorite-rich samples 
is 1363 ppm (Table 1), and the REE pattern dominated 

by LREE is typical. The ore samples contain very 
high levels of Y with an average of 698,5 ppm 
(Table 1). Fluid inclusion studies on fl uorite indicate 
hydrothermal solutions at temperatures ranging from 
190-455 °C and salinity ranges between 10-32% 
(NaCl weight equivalent) (Altuncu, 2009).

3.4. Keban Fluorite-REE Mineralization

Keban Fluorite-REE mineralization occurs as veins 
within Permo-Triassic calcareous schists. The schists 
are cut by the Upper Cretaceous Keban syenites (Kuşcu 
et al., 2013) and numerous syenite porphyry dykes 
and Fluorite-REE mineralizations are common in the 
region. Fluorite mineralizations consist of stockwork 
veins reaching one meter in thickness and contain 540 
ppm TREE in average (Table 1). The amount of Pb 
and Zn is higher among the trace elements (Table 2). 
Fluorite specimens contain fl uid inclusions with two 
and three phases and homogenization temperatures 
range from 125-600°C with salinities from 7-61% 
(NaCl equivalent) (Altuncu, 2009). The three-phase 
fl uid inclusions show resemblance with Kızılcaören, 
Kuluncak and Divriği ores. The REE pattern of the 
Keban mineralization is enriched in LREE, similar to 
three deposits described above (Figure 4).

Figure 4- Chondrite normalized REE patterns of Kızılcaören, Kuluncak, Keban and Divriği Fluorite-REE mineralization. 
A decrease from LREE to HREE is clearly seen in the chondrite normalized patterns of the four deposits.
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4. Bauxite Deposits and REE Contents of Source 
Rocks

All bauxite deposits in Turkey are located in the 
Taurus belt except for the Kokaksu (Zonguldak) 
deposit (Figure 1). Some of these bauxite deposits 
and their source rocks (protoliths) contain signifi cant 
REE and therefore may be a potential source, given 
Chinese production of REE from clays in the ion 
adsorbtion deposits. Therefore, we have investigated 
the chemistry of the bauxite deposits and their source 
rocks in the Taurus belt to enable comparison with 
both bauxite and protolith compositions for the REE 
deposits in China (Tables 1 and 2). Some data were   
taken from Karadağ et al. (2006) and Hanilçi (2013). 

REE contents and chemical composition of 
bauxite deposits in Turkey are recorded in tables 
1 and 2. This data includes:  bauxite and phyllitic 
source rocks in the Seydişehir region by Karadağ et 
al. (2009); red mud waste from the Seydişehir bauxite 
deposits, by Karadağ et al. (2006) and Deady et al. 
(2016b); the Kemiklitepe and Kızıldağ bauxites 
and the slate protoliths of Kızıldağ bauxites in the 
Bolkardağı region by Hanilçi (2013); and the Yalvaç-
Şarkikaraağaç bauxites and basaltic protolith in the 
Isparta region (this study). REE analyses indicate 
wide variation with highest REE values in the bauxites 
and protolith of the Bolkardağı region, comparable to 
the values for the REE deposits of the Ganzhou region 
in China (Table 1). The REE contents of bauxite and 
protolites of Bolkardağı region are largely similar 
to REE elements in Ganzhou region clays in China 
(Figure 5).

4.1. Mortaş and Doğankuzu Bauxites

The Mortaş-Doğankuz bauxite deposits are located 
in the discordance line Cenomanian-Turonian of the 
Upper Cretaceous limestones (Karadağ, 1987; Öztürk 
et al., 2002, Figure 6a). The provide ore is for the 
Seydişehir alumina smelter. At the bottom and top of 
the bauxites, and also along internal fracture lines, are 
greenish-colored zones rich in fi ne grained pyrite and 
marcasite. The TREE values of the Mortaş bauxites 
range between 282-986 ppm (Karadağ et al., 2006). 
The red mud waste from alumina production contains 
approximately 80 ppm Y and 1777 ppm TREE (Deady 
et al., 2016b) (Table 1). However, analysis by Karadağ 
et al. (2006), gave 1966 ppm TREE, including both Y 
and Sc.

4.2. Yalvaç-Şarkikaraağaç Bauxites

The Yalvaç-Şarkikaraağaç bauxites are observed 
in three main zones within Upper Jurassic units in 
the Isparta region that extend for tens of kilometers 
(Ayhan and Karadağ, 1985). Each zone developed 
from weathering of Jurassic basalt with the transition 
from basalt to bauxite clearly evident, as shown 
in fi gure 6b. These bauxites are the only deposits 
identifi ed on basalt protolith within the Taurus belt 
and their iron-rich character has prevented production, 
despite large reserves. The low TREE value of 293 
ppm and uranium content of 1 ppm,10 times less than 
other bauxites, refl ects the low values within the basalt 
protolith (Table 1).

4.3. REE Content of the Bolkardağı Bauxites and 
Source Rocks

The geology and geochemistry of the bauxites in 
the Bolkardağı region and protoliths were detailed 
by Hanilçi (2013). These bauxites developed on 
Lower and Upper Triassic shales (Figures 2 and 
7) and show enrichment in REE. Among bauxites 
in the region, especially the shales, which are the 
source rock (protolith) of the Kızıldağ bauxites, and 
the Kemiklitepe bauxites show enrichment in terms 
of HREE and their average TREE values are 1545 
and 1693 ppm, respectively (Table 1). The REE 
composition of the Kemiklitepe bauxite deposit and 
the Lower Triassic shales which are the source rocks 
of the Kızıldağ bauxite mineralization, show one to 
one resemblance with REE values of the Guangzhou 
clays in China (Table 1). The low U and Th contents 
of the clays, bauxites and bauxite protoliths when 
the compared to hydrothermal and placer type REE 
mineralization (Table 1) provides a signifi cant 
advantage in processing due to minimal radioactive 
waste. 

The Lower Triassic shales forming the protolith 
of bauxites in the Bolkardağı region were probably 
derived from the Ordovician Seydişehir schists 
because of the similarity of REE patterns and absence 
of granite or aluminosilicatic metamorphic rocks in the 
region. The bauxites developed in the Upper Triassic-
Aalenian (Middle Jurassic) period (Hanilçi, 2013), 
when the pre-Aalenian Tauride Anatolide continent 
should have been located in tropical latitudes suitable 
for lateritic soil development. As a result, it is likely 
that signifi cant REE resources would have been stored 
in the Upper Triassic clays of the Tauride-Anatolide 
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Figure 5- Comparison of REE abundance in the Bayan Obo (China), Mt. Pass (USA) and Kızılcaören REE deposits associated with 
carbonatite-alkaline magmatic rocks (top row), and the clay based Ganzhou region deposits with the Lower Triassic slate 
protoliths of the Kızıldağ bauxites and Kemiklitepe bauxites (bottom row). Data for Bayan Obo and Mt. Pass deposits from 
Haque et al. (2014); for Kızıldağ and Kemikli Tepe from Hanilçi (2013). The REE composition, the Kızılcaören deposit 
resembles the well-known carbonatite deposits (Mt Pass, USA and Bayan Obo, China), while the REE profi le and abundances 
for   bauxite and Triassic slate protoliths from the Bolkardağı region resemble deposits of the Ganzhou province in China.

Figure 6- Section showing wall rock relationships of (a) Mortaş and Doğankuzu bauxite deposits, and (b) Yalvaç-Şarkikaraağaç bauxites. The 
different REE contents of both bauxite deposits (see table 1) clearly indicates their different source rocks. 

A B
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belt. Clay grains formed during lateritic weathering 
will balance any electrostatic charge defi cit at their 
outer margins with ions of Ca+2, Na+1, NTE-3 etc. 
leading to enrichment by adsorption on to their outer 
surface. This process can lead to REE enrichment in 
clays and their subsequent incorporation into bauxites.

5. REE and Heavy Mineral - Bearing Placer 
Formations 

The Çanaklı REE and heavy mineral-bearing 
mineralization in the Burdur region (Figure 2) is a 
unique placer formation that is relatively HREE -rich. 
The mineralization is a terrestrial accumulation of 
the Plio-quaternary limestones. Drillings has defi ned 
reserve of 80 million tons in the Canaklı-1 area with 
approximately 808 ppm TREE, and grades of 0.72% 
TiO2 and 490 ppm ZrO2, and 414 million tons of 
reserve with 627 ppm TREE, and grades of 0.7% TiO2 
and 404 ppm ZrO2 in the Çanaklı-2 region (Cox et 
al., 2013; Deady et al., 2016a). The major minerals 
containing REE are allanite, cehvkinite, titanite 
and apatite, and the minerals containing thorium 
and uranium are torite, uranotorite and betafi te. It 
was reported that this mineralization was the result 
of terrestrial decomposition of a Pliocene alkaline 
volcanic eruption (Cox et al., 2013) 

6. Sedimentary Phosphorites

Marine sedimentary phosphorite deposits are 
regarded as the world’s most abundant and clean REE 
mineral deposits (Emsbo et al., 2015). TREE values 
of the phosphorites in different age ranges ranging 
from Paleozoic to recent in different regions of the 
world reached 1200 ppm (0.12%). REE substitutes 

for Ca in fl our-apatite (Ca5(PO4)3F) as does Sr and 
U. Within Paleozoic phosphate deposits in the USA, 
there are varying amounts of TREE (900-1200 ppm) 
and HREE (400-600 ppm). According to Emsbo 
et al. (2015), these HREE values are higher than in 
deposits currently operated by China (50-200 ppm). 
The phosphorites are likened to REE of the deep sea 
muds (Kato et al., 2011) both because of their negative 
Ce pattern and high values (Emsbo et al., 2015).

Phosphate deposits are located in cherty levels 
of the Upper Cretaceous limestones around Mazıdağ 
(Mardin) in Turkey. This deposit is made up of three 
main mineralized zones called Taşıt at the bottom, 
Kasrik in the middle and Şemikan at the top. Etibank 
identifi ed total reserves of 330 million tons (Apaydın 
and Erseçen, 1981) with 270 million tons at a grade 
of 10-12% P2O5, 30 million tons with a grade of 22% 
P2O5, and 30 million tons of calcareous ore requiring 
calcination with a grade of 14% P2O5.

The Eti Bakır Company has initiated work to build 
a modern plant for phosphate production and carried 
out additional drilling studies in the deposit since 
2013. The most important mineralization is the upper 
Şemikan phosphate zone (Imamoğlu et al., 2009) and 
REE analyses were carried out on four specimens taken 
from this zone. It consists of 1,5-2 m thick, massive 
phosphate ore with shark teeth fossils, overlain by two 
or three thin phosphate levels (10-20 cm) among thin 
chert bands and white massive chert (Figure 8). TREE 
values are extremely low at 40 ppm (excluding Y), 
similar to the lateral equivalent of the Jordan deposit 
(Al-Shereideh et al., 2010), with a typical negative 
Ce anomaly. Uranium values are relatively high at 71 
ppm (Table 1).

Figure 7-  Relationship of the Triassic shales which are source rocks (protolith) of bauxite and the bauxites in 
Bolkardağı province (Hanilçi, 2013).
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7. Discussion and Results

REE deposits associated with carbonatite-alkaline 
magmatism in Turkey are in the form of vein type 
hydrothermal-pegmatitic fi llings and rich in LREE like 
La and Ce. They exhibit mineralogic and geochemical 
similarities to USA’s Mt. Pass and China’s Bayan 
Obo deposits. At the same time, the Kızılcaören REE-
Ba-F-Th deposit is also contains signifi cant levels 
of Th with 10 samples averaging 1072 ppm Th. Due 
to radioactive elements such as Th and U in these 
deposits they can often be detected with relative ease, 
however their exploitation and processing can result 
in environmental and public health problems occurs 
during the REE production. Similar problems are to be 
expected from exploitation of placer deposits linked to 
alkaline magmatism, such as Canakli. 

In contrast, the clay-based HREE deposits contain 
minimal radioactivity and can be exploited with 
blasting and rock breaking, resulting in lower mining 
costs. In this context, it is necessary to seriously 
consider the recovery of REE from the HREE-rich 
shales and clayey schists of the Bolkardağı region. For 
example, mining operations at more than 200 deposits 
located at 24° northern latitudes in Jiangxi province, 
southern China, REEs are stripped from the exterior 
of clays by ion exchange. The recovery rate of TREEs 
from these deposits ranges from 40% to 85% with an 
average of about 70%. TREEs of the deposits (including 
Y) range between 300-6500 ppm (Roskill, 2011) and 
their average is around 1500 ppm. In ore recovery, the 
application of (NH4)2SO4 leads to NH4

+1 entering the 

clay with REE being adsorbed to form REE2(SO4)3 
(Wu et al., 1990, Chi and Tian, 2008). Addition 
of oxalic acid forms REE oxalate (REE2(C2O4)3) 
precipitate that is heated to 900°C to leave a REE 
oxide residue (Papangelakis and Moldoveanu, 2014). 
These REE oxides are then subject to individual REE 
element separation. According to Papangelakis and 
Moldoveanu (2014), the recovery of REE from clays 
occurs in the following reactions: 

2Clay-REE+3M2SO4=  2 ClayM3+REE2(SO4)3 

REE2(SO4)3+3 H2C2O4+10 H2O = 
REE2(C2O4)3∙10H2O+H2SO4 

REE2(C2O4)3∙10H2O = REE2O3+3CO+3CO2+10H2O

REE recovery can proceed by tank leach or heap 
leach, with NaCl used in previous times because of its 
ability to ion exchange, instead of ammonium sulfate. 
The production from clay based REE deposits in China 
constituted 26% of China’s total REE production 
between 1988 and 2007, and has increased to 36% 
after 2009 (Yang et al., 2013). Recovery of the HREEs 
is lower due to their stronger bond with clays.  The 
very low level of U and Th eliminates any problems 
linked to radiation and REE acquisition from clays is 
increasingly preferred. 

In Turkey, shales rich in REE occur on the Tauride-
Anatolide platform and include the Ordovician 
Seydişehir schists (Monod, 1967) with TREE of 300 
ppm (Karadağ et al., 2009) and the Lower Triassic 
shale-slates in the Bolkardağı region contain much 

Figure 8- (a) Stratigraphic position and (b) the chondrite normalized REE pattern of the Mazıdağ phosphorites. The horizontal REE pattern 
indicates that HREE and LREE did not differentiate. Mazıdağ phosphorites with their strong negative Ce and Ho and positive Y 
anomaly and low REE pattern resemble the Jordanian phosphorites.

(a) (b)
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higher TREE (Table 1, and Hanilçi, 2013). Figure 9 
shows the similarity between chondrite-normalized 
patterns of the Triassic shale-slates and Seydişehir 
phyllites. Under tropical weathering conditions during 
the Triassic, it is likely that clays developed on the 
Seydişehir phyllites contained TREE of between 500-
1800 ppm, based on REE enrichment in China. If these 
REE-enriched clays were eroded into a sedimentary 
basin during the Triassic, it could explain the similarity 
between the chondrite-normalised REE patterns of 
the Ordovician Phyllites and Triassic shales-slates. 
Subsequent exposure and tropical weathering of 
these Triassic sediments would then give rise to the 
bauxites in the Bolkardağı region with relatively 
high REE content. The Triassic bauxite and shales 
were subsequently covered by marine carbonates in 
the Jurassic and metamorphosed to lower greenschist 
facies during Cretaceous-Eocene orogenesis (Hanilçi, 
2013).  

Our study indicates that the occurrence of REE-
enriched Triassic shales and slates, and potentially 
economic REE deposits in the some Triassic-Jurassic 
bauxites of the Bolkardağı region can be explained by 
the REE content of the Ordovician Seydişehir phyllites 
and the ir exposure to tropical weathering during the 
Triassic. Interestingly, the chondrite-normalized 

REE patterns in the deposits of the Ganzhou region 
in China are similar to the REE patterns of bauxite 
and its source rocks in the Bolkardağı region (Figure 
9). In addition, the clay-based REE deposits in China 
are enriched by a factor of six compared with the 
REE content of the Mesozoic peraluminous granites 
(average 350 ppm TREE) which form the protolith. 
This REE enrichment factor is comparable to the 
difference between the REE content of the Seydişehir 
phyllites and Triassic shales-slates (Table 1). These 
comparisons indicate that the Triassic shales-slates 
of the Tauride belt warrant further investigation for 
bauxite-associated REE deposits.

Operating deposits in the Ganzhou region of China 
have TREE grades (including Y) > 500 ppm. Deposits 
with reserves >0.5 million tons are classifi ed as large, 
and between 0.5-0.05 million tons are medium-size 
(Sanematsu and Watanabe, 2016). Ore zones are 
usually 6-10 meters thick, locally 30 m, and rarely 
reaching 60 m (Yang et al., 1981; Chen, 2011). The 
protolith is mainly ilmenite type granite, and very 
rarely on phyllites (Zhang, 1990). The estimated 
reserve of REE deposits in China (excluding potential 
resources) is around 15 million tons (Sanematsu and 
Watanabe, 2016). Factors such as degree of weathering 
and the specifi c REE-bearing mineralogy (bastnasite, 

Figure 9- Comparison of chondrite normalized REE patterns of the clays from which REE is produced in the Ganzhou 
region of China and bauxite in the Taurus belt and its possible source rocks (KD: Kızıldağ, KD Pro: Kızıldağ 
protolith, KD Sap: Kızıldağ saprolite, KM: Kemiklitepe).
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fl uorite, apatite, allanite, xenotime etc.) determine the 
activation and fractionation of REE (Yusoff et al., 
2013). For example, in the uppermost soil zone there 
is a positive Ce anomaly, due to oxidation of Ce from 
+3 to +4 and accumulation in the form of CeO2, with  a 
corresponding Ce depletion in  the REE accumulation 
zone beneath it (Berger et al., 2014). Whilst there 
are similarities between the Triassic shales and 
bauxites of Turkey and the chondrite normalized 
patterns and REE contents of the “Ion Adsorption 
Type” ore in China, there are signifi cant differences 
to be considered in evaluating the potential of the 
Bolkardağı region bauxites. For example, with granitic 
protolith REE can be transported at surface conditions 
by bonding with carbonates and bicarbonates 
(REECOO3

+, REEHCO3
2+; see Liu and Byrae, 1998), 

and also fl uorides and organic complexes (Chen et al., 
2001) when HREE bond more strongly with organic 
complexes. In addition, the host mineralogy can be 
more important than the chemical complex. Whereas 
REE are adsorbed on the outside of clays in China and 
can yield high recoveries in processing, in Turkey the 
bauxites have experienced low grade metamorphism 
and REE are more likely to be hosted within the crystal 
lattice and yield lower recoveries. Therefore, any 
new evaluation of the bauxite-related REE potential 
in the Bolkardağı region and Tauride belt will need 
to understand these differences and their potential 
impact on the size of the resource base required for 
viable operations.

In contrast the Cretaceous phosphorite occurrences 
in Turkey contain only one twentieth of the REE 
content   of the REE-rich phosphorite deposits 
elsewhere in the world and are clearly uneconomic 
as a source of REE. Nevertheless, investigation of the 
REE potential of phosphatic sediments in the Lower 
Paleozoic belt in Turkey should not be ignored.
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ABSTRACT

This study was made for investigating the relationship between iodine and hydrocarbon 
accumulations and to determine iodine contents of formation waters in the Southeastern Anatolia 
basin oilfi elds where have been produced almost all of the Turkey oils (more than 95%). Formation 
water samples have taken from 234 production wells in 49 oilfi elds which have different geological 
structures where oil and gas production has performed by the Turkish Petroleum Company (TPAO). 
Also, the drilling mud samples from EBY-17 oilwell in Elbeyli (Adıyaman) fi eld has collected, and 
their iodine analyses were carried out. Although the fi elds in the Southeastern Anatolia basin are 
old and some fi elds the secondary production methods are used, the high relationship between the 
oil and gas deposits and iodine were proved. As well as in other oil and gas fi elds in the world, not 
all reservoir waters in the Southeastern Anatolia basin are saline. However, all of them are rich in 
iodine. Therefore, the iodine-rich waters are a direct indicator for oil and gas producible reservoirs 
(containing mature hydrocarbon). Reservoir-targeted iodine geology and hydrogeology methods 
have simple sampling process, and laboratory analyses can result at a short time. The results are 
low cost, reliable and consistent. In the case when these data are utilized with other geological and 
geophysical methods, it is determined will be a practical and useful tool to reduce the hydrocarbon 
exploration risk to a minimum and to discover new deposits suitable for commercial production.
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1. Introduction

Russians suggested the iodine as a 
hydrogeochemical indicator for oil and gas. Kartsev et 
al. (1959) stated that a vast amount of iodine in waters 
is originating from petroleum, and, iodine is a direct 
hydrogeochemical indicator for petroleum. Kovda 
and Salvin (1951) determined in their studies that the 
iodine content in soil usually is 10-4 %. However, 
iodine content of soils covering oil and gas fi elds 
increase up to 103% or 102%. Iodine has been used 
to discover an oil and gasfi eld in the many studies 
(e.g. Ginis, 1966; Kudel’sky, 1977; Gallagher, 1984; 
Allexan et al., 1986; Singh et al., 1987; Tedesco et al., 
1987; Gordon and Ikramuddin, 1988; Tedesco and 
Goudge, 1989; Leaver and Thomasson, 2002; Goudge, 

2007, 2009; Mani et al., 2011; Hummel, 2011). Collins 
and Egleson (1967), Collins (1969, 1975), Bojarsky 
(1970), Schoeneich (1971), Kudel’sky (1977) and 
Levinson (1980), in these studies, have proved the 
relationship between petroleum and iodine-rich waters 
in hydrocarbon production basins. Current studies are 
showing that supporting geological and geophysical 
survey with iodine geochemistry increases the 
effi ciency of hydrocarbon exploration. Use of iodine 
for the discovery of hydrocarbon fi elds has the 
advantage of both having reliable and consistent 
results and being simple and cost-effective. Besides, 
as anomaly results are controllable and repeatable, 
risks and costs of exploration are mitigated to a great 
extent (Leaver and Thomasson, 2002).
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Figure 1- Location map of oil and gas production fi elds in the Southeastern Anatolia basin of Turkish Petroleum 
Company (TPAO) in which the iodine analysis is carried out in the formation waters.

This study was made for investigating the 
relationship between iodine and hydrocarbon 
accumulations and to determine iodine contents of 
formation waters in the Southeastern Anatolia basin 
oilfi elds where have been produced almost all of 
the Turkey oils (more than 95%). Formation water 
samples have taken from 234 production wells in 49 
oilfi elds which have different geological structures 
where oil and gas production has performed by 
the Turkish Petroleum Company (TPAO). Also, 
the drilling mud samples from EBY-17 oilwell in 
Elbeyli (Adıyaman) fi eld has collected, and their 
iodine analyses were carried out. The samples were 
selected considering different formations in which the 
production is carried out in each oilfi eld, the well that 
has different oil (bbl) / water (bbl) and water % (bbl) 
ratios and oilfi eld dimensions. Total oil production in 
the Southeastern Anatolia basin is 34917 bbl/day, and 
the total oil production of oilfi elds in which the iodine 
analysis was carried out is 32692 bbl/day. The share 
of the oilfi elds in which the iodine analysis is carried 

out in the total oil production of the basin is 93.6% 
(production data of September 2017).

2. Material and Method

All formation water samples, except for Mardin 
and Şırnak oilfi elds, were taken from the wellhead of 
the production well shown as fi gure 2. The samples 
from wells in Mardin (Çamurlu, İkiztepe, and 
Eastern Sınırtepe) and Şırnak (Güney Dinçer and 
Batı Kozluca) oilfi elds were taken from the separator 
due to fi nding gas together with the oil in wells. The 
samples taken from separator and wellhead have been 
performed tests in samples of oilfi elds belonging to the 
Adıyaman Regional Directorate of TPAO for detecting 
whether or not any difference between iodine values. 
According to the result of this study, it was seen that 
iodine values taken from separator were lower than the 
values taken from the wellhead. On formation water 
samples were carried out Iodine analyses using the 
titration technique based on the Hach (1992) method 
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and UV spectrophotometry device in TPAO Batman 
and Adıyaman Regional Directorates (Figure 3). The 
total iodine concentrations (mg/L) of the samples were 
detected by these analyses, and these concentrations 
were used directly in assessments.

3. Relationship between Iodine and Petroleum

Iodine, which was discovered by Courtois in 1811 
by extracting from seaweed ash, is scarcely found on 
Earth’s crust. 99,6 % of Earth’s crust is composed of 
32 main elements. Remaining 0.4% shared among 64 
trace elements. Ranking 61 among these 64 elements 
concerning abundance, iodine is one of scarcest non-
metal elements within the composition of Earth’s crust 
(Hora, 2016). It is a halogen with Symbol I, atomic 
number 53, atomic mass 126,92, density 4,93 gr/cm3 
and valency -1, +1, +3, +5, +7. In seawater, there is 
0,05 ppm iodide ion concentration. The behaviors 
of iodine signifi cantly differ from that of chlorine, 
since it has the most biophilic features among the 
halogens. The most signifi cant reservoir of chlorine 
in the world is seawater (2,66x1016  tonnes, 72,2% of 
total chlorine), whereas the source of iodine is marine 
sediments (5,90x1012 tonnes, 68.2% of total iodine) 
(Muramatsu and Wedepohl, 1998). Thus, iodine 
enrichment is more related to the accumulation of 
iodine by marine phytoplankton, algae and organic 
matter deposition on the marine sediments rather 

than seawater (Tsunogai, 1971; Price and Calvert, 
1977; Elderfi eld and Truesdale, 1980; Harvey, 1980; 
Lloyd et al. 1982; Tomaru et al., 2009a, b). Iodine 
distribution in seawaters and oceanic waters shows 
that sediments closer to the shore include more iodine 
than the deep sea sediments (Figure 4) (Shishkina and 
Pavlova, 1965).

Huang (1984) stated that most available 
geologically places for iodine accumulation of large 
and well covered, less deformed structures in areas 
where young and thick marine sediments are found 
(external neritic/bathyal reduction environment). Also, 
he defi ned the porous and permeable sandstones as the 
iodine reservoirs, the thick organic-rich shales as the 
source of iodine and the algae-rich organic matters as 
the accumulation regions of iodine. A vast amount of 
iodine (excluding potassium nitrate-caliche deposits in 
the Chile and seaweeds) fi nd in the formation waters 
in oil and gas fi elds. Alvarez et al. (2015 and 2016) 
have determined that the source of the iodine in the 
Atacama (Chile), the most signifi cant iodine deposit in 
the world, is the Jurassic, old organic-rich sedimentary 
basement. Some marine organism types like some 
seaweeds, planktonic algae, and corals take the iodine 
from the seawater and accumulate it in their bodies 
(Huang, 1984). Iodine accumulation mechanism in 
the mud of seafl oor is as follows; 1) Accumulation in 
seaweeds, plankton diatoms, algae, and other marine 
organisms, 2) Accumulation of dead organisms on 
the seafl oor. Iodine fi nds on the surface of organic 
sediments absorbed by colloid surfaces or bound to 
carbon components, and it is mostly immobile (Fuge, 
1974). Marine organisms accumulate the iodine 
on external neritic seafl oor together with inorganic 

Figure 2- Schematical view of sample collection method from the 
oilwell formation water for iodine analysis.

Figure 3- An UV spectrophotometer device.
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matters and in bathyal reduction environment, and 
also in clayed sediments which are primary sources 
of iodine in oil and gas reservoir waters. Iodine-rich 
waters have classifi ed in two groups; (1) gaseous or 
petroliferous iodine-rich waters in oil and gas fi elds, 
(2) iodine-rich waters with the dry gas (dissolved 
natural gas) (Figure 5) (Huang, 1984).

The  main reservoir of iodine in actual marine 
environments is organic matters. Organicrich 
sediments or their volatile derivatives (hydrocarbons) 
are primary sources of iodine in many sedimentary 
basins. Iodine enrichment in waters increases with 

proximity to petroleum reservoirs and depth of burial. 
Iodine increase in porewaters is faster than bromine 
(Warren, 2006; Martin et al., 1993). Salt lakes either 
contain a little iodine or no iodine at all (Warren, 
2006).

The Organic-rich marine sediments and halite are 
primary sources for iodine in the terrestrial environment 
(Figure 6). These sources can be differentiated with I/
Br ratios (Elderfi eld and Truesdale, 1980; Moran et 
al., 1995; Muramatsu and Wedepohl, 1998). Buried 
marine organic matter produces microbial/thermal 
methane and releases iodine. Meanwhile, iodine and 

Figure 5- Environments where iodine is present (Özdemir, 2009; Khajeh, 2007).

Figure 4- The distribution of iodine in the earth crust (Muramatsu and Wedepohl, 1998).
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methane (CH4) which leave sediments accumulate in 
pore waters. These fl uids which are rich in methane 
and iodine achieve to surface with leakages or trapped 
in sedimentary rocks in terrestrial environments. There 
is a vast amount of iodine in oil and gas fi eld waters 
(Moran et al., 1995). The amount of decomposed 
organic matter during generating of hydrocarbon in 
the marine environment affects the amount of released 
iodine (Fuge and Johnson, 1986).

High concentration of iodine accumulation in 
near-coastal and continent margin sediments has 
reported in various studies (Vinogradov, 1939; 
Shishkina and Pavlova, 1965; Price et al., 1970; 
Pavlova and Shishkina, 1973; Price and Calvert, 
1973). In sediments in the early stages of diagenesis 
are seen that the iodine and bromine contents 
generally decrease with the increasing burial depth 
(Shishkina and Pavlova, 1965; Pavlova and Shishkina, 
1973; Price and Calvert, 1977). The loss of iodine in 
sediments is accompanied by the gradual decrease 
in organic carbon content and by iodine increase in 
pore waters (Pavlova and Shishkina, 1973). A similar 
increase can be expected in the content of bromine in 
pore waters. It is found that iodine increase in surface 
sediments is in direct proportion with organic carbon 
content (Figure 7; Peterson, 1979).

Iodine enrichment is a precise indicator of iodine-
rich organic buried matter and is related to the rate 
of sedimentation (Figure 8). In zones with rapid 
sedimentation, iodine-rich organic matter buried 
rapidly, and most of the iodine trapped in pore waters. 

In slow sedimentation zones most of the iodine is also 
released into seawater (Martin et al., 1993).

The biological connection between iodine and 
carbon systems have well established. There is a 
strong relation between organic carbon and iodine 
concentrations in marine sediments. Iodine is found in 
low concentration in sedimentary rocks (for instance 
in carbonates <1 ppm, in marine evaporites <0.1 ppm). 
Shales generally contain high iodine concentrations 
like 1-20 ppm. The iodine amount found in sedimentary 
rocks cannot be found in any rock-forming mineral 
and cannot be absorbed in clay. It is more related to 
preserved organic carbon (Cosgrove, 1970; Collins 
et al., 1971). High amounts of iodine concentrations 
have measured in shales containing kerogen, the 
primary organic matter (Cosgrove, 1970). Wilke-
Dörfurt (1927) and Cosgrove (1970) studies are shown 
close link between oil contents of shale (r2 = 0.98) and 
organic carbon content (r2 = 0.76), and iodine content 
of Lias (Posidonia) shales and Kimmeridge shales, 
the source rocks of North Sea (England) oil and gas 
fi elds. As iodine content is increasing in shales, oil 
and organic carbon contents are seen that increased 
(Figures 11 and 12). Greenhalgh (2016) stated that 
TOC (Total Organic Carbon) value of Kimmeridge 
shales is >10%, Hilger (2003) stated that carbon 
content of Lias shales is 9% and oil yield as 40-45 
liter/tonnes.

Figure 6- Iodine contents of different fl uids and solid materials 
(Fehn, 2012).

Figure 7- The relationship between salt-free iodine and organic 
carbon in Panama basin surface sediments. Sample P8 was 
omitted from the regression calculations since it deviates 
strongly from linearity. This deviation may be due to the 
presence of reworked, relatively refractory carbon in the 
core (Peterson, 1979).
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Compaction in deeply buried marine sediments 
pushes iodine-rich porewaters towards sands 
which are more conductive from clays and muds. 
Decomposition of organic matter releases iodine to 
porewaters, though slowly conditions of such process. 

Diagenesis of marine muds to shales causes a decline 
approximately 40% to 10% in the porosity from less 
and from 50 to 8 ppm in iodine content (solid phase). 
This process is a function of the pace of release, the 
age of sediment, depth and mineralogy, formation 

Figure 8- The relationship between iodine content, sedimentation rate, and carbon accumulation rate. The equations were determined from 
graphics by the author (from Kennedy and Elderfi el, 1987).

Figure 9- The relationship between oil and iodine contents of Lias shales (Data: Wilke-Dörfurt, 1927).
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temperature and nature of bound iodine (Figures 11 
and 12) (Fabryka-Martin, 1984). While organic matter 
turns into petroleum, most of the iodine is released to 
related waters (Fehn et al., 1990).

In halogen systematics of marine porewaters are 
seen that gas hydrates and most of the organic bromine 
are merged whereas maturing hydrocarbons, H2S, 
CH4, and iodine together are migrated from the basin 

Figure 10- The relationship between organic carbon and iodine contents of Kimmeridge petroleum source rocks
(Data: Cosgrove, 1970).

Figure 11- a) The schematic diagram showing subaerial evaporation of seawater, followed by chemical 
modifi cation of penesaline brine in the subsurface. (b) Schematic diagram showing 
subsequent mixing of remnant brine with an I-enriched fl uid from shales and with meteoric 
water from recharge areas (modifi ed from Stueber and Walter, 1991).
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(Figure 13) (Kendrick et al., 2011; Fehn et al., 2003; 
Gieskes and Mahn, 2007; Muramatsu et al., 2007). 
Therefore, the potential of hydrocarbons to infl uence 
iodine and bromine contents of formation waters is 
high. High saline formation waters ensure organic 
Br contribution. Combined noble gas and halogen 
analyses provide an intriguing new method for 
investigating hydrocarbon-groundwater interactions 
because hydrocarbons have elevated Br and I contents 
and noble gases and halogens are both fractionated 
between hydrocarbons and groundwater (Kendrick et 
al., 2011).

Buried organic matter, which turn into petroleum 
after maturing and which cause to increase of iodine 
concentration in surrounding waters and which is 
the source of iodine in waters of sedimentary basins 
having vast amounts of hydrocarbon accumulation 
have dominant control over total iodine concentration. 
Chen et al. (2016) have stated that these iodine-rich 
waters mediate the hydrocarbon migration. Therefore, 
iodine concentrations of basin fl uids can be used as a 

fi rst approach to tracer the interaction between fl uids 
and organic-rich sediments (Osborn et al., 2012).

Land (1991) and Stueber et al. (1993) studies 
have proved that to be a fl ow mechanism from depths 
towards Earth’s surface of fl uids in sedimentary 
basins. Harrison and Summa (1991) has calculated 
vertical velocities of fl uids in sedimentary basins 
and suggested iodine releasing model from thermal 
alteration of organic matter in solution (Mani et al., 
2011). Synder and Fabryka-Martin (2007) stated 
that formation water has same 129I/I age with on the 
environment it derives and organic matter it interacts. 
Moran et al. (1995) submitted long distance vertical 
migration model for hydrocarbons and waters related 
with iodine, in the study made on fl uid movements in 
sedimentary basins and age of source. Problems in 
these models are whether or not the iodine is bound 
to organic molecules for millions of years. It is an 
important subject. Because, iodine concentration of 
crude oil is very low (<1 ppm) (Fehn et al., 1990; 
Tullai et al., 1987). Therefore, iodine has preserved 

Figure 12- The relative timing of events related to sedimentation, tectonic events, hydrogeology, water-
rock interaction, and hydrocarbon evolution in Permian Basin (Engle et al., 2016).
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Figure 13- In the Lernard shelve of maturing hydrocarbons and iodine, (a) migration (from Kendrick et al., 2011), (b) 
trapping (Wallace et al., 2002) models.

its relation with organic C throughout decomposition 
of organic matter and sedimentation process and has 
released in water during thermal maturing. As iodine 
protects its close relation with organic C systems, the 
age of iodine will be the age of the organic matter with 
which iodine is in relation (Moran et al., 1998).

4. Discussion

Based on results of iodine analysis of water 
samples taken from oilwells of Southeastern Anatolia 
basin were evaluated iodine content of the formation 
waters in the wells and source of iodine in the basin. 
Also, the relationship between basin depth, oil (bbl)/
water (bbl) ratios in wells, water % in wells, reserves 
of oilfi elds with the iodine contents of formation 
waters were studied.
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4.1. Source of Iodine in Waters and Iodine Contents 
of Waters Associated with Hydrocarbon 
Accumulations

Iodine contents in the formation waters of the 
Southeastern Anatolia basin are consistent with the 
studies of Bojarski (1970) and Collins (1975). Iodine 
source in iodine-rich reservoir waters (iodine content 
>1 mg/L) of the Southeastern Anatolia basin, which 
is an oil and gas basin, is the organic-rich Silurian 
and Jurassic-Cretaceous petroleum source rocks. 
The results of iodine analysis of oilwells are given in 
fi gures 14-18 and Appendix-1.

In preliminary studies have been observed that 
formation waters of all oil and gas production basins in 
the world (including Southeastern Anatolia basin and 
Thrace basin) are contained >1 mg/L iodine (USGS 
Produced Water Database; Engle et al., 2016; Oppo 
et al., 2014; Oppo and Capozzi, 2015; Sudo, 1967; 
Kaiho, 2015; Kharaka et al., 1987; Dia et al., 1999; 
Dresel and Rose, 2010, Rowan et al., 2015; Mirnejad 
et al., 2011; Xun et al., 1997; Fisher and Kreitler, 
1987; Dickey et al., 1972; Land, 1995; Birkle et al., 
2002; Birkle et al., 2009; Franks and Uchytil, 2016; 
Hitchton et al., 1971; Machperson, 1992; Kokh and 
Novikov, 2014; Novikov, 2013a, b; Novikov, 2012; 
Novikov and Shvartsev, 2009, Demir and Seyler, 
1999, Kurchikov and Plavnik, 2009, Fu and Zhan, 
2009, Kireeva, 2010, Bagheri et al., 2014). However, 
there are also production wells with formation waters 
containing iodine <1 mg/L in Southeastern Anatolia 
and Thrace basins (Appendix-1), Dörtyol (Hatay) 
gasfi eld, Cambay basin/India (Rebary et al., 2014) and 
in basins of other global oil and gas fi elds. Looking 
at the iodine contents of formation water samples of 
Southeastern Anatolia and Thrace basins, 60 of them 
>1 mg/L, 59 of them between 0,5-1 mg/L, 108 of them 
between 0,1-0,5 mg/L and 16 of them range between 
0,01-0,08 mg/L (Figure 19). Formation waters with 
iodine content <1 mg/L in production wells, the 
oilfi eld waters are iodine content decreased waters 
as results of mixing with other water types (meteoric 
and reinjection waters) in the basin of oilfi eld waters 
with iodine content >1 mg/L. Çelik and Sarı (2002) 
detected meteoric water effect in the water sample 
produced from a well in the Karababa C formation 
which was one of the reservoir rocks of the Adıyaman 
oilfi elds. In another study (Çelik et al., 1998), has 
determined that formation waters in Adıyaman region 
could be trapped in marine units and they have been 
mixed with the meteoric water.

4.2. The Relationship between Depth and Iodine 
Content

Özdemir (2009) study carried out for iodine 
production from formation waters in the Gorgan (Iran) 
region it is seen that the iodine content increases in 
parallel with the increase in the depth. In this study, 
change of iodine content with depth was studied, and 
usability condition as an indicator of whether there 
is oil or gas in well during oilwell drilling of change 
of iodine content was evaluated. For this aim, iodine 
analyses have carried out by means of titration and 
UV spectrophotometer based on Hach (1992) method 
in laboratories of Adıyaman Regional Directorate of 
TPAO in drilling mud samples (well inlet and outlet) 
taken as parallel to penetration during drilling of EBY-
17 oilwell drilled Elbeyli (Adıyaman) fi eld and total 
iodine concentrations (mg/L) were detected.

According to the results of the analysis, the iodine 
content in the well increased in parallel with the 
increase in depth up to the oil zone. In the well which 
started with drilling mud containing 0,20 mg/L iodine 
at 100 m depth, when the well has reached 700 m 
depth, the content of iodine of drilling mud increased 
to over 1 mg/L. It was seen that the relation between 
the increase in iodine content of drilling mud up to 
1900 m and depth increase was linear (iodine content 
at 1900 m is 4,07 mg/L). At a depth of 2000 m, the 
content of iodine of drilling mud suddenly increased 
to 10,72 mg/L. This zone was defi ned as water zone 
(containing gas + condensate?) above the oil zone. In 
oil zone, the content of iodine of drilling signifi cantly 
decreased (average 0,55 mg/L), because, the content 
of iodine of crude oil is less than 1 mg/L (Fehn et al., 
1987). At a depth of 2330 m, the lower water zone was 
entered leaving the oil zone (Figures 20 and 21). In this 
zone, the iodine content of drilling mud again increased 
(>1 mg/L). Oilwell was terminated at a depth of 2337 
m. Production perforate zones of the wells in Elbeyli 
oilfi eld are at depths of 2050 - 2392 m. Reservoir units 
are Sayındere, Karaboğaz and Karababa C formations. 
As a result of the interpretation of geophysical log data 
obtained in EBY-17 oilwell was decided to perforate 
ranges between 2013 - 2115 m, 2138 - 2146 m, 2159 
- 2168 m, 2177 - 2186 m, 2195 - 2203 m and 2234 - 
2257 m of Sayındere formation; range between 2287 
- 2294 m of Karaboğaz formation and range between 
2308 - 2324 m of Karababa C formation. Zones to be 
perforated determined through geophysical logs and 
oil zones are compatible with oil zones determined by 
drilling mud iodine analysis.
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Figure 14- The highest iodine contents of formation waters in most productive 10 fi elds of the Southeastern Anatolia basin (blue 
polygons show the production fi elds).
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Figure 15- The highest iodine contents of formation waters in cities where oil and gas production in the Southeastern Anatolia region 
are made (blue polygons show production fi elds, *= water samples were taken from separator).
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Net 512 barrels of oil is produced as daily from 
non-water EBY-17 oilwell. EBY-17 oilwell is highest 
net oil producing well of Southeastern Anatolia basin 
with this production. EBY-17 oilwell is highest net oil 
producing well of Southeastern Anatolia basin with 

this production. Water sample of the well as there 
was only oil in this well could not be taken so iodine 
analysis could not be performed. However, with a 
simple approach, it is thought that of iodine content 
of the well may be minimum two-fold of the iodine 

Figure 17- Distribution of oilwells with iodine content >1 mg/L in oil and gas production fi elds of the Southeastern Anatolia basin (blue 
polygons show production fi elds and values are in mg/L. Mardin and Şırnak water samples were taken from separator).

Figure 16- The highest iodine contents of formation waters in production wells of oil and gas fi elds in the Southeastern Anatolia basin (blue 
polygons show production fi elds and values are in mg/L. Mardin, and Şırnak water samples were taken from separator).
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Figure 18- Average iodine contents of formation waters in cities where oil and gas production in the Southeastern Anatolia basin are 
made (blue areas show production fi elds, *= samples were taken from separator).
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content of drilling mud. However, with a simple 
approach, it is thought that of iodine content of the 
well may be minimum two-fold of the iodine content 
of drilling mud. The highest iodine content in drilling 
mud was measured as 10,72 mg/L. This content is 
second highest iodine content measured in iodine 
analysis of oilwells (approximately 250 wells) in 
Southeastern Anatolia basin. In Southeastern Anatolia 
basin, the highest content of iodine is 29,80 mg/L in 
EBY-7 well in Elbeyli oilfi eld. From this well, 350 
barrels of net oil is still produced daily.

According to Özdemir (2009) and results of this 
study, with iodine analysis to be performed on mud 
samples during drilling, are seen that it is possible that 
the prediction of oil volume to be produced from well 
and the detection whether there is oil or gas in the well 
(from increases/peaks in iodine contents of drilling 
mud both in entrance and exit of oil zone). Besides, 
these data from the EBY-17 oilwell is showed that 
iodine could be used as an excellent hydrocarbon 
accumulation indicator during both the exploration 
and drilling.

4.3. The Relationships between Oil (Bbl)/Water (Bbl) 
Ratios, Water% (Bbl) Ratios, and Iodine Contents 
of Formation Waters

Oil and gas reservoirs produced by primary 
methods have a natural water layer. These iodine-
rich water constitute the most signifi cant part of the 
volume of fl uid produced during oil and gas production 
processes. Produced water amounts are different in oil 
and gas production fi elds. The amount of produced 
water depends on oil extraction technology and 
reservoir characteristics. Generally, gas wells contain 
less water than oil wells (Campos et al., 2002; Qiao et 
al., 2008). The average water/oil ratio in the world is 
2/1 - 3/1, the 7/1 in the US. According to the produced 

Figure 19- Iodine contents of formation waters in the Southeastern 
Anatolia and  Thrace basins.

Figure 20- Schematic model for the investigation method of the relation between iodine content and depth in EBY-17 oilwell 
drilling mud.
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Figure 21- The graphics of depth and iodine content in EBY-17 oilwell.
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water researches of the API (The American Petroleum 
Institute), the amount of produced water increase 
as a result of the age of oil production wells. In old 
wells in the US, this value is increased up to > 50/1 
(Veil, 2006). In studies of API, the oil/water ratio has 
calculated as approximately 7,5 barrels of water per 
oil barrel. In oil wells which have reached the end 
of production life, the amount of water can be 10-20 
barrels per of oil barrel. When water management cost 
starts to be very high, oilwell starts to none economic 
benefi t (Lee et al., 2002; Veil, 2006).

Water chemistry data in western Siberia  (Russia) is 
used to estimate the amount and phase composition of 
hydrocarbons in reservoirs. Water chemistry data are 
useful indicators for migration processes as well as the 
formation of hydrocarbon accumulations and phase 
stages. Amount of total dissolved solids and content 

of salt ions (Na, Ca, Mg, Cl, HCO3 and others), trace 
elements (I, B, Br) and dissolved gases have essential 
effects on the reservoir potential (Kurchikov and 
Plavnik, 2009; Plavnik et al., 2007; Pogodaeva et al., 
2007; Borodkin et al., 2005; Shvartsev and Novikov, 
2004; Surkov et al., 1999).

Results of iodine analysis in Southeastern Anatolia 
basin oil and gas fi elds and relations between oil 
(bbl)/water (bbl) ratios and water% (bbl) ratios 
were examined. A signifi cant relationship was found 
between measured iodine contents and Cumulative 
Oil (bbl)/Water (bbl) ratios (r2=0,89). As the iodine 
content increased, oil (bbl)/water (bbl) ratio also 
increased (Figure 22). There was also found a 
signifi cant relationship between iodine contents 
and water% (bbl) ratio (r2=0,82). As iodine content 
increased, water% (bbl) ratio decreased (Figure 23).

Figure 22- The relationship between iodine content of formation waters and cumulative production Oil (bbl)/Water (bbl) ratios in oilfi elds of 
Southeastern Anatolia basin (Cumulative Production Oil/Water ratios of oilfi elds data are 2017 production data).
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It is known that a vast amount of water is produced 
together with oil in Cambay basin (India) oilfi elds 
found formation waters with low iodine content (0,08-
1,89 mg/L, the average value: 0,83 mg/L). Iodine 
contents of Ahmedabad oilfi eld formation waters: 
lowest 0,25 mg/L, highest 1,89 mg/L, average 1,06 
mg/L; Ankleshwar oilfi eld: lowest 0,08 mg/L, highest 
1,10 mg/L, average 0,48 mg/L and Mehsana oilfi eld: 
lowest 0,19 mg/L, highest 1,79 mg/L, average 0,96 
mg/L (Rebary et al., 2014). The Ahmedabad oilfi eld, 
including 25 subfi elds, has discovered in 60’s year and 
has been producing oil for more than 50 years. These 
are the fact that it has problems such as; multi-layer, 
heterogeneous, low permeable, low productive per 
well, and contains tight reservoirs. These diffi culties 
bring various exploration and production challenges 

(water injection to the reservoir, etc.) to produce oil 
and gas from this area (Gupta et al., 2016). Similarly, 
iodine contents are low, and a vast amount of water 
is produced with oil in Southeastern Anatolia basin. 
Besides, there are also diffi culties of exploration and 
production similar to Cambay basin.

The relationship between iodine and organic 
matter/organic carbon is linear (Figures 7, 8 and 
10). Therefore, iodine contents of reservoir waters 
(petroleum saturation, oil/water ratio) are high in 
petroliferous basins found of source rocks containing 
high organic matter (kerogen). In the case, water 
saturation (water% ratio) of production wells 
will decrease because the abundance of iodine in 
formation waters is due to the release of most of the 

Figure 23- The relationship between iodine contents of formation waters and %water (bbl) ratios in oilfi elds of Southeastern 
Anatolia basin (Water% ratio data of oilfi elds are 2017 production data).
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iodine in organic matter into related water during the 
transformation from organic matter to petroleum. 
This opinion is supported, the fact that these wells 
are highest net oil producing and least containing 
water wells (with highest iodine content) in Adıyaman 
region, EBY-17 well (512 barrels of net oil production, 
iodine content of drilling mud: 10,72 mg/L), EBY-7 
well (350 barrels of net oil production, iodine content 
of formation water: 29,80 mg/L) and PYK-3 well 
(210 barrels of net oil production, iodine content of 
formation water: 9,1 mg/L).

4.4. The Relationship between Reserve and Iodine 
Content of the Formation Water

The relationship between the average iodine 
contents in formation waters and highest reserve 
oilfi elds in Southeastern Anatolia basin is given in 
fi gure 24. In the graph, it is seen that the reserves 

of oilfi elds are increase as the iodine content of 
formation waters increase (r2=0,81). The reserves of 
Southeastern Anatolia basin fi elds with an average 
of 1,1 mg/L iodine content are similar to the fi elds in 
Cambay (India) basin with an average of 0,83 mg/L 
iodine content and total basin reserve of 170 million 
bbls (Figure 25).

The relationship between some basins containing 
giant oil and gas fi elds of USA and reserves of the 
oilfi elds in Southeastern Anatolia and Cambay (India) 
basins, and average iodine contents of formation 
waters are given in fi gure 25 (giant oilfi eld >500 
million bbls of oil or oil equivalent gas reserve 
oilfi eld). The reserves of fi elds are increase as iodine 
contents of reservoir waters increase (r2=0,89). It is 
seen that iodine contents of formation waters of basins 
containing giant oilfi elds are 8 mg/L or more. Besides, 
iodine contents of formation waters in giant oil and gas 

Figure 24- The relationship between oil reserves and iodine contents of formation waters in oilfi elds of Southeastern 
Anatolia basin. Iodine content data of formation waters in the oilfi elds: this study, reserve data of the 
oilfi elds: Özgür (2016) and 2017 production data of Turkish Petroleum Company (TPAO).
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fi elds of US are quite higher than Southeastern Anatolia 
and Cambay basins (India). Therefore, reserves of 
fi elds will also be high in basins where found the high 
iodine contents waters because iodine enrichment is a 
sensitive indicator for the history of the buried iodine-
rich organic matter. Thus, iodine contents of waters 
will be high due to fast sedimentation and high carbon 
deposition rate in basins where giant oil and gas fi elds 
are located. In basins where low reserve oil and gas 
fi elds, iodine contents of waters will be low due to 
slow sedimentation and low carbon deposition rate 
and release of iodine into the sea (Figure 8). The fact 

that there is not discovered any giant fi eld in 1,1 mg/L 
iodine-containing Southeastern Anatolia basin which 
exploration and production have been made since 
1930 and in 0,83 mg/L iodine-containing Cambay 
(India) basin which exploration and production have 
been made since 1950 is supported this result. Moran 
(1996) proved that the source of both very high iodine 
content of waters and hydrocarbons observed in 
Anadarko basin oil and gas fi elds are Woodford shales 
quite rich in organic matter using geochemical and 
hydrogeochemical methods.

Figure 25- The relationship between reserves and iodine contents of formation waters of basins containing giant oil and gas fi elds of US, and 
main oilfi elds of Southeastern Anatolia (Turkey) and Cambay (India). (Iodine content data of US giant fi elds: USGS Produced Water 
Database, iodine content data in Southeastern Anatolian basin: this study, average iodine content data of Cambay basin: Rebar et 
al., 2014, Average reserve data of giant fi elds in US: Mann et al., (2003), reserve data of oilfi elds in Southeastern Anatolian basin: 
Özgür (2016) and 2017 production data of Turkish Petroleum Company (TPAO), reserve data of Cambay basin: www.selanoil.com
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Table 1- Salinity and I/IC ratios of low saline formation waters in some oil and gas production fi elds. Formation water data: Yang (2017), Fu 
and Zhan (2009), Kurchikov and Plavnik (2009), Novikov (2013a, b), Novikov (2012), Kokh and Novikov (2014); USGS Produced 
Water database, Seawater data: Oppo and Capozzi (2015). Giant fi eld: > 500 million bbl oil or oil equivalent gas reserve fi eld. Total 
salinity values of regions are average salinity values of oilwells in the region.

4.5. The Relation between Salinity of Formation 
Water and Iodine

The Oilfi eld waters are fossil marine waters. 
Therefore, salinity ratios are expected close or higher 
than seawater. However, in addition to oil and gas fi elds 
containing saline water, there are containing brackish 
waters (Total dissolved solids, TDS: 1000 - 10000 
mg/L) and freshwaters (Total dissolved solids, TDS: 
1000 mg/L) many oilfi elds around worldwide (Table 
1). The salinity of most oilfi eld waters in Southeastern 
Anatolia basin is also lower than seawater salinity 
(Table 2). However, distinguishing property among 
all oilfi eld waters and other water types (seawater, 
freshwater and saline waters derived from evaporates, 
etc.) is because the amount of iodine in oilfi eld waters 
is higher than other water resources. The ratio of I/
Cl is a more remarkable distinctive (Figures 26 and 
27) (Lemay and Konhauser, 2006; Whittemore et al., 
1981; Lloyd et al., 1982). Iodine-rich waters are direct 

indicators for reservoirs in which the oil and gas can 
be produced (containing mature hydrocarbons). For 
this reason, it is more appropriate to use iodine-rich 
or iodized water defi nition instead of saline water for 
oilfi eld reservoir waters (Figure 28).

5. Conclusion and Suggestions

Pirson (1942) has defi ned success rates for 
different search methods as; random drilling 5,8%; 
geology + drilling 8,2%; geophysics + drilling 14,9% 
and geology + geochemistry + geophysics + drilling 
57,8%. In the active tectonic (dynamically “excited” 
- “unbalanced”) and geologically complex basins of 
the Alpine mobile belts, the implementation of the 
standard exploration strategy and techniques rooted 
in the half-century-old exploration empirics within 
relatively simple, tectonically “quiescent” platform 
regions with the dominating old foursome of “source 

Table 2- Salinity and I/Cl ratios of formation waters of some oil production wells 
in Adıyaman and Thrace oilfi elds. Chemical data: Çelik and Sarı (2002); 
Hoşhan et al. (2008), Okandan et al. (1994). Iodine data of formation waters: 
this study, seawater data: Oppo and Capozzi (2015).



 Bull. Min. Res. Exp. (2019) 159: 145-183

166

Figure 27- I/Cl ratios of formations waters of some oil production wells in Adıyaman 
and Thrace oilfi elds. Chemical data: Çelik and Sarı (2002); Hoşhan 
et al. (2008), Okandan et al. (1994). Iodine data: this study. Seawater 
evaporation line was created using data of Chen et al. (2016), GERM 
(2004), Zherebtsova and Volkova (1966).

Figure 26- I/Cl ratios of low saline formation waters in some oil and gas production 
fi elds (data: Table 1). Seawater evaporation line was created using data of 
Chen et al. (2016), GERM (2004), Zherebtsova and Volkova (1966).

rocks/traps/reservoir rocks/seals” turns out to be 
costly and often unsuccessful. A most telling example 
is the South-Caspian Basin (SCB). There, the largest 
western transnational companies and consortia, 
working under the PSA arrangements from 1995 
through 2008, drilled 28 exploratory wells, up to 
7301 m depth (almost 24,000 feet). The wells were 
spudded on the structures deemed highly potential and 
preliminarily subjected to high-resolution 3D seismic 
surveys. The effort cost about $1 billion and did not 
result in a single commercial discovery (Rachinsky 
and Kerimov, 2015).

Today, hydrogeochemical research is carried out 
primarily in regions where many water resources (cold 
and hot springs and wells) found and the petroleum 
potential not known in detail. This hydrogeochemical 
data are highly valuable the regions where the 
geology and the chemical composition of waters are 
well-known. Because hydrogeochemical research 
mainly based on the interpretation of existing water 
analysis and if necessary results of the new analyses. 
Since the reservoir characteristics of rocks do not 
take into consideration, it is not possible to estimate 
the commercial value of the areas, which have high 
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Figure 28- Transformation of iodine-rich organic matter to hydrocarbon and evolutionary process of occurrence of 
iodine-rich waters in Southeastern Anatolian basin.

oil and gas potential, based on the hydrogeochemical 
data. However, Sukharev (1948) has shown that in 
some cases hydrogeochemical data predict petroleum 
presence and commercial value in a given region, 
as well as even the estimation of the structure of 
deposits. While it is not entirely possible to estimate 
the cost of a groundwater based petroleum exploration 
model, this research method could reduce the cost of 
exploration on onshore by up to 50% (Tooth, 1987).

The hydrogeochemical and isotopic analysis as to 
make in all production wells of oilfi elds in the basin 
are critical to describe the unknown petroleum systems 
in the basin for future exploration and production 

activities in Southeastern Anatolia basin. Detailed 
chemical (TPHTotal Petroleum Hydrocarbons, 
TOC-Total Organic Carbon, CPI-Carbon Preference 
Index, BTEX-Benzene, toluene, ethylbenzene and 
xylene), isotopic (129I and 127I) analyses and mapping 
studies should be carried out in order to understand 
dominant factors controlling types and amounts of 
iodine in waters and soils of the Southeastern Anatolia 
basin. Iodine is a stable biophilic element and fi nds 
in highly enriched amounts in fl uids associated with 
hydrocarbons such as oilfi eld waters. Due to this 
feature, iodine isotope (129I) is used in recent years to 
determine hydrocarbon sources in various structures 
and the age of formation water associated with these 
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hydrocarbon sources (since the age of the iodine in 
the formation waters is also the age of hydrocarbons 
in the basin) and migration processes (some studies: 
Fehn et al., 1987, 1990; Martin et al., 1993; Moran et 
al., 1995; Liu et al., 1997; Birkle, 2006; Fehn et al., 
2007; Muramatsu et al., 2007; Lu et al., 2008; Tomaru 
et al., 2009a, b; Togo et al., 2014; Alvarez et al., 
2015, 2016; Santschi et al., 2016; Chen et al., 2016). 
The occurrence of hydrocarbons, time of maturation 
and the starting of migration are critical questions 
in understanding the processes of formation of oil 
reservoirs. Liu et al. (1997) have used the 129I isotope 
system to fi nd answers to these questions (Figure 29).

Chen et al. (2016) study, is seen that 129I isotope 
system can provide useful information in reducing the 
costs of petroleum exploration activities and increasing 
effi ciency (Figure 30). This data can be benefi cial for 
petroleum exploration because hydrocarbon migration 
is related to water movement.

Worden (1996) approach based on I/Br ratio of 
iodine-rich waters settled to the reservoir and migrated 
together with maturing hydrocarbons derived from 
source rock can be used to determine kerogen type 
generating the hydrocarbons (Figure 31).

Specifi cally, the determination of iodine type 
(iodate, iodide or organic iodine) and their proportion 
in production oilwells may explain why different 
quality oils produced in the basin is of different 
quality. General Directorate of Mineral Research and 
Exploration of Turkey has been preparing soil and rock 
geochemistry maps of all elements (except iodine) 
throughout the country for the mineral exploration. It 
should prepare anomaly maps with this data and should 
determine the isotopic properties (129I,127I) and iodine 
types (iodate, iodide or organic iodine) found in oil and 
gas well waters (case study; Voutchkova et al., 2014), 
and in the soils (case studies: Tedesco et al., 1987, 
1995; Allexan et al., 1986; Xuejing and Binzhong, 

Figure 29- The evolution of 129I concentrations in source rocks and reservoir rocks (heavy lines) and the decrease of 129I 
concentrations after the separation from the source rocks (thin lines). The numerical time scale refers to residence 
times associated with the decay curves (thin lines), the geological times cale to the age of formations and the 
buildup curves (heavy lines). Data points are plotted on the uncorrected decay curve, the line above it indicates 
the decay corrected for the contribution from the production in the reservoir rock. Potential contribution from pre-
anthropogenic meteoric water is also shown in the diagram (Liu et al., 1997).
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Figure 30- (A) The structural map of Tarim basin and the Lunnan oilfi eld (China). (B) the iodine contents of formation waters, and the 
water ratios, I/Cl and 129I/I ratios of the oilwells (modifi ed from Chen et al., 2016).

1989; Leaver and Thomasson, 2002; Mani et al., 
2011) in the Southeastern Anatolia basin. Besides, the 
identifi cation of oil and gas potential of the basin in 
detail and the determination of new exploration areas 
and the selection of new well locations will be drilled 
in existing licenses of these analyses are expected to 
provide signifi cant contributions.

Iodine source in iodine-rich reservoir waters 
(iodine content >1 mg/L) of the Southeastern Anatolia 
basin, which is an oil and gas basin, is the organic-
rich Silurian and JurassicCretaceous petroleum source 
rocks. It was seen that iodine contents of formation 
waters of oil and gas production fi elds in Southeastern 
Anatolia basin are >1 mg/L. However, there are also 



 Bull. Min. Res. Exp. (2019) 159: 145-183

170

production wells with formation waters containing 
iodine <1 mg/L. Total of 60 formation waters consist 
of 1 mg/L, 59 of them range between 0,5-1 mg/L, 
108 of them range between 0,1-0,5 mg/L and 16 of 
them range between 0,01-0,08 mg/L iodine in the 
Southeastern Anatolian basin. Formation waters 
with iodine content <1 mg/L in production wells, the 
oilfi eld waters are iodine content decreased waters as 
results of mixing with other water types (meteoric and 
reinjection waters) in the basin of oilfi eld waters with 
iodine content >1 mg/L.

As result of this study, with iodine analysis to be 
performed on mud samples during drilling, are seen 

that it is possible that the prediction of oil volume to 
be produced from well and the detection whether there 
is oil or gas in the well (from increases/peaks in iodine 
contents of drilling mud both in entrance and exit of 
oil zone). Besides, these data from the EBY-17 oilwell 
is showed that iodine could be used as an excellent 
hydrocarbon accumulation indicator during both the 
exploration and drilling.

In the Southeastern Anatolia basin, the iodine 
ratios are considerably lower than that of basins 
containing giant oil and gas fi elds, and a large amount 
of water is produced with oil. The relationship 
between iodine and organic matter/organic carbon 

Figure 31- The relationship between kerogen type and I/Br ratios of formation waters. Worden (1996) model was taken as 
the basis in preparing the graph. The iodine data of formasyon waters of oil and gas fi elds: USGS Produced Water 
Database; Engle et al., 2016; Chen et al., 2016; Oppo et al., 2014; Oppo and Capozzi, 2015; Sudo, 1967; Kaiho, 
2015; Kharaka et al., 1987; Dia et al., 1999; Dresel and Rose, 2010, Rowan et al., 2015; Mirnejad et al., 2011; 
Xun et al., 1997; Fisher and Kreitler, 1987; Dickey et al., 1972; Land, 1995; Birkle et al., 2002; Birkle et al., 
2009; Franks and Uchytil, 2016; Hitchton et al., 1971; Machperson, 1992; Kokh and Novikov, 2014; Novikov, 
2013a, b; Novikov, 2012; Novikov and Shvartsev, 2009; Demir and Seyler, 1999; Kurchikov and Plavnik, 2009; 
Fu and Zhan, 2009; Kireeva, 2010; Bagheri et al., 2014; this study, sample numbers: 3673).
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is linear. Therefore, iodine contents of reservoir 
waters (petroleum saturation, oil/water ratio) are 
high in petroliferous basins found of source rocks 
containing high organic matter (kerogen). In the case, 
water saturation  (water% ratio) of production wells 
will decrease because the abundance of iodine in
formation waters is due to the release of most of the 
iodine in organic matter into related water during the 
transformation from organic matter to petroleum. 
This opinion is supported, the fact that these wells 
are highest net oil producing and least containing-
water wells (with highest iodine content) in Adıyaman 
region, EBY-17 well (512 barrels of net oil production, 
iodine content of drilling mud: 10,72 mg/L), EBY-7 
well (350 barrels of net oil production, iodine content 
of formation water: 29,80 mg/L) and PYK-3 well 
(210 barrels of net oil production, iodine content of 
formation water: 9,1 mg/L). Therefore, reserves of 
fi elds will also be high in basins where found the high 
iodine contents waters because iodine enrichment is a 
sensitive indicator for the history of the buried iodine-
rich organic matter. Thus, iodine contents of waters 
will be high due to fast sedimentation and high carbon 
deposition rate in basins where giant oil and gas fi elds 
are located. In basins where low reserve oil and gas 
fi elds, iodine contents of waters will be low due to 
slow sedimentation and low carbon deposition rate 
and release of iodine into the sea.

As well as in other oil and gas fi elds in the world, 
not all reservoir waters in the Southeastern Anatolia 
basin are saline. However, all of them are rich in iodine. 
Therefore, iodine-rich waters are a direct indicator for 
oil and gas producible reservoirs (containing mature 
hydrocarbons). For this reason, it is more appropriate 
to use iodine rich or iodized water defi nition instead of 
saline water for oilfi eld reservoir waters. Iodine-rich 
waters are direct indicators for reservoirs in which 
the oil and gas can be produced (containing mature 
hydrocarbons) in the Southeastern Anatolia basin.

Although the fi elds in the Southeastern Anatolia 
basin are old and some fi elds the secondary production 
methods are used, the high relationship between the 
oil and gas deposits and iodine were proved. This 
study also gives an idea about how iodine geology and 
hydrogeology data (formation water iodine content 

and I/Cl - Cl ratio) will affect the success of oil and 
gas exploration projects in the basin or fi eld scale. The 
explorations in oil and gas industry are carried out 
as structure-targeted (trap) with seismic survey and 
source rock-targeted with the organic geochemical 
survey. The success ratio of commercial oil discovery 
is 10-20% with the data obtained through these 
methods. Reservoir-targeted iodine geology and 
hydrogeology methods have simple sampling process, 
and laboratory analyses can result at a short time. The 
results are low cost, reliable and consistent. In the 
case when these data are utilized with other geological 
and geophysical methods, it is determined will be a 
practical and useful tool to reduce the hydrocarbon 
exploration risk to a minimum and to discover new 
deposits suitable for commercial production. Due to 
the results can be controlled and easily repeated are 
thought that the method will reduce the exploratory 
risk and costs. It is also foreseen that iodine analyses 
(chemical and isotopic) that will be carried out in 
drilled wells in oilfi elds at the production stage will 
provide signifi cant contributions in selecting new well 
locations and accordingly determining the direction of 
fi eld development.
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ABSTRACT

Each mineralization style is characterized by typical signature associations between elements due 
to elemental interactions, therefore the coherence and closure effects problem must be overcome 
in geochemical processing. The coherence indicates the ratios between two components (rows 
or columns) remains the same whether they are considered in a subcomposition or in the full 
composition. The log-ratio transformation (LRT) has recognized as a standard procedure to support 
subcompositional coherence. The log-transformed data is applicable for geochemical data to unveil 
such associations, prior to applying the multivariate analysis like correspondence analysis (CA) 
and principal component analysis (PCA). At the present study, subcompositional coherence is 
overcome by inverse iso-metric log-ratio transformation for geochemical compositional data at two 
polymetallic and porphyry deposits. Based on Ilr-transformed data, Ag, Au, As, Pb, Te, Mo and rather 
S, W, Cu are enriched as polymetallic elements at Glojeh, while Au-Cu-(Mo) compositions indicate 
a porphyry deposit occurred in Dalli deposit. The ability to handle zero values in the data matrix and 
determining an elemental eccentricity from the center of each axis based on Euclidean distances are 
the advantages of CA method, with compression to LRT. Whereas, loading factors which spread in 
every direction and providing subcompositional coherence are the competitive advantages of PCA 
based on LRT, for both case studies. Results with these techniques show signifi cant ability to draw 
an inference in such geochemical data, and in improving the performance of multivariate techniques 
using LRT.
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1. Introduction

Applied geochemical data such as most mining 
data are often defi ned as compositional (Reimann et 
al., 2011). The compositional data are indicated as 
parts per million (ppm), percentages, proportions, and 
other quantities which is concerned with relative and 
sums up to a constant value like 100 percent or 1 
(Aitchison and Greenacre, 2002). Hence, the individual 
or compositional variables are not independent and 
variables can not be freed to vary from the others. 

Accordingly, the problem of data closure effects 
needs to be considered in geochemical data evaluation 
(Reimann et al., 2012; Reimann et al., 2011; Zuo et 
al., 2013). Aitchison (1982, 1983, 1986) proposed that 
the log-ratio transformation (LRT) is an appropriate 
method to evaluate the total variability of the 
compositional data. The subcompositional coherence 
means that the correlation coeffi cient or the distance 
between two components in a subcomposition (subset) 
is the same as that for the same two components in 
the full composition (Greenacre, 2011). Using LRT 
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this problem is posed and consistent results were 
obtained because the values of a selected element 
represent its proportions in the complete sample, 
whether one works with the subcomposition or in the 
full composition (Filzmoser et al., 2009c; Pawlowsky-
Glahn and Egozcue, 2006). The closure effect problem 
of elements and samples is commonly apparent in 
the simply log-transformed scores of a geochemical 
compositional data. In order to overcome this problem, 
this data can be  transformed by using the LRT, e.g. 
centered log-ratio (clr), the iso-metric log-ratio (ilr), 
and the additive log-ratio (alr), prior to using any of 
the multivariate methods (Carranza, 2011; Filzmoser 
and Hron, 2008; Filzmoser et al., 2009a; Silverman et 
al., 2016; Templ et al., 2008).

Correspondence analysis (CA) is a comprehensive 
and exploratory method which can widely be applied 
to recognize various genetic associations and 
elemental distribution in geochemical exploration. 
This technique is conducted according to the two main 
R-mode (factor scores related to elements) and Q-mode 
(factor scores related to samples) methods (David et 
al., 1974; Março and Scarminio, 2007). These methods 
are used to reduce high-dimensional data into low-
dimensional subspaces that explain the main variances 
and qualitative and/or quantitative variation among 
the whole data (Akbarpour et al., 2013; Carranza, 
2009). Principal component analysis (PCA) is another 
method that is mainly used to compress large data 
matrices and extract the common factors (De Winter 
and Dodou, 2016; Pommer et al., 2004). PCA method 
is a data-driven multivariate technique that can reveal 
similarities based on the correlation or covariance 
matrix (Croux and Haesbroeck, 2000; Olofsson et 
al., 2009). In addition, the PCA based upon LRT of 
the geochemical compositional data is applied to 
reveal underlying patterns in the data, in a more vivid 
manner. In the geochemical exploration and to have 
full rank with spreading in a full circle distribution, 
Ilr transformation is better than Clr transformed data 
(Carranza, 2011; Filzmoser et al., 2009a, 2010). It 
was indicated using inverse Ilr transformed data that 
each variable of the biplot is related to one of the 
components. Greenacre (2010) pointed out that in 
compositional data using that PCA of Clr-transformed 
data (or totally LRT) and CA through the Box–Cox 
power transformation the same results were obtained. 
He indicates as long as the weighted form of LRT 
is used, so in this respect the sub-compositionally 
coherent is much better. Totally, LRT is considered as 
a limited case of CA (Greenacre, 2010). The obvious 

benefi t of CA is the ability to deal with zero values 
in the data which can be analyzed for nonzero power 
parameter of the Box-Cox transformation while it is a 
problem in LRT (Greenacre, 2010; Martín-Fernández 
et al., 2003).

The objective of this paper is to apply various 
CA and PCA opened by log-transformed and LRT 
data for two different types of Au mineralization, the 
Glojeh polymetallic and Dalli porphyry deposit. Our 
case studies demonstrate that the closure effect is an 
inherent problem for geochemical and environmental 
compositional data which cannot be overcome by 
simply log-transformation. The present study aims 
to investigate: (1) A better insight to sense and 
explore the essential information on mineralization, 
and relationship between elements and samples; 
(2) a comparison between the log-transformed and 
Ilr-transformed data form two genetic types of 
polymetallic vein and porphyry Au deposits; and (3) 
a comparison between CA and PCA of compositional 
geochemical data.

2. Material and Method

2.1. Case studies

Two different types of polymetallic vein and 
porphyry mineralization were investigated to 
evaluate the relationship, interaction, and closure 
effect between elements. These specifi cations could 
ease the interpretation of geochemical dispersion 
pattern of elements. The fi rst case study is the Glojeh 
polymetallic vein deposit. It is located in NW Iran, 
central part of the Tarom- Hashtjin Metallogenic 
Province (THMP). It is recognized as the main 
metallogenic province in the western Alborz magmatic 
arc (Darabi-Golestan and Hezarkhani, 2016; fi gure 1). 
There are two main polymetallic Au-Ag-Cu-Pb-Zn 
veins and several veinlets that were displaced by east-
west striking in Glojeh. The offset veins (and parallel 
in some places) have a length of about 1,5 km and a 
width range from 0,1 to 4 m (averages 2,5 m). The 
veins were intersected by BH2N1 (borehole) at 26,2-
33,9 m and 79,68-81,51 m, respectively. Different 
exploration works have been carried out in the area 
(eleven boreholes and twelve trenches), but just 153 
samples (consist of duplicate and replicate samples) 
of BH2N1 have been analyzed by inductively coupled 
plasma mass spectrometry (ICP-MS) for 44 elements 
at Earth Sciences Development Company Lab of Iran 
(Darabi-Golestan and Hezarkhani, 2016). The second 
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Figure 1- The location map of the deposits, major Iran’s structural zones and geological units, including western Alborz zone that consist 
of Glojeh deposit and Urumieh-Dokhtar Magmatic Arc including Dalli deposit. The western, central, and eastern Alborz, and 
Sanandaj-Sirjan zone of metamorphic rocks and intruded granitoids parallel to Urumieh-Dokhtar Magmatic Arc ranges are 
highlighted.

case study is Northern Dalli porphyry deposit which 
located in the central province of Iran, 70 Km away 
from Arak (Darabi-Golestan et al., 2013a; fi gure 1). In 
total, 149 (plus 16 replicate sample) soil samples were 
taken from the area, with a grid net of 50 m×50 m. 
They were analyzed for 45 elements by using ICP-MS 
method in the ANDL Lab Australia (Darabi-Golestan 
et al., 2013b). Both these data sets have compositional 
specifi cation.

2.2. Quality Control

The total number of 20 duplicate and 20 replicate 
samples were collected from original samples of 
Glojeh deposit. They were prepared and analyzed by 
ICP-MS for 44 elements, individually. The quality of 
analytical data were evaluated using the Thompson- 
Howarth graphical method (Stanley, 2006; Thompson 
and Howarth, 1976). The duplicate (or/and replicate) 
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samples were applied to assessment of precision or 
accuracy (geochemical QA/QC) in analysis (Darabi-
Golestan and Hezarkhani, 2018). The mean of the 
main-duplicate (or replicate) pairs are plotted along 
the X-axis, while the absolute difference of values 
is shown along the Y-axis for Au analysis at Glojeh. 
The two default lines corresponding to the d99% 
and d50% (or 1% and 50% error, relative standard 
deviation) were used onto the Thompson and Howarth 
(1976) scatterplot (Stanley, 2006). The lines d99% and 
d50% the 99th and 50th percentiles of the absolute 
difference between duplicate and replicate samples, 
which is represented as a function of concentration 
are respectively. Also, if all the samples are located 
under the d99%, it will be assumed that there is a normal 
distribution of error. Repeatability of measurements 
in the Glojeh deposit was assessed by the Thompson-
Howarth error model. It indicates that the repeatability 
precision is under the control line of 1:1 (or y=x) for 
duplicate and replicate samples. The highest accuracy 
and lowest precision are related to the D10 and R10 
samples which is located near the control line 99% for 
Au analyses, compared to the main sample (Figure 2). 

Figure 2- Estimation of precision of the Au analyses using diagram 
of Thompson and Howarth (1978). The mean of the 
replicate pairs is plotted along the X-axis, the absolute 
difference of the two results along the Y-axis.

In addition, just three replicate samples were taken 
for the porphyry deposit case study. These samples 
were analyzed for 44 elements that was determined 
by ICP-MS. Due to the small number of duplicate 
measurements, the accuracy of these samples were 

evaluated for all the elements. Quality control of main 
vs. replicate pair samples at Dalli deposit were given 
at fi gure 3, where all the main vs. replicate samples 
overlay on y=x line.

2.3. Log-ratio Transformation

The LRT has become a frequently used standard 
procedure to support subcompositional coherence 
within data (Aitchison, 1990; Greenacre, 2011). The 
ratios between the two components remain same, 
whether they are considered in a subcomposition or 
in the full composition (Greenacre, 2007). A family 
of log-ratio transformation consist of the clr, ilr, and 
alr space (Aitchison, 1986; Carranza, 2017; Egozcue 
et al., 2003; Thió-Henestrosa and Martín-Fernández, 
2005). LRT may be done weighted (not for samples, 
but compositional elements can be weighted by the 
average level of each component) or unweighted 
(Greenacre, 2011). The frequently used unweighted 
version is applied for this paper based on the method 
that show sincoherence in the present data set using 
the Euclidean distance. The unweighted LRT has been 
proposed in detail by Kazmierczak (1985), afterward 
Aitchison and Greenacre (2002) suggests a biplot to a 
better representation of results. 

In this study, the Ilr-transformed values were used 
for PCA analysis, while they were obtained by the 
CoDaPack software v 2.01 (available at http://www.
compositionaldata.com/). The clr transformation 
(Aitchison, 1986) could be applied on composition of 
the data set (X), so can be written as:

 
Eqs. (1)

where all components have been divided by the g(X). 
The g(X) is the geometric mean of Xi components 
from the X symmetrically (Egozcue et al., 2003; 
Filzmoser et al., 2009a). It is calculated as follows:

 
Eqs. (2)

The resulted data (Y) based on this transformation

show collinear relationship as  , i.e. the

sum of each clr transformed data for a variable is 
zero (Aitchison, 1986), which rely on full rank data 
matrices, like standard robust covariance estimators 
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(Maronna et al., 2006). The ilr transformation could 
preserve all the advantages of clr transformation. 
In addition it can overcome on the disadvantageous 
treatment of data colinearity or the singularity of clr 
in Euclidean space (Egozcue et al., 2003; Pawlowsky-
Glahn and Buccianti, 2011). For a composition X, the 
ilr transformation can be expressed as follows:

 
Eqs. (3)

 

Eqs. (4)

It is clear based on the fundamental of Ilr 
transformation, only n-1 variables can be obtained 
for n components data (Thió-Henestrosa and Martín-
Fernández, 2005). Therefore, the interpretation of 
new ilr transformed variables is not straightforward 
and there is no direct connection to the original 
variables (Filzmoser et al., 2009b). Whatever, the 
Ilr transformation does not show any clear simplest 
or canonical basis, but it has significant conceptual 
advantages (Pawlowsky-Glahn and Buccianti, 2011). 
The results obtained from ilr variables can be back-
transformed to clr coeffi cients aided by an orthonormal 
basis (Egozcue et al., 2003; Liu et al., 2016). By using 
LRT, the subcompositional coherence is aided since the 
ratio between two data values (elements or samples) 

remains the same whether or not rows or columns are 
excluded from the table (Greenacre, 2007).

2.4. Correspondence Analysis (CA)

With application CA on the indicator matrix will 
provide two sets of factor scores for the rows (samples) 
and  columns (elements). These factor scores are scaled 
such that their variance is equal to their corresponding 
eigenvalues (Abdi and Valentin, 2007; Greenacre 
and Blasius, 2006). At the CA method, it is possible 
to calculate the squared (χ2) distance (Euclidean 
distances) between the observations or variables 
to look for the quantitative or qualitative objects of 
a given point or a set of points (Tekaia, 2016). It is 
supposed thatthe data matrix is X, and it has I ×J table 
of compositional data array. Each of these vectors was 
calculated from the following equations:

ri = xi1 + xi2 + ... + xim Eqs. (5)

cj = xj1 + xj2 + ... + xjn Eqs. (6)

Two diagonal matrices of Rn×n and Cm×m are 
defi ned as (Diday and Noirhomme-Fraiture, 2008; 
Greenacre, 1984; Ji et al., 2007; Ji et al., 1995):

R = diag(r1, r2, ..., rn) Eqs. (7)

C = diag(c1, c2, ..., cm) Eqs. (8)

Figure 3- Quality control of main vs. replicated samples for ICP-MS analyzed data at Dalli deposit. All the main vs. 
replicated samples overlay on y=x line.
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The W and H matrices are defi ned as [(Eqs. (9) 
and (10)]:

W = R-1/2 XC-1/2 Eqs. (9)

H = WTW Eqs. (10)

The H matrix eigenvalues   and eigenvectors 
will be calculated. The information resulted in 
p (where p ≤ m− 1) dimension. Thus, the number of 
P eigenvalues were obtained as 0<λp≤...≤λ2≤λ1<1 
(Diday and Noirhomme-Fraiture, 2008; Gu et al., 
2015). Afterward, eigenvectors [ap] corresponding 
to each eigenvalue (λp) were calculated. Then the 
two matrices of Λ and A were generated based on 
eigenvalues   and eigenvectors:

Λ(p×p) = diag(λ1, λ2, ..., λp) Eqs. (11)

A(m×p) = (a1, a2, ..., ap) Eqs. (12)

Um×p and Vn×p matrices could introduce 
the relationship between variables and samples, 
respectively (Golestan et al., 2013; Ji et al., 2007). 
They were calculated as follows: 

U = C-1/2 AΛ1/2 Eqs. (13)

V = R-1/2 WA Eqs. (14)

F =  Eqs. (15)

The F(m+n)×p matrix (Eqs. 15) is a combination 
of the two important results of the CA, namely the 
U-matrix (R-mode; represented as a column-to-
column or element-to-element criterion) and the 
V-matrix (Q-mode; represented as a row-to-row 
or sample-to-sample criterion) as a two important 
results of the CA (Darabi-Golestan and Hezarkhani, 
2018; Ji et al., 2007). Therefore, the CA calculates 
the association or similarity between each variable 
(R-mode) and samples (Q-mode) within factor scores. 

In another defi nition of CA, X is divided by its 
grand total x++ to obtain the so-called correspondence 
matrix P=(1/x++)X (Greenacre, 2010). Let r and c 
vectors be the row and column of P, respectively. 
Therefore, the Eqs. (9) can be rewritten as Eqs. (16):

W = R-1/2 (P-rcT)C-1/2 Eqs. (16)

By performing a power (Box–Cox) transformation 
of the X matrix as , the CA is performed 
on the new correspondence matrix as X(α). The 
convergence and similar results of CA with LRT 

is a direct result of the Box-Cox transformation 
represented as f(x) = (1/a)(Xα– 1), α>0 or  f(x) = g(x) 
when α=0 which f(x) tends to log(x) as tends to 0 
(Greenacre, 2010, 2011).

2.5. Principal Component Analysis (PCA)

The PCA is a multivariate technique that applies 
frequently to illustrate the multidimensional data into 
lower dimensional factors without losing important 
information in the data (Collins and Ovalles, 1988; 
Fávaro et al., 2007). It could be done with both 
normalized and non-normalized data (Pawlowsky-
Glahn et al., 2007). In this method, original data are 
transformed into a new set of data which led to a better 
results to explore the essential information (García-
Izquierdo and Ríos-Rísquez, 2012; Ramasamy et 
al., 2013). The data matrix X consists of n samples 
(objects) which is analyzed for p elements (variables), 
in environmental, mining and geosciences studies. 
PCA decomposes the initial matrix X into  two main 
produced matrices, introduced as a score matrix 
(T) and loading matrix (P). It can be expressed as 
following equation:

 
Eqs. (17)

where E is a matrix of residuals and PT is the transpose 
of P (Março and Scarminio, 2007). Therefore, the 
major patterns of the data variance and correlations 
among measurements (according to their similarities) 
were showed in q vectors that were known as the 
principal components (PC; Bitner-Mathé and Klaczko, 
1999; Darabi-Golestan et al., 2017; Karamanis et al., 
2009; Março and Scarminio, 2007). These reduced 
factors indicate the largest amount of variability and 
associations between variables (Abdi et al., 2013; 
Golestan et al., 2013; Tokatli et al., 2014). Applying 
the visualization technique to show the factor scores 
and loading factors make this method comprehensible 
and could improve the prediction performance by 
visualizing large amounts of data (Hayton et al., 
2004; Jeong et al., 2009). Reducing dimensionality of 
data at the PCA has a similar process to that of CA 
(Greenacre, 2007).

3. Results

3.1. Correspondence Analysis (CA)

The R-mode and Q-mode on the fi rst and second 
dimension of U and V-matrices are represented in the 
biplot for the Glojeh (Figure 4) and Dalli (Figure 5) 
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Figure 4- The two-dimensional visual representation of the two main factors; fi rst and second factor explained 
77.1% of the total variance at Glojeh using correspondence analysis. Both the row and column were 
displayed as principal coordinates in simultaneous plot.

Figure 5- The two-dimensional visual representation of the two main factors; fi rst and second factor explained 
89.8% of the total variance at Dalli using correspondence analysis. Both the row and column were 
displayed as principal coordinates in symmetric plot.
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deposits simultaneously. The Dimension 1 versus 
Dimension 2 (D1 versus D2) of Q-mode and R-mode 
combination analysis showed that two factors 
explained 77,14% of the total variance in Glojeh 
deposit. This percentage is suffi ciently high to indicate 
a visual representation of the relationship between 
elements and samples. The fi rst dimension indicates 
the strongest phase of mineralization that explains 
65,14% of the total inertia and variance (Figure 4). 
On the other hand, the second dimension of variations 
(D2) indicates that Au and Ag show two different 
trends. The positive Au mineralization accompanied 
by Ca, As, and Sb association, while negative trend 
of Ag occurred with Zn, Mo, Pb, S, and Te elements. 

The Dalli deposit is the second case study, which 
has been evaluated by 149 soil samples. The fi rst 
dimension of CA indicates a strong mineralization 
of Cu-Au accompanied by high anomalous data for 
Mo, Ti, K, V and Fe, due to the related distances from 
other elements on this axis (Figure 5). On the other 
hand, the second phase of variations (Dimension 
2) indicates that S, As, Au, and Sr show anomalous 
trends. The sample ID’s of 36, 41, 75, 82, 130 and 
146 show enrichment for them. The two-dimensional 
visual representation of indicated fi rst and second 
dimension of CA explains 89.8% of the total variance, 
while the fi rst dimension explains 78.8% of the total 
variance in district (Figure 5). The intuitive graphical 
fi gure 5 represents that D1 and D2 combination can 
display Cu-Au (Mo) mineralization, based on the 
highest distance and stretching outward from the 
center cluster, at D1 axis. As we discussed the fi rst 
dimension was about seven times stronger than the 
second dimension. 

3.2. Principal Component Analysis (PCA)

The geochemical compositional data were 
opened within the CoDaPack software v 2.01 and 
were transformed using the Isometric log-ratio (Ilr) 
transformations, prior to using any of the multivariate 
methods. The PCA for Ilr transformed data can be used 
to enhance the results of the CA for simultaneous study 
of elements in polymetallic and porphyry deposits 
when the data are compositional and suffering from 
closure problem.

Polymetallic vein deposit: At fi rst, the PCA was 
done by log-transformation of geochemical data at 
Glojeh polymetallic vein deposit. The scree plot of 
eigenvalues indicates that the fi rst (PC1) and second 
(PC2) signifi cant factors of PCA explaining 56.3% of 

the total variance (Figure 6a). The PC1 explains the 
largest variance equal to 34.9% of the total variance. 
The PC1 indicates that the red group consists of  
Cu, Ag, Mo, Pb, Zn, Te, As, Au, Be, W, Se, and Cd 
elements are gained, while the blue group which is 
composed of Nb, K, La, Zr, Ba, Ce, Rb, Al, and Y 
elements is depleted at the Glojeh deposit. The factor 
loadings for these components are shown in fi gure 6a, 
while they are occurring between the –1 to +1 values 
and imply how the factors characterize the variables. 
Therefore, the association of Au, Ag, Cu, Pb, and Zn 
are more considerable for mineralization with As, Be, 
W, Te, and Mo in the Glojeh deposit. 

On the other hand, based on the compositional 
properties of the data, all the data were transformed 
to Ilr space. The PCA method was applied to all above 
(43 elements) described elements within Ilr space. 
The first and second PC loadings of Ilr-transformed 
geochemical data explains 51,9% of the total variance 
in district (Figure 7a). The PC1 which includes 
the mineralization process explains 40,2% of total 
variation at the area (Figure 7a). Accordingly, it is 
comparable with the results of log-transformed data, 
by the higher value of variance (40,2% vs. 34,9%) and 
spread loading vectors and scores (Figure 7b). 

Porphyry deposit: As a comparative case study, 
the Northern Dalli deposit has been investigated by 
log-transformed and LRT, based on 149 soil samples. 
The PC1 indicates 27,8% of total variation according 
to strong loading of Au and Cu against Li, Al, Mn, 
Ni, B, Co, Sr, and Cr elements. The PC2 shows 19% 
of total variance, indicated by V, Fe, To, Ga, Mg, K 
versus lower intense value of B, As and certainly La 
and Ce in this axis (Figure 8a). It is confi rmed by score 
of samples such as 74 and 114 which are the strongest 
mineralized and depleted samples for Au and Cu 
respectively (Figure 8b). On the other hand, sample 
ID’s of 11, 42 and 106 are the mineralized ones for V, 
Fe and Ti and 53, 142, and 131 are the loosest sample 
for them.  

The biplot of the corresponding PC1 (29,5% of 
total variance) and PC2 (19,6% of total variance) 
of the Ilr transformed data, shows a clear separation 
between loadings and score of samples (Figure 9b). 
Therefore, the closure problem is overcome by Ilr-
transformation, and curved shape of scores at fi gure 
8b is depicted according to Ilr-transformation at fi gure 
9b become spread apart and according to the spatial 
distribution of the observations become further apart. 
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4. Discussion

4.1. CA

Polymetallic deposit: Zhu et al. (2011) proposed 
that the associations of Au-As or Au-Sb is common in 
different gold deposit, certainly in polymetallic veins 
that is consistent with the D2 here. The D1– D2 biplot 

(Figure 4) demonstrates the multi-element associations 
of Au-As-Ag-Pb-Te-Mo-Zn accompanied by S-Cu-W 
and Sb describing a polymetallic mineralization 
at Glojeh deposits directly. They have very high 
eccentricity from the center of the axis (0, 0) and 
sample ID’s of  28, 29, 30, 31, 32, 33, 34, 35, 36 and 81 
confi rming this mineralization as  indicator samples. 
The results show the potential for polymetallic 

Figure 6- The loading plot (A), and symetric scores and loadings plot (B) on the PC1 versus PC2 of log-transformed data 
at Glojeh polymetallic deposit.
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(highly anomalous elements are Ag, As, Pb and Au) 
veins mineralization. Cu and S association may be 
indicated that the polymetallic Au, Ag, Cu, Pb and Zn 
mineralization in the Glojeh deposit can be linked to a 
porphyry deposit in depth. Therefore, As, Te, Mo and 
minor S, W are more considerable for mineralization 
with Au, Ag, Cu, Pb and Zn in the Glojeh deposit 
(Darabi-Golestan and Hezarkhani, 2017).

Porphyry deposit: On the other hand, a porphyry 
mineralization at the Dalli deposit is verifi ed by 
sample ID’s of 23, 29, 35, 41, 42, 47, 63, 75, 76, 87 
and too many samples. Figure 5 emphasizes on the S, 
As, Sr anomalous data according to the sample ID’s 
of 82, 130 and 146. The Q-mode (score of samples) 
analysis approved the R-mode (score of elements) 
results, elemental associations, and mineralization in 

Figure 7- The loading plot (A), and symetric scores and loadings plot (B) on the PC1 versus PC2 of log-ratio transformed 
(Ilr space) data at Glojeh polymetallic deposit.
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order to avoid the creation of false anomalies due to 
different dimensions between or among the different 
elements. , the curved-shape confi guration of the 
sample and element scores is a typical distribution for 
data closure problems in this coordinate.

4.2. PCA for log and Ilr Transformed Data

Polymetallic deposit: The biplot of the fi rst two PC 
loadings for log-transformed data in a polymetallic 
deposit shows clearly the closure problem between 

Figure 8- The loading plot (A), and symmetric scores and loadings plot (B) on the PC1 versus PC2 of log-transformed 
data at Dalli porphyry deposit.
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loadings, as they are constrained in a semicircle 
(Figure 6a). The biplot of loadings and scores for log-
transformed data (Figure 6b) shows that the red group 
is concentrated in sample ID’s of 28, 29, 30, 31, 32, 33, 
34, 35, 36, 47, 50 and 81. These samples indicate vein, 
veinlet and brecciated zones, while they are depleted 
from blue group. By the way, it is resulted that the 
samples 128, 110,129 and 130 are concentrated for 
the yellow group. The yellow and green groups are 

more relevant by the PC2. On the other hand, the 
visualized plot of multi-elemental association from 
PC1 vs. PC2 indicates that the closure problem in 
compositional data is posed and the loadings are 
spread in a circular, using Ilr-transformed data. The 
combination of loadings and scores at fi gure 7b 
indicates a better relationship and interaction between 
elemental loadings and sample scores, whereas the 
closure effect problem is minimized. Figure 7b could 

Figure 9- The loading plot (A), and symetric scores and loadings plot (B) on the PC1 versus PC2 of log-ratio transformed 
data at  Dalli porphyry deposit.



197

 Bull. Min. Res. Exp. (2019) 159: 185-200

ease the interpretation of geochemical dispersion 
pattern of elements and samples. 

Both the PCA opened using log-transformed and 
Ilr-transformed geochemical data indicate sample ID’s 
of 28, 29, 30, 31, 32, 33, 34, 35, 36, 47, 80 and 81 as 
anomalous samples that taken from polymetallic (Au, 
Ag, Cu, Pb, and Zn) veins. But Ilr-transformed data 
show better inherent in compositional and overcome 
on the closure effect of loadings and scores.

Porphyry deposit: The loadings (Figure 8a) and 
scores (Figure 8b) of the two fi rst PC’s (from log-
transformed data) show the closure problem, give 
that all the loadings except Au, Cu, La, and Ce are 
restricted to a semicircle (180°) and score of samples 
distributed closely. Because of data closure effect 
problem there is compositional data at Dalli deposit, 
the score of samples shows a strong curve shape as 
shown in fi gure 8b.

Using appropriate Ilr transformations prior to 
PCA analysis, the loadings of compositional data plot 
along all directions on the biplot (Figure 9a), while 
the loadings of the log-transformed data are mostly 
constrained in a semi-circle (Figure 8a). Figure 9a 
suggests that Mo-Ti-Fe-K-V and Y-La-Ce associations 
that represented in PC1 vs. PC2 biplot of Ilr space, 
show more realistic signature in Cu-Au porphyry 
deposit, compared to their associations represented 
in simply log-transformed biplot at fi gure 8a. This 
interpretation is supported by the different spatial 
distribution of scores at fi gure 8b and 9b. Figure 8b 
demonstrates that the known Cu-Au-(Mo) deposit in 
the study area has stronger positive correlation with 
the Mo-Ti-Fe-K-V and Y-La-Ce associations, which 
is concordant with Cu-Au-(Mo) porphyry deposit. 
With a comparison to log-transformed, loadings of the 
ilr-transformed show a strong Cu-Au mineralization 
followed by lower Mo concentrations, that are 
supported by too many scores of samples. Previous 
studies at this deposit,  revealed a clear trend of 
sequential enrichment of Mo→Cu→Au from depth 
to surface (Darabi-Golestan et al., 2013a), that is 
covered by the results of ilr-transformed data from 
soil samples at this study. The intensely mineralized 
Au-Cu-(Mo) occur at sample ID’s of 22, 28, 35, 
40, 46, 74, 84, 86 and many others, and these are in 
connection with Cu-Au porphyry mineralization at the 
deposit (Figure 8b and 9b). According to lithological 
soil samples using CA (Figure 5), PCA analysis of 
log-transformed (Figure 8) and Ilr-transformed data 
(Figure 9), this trend is confi rmed by higher intensity 

of (Au, Cu)>Mo. Darabi-Golestan et al. (2013a) 
proposed that the higher concentrations of Au and Cu 
are associated with mineralized zone within quartz 
diorite porphyry rocks that were enriched partly from 
Fe and Ti that were dominantly covered by potassic 
(K) alterations, which are more consistent with the CA 
and PCA of LRT data of graphical plot at the present 
study.  

5. Conclusion

Most of mineralization has occurred because of 
the elemental interaction effect and physico-chemical 
exchanges within or/and between fl uids and host rock. 
Therefore, the closure effects problem needs to be 
considered to understand the geochemical dispersion 
pattern of elements. Subcompositional coherence is 
overcome by LRT (certainly, Ilr transformation) for 
two genetic types of polymetallic vein and porphyry 
Au deposits at this study, while simply used log-
transformed values are not good enough. Accordingly, 
by application Ilr-transformed data compared to log-
transformed data the PC1 are improved from 34,9% 
to 40,2% at Glojeh and 27,8% to 29,5% at Dalli 
deposit. The ability to handle zero values in the data 
matrix and determining an elemental eccentricity from 
the center of axis based on Euclidean distances are 
the advantages of CA method. On the other hand, a 
clear picture of loading factors which spread in a full 
circle providing subcompositional coherence are the 
competitive advantages of PCA based on Log-Ratio 
transformation. Accordingly, Ag, Au, As, Pb, Te, 
Mo and rather S, W, Cu are enriched as polymetallic 
elements at Glojeh, while Au-Cu (Mo) indicates a 
porphyry deposit occurred in Dalli. Both anomalies 
are accompanied by a lot of samples that show 
enrichment for them. However, the closure problem 
between samples and elements is solved by LRT and 
these techniques show signifi cant ability to draw an 
inference in such deposits.
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ABSTRACT

The toxicity risks of being over exposed to ionizing radiation in the environments are of great 
concern to environmental and health scientists. The distribution of radioactivity concentrations of 
thorium, uranium and potassium were studied in randomly selected soil samples from ten (10) farm 
locations in Odo Oba, southwestern Nigeria in order to determine the radiological risks of farmers’ 
exposure to radionuclides. The mean estimation of thorium and potassium are greater than the global 
average by factors of 1,5 and 2,7, while that of uranium fall below the global average. The estimation 
of radioactivity ratios showed a depletion of uranium and enrichment of thorium in the study area. 
Further analysis on the radioelements (that is, thorium, uranium and potassium) showed that 83% of 
the estimated radiological risks are above the global average. The multivariate analyses involving 
Pearson’s correlation, Factor Analysis, Hierarchical Cluster Analysis were also used to explain the 
correlations among the data sets. It was affi rmed from the multivariate analysis that the radiological 
hazards occur as a result of contributions from the three naturally occurring radionuclides. The 
values obtained in this study revealed that the sampled locations are contaminated zones for farmers.
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1. Introduction

All soils are radioactive as a result of primordial 
and/or cosmogenic radionuclides being present 
naturally. Radionuclides reach the soil through 
soil-borne photosynthesis and water absorption, as 
well as natural radioactive elements of potassium 
(40K), uranium, thorium and their daughters. The 
former process occurs when the radioactive carbon 
(carbon-14) and radioactive hydrogen (tritium) are 
formed by the action of cosmic rays in the atmosphere 
which later fall to the surface of the earth. The later 

are present in the geological formations of many 
soils. Staying more than the required time in a natural 
radioactive contaminated area could be dangerous to 
human as the radionuclides inhaled can be greater than 
the allowable limit (ATSDR, 1990). Humans can be 
exposed to radioactive chemicals in the environment 
(breathing air, drinking, eating, or smoking substances 
with radioactive constituents), through the physical 
contact (such as skin), or coming too close to locations 
with high concentrations of radioactive chemicals, such 
as when there are industrial accidents or hazardous 
waste sites. Some of the factors that determine the 
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toxicity exposure to hazardous chemicals include: 
dose, pathway to the exposure, number of chemicals 
exposed to, and the individual features (for example, 
eating habits, sex, age, health status, family trait and 
life style) (ATSDR, 1990).

Nigerian farmers are often referred to as hand-
hoe (peasant) farmers. This is due to the fact that 
mechanization rate in Nigeria is 0.27 hp/hectare, a 
lower standard to the recommended rate of 1.5 hp/
hectare by FAO (2013). Apart from the method 
becoming obsolete globally, it could serve as a channel 
for being exposed to natural radioactive materials 
on a contaminated farm land ignorantly. Exposure 
to radionuclides in a naturally occurring radioactive 
contaminated zone needs to be avoided or access the 
land with protective wears. Long-term exposure to 
radium and uranium through inhalation has several 
effects as chronic lung diseases, anemia, acute 
leucopoenia, necrotizing periodontal disease, tumours 
in the bones, nasal and cranial nerves. Overexposure 
to thorium causes cancers of different kinds in human 
systems such as in lung, bone, pancreas, kidney, 
and liver. It can also cause hepatic and leukaemia 
(Ramasamy et al., 2011). Therefore, radionuclide’s 
activity concentrations and the risks associated with 
farmer’s exposure to these radioactive elements 
should be monitored.

Exposure to natural radioactivity is a function of 
the natural radioactive elements present in that area 
(UNSCEAR, 2000). Radioactivity of an area can be 
used to estimate the dose rates and the risks associated 
with over exposure to the natural radionuclides in a 
radioactive contaminated region (Alzubaidi et al., 
2016).Thorium -232 and Uranium -238 decay series 
as well as potassium -40 are the natural radionuclides 
that are used for estimating the abundance of thorium, 
uranium and potassium in the subsurface. These 
natural elements contribute greatly to the dose received 
by humans. Radionuclides can be transferred to food 
chain through soil, rocks, and water bodies since they 
contain appreciable quantities of radioactive elements 
(Alzubaidi et al., 2016). 

Knowledge of natural radioactivity present on 
farm land will guide in the assessment of possible risks 
associated with external exposure to radiation through 
inhalation. Hence, this study is aimed at evaluating 
the radiation exposure risks to farmers in Odo Oba, 
Southwestern Nigeria.This study was borne out of 
the increasing economic activities mostly agriculture 

(farming and fi shing) and cottage industries prompted 
by population growth. Odo Oba is the source of food 
crops to Ogbomoso and its environs. Agricultural 
practices are most eminence in the study area possibly 
due to the availability of water that Oba River provides. 
Among the researchers that have investigated on the 
radioactivity concentration emanating from subsurface 
and its risks include: Odunaike et al. (2008), Gbadebo 
and Amos (2010), Akinloye et al. (2012), Avwiri 
et al. (2012), Chandrasakaran et al. (2014), Qureshi 
et al. (2014), Rafi que et al. (2014), Usikalu et al. 
(2014), (2017), Ademola et al. (2015), Ravisankar et 
al. (2015), Alzubaidi et al. (2016), Adagunodo et al. 
(2017b), Adagunodo et al. (2018a) and (2018b).

2. The Study Area and Its Geology

Odo Oba is located between the latitude 8o 2′ 46.7′′ 
to 8o 2′ 58.5′′ N and longitude 4o 8′ 00′′ to 4o 9′ 15′′ 
E (Figure 1a). It is a settlement that is situated at the 
southwest of Ogbomoso, southwestern Nigeria. The 
average elevation of the study area is about 267 m. 
Materials being carried from several tributaries over 
the years are deposited around Oba river, a major river 
for irrigation in the study area (Figure 1b), due to the 
planar surface of the study area. This has enhances 
the deposition of the Quaternary sediments in Odo 
Oba. The drainage pattern of Odo Oba is dendrite in 
nature. The climate of the study area is distinguished 
by averagely high temperature. Moderate-to-heavy 
rainfall is experienced in the study area between 
March and July annually, an average annual rainfall of 
1,247mm. The Relative Humidity (RH) is at its peak 
at the early hours of the day, which decrease towards 
the post meridiem. The minimal and maximal RH is 
experienced from December – February and July – 
September annually. The continental air mass blows 
dry air (with little or no moisture) across the region 
during the dry season. In turn, the tropical air mass 
takes charge in the rainy season (Adagunodo et al., 
2017b).

In Nigeria, four hydrogeological provinces 
have been reported in literature, these include: 
Volcanic-, Precambrian basement-, consolidated  and 
unconsolidated sedimentary rocks. Odo Oba lies 
perfectly on the Precambrian basement domain of SW 
Nigeria (Figure 2), which composed of metamorphic 
and crystalline rocks of > 550 My (Sunmonu et al., 
2012). This geological domain is constituted by 
gneiss, meta-sedimentary, and older granites (Jones 
and Hockey, 1964; Adagunodo and Sunmonu, 
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Figure 1a- States and Capitals in Nigeria showing Odo Oba in Oyo state, Nigeria

Figure 1b- Rivers in south-west Nigeria showing Odo Oba (adapted 
from Rivers of Yorubaland, 2017).

2012; Olafi soye et al., 2012; Sunmonu et al., 2012; 
Adagunodo et al., 2013a; 2013b; 2013c; Oladejo et 
al., 2013; Olafi soye et al,. 2013; Adagunodo et al., 
2017a; 2017b). The banded and granite gneisses are 
the dominant rock units in Odo Oba. The other rock 
units in the study area are quartzite, and sparsely 
distributed pegmatite (Adagunodo et al., 2017b; 
2018c) (Figure 2).

3. Materials and Methods

Topsoil samples (up to a depth of 25 cm) from 
ten (10) farm locations (S1 to S10) were randomly 
taken for the analysis (Figure 3). This was carried out 
in order to investigate the toxicity risks of farmers’ 
exposure to natural radioactivity in Odo Oba farm 
land. The results obtained are expected to reveal 
the radionuclide dispersions in the area and be used 
for further hazards’ evaluation. In respect of this, 
the samples collected were dried under ambient 
temperature for number of weeks, and sieved by a 
2 mm mesh to remove larger objects. Each sample 
was packed into a plastic sock and transported to 
Canada for Analysis. The analysis was carried out in 
ACME laboratories, Canada. AcmeLabs is one of the 
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world-class geochemical and assaying laboratories 
to geoscientists.  Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) was used to determine the 
concentrations of radionuclides (238U and 232Th) and 
potassium (40K) in the samples. ICP-MS is one of 
the techniques used for radionuclide and elemental 
analysis either solid or liquid samples. The detection 
limit of ICP-MS for 238U, 232Th and 40K are 0,05 ppm, 

0,1 ppm and 0,01% respectively. The samples were 
dried at 110oC in the oven to constant weight and 
further grounded to a powder. After grinding of each 
sample, high pressure compressor air with nozzle was 
used to blow the remnant from the grinder in order to 
avoid cross-contamination. The samples were digested 
and were transferred to Tefl on beakers for evaporation 
using a hot plate. The residues were dissolved in 10% 
HNO3 for fi fteen minutes to ensure complete digestion, 
which was fi nally dissolved in 100 ml of HNO3. The 
certifi ed soil reference material (calibration standard) 
was digested with the same proportion of HNO3 for 
quality control analysis. Prior to the ICP-MS analyses, 
standard solutions were prepared from SPEX Multi-
element Plasma Standard in order to obtain the 
calibration curves for the analyses. Each sample was 
analyzed thrice to monitor the reproducibility of each 
result, which is in line with the standard procedures 
highlighted by Sahoo et al. (2001) and Bank et al. 
(2016). The concentrations of potassium, uranium and 
thorium in each soil sample were given in percent (%) 
and parts per million (ppm) respectively. Eqs. (1) to (3) 
were further used to covert respective concentration to 
Becquerel per kilogram (Bq kg-1) in accordance with 
IAEA (1989) and Omeje et al. (2013) models. The 
activity concentrations’ results from AcmeLabs (in % 
and ppm) and the converted results (in Bq kg-1) are 
revealed in table 1.

Figure 2- Geological domains in Nigeria revealing Odo-Oba geology (modifi ed from Obaje (2015) and Adagunodo et al. (2017b; 2018c).

Figure 3- Sampling locations in the study area.
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1% of 40K = 313 Bq kg-1 (1)

1 ppm of 238U = 12,35 Bq kg-1 (2)

1 ppm of 232Th = 4,06 Bq kg-1 (3)

N.B: For S1, 2.60 is the mean of the uranium 
results for sample 1, while ±0,19 is the standard 
deviation value.

4. Results and Discussion

4.1.Activities of 238U, 232Th and 40K

The distributions of the activities of 238U, 232Th 
and 40K in the ten (10) analyzed topsoil samples are 
presented in form of bar charts, as revealed in fi gures 
4a to 4c. The activities range from 12,35± 5,31 (S2) 
to 50,64± 6,92 (S9) Bq kg-1 for 238U with an average 
of 29,40 Bq kg-1, 11,37± 4,06 (S2) to 101,91± 4,06 
(S9) Bq kg-1 for 232Th with an average of 44,25 Bq 
kg-1, and 788,76± 169,02 (S4) to 1693,3± 53,21 (S7) 
Bq kg-1 for 40K with an average of 1072,07 Bq kg-1 
respectively. The obtained results of S8, S9 and S10 
for 238U are greater than the global average value of 
35 Bq kg-1(Sartandel et al., 2009; Chandrasekaran 
et al., 2014). Apart from S2, S4 and S6 that showed 
lower values than the global recommended value of 30 
Bq kg-1 (Chandrasekaran et al., 2014), other samples 
possessed higher results than the global average for 
232Th. However, the results obtained for 40K have 
higher values than the recommended limit of 400 Bq 
kg-1 as reported by Chandrasekaran et al. (2014). The 
activities of 238U, 232Th and 40K are in the order 238U 
<232Th <40K with only 238U showed an average value 
below the world average value for radionuclides in 
soil samples of Odo Oba farm.

Thorium is a naturally occurring radioactive metal. 
This substance is almost present everywhere, at least 
in small amount. It is found in rocks, soil, surface 
water, groundwater, animals and plants. Most of the 
naturally occurring thorium exists as 232Th (isotope). 
Apart from this natural isotope, there are more than 
ten (10) isotopes of thorium that can be produced 
artifi cially. Thorium does not easily dissolve in water 
or evaporate from soil or water into the air. The high 
values recorded for 232Th might be attributed to the 
topographical settings of Odo Oba (Oba River Basin). 
From the literature (Adagunodo et al., 2017b), the 
transported materials by the river channels over the 
years are mixed with the soil structures of Odo Oba, 
because the study area possess a planar surface. Since 
the soil containing thorium can be washed into rivers 
and be transported to another plane (such as Odo 
Oba), this has justifi ed the average value recorded for 
thorium which is greater than the global average by 
a factor of 1,5. Farmers working on this area can be 
exposed to thorium by inhaling contaminated dust. 
In addition, people eating food grown on this soil can 
be contaminated with thorium through transfer factor 
(ATSDR, 1990). Effects of being exposed to thorium 
through inhalation include cancers of different forms 
such as pancreas, lung and bone. It can even result 
into damage of the body systems or result into death. 
Other effects through ingestion include: liver diseases, 
and diseases in the blood stream (ATSDR, 2014). The 
presence of thorium in an environment can lead to 
further exposure to hazardous radioactive decay of 
thorium such as thoron and radium – isotopes of radon. 
It should be noted that exposure to thorium has not 
been linked with birth defects or sexual incapability 
from previous studies (ATSDR, 1990; 2014; Xing-an 
et al., 2014).

Table 1- Concentrations of natural radioactivity in soil samples of Odo Oba.

Samples Uranium (ppm) Thorium (ppm) Potassium (%) Uranium (Bq kg-1) Thorium (Bq kg-1) Potassium (Bq kg-1)
S1 2,60± 0,19 12,80 ± 3,00 2,69 ± 0,35 32,11 ± 2,35 51,97± 12,18 841,97± 109,55
S2 1,00 ± 0,43 2,80 ± 1,00 3,43 ± 0,92 12,35 ± 5,31 11,37± 4,06 1073,59± 287,96
S3 2,20 ± 0,11 9,90 ± 3,00 2,85 ± 0,13 27,17 ± 1,36 40,19± 12,18 892,05± 40,69
S4 1,50 ± 0,92 6,20 ± 2,00 2,52 ± 0,54 18,53± 11,36 25,17± 8,12 788,76± 169,02
S5 2,50 ± 0,21 9,00 ± 2,00 3,29 ± 0,73 30,88± 2,59 36,54± 8,12 1029,77± 228,49
S6 1,10 ± 0,09 3,70 ± 2,00 2,94 ± 0,21 13,59± 1,11 15,02± 8,12 920,22± 65,73
S7 2,10 ± 0,25 10,90 ± 3,00 5,41 ± 0,17 25,94± 3,09 44,25± 12,18 1693,33± 53,21
S8 3,70 ± 0,21 13,70 ± 1,00 3,70 ± 0,37 45,70± 2,59 55,62± 4,06 1158,10± 115,81
S9 4,10 ± 0,56 25,10± 1,00 3,67 ± 0,80 50,64± 6,92 101,91± 4,06 1148,71± 250,40
S10 3,00 ± 0,17 14,90 ± 1,00 4,71 ± 0,29 37,05± 2,10 60,49± 4,06 1174,23± 90,77

N.B: For S1, 2.60 is the mean of the uranium results for sample 1, while ± 0.19 is the standard deviation value.
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Potassium is essential in the body but exposure to 
potassium is worse than its inadequacy. The function 
of the kidney is to regulate the level of potassium in 
the body, but for many reasons, the potassium level 
can exceed the required limit. High concentration of 
potassium in the body is referred to as hyperkalemia. 
Effects of high concentration of potassium in the body 
systems include: nausea, stomach upset, diarrhea, 
weakness or tiredness, vomiting, tingling, intestinal 
gas, trouble in breathing, chest pain, listlessness, 

paralysis, mental confusion, dizziness, irregular 
heart rhythm or palpitation, low blood pressure, and 
possibly death (Beckerman, 2016; Wint and Cherney, 
2017). The average value recorded for 40K in Odo Oba 
is greater than the global average by the factor of 2.7.

The ratios of the radioactivity concentrations 
were estimated and presented in table 2. The ratios 
of 238U to 40K ranged from 0,012 (S2) to 0,044 (S9), 
the ratios of 232Th to 40K ranged from 0,011 (S2) to 

Figure 4c- Activity concentration of 40K.

Figure 4b- Activity concentration of 232Th.

Figure 4a- Activity concentration of 238U.
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0,089 (S9), the ratios of 238U to 232Th ranged from 
0,497 (S9) to 1,086 (S2), while that of 232Th to 238U 
ranged from 0,921 (S2) to 2,012 (S9). The mean of 
each of the ratio as presented in Table 2 is compared 
with global average as reported by UNSCEAR (1988) 
and Qureshi et al. (2014). From the mean of all the 
estimated activities’ ratios, only 238U/232Th is greater 
than the global average by the factor of 2,8, others fall 
below the global average limit. From table 2, it was 
revealed that the radioactive level of thorium is greater 
than that of uranium, hence 90% of 238U/232Th results 
are less than 1 while 232Th/238U results are greater than 
1. The ratios of thorium to potassium and uranium 
to potassium are less than 1, because concentrations 
of potassium are higher than thorium, and uranium 
concentrations are far less when compared with 
potassium concentrations. Based on the ratios, there 
is depletion in uranium and enrichment in thorium 
concentration in Odo Oba farm (Tzortzis and Tsertos, 
2004).

4.2. Dose Rates (DR) and Annual Effective Doses 
(AED)

The absorbed Dose Rates (DR) ascribed to 
gamma radiation emanating from subsurface (that 
is, dose rates from outdoor contributions) as a result 
of activity concentration of 238U, 232Th and 40K at one 
meter above the topsoil were estimated in accordance 
with UNSCEAR (1993) guidelines, assuming that 
other naturally-occurring radionuclides’ (87Rb, 147Sm, 
235U, 90Sr, 138La, 137Cs, 87Rb and 178Lu) contributions 
to the doses from the environmental background are 
frivolous (Qureshi et al., 2014; Ravisankar et al., 

2016). The conversion factors used to estimate the 
absorbed dose rates in the dry weight of each sample 
corresponds to 0,436, 0,599 and 0.0417 (nGy h-1 Bq-1 
kg-1) for 238U, 232Th and 40K respectively (Qureshi et al., 
2014). However, the absorbed dose rates are estimated 
using Eq. (4) as given by UNSCEAR (2000).

DR = 0,436 CU + 0,599 CTh + 0,0417 CK          (4)

where CU, CTh and CK are the activities of 238U, 232Th 
and 40K respectively. The estimated dose rates in Odo 
Oba farm range from 53.3 (S6) to 131,0 (S9) nGy hr-1 
(Figure 5a). The average outdoor dose rate in Odo 
Oba is higher than the global average of 59 nGy hr-1 
(UNSCEAR, 2000) by the factor of 1.4

The outdoor Annual Effective Dose (AED) is 
estimated based on Eq. (5) as given by UNSCEAR 
(2000) and Qureshi et al. (2014).

AED = 8760 hr y-1 × 0,7 Sv Gy-1 × 10-6 x 0,2          (5)

From Eq. (5), the outdoor occupancy factor is 
given as 20% (with an assumption that farmers spend 
20% of a day on the fi eld) of hours in 365 days that 
makes a year. However, the conversion factor that 
converts external absorbed doses to outdoor annual 
effective doses is given as 0,7 Sv Gy-1.

In this study, the outdoor annual effective doses 
range from 0.06 (S2, S4 and S6) to 0,16 (S9) mSv 
year-1 with an average 0.1 mSv year-1 (Figure 5b). This 
value is higher than the global average of 0.07 mSv 
year-1 (UNSCEAR, 2000; Qureshi et al., 2014) by 
factor of 1,4.

Table 2- Radioactivity ratios in Odo Oba.

Samples 238U/40K 232Th/40K 238U/232Th 232Th/238U
1 0,038 0,062 0,618 1,618
2 0,012 0,011 1,086 0,921
3 0,030 0,045 0,676 1,479
4 0,023 0,032 0,736 1,358
5 0,030 0,035 0,845 1,183
6 0,015 0,016 0,905 1,105
7 0,015 0,026 0,586 1,706
8 0,039 0,048 0,822 1,217
9 0,044 0,089 0,497 2,012
10 0,032 0,052 0,612 1,633

Average 0,028 0,042 0,738 1,423
World Average 0,067+ 0,067+ 0,260+ 3,500+

+  represents UNSCEAR (1988).
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4.3. Annual Gonadal Equivalent Dose (AGED)

The gonad, bone marrow and the bone surface 
cells are essential in terms of assessment of level 
of exposure of human organs to natural occurring 
radionuclides (UNSCEAR, 1988). It is crucial to 
include AGED as parts of our assessment to farmers’ 
exposure to natural radionuclides on Odo Oba farm, 
because farm activities require longer time to execute. 
As a result of this, AGED emanating from the farm 
land needs to be estimated. Therefore, the AGED due 
to activity concentrations of 238U, 232Th and 40K was 

estimated based on Eq. (6) as given by Mamont-Ciesla 
et al. (1982).

AGED (μSv y-1) = 3,09 CU+4,18 CTh+0,314 C K      (6)

This parameter (that is, AGED) has been used 
by some authors as part of the radioactivity risk 
assessment in an environment (Avwiri et al., 2012; 
Chandrasekara et al., 2014; Ravisankar et al., 2016). 
The AGED of Odo Oba is presented in fi gure 6. The 
values range from 393,7 (S6) to 943,2 (S9) μSv y-1. 
As it is revealed from fi gure 6, the mean value in 

Figure 5b- The annual effective dose distributions on Odo Oba farm.

Figure 5a- The absorbed dose roses distributions on Odo Oba farm.

Figure 6- Distributions of annual gonadal equivalent doses on Odo Oba farm.
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this present study (612,4 μSv y-1) exceed the global 
average of 300 μSv y-1 by the factor of 2. This result is 
considered to be hazardous to the farmers in Odo Oba.

4.4. External and Gamma Radiation Hazard Indices

The two indices employed in this present 
assessment for farmers’ exposure to gamma radiation 
are external radiation hazard index (HExt) and gamma 
radiation hazard index (Iγr). The external radiation 
hazard index (HExt) in Odo Oba is estimated based 
on the model from Krieger (1981), Ibrahiem, (1999), 
UNSCEAR (2000), and Ravisankar et al. (2016). This 
equation is presented in Eq. (7).

 
(7)

The conversion factor of each of the three 
concentrations (238U, 232Th and 40K) is based on the 
assumption that 370, 259 and 4810 (Bq kg-1) of 238U, 
232Th and 40K produce the same gamma radiation dose 
rate (OECD, 1979; Akinloye et al. 2012; Qureshi et al. 
2014; Ravisankar et al. 2016).The estimated external 
radiation hazard index in Odo Oba varies from 0,3 
(S2, S4 and S6) to 0,9 (S9). The estimated average 
value of HExtin Odo Oba is 0,6 (Figure 7). This clearly 
showed that contributions from HExt are insignifi cant 
and pose no threat or radiological risks to the farmers 
since it is less than unity.

Gamma radiation hazard index (Iγr) is one of the 
indices used to measure the safety of humans when 
they are exposed to γ-radiation emanating from 
subsurface (EC, 1999; UNSCEAR, 2000). The Iγrused 

in this study is presented in Eq. (8) as given by OECD 
(1979), Alam et al. (1999) and Uosif et al. (2014).

Iγr = 0,0067 CU + 0,01 CTh + 0,00067 CK ≤ 1          (8)

where CU, CTh and CK have the same defi nitions as 
in Eq. (4), (6) and (7) respectively.

The estimated Iγr fl uctuate from 0.8 (S6) to 2.1 
(S9). The average Iγr in Odo Oba is 1.4. This is greater 
than the global average as presented in Eq. (8). From 
the ten samples analyzed, 30% fl uctuate below unity 
while 70% vividly exceed the acceptable limit (Figure 
7). The implication of Iγr results is that the radiation 
emitted from the study area is toxic to man’s health 
as reported by Palomo et al. (2010) and Uosif et al. 
(2014).

4.5. Excess Lifetime Cancer Risk

Excess Lifetime Cancer Risk (ELCR) is estimated 
from Eq. (9) as given by Eq. (9).

ELCR = Annual Effective Dose × 70 × 0,05           (9)

ELCR depends greatly on the results of annual 
effective dose and other two constants. The fi rst 
constant (70) is referred to as duration of life which 
is given as 70 years while the second constant (0.05) 
is the risk factor which is given as 0,05 Sv

-1 (ICRP-
60, 1990; Taskin et al., 2009; Chandrasekaran et 
al., 2014; Qureshi et al., 2014; Ravisankar et al., 
2016). For stochastic effect, 0.05 was ascribed to the 
public (ICRP-60, 1990). ELCR is another risk from 
radiological hazards. It measures the possibility of 

Figure 7- Distributions of external and gamma radiation hazard indices in Odo Oba.
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having cancer if someone is overexposed to cancer-
causing environment. The estimated range of cancer 
risk in Odo Oba is 0,23 × 10-3 (S6) to 0,56 × 10-3 (S9) 
with a mean of 0,36 × 10-3. This value is higher than 
the global average of 0,29×10-3(Ravisankar et al. 
2007; UNSCEAR, 2000) by the factor of 1.2 (Figure 
8).Virtually, only three locations (S2, S4 and S6) (that 
is, 30% of the total samples) depict lower values than 
the global average, others depict a higher degree than 
the recommended limit which varied in factors from 
1.1 to 1.9.

4.6. Statistical Analyses of All the Data Sets

The descriptive analysis and multivariate statistics 
were employed under this section in order to examine 
the relationship between the variables used in this 
study. This approach has been found useful from the 
literature in the recent times (Chandrasekaran et al., 
2014; Isinkaye and Emelue, 2015; Raghu et al., 2017). 
Variations of the mean, standard deviation, skewness, 
kurtosis, and the global average of all the variables are 
presented in table 3.

Skewness and kurtosis are parts of data 
characterization in statistical analysis. The skewness 
defi nes the symmetric or asymmetric distributions 
of data sets. For a normal distribution, skewness is 
always zero, and nearly equals zero for symmetric 
data. The skewness with negative value signifi es that 
the data is skewed left and vice versa. The kurtosis 
measures the ‘tailedness’ of a normal distribution, 
whether it is heavy-tailed or light-tailed. Data sets 
with high kurtosis showed that there are outliers (that 
is, heavy tails) and vice versa. These two parameters 
have been used to discuss the variability of data sets 
by Adagunodo et al. (2017b), (2018a) and (2018c). 
The skewness and kurtosis were estimated by Eqs. 
(10) and (11) respectively. Potassium-40 possesses 
highest values of mean and standard deviation of 
1072,07 and 258,28, with the ELCR showing the 
least mean and standard deviation value of 0,36 × 10-3 
and 0.11×10-3 respectively. Only 238U / 40K showed 
negative skewness, four (4) variables (232Th, 40K, 232Th 
/ 40K and 238U / 232Th) showed positive kurtosis while 
69% of the total variables showed negative kurtosis.

Figure 8- Excess lifetime cancer risk in Odo Oba.

Table 3- Descriptive statistics for the analyzes datasets (N = 10).

Variable Mean SD Skewness Kurtosis Global mean as presented in this study
238U 29,40 12,74 0,28 -0,70 35,0 Bq kg-1

232Th 44,25 26,15 1,01 1,81 30,0 Bq kg-1

40K 1072,07 258,23 1,59 3,51 400,0 Bq kg-1

DR 84,03 25,90 0,45 -0,71 59 mGy hr-1

AED 0,10 0,03 0,45 -0,71 0,07 mSv yr-1

AGED 612,44 185,03 0,44 -0,82 300 μSv yr-1

ELCR 0,36 × 10-3 0,11 × 10-3 0,45 -0,71 0,29 × 10-3

238U / 40K 0,03 0,01 -0,17 -1,30 0,067
232Th / 40K 0,04 0,02 0,73 0,77 0,067

238U / 232Th 0,74 0,18 0,67 0,08 0,260
232Th / 238U 1,42 0,33 0,24 -0,41 3,5

HExt 0,55 0,19 0,44 -0,32 1,0
Iγr 1,36 0,42 0,46 -0,67 1,0
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Skewness =  
 

(10)

where N is the number of data points or population 
number, Y is the individual data, Ӯ is the mean, s is the 
standard deviation, and i is the integer.

Kurtosis =   
 

(11)

The multivariate analyses employed are Pearson’s 
correlation, factor analysis, and cluster analysis. 
The multivariate analysis has been found useful in 
explanation of correlation among varying data sets 
without losing much information (Ashley and Lloyd, 
1978; Jackson, 1991; Chandrasekaran et al., 2014; 
Adagunodo et al., 2017b). This approach is effi cient 
in data compression without losing its original 
information, and helpful to draw relationships between 
or among variables (Chandrasekaran et al., 2014). 

A bivariation statistics involving correlation 
matrix was carried out and presented in table 4, with 
a view to determining the nature of relationships that 
exist between the thirteen (13) variables analyzed 
in ten (10) samples used in this study. A very strong 
positive correlation exists between 232Th and 238U. 
This is because the two elements undergo their decay 
series simultaneously (Tanaskovi et al., 2012). The 
correlation between 40K and 232Th as well as 40K and 
238U are very weak. This might be associated with the 
different decay series between the two parameters, 
since 40K has no progeny like 238U and 232The. 
Generally, very strong positive correlations exist 
between 238U and the radiological indices as well as 
radioelements’ ratios except 238U / 232Th that showed 
very strong negative correlation. The correlations 

between 232Th and the radiological indices, 232Th and 
radioelements’ ratios resemble the type of correlations 
with uranium-238 and its radiological indices. A 
very strong positive correlation exist between the 
radiological indices, while negative correlations exist 
between 40K and radioelements’ ratios except 232Th / 
238U that showed very strong positive correlation. The 
correlation has further confi rmed that radiological 
indices exist due to radionuclides’ activities. The 
approach of correlation analysis has justifi ed that 
uranium depletion with thorium and potassium 
enrichments exist in the study area.

The Factor Analysis (FA) was also performed on 
the variables in order to establish relationship among 
the parameters (Rodrigues-Barroso et al., 2009; 
Ramasamy et al., 2011; Chandrasekaran et al., 2014). 
The FA is carried out on the Pearson’s correlation 
matrix data sets. The extraction method for the factor 
was achieved through Principal Component Analysis 
(PCA), which was further rotated by varimax. The 
communalities of the thirteen (13) variables were 
presented in table 5. Based on Kaiser’s rule with eigen 
values ≥ 1 (Kaiser, 1960), the initial eigen value of the 
variables is 1 with the extraction varying from 0,675 
(the extraction of 238U / 232Th) to 0,995 (the extraction 
of DR, AED, AGED, ELCR and Iγr). Two components 
were produced from the component matrix based 
on PCA extraction method (Table 6). Component 1 
accounted for 51,30% of the total variance, which 
constitute high levels of variables such as HExt, 
AED, ELCR, DR, AGED, 232Th, 238U, 232Th / 40K, 
232Th / 238U, 238U / 40K, 238U / 232Th and 40K with high 
positive loading varying from 0,741 to 0,991. AED, 
DR and 40K showed the same loading of 0,977 while 
AGED and ELCR also showed the loading of 0,972. 

Table 4- Pearson’s correlation matrix among the analyzed parameters in Odo Oba farm.

Variables 238U 232Th 40K DR AED AGED ELCR 238U / 40K 232Th / 40K 238U / 232Th 232Th / 238U HExt Iγr
238U 1,00

232Th 0,93 1,00
40K 0,23 0,27 1,00
DR 0,87 0,91 0,63 1,00

AED 0,87 0,91 0,63 1,00 1,00
AGED 0,86 0,91 0,64 1,00 1,00 1,00
ELCR 0,87 0,91 0,63 1,00 1,00 1,00 1,00

238U / 40K 0,90 0,82 -0,19 0,61 0,61 0,60 0,61 1,00
232Th / 40K 0,88 0,94 -0,05 0,73 0,73 0,72 0,73 0,92 1,00
238U / 232Th -0,63 -0,79 -0,26 -0,72 -0,72 -0,71 -0,72 -0,59 -0,76 1,00
232Th / 238U 0,64 0,84 0,32 0,78 0,78 0,78 0,78 0,56 0,80 -0,97 1,00

HExt 0,93 0,95 0,51 0,99 0,99 0,99 0,99 0,72 0,81 -0,73 0,78 1,00
Iγr 0,87 0,92 0,62 1,00 1,00 1,00 1,00 0,62 0,74 -0,72 0,79 0,99 1,00
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Concentration of 238U is the most signifi cant factor 
to the contributions of component 1. Component 2 
accounted for 42,15% of the total variance, which 
constitute high positive loading of 0,881 for Iγr. The 
results of the two components revealed that exposure 
to radiological hazards in the study area are chiefl y 
from 40K, 238U and 232Th respectively. The plot of eigen 
value against the component number is presented in 
fi gure 9. However, the graphical representation of the 
two components is presented in fi gure 10. The plot of 
the two components revealed that 238U / 232Th and 40K 
reside in the same community (quadrant 1) with AED, 
DR, AGED, 232Th / 238U and Iγr; while HExt, ELCR, 
232Th / 40K, 238U / 40K and 238U / 232Th reside in the 
fourth quadrant respectively.

Table 5- Communality of the variables.

Variables Initial Extraction
238U 1,000 0,895

232Th 1,000 0,982
40K 1,000 0,990
DR 1,000 0,995

AED 1,000 0,995
AGED 1,000 0,995
ELCR 1,000 0,995

238U / 40K 1,000 0,927
232Th / 40K 1,000 0,985

238U / 232Th 1,000 0,675
232Th / 238U 1,000 0,734

HExt 1,000 0,986
Iγr 1,000 0,995

Extraction method: PCA

Table 6- Component matrix of the variables.

Variables Component
1 2

238U 0,991 0,065
232Th 0,978 0,196

40K 0,977 0,201
DR 0,977 0,201

AED 0,977 0,201
AGED 0,972 0,224
ELCR 0,972 -0,194

238U / 40K 0,919 -0,225
232Th / 40K 0,855 -0,504

238U / 232Th 0,853 -0,083
232Th / 238U 0,809 0,144

HExt 0,741 -0,615
Iγr 0,462 0,881

% of variance explained 51,30% 42,15%

Extraction method: PCA 

Figure 9-  The scree plot of the eigen values against the component 
number. 

Figure 10- Graphical representation of component 1 and  
component  2.

A multivariate statistical technique known as 
Hierarchical Cluster Analysis (HCA) was adopted to 
classify the thirteen (13) variables of all the ten (10) 
occupied stations in this study into categories based 
on their similarities and to produce dendrogram 
(Figure 11). A dendrogram is a tree-structured graph 
that enables one to view the output of calculations 
from HCA (Fatoba et al., 2017). The output of HCA 
is usually represented as the distance between the 
clustered columns or rows based on the description 
of each measured parameter. The distance or order in 
dendrogram is estimated based on Eq. (12).

 
(12)
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where DLink is the quotient between the linkage 
distances for certain case, DMax is the maximal linkage 
distance. The constant in the equation (that is, 100) is 
used to standardize the linkage distance (Wunderlin 
et al., 2001; Fatoba et al., 2017). The linkage distance 
among the variables was estimated using squared 
Euclidean distance, and the Ward’s method was 
employed for the clustering technique. The most 
similar variables appear as the fi rst group, while the 
incongruous variables are far from each other on the 
dendrogram (Ramasamy et al., 2011; Chandrasekaran 
et al., 2014). In another words, the distance between 
any two variables within the clusters are referred to 
as similarity. Two variables with no distance between 
them signify 100% similarity, while variables that are 
disparate are said to possess 0% similarity.

The closest clusters produced are 238U / 232Th – 
40K, HExt – (AED, ELCR, DR), and (AGED, 232Th) 
– 232Th / 40K, with potassium and thorium being the 
major natural radionuclide contributors within these 
clusters. The next clusters produced are 238U / 232Th 
– 238U / 40K, Iγr – 238U, and HExt – (AGED, 40K), with 
uranium and thorium being the natural radionuclides 
in these clusters. From fi gure 12, fi ve parameters 
(AED, ELCR, DR, AGED and 232Th) were categorized 
as two variables. The fi rst category combined three 

variables which are AED, ELCR and DR, while two 
variables (AGED and 232Th) were the second set of 
combined variables. These are as a result of their 
loading on component matrix (Table 5) which share 
loadings 0,977 and 0,972 respectively. In the larger 
clusters, three (3) clusters were present based on the 
observation from the top. Cluster-I is made up of 
nine (9) variables. These are 238U / 232Th, 40K, 238U / 
40K, Iγr, 

238U, HExt, (AED, ELCR, DR), (AGED, 232Th) 
and 232Th / 40K. Cluster-II comprised two variables, 
which are 40K and 238U. However, only one variable 
was observed in Cluster-III, which is 232Th / 238U. The 
dendrogram was able to show from Cluster-I that the 
radiological hazards occur as a result of contributions 
from the three naturally occurring radionuclides (that 
is, thorium, uranium and potassium).

5. Conclusion

The concentrations of thorium, uranium and 
potassium in the ten randomly selected topsoil 
samples from Odo Oba were determined using ICP-
MS from ACME laboratories, Canada. The risks (DR, 
AED, AGED, ELCR, HExt and Iγr) and radioelements’ 
ratios were estimated from the naturally occurring 
radionuclides in the study area. The mean 
concentrations of thorium and potassium are greater 
than the global average of 30 and 400 Bq kg-1 while 
uranium fall below the global average of 35 Bq kg-1. 
In comparison with the results of other studies from 
Nigeria and other parts of the world (as presented in 
table 7), it was revealed that this present study is in 
agreement with their outcome, except for few cases 
where the results were below the global average 
(such as Akinloye et al. (2012), Avwiri et al. (2012) 
and Isola et al. (2015)). The high concentrations 
of thorium in the study area are associated with the 
nature of the terrain, as the thorium enriched materials 
carried from afar are deposited around Odo Oba over 
years. Farmers working on Odo Oba can be exposed 
to thorium by inhaling contaminated dust. The crops 
grown on the farm land can be contaminated and be 
transferred to humans by consumption. The estimation 
of radioactivity ratios showed that depletion of 
uranium and enrichment of thorium occur in the study 
area. The estimated radiological risks showed that the 
mean values of DR, AED, AGED, ELCR and Iγr are 
greater than the global average by the factors of 1,42; 
1,43; 2,04; 1,24 and 1,36 respectively. However, the 
mean of HExt< 1 fall below the global average. The 
farmers are advised to take safety measures whenever 
on the farm land in order to prevent themselves from 

Figure 11-  Dendrogram of the HCA of radioactivity concentrations 
and radiological risks.
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being overexposed to natural radionuclides. However, 
further studies are recommended in Odo Oba and its 
environment in order to have a comprehensive report 
on the radiation level of the environment.
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ABSTRACT
In this study, simulation aided design of grinding circuit for a gold mine in Iran is presented. The main 
parameters for the design of the grinding circuit are the ore specifi cations and the considered operating 
conditions. Ore specifi cations were characterized by grinding tests, which included the Drop - weigh 
test (A, b), the abrasion test (ta) and the Bond Work Index test (Wi). For this study, the operating 
conditions for the processing plant are the ability to process clayey minerals and the plant throughput 
and the d80 of the hydrocyclone overfl ow (leaching tank feed), which are 125 tons per hour and 45 μm, 
respectively. Simulation operations were performed using grinding parameters (A, b, ta, Wi), operating 
constraints (plant capacity, d80 of the hydrocyclone overfl ow and ability to work for clayey minerals), 
existing mathematical models for different types of crushers, mills and separators and JKSimMet 
software. By completing the simulation process, three different alternatives for the grinding circuit of 
the considered ore were predicted. These three alternatives have been compared and evaluated with 
each other in terms of specifi c energy consumption (kWh/t), sensitivity to operational variables and 
the ability to process clayey minerals. The optimal circuit must have the capability to process clayey 
minerals and must have the lowest specifi c energy consumption and the least sensitivity to operational 
variables. By considering all these factors, the Alternative 3 is selected and suggested for an effi cient 
grinding circuit.
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1.  Introduction 

There are different methods for design, optimization 
and control of a mineral processing system which all 
of them based on the computer evolutionary programs 
and simulation software. On the other hand, the 
foundation of these computer programs and simulation 
software is the mathematical models defi ned for the 
various equipment used in the system. In this case, the 
more accurate the mathematical models, the results 
will be so accurate (King et al., 2012).

When designing a processing plant, in summary, 
two main parameters determine the type of equipment 
and their capacity. The fi rst parameter is the amount 
of production or plant capacity (described as tons per 
hour or tph) with the optimal effi ciency (metallurgical 
and economic). The second parameter is the ability to 
maneuver against the unpredicted changes occurring 
in the properties of the ore and operating conditions 
(Mular et al., 2002).

The capacity of a processing plant depends on 
many parameters including mine capacity (number 
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of bench faces or working benches), required capital, 
type and number of equipment, economic conditions 
and the price of ore and metals and etc (Mular et al., 
2002). 

Despite the complexities of defi ning the 
optimization criteria and the optimum operating 
conditions of a processing plant, these parameters have 
been extensively discussed by Kelly and Spottiswood 
(1982), Kelly (1991). Generally, the optimum 
effi ciency of a plant depends on the characteristics of 
the ore and the type and effi ciency of the equipments. 
To achieve optimal effi ciency, prior to the design 
phase, enrichment operations with laboratory devices 
are performed on the separated size fractions of the 
ore samples (the type of laboratory equipment should 
be in line with the type predicted in the industrial 
process). Each size fraction which has the optimal 
state for metallurgical and economic effi ciency 
will be considered as an optimal size for industrial 
concentration plant feed (Depending on the economic 
conditions, optimal effi ciency can be considered as 
metallurgical effi ciency or economic effi ciency).

The operational effi ciency of the processing plant 
will be fully affected by the working conditions of the 
equipment and ore specifi cations such as grade, texture, 
physical, chemical and mechanical properties, gang 
type and clay minerals. Clay minerals are one of the 
biggest problems in the processing plants, which has a 
negative effect on the grinding effi ciency, enrichment 
and dewatering systems, and reduces overall plant 
effi ciency (Wills and Napier-Munn, 2011). Due to the 
nature of mining, these ore properties will fl uctuate in 
different parts of the mine. Therefore, in the absence 
of prediction of possible changes in the ore properties 
during the design phase of a plant, the plant will be 
disrupted and will not achieve to the optimal effi ciency 
in the operational phase and in some cases the plant 
may come inoperable.

Comminution (crushing and milling) is the most 
important part of a mineral processing plant whose 
task is to liberate valuable minerals or metals from 
the gang (for metallic minerals) or to reach a certain 
fi nesse size (for industrial minerals). On the other 
hand, the optimal design of a comminution system 
is important in terms of reducing investment and 
operational costs in the a mineral processing plant, 
related to the fact that the comminution systems 
account for about 60% of investment costs, 40 to 50% 
operating costs and more than 60% of energy costs 

(Wenzheng, 1991). In some cases, only milling part 
will account for about 90% of operating costs (Wills 
and Napier-Munn, 2011).

The aim of this work is to design an optimal 
crushing circuit for a gold processing plant in Iran that 
will work with a clayey ore with a specifi c gravity of 
2,70 gr / cm3. The main parameters for the design of 
the comminution circuit are the ore specifi cations and 
the considered operating conditions. Ore specifi cations 
were characterized by grinding tests, which included 
the Drop -weigh test (A, b), the abrasion test (ta) and 
the Bond Work Index test (Wi). For this Project, the 
operating conditions for the processing plant are the 
plant capacity and the size of the hydrocyclone overfl ow 
(the hydrocyclone overfl ow is fed to the leaching tank, 
so, the size of the hydrocyclone overfl ow is equal to 
the leaching tank feed), which are 125 tons per hour 
(tph) and 45 microns, respectively. The size of the 
hydrocyclone overfl ow (leaching tank feed) is shown 
using the parameter d80 (80% passing size) which has 
been obtained using previous laboratory studies on the 
separated size fractions of the ore samples. The results 
show that the best effi ciency of the processing plant 
will be when the d80 of the hydrocyclone overfl ow 
(leaching tank feed) is 45 μm.

Furthermore, one of the most important parameters 
affecting the operation stage is the presence or absence 
of clay minerals in the ore (Wills and Napier-Munn, 
2011). Therefore, in the design phase of the processing 
plant, the dimensions and type of equipment and their 
arrangement depend on the properties of the ore, 
material fl owrate, the amount of grinding and the 
ability to work for clay minerals (Mular et al., 2002). 
Furthermore, if there are several different systems for 
the desired purpose, each system that is able to meet 
the desired criteria with the lowest cost is preferred.

Using the above conditions, simulation operations 
were performed using grinding parameters (A, b, ta, 
Wi), operating constraints (plant capacity=125 tph, 
d80=45μm and ability to work for clayey minerals), 
JKSimMet software and existing mathematical models 
for different types of crushers, mills and separators.

By completing the simulation process, three 
different alternatives for the comminution circuit of 
the considered ore were predicted. Finally, these three 
alternatives have been compared with each other and 
then the appropriate and optimal circuit was chosen.
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1.1. Modeling and Simulation in the Mineral 
Processing

For a complete description of a processing plant or 
a comminution circuit it is needed to defi ne the models 
and simulation method of these models.

Simulation is an imitation of a real process or 
system in a virtual environment (Banks et al.,, 2001), 
which using it, it is possible to see the response or set 
of responses of a system or a process to changes made, 
without doing a real activity on a system or process. 
By using these observations, it is also possible to 
decide whether or not to make the necessary changes 
in reality (Gray and Rumpe, 2016).

To perform a simulation operation, there is a need 
for mathematical equations describing the behavior 
of the components and the entire system, which are 
called the mathematical models (Sokolowski and 
Banks, 2009). These models represent the principal 
properties, behaviors and functions of the selected 
system. In fact, the model symbolized the system 
itself, while the simulation describes the operation of 
the system over time (Gray and Rumpe, 2016).

In the mineral processing industry, the tendency to 
predict the results of changes in the operational and/or 
design parameters have always been of interest to the 
researchers. To have a precise and accurate prediction, 
it is important to know the behavior of that system 
and the parameters that affect the objective function 
(Robinson, 1997).

The fi rst mathematical based models in the mineral 
processing industry were presented in 1933 for 
modeling the size distribution of materials (Rosin and 
Rammler, 1933). Epstein (1947; 1948) obtained the 
breakage and selection functions for mills by using the 
mass balance model. Then, new models for fl otation 
kinetics (Sutherland, 1948), grindability and Energy 
– size reduction (Bond, 1952), reduced effi ciency 
curve for cyclone separators (Yoshioka and Hotta, 
1955), matrix equations involving breakage, selection 
and classifi cation functions (Broadbent and Callcott, 
1956; Lynch, 1977), kinetic models (Broadbent and 
Callcott, 1956; Gardner and Austin, 1962; Kelsall and 
Reid, 1969; Whiten, 1971; Herbst and Fuerstenau, 
1980; Austin et al., 1984) and energy balance models 
(Napier-Munn et al., 1996) were introduced.

Later, by combining simple models and forming 
complex models, it was possible to study the behavior 

of various systems such as mills, classifi ers, and so 
on. For example, Whiten (1974) presented a new 
model called the Perfect Mixing Model by combining 
the obtained mathematical models (breakage and 
selection functions, discharge rate and feed and 
product size distributions of the mill) and the mass 
balance principle. With the advancement of computer 
science and the ability to analyze, solve and interpret 
complex problems with computers, a combination 
of simple and complex mathematical models in the 
form of a simulator package was used to predict the 
desired target functions. Thus, it was possible to use 
simulations to analyze simple and complex circuits of 
ore processing systems.

1.2. JKSimMet Software

To simulate a system, one or more models are 
needed for each of the components of the system 
and the associated models of these components. The 
integration of mathematical models of all components 
forming a comminution system in a simulation 
package provides the necessary facilities for studying 
the whole system, the individual components and the 
interaction of components on each other (such as the 
effect of the mill effi ciency on the hydrocyclone). 

In the mineral processing industry, various 
simulators have been developed to carry out the 
necessary studies. The JKSimMet software, used in 
this study, is the most widely used and most reliable 
simulation software in comminution circuits of the 
mineral processing plants. This software uses the best 
math models obtained for various components of the 
comminution circuit (different types of crushers, mills 
and separators) and data from hundreds of different 
processing plants to perform various operations such 
as mass balance, design, optimization, calibration and 
comparison of different conditions in a comminution 
circuit and comparing conditions in different 
comminution circuits. The initial version of this 
software was presented in 1980 by Julius Kruttschnitt 
Mineral Research Centre (JKMRC) and the fi rst 
commercial edition of JKSimMet was also introduced 
in 1986, when JKTech, the JKMRC commercial 
branch, was founded.

As noted, the existence of accurate and validated 
models and extensive industrial data-base has led to 
the increasing use of JKSimMet software by various 
researchers. This software was used in the many 
comminution plants and joint industry-university 
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research projects such as Morrell et al. (1996), Hart et 
al. (2001), Dunne et al. (2001), Nikkhah and Anderson 
(2001), Ergun et al. (2005), Delboni et al. (2006), 
Munoz et al. (2008), Pellegrini Rosario (2010), 
Schwarz and Richardson (2013), Hosseinzadeh 
Gharehgheshlagh (2014), Shi et al. (2015), Zuo 
(2015), Maruf Hasan (2016), Tavares and Delboni 
(2016), Liang et al. (2016), Koch (2017), Palaniandy 
(2017), Hosseinzadeh Gharehgheshlagh et al. (2017), 
Wendelin Wikedzi (2018) and etc. Some important 
models of this software can be summarized as table 1.

Table 1- Important models of the JKSimMet software.

Equipment Models Researchers

Crushers (Jaw, Gyratory, Cone, 
Roll and VSI (Vertical Shaft 
Impact Crusher) Moels

Awachie (1983); Whiten 
(1984); Andersen (1989)

High Pressure Grinding Rolls 
(HPGR) Models

Tondo (1996); Morrell et al. 
(1997); Daniel (2002); Daniel 
and Morrell (2004)

Ball Mill Model
Whiten (1972; 1976); Lynch 
(1977); Morrell (1992)

Rod Mill Model Lynch (1977)

Autogeneous (AG) and Semi-
autogeneous (SAG) mills 
Models

Leung (1987); Leung et al. 
(1987)

Hydrocyclone Models
Lynch and Rao (1975); 
Nageswararao (1978)

Breakage Distribution Function 
(BDF) models

Narayanan and Whiten (1983); 
Narayanan (1985)

AG and SAG mills and Ball 
Mill Power Models

Morrell and Morrison (1989); 
Morrell (1992; 1993; 1996); 
Morrell et al.(1992)

2. Experimental Studies

Design of grinding circuit for Iranian Gold Co. 
is carried out in the Mining Engineering department 
of the Hacettepe University in Turkey. The required 
feed rate and d80 of hydrocyclone overfl ow were 125 
tph and 45 μm, respectively. The JKSimMet software 
that developed in Julius Kruttschnitt Mineral Research 
Center (JKMRC) is used for simulations (Napier-
Munn et al., 1996). 

The experimental studies are divided into two 
sections; the laboratory works and the simulation 
process.

2.1. Laboratory Works

In order to use the JKSimMet simulation software, 
the required parameters for characterizing of Run Of 

Mine (ROM) ore must be determined via laboratory 
works. These parameters, for grinding circuit, are 
the Breakage Distribution Function (BDF) or the 
Appearance function, the Bond Work Index (BWI) 
and the Abrasion Index. 

2.1.1. Brekage Test  

The BDF is one of the important parameters of 
grinding circuits that is used for design, operation, 
modeling, simulation and optimization of these 
circuits. There are different methods to calculate 
BDF; Batch Grinding test in laboratory mills, Back 
Calculation methods and Single Particle Breakage 
under controlled conditions. The Single Particle 
Breakage under controlled conditions is divided 
into three methods including Impact test, Slow 
Compression test and Abrasion test. The Impact 
methods divide to Single Impact tests and Double 
Impact tests. Finally, the Double Impact tests divide 
into four groups including Twin Pendulum tests, Drop 
Weight tests, Hopkinson Pressure Bar and Ultra-Fast 
Load Cell tests.

In this study, the Drop Weight Test (DWT) is used 
for determination of the BDF or impact breakage 
characteristics of the ore. This method has started 
since 1938 by Gross (1938). Then, many researches 
such as Piret (1953), Arbiter (1969), Narayanan and 
Whiten (1983), Narayanan (1985), Leung (1987), 
Tavares (1999), Man (2001), Genç et al. (2004), Genç 
and Benzer (2008), Özer and Whiten (2012) and etc. 
used this method with different materials, apparatuses 
and conditions. A new apparatus for the Drop Weight 
method developed by Narayanan (1985) in the JKMRC 
is the simplest and most commonly used method for 
investigation of impact breakage characteristics of 
materials. A type of this device is used in this study 
has been given in fi gure 1.

BDF Determination: There   are different approaches 
to calculate the BDF of materials and represent it 
mathematically. Leung (1987) gave the following 
relationship between the specifi c comminution energy 
and t10 parameter.

t10 = A × (1 – e(-Ecs × b)) (1)

Where, t10 is the impact breakage distribution 
parameter or breakage index or fi neness index which 
quantifi es the amount of material passing 1/10’s of 
the original size, here; geometric mean of the tested 
size range is known as individual size, is used to 
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represent the degree of size reduction. Ecs is the 
specifi c comminution energy (kWh/t) and A and b are 
impact breakage parameters. The maximum limit of 
t10 is defi ned as A, and the slope of the straight portion 
of the t10 versus Ecs plot gives the value of b. The value 

of A.b represents the ease of impact breakage in which 
larger values indicating more breakage occurring for 
a given energy input (Napier-Munn et al., 1996). 
Narayanan and Whiten (1983) base the proposed 
equation of Leung (1987) and calculated normalized 
breakage distribution function using the approach of 
t-family curves. 

Sample Preparation And Breakage Procedure: 
To determine BDF, the JKMRC standard is used. 
In this standard 5 different size fractions with 3 
different specifi c comminution energies for each size 
fraction are selected, table 2, and with each specifi c 
comminution energy 20 particles are breakage. For 
this purpose, the DWT apparatus of the Hacettepe 
University (Figure 1) is used.

Table 2- Size intervals and nominal input energy levels (kWh/t) 
used in JKMRC AG/SAG drop weight test.

test
Size interval, mm

-63 +53 -45 +37,5 -31,5 + 26,5 -22,4 + 19 -16 +13,2
1 0,10 0,10 0,25 0,25 0,25
2 0,25 0,25 1,00 1,00 1,00
3 0,50 0,50 2,50 2,50 2,50

Specifi c energy, kWh/t

Ecs-t10 Model: After the breakage tests, sieve analysis 
of broken material is obtained for each energy level. 
Assuming that the geometric mean of each fraction is 
its initial size, cumulative percent passing of materials 
is obtained from 1/2, 1/4, 1/10, 1/25, 1/50 and 1/75 
of this size that is shown by t2, t4, t10, t25, t50 and t75 
respectively (Table 3). Using the equation proposed by 
Leung and obtained t10 values, specifi c communition 

Figure 1- DWT apparatus of Hacettepe University (Genç and 
Benzer, 2008)

Table 3– Ecs-t10-tn amounts after breakage.

Fraction Ec ti, %
mm kWh/t t10 t2 t4 t25 t50 t75

-16+13.2
0,75 46,0 96,5 77,5 29,0 20,0 16,5
1,00 69,0 100 94,5 50,0 39,0 32,5
2,50 66,0 100 94,0 45,5 34,0 30,5

-22.4+19
0,25 29,5 93,5 51,0 19,0 14,5 12,5
1,00 46,0 100 78,0 30,0 22,5 19,0
2,50 57,0 97,5 86,0 41,5 34,0 30,5

-31.5+26.5
0,25 31,0 79,5 52,0 20,5 15,0 13,0
1,00 47,5 96,5 74,5 29,0 20,0 16,0
1,60 54,0 100 88,0 34,0 24,5 21,0

-45+38
0,10 9,5 38,5 19,0 6,5 4,5 4,0
0,20 24,5 79,5 43,0 14,5 10,5 9,0
0,40 29,0 88,5 54,5 17,0 12,5 11,0

-63+55
0,10 17,0 55,5 31,5 10,0 7,0 6,0
0,15 18,5 71,5 37,0 10,0 7,0 5,5
0,20 31,5 89,0 51,5 19,0 15,0 12,5
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energy plotted versus t10 (Figure 2). Results show 
that A and b values for this ore are 59.11 and 2.41 
respectively.

t-family Curve: To obtain t-family curve, t10 values 
measured to each specifi c comminution energy level 
put as a basis. Then on coordinate axis that X-axis 
shows t10s and the Y-axis shows corresponding tns, a 
graph will be plotted in which all of the t2s,t4s,…t75s 
will connect to each other with best trend lines. The 
total set of these lines is called t-family curve (Figure 
3).

Calculation of BDF Matrix Arrays from T-Family 
Curve: To obtain BDF, assuming that the largest mill 
feed size is 36 mm, a lower triangular square matrix 

is formed that its largest size is 36 and its under 
dimensions are the square root of the previous one 
(the largest size of the matrix corresponds with the 
biggest size of the mill feed. In this matrix the row 
number shows the particle sizes, the fi rst row shows 
the biggest particle and the others show the fi ne sizes). 
Firstly, t10 value is calculated by using equation 1 and 
arbitrary specifi c comminution energy (here, Ecs = 1 
kWh/t). Secondly, using t-family curves tn’s values (n= 
2, 4, 25, 50, 75) are calculated and a unique particle 
size distribution is formed (to calculate the breakage 
function for values smaller than Y75, the extrapolation 
of the last three values is used). Then, using this 
distribution, the cumulative percent passing values are 
obtained for all sizes in the matrix. Finally, Using this 
data, the amount remaining on each size is calculated 

Figure 2- Ecs-t10 relationship.

Figure 3- t-family curve.
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as a fraction. This data gives the fi rst column of the 
breakage distribution matrix and called the BDF. The 
other columns are formed by the downward movement 
of the previous columns.

2.1.2. Bond Test

The work index is the comminution parameter 
which expresses the resistance of the material to 
crushing and grinding; numerically it is the kilowatt 
hours per ton required to reduce the material from 
theoretically infi nite feed size to 80% passing 100 
μm (Bond, 1952). The Bond standard grindability 
test has been performed in 30.5 - 30.5 cm in diameter 
and length standard laboratory ball mill that has 
been described in detail by Deister (1987) and Levin 
(1989). The Bond equation for calculating Wi value is 
as below (Bond. 1961):

            
(2)

Where;

Wi: Work Index (kWh/t)

D: Control sieve size (106 μm)

Gbp: Grindibility factor (g/rev)

P80: 80% passing size of the fi nal product (μm)

F80: 80% passing size of the mill feed, before 
grinding, (μm)

Calculation of the work index for this sample 
was also performed using kinetic grinding test 
(Gharehgheshlagh, 2016). As a result of the Bond and 
the kinetic grinding tests performed on Iranian Gold 
Co. ore Wi value of the ore was determined as 9.20 
kWh/t in both methods.

2.1.3. Abrasion Test

For the determination of abrasion parameters a 
tumbling drum which has 300 mm both in diameter 
and length is used. There are four 10 mm lifters in the 

drum. A 3 kg sample of -55+38 mm ore is ground for 
10 minutes at 70% critical speed (53 revolution per 
minute) (Napier-Munn et al., 1996). ta is the 1/10th of 
t10 value. The ta value of Iranian Gold Co. ore is 1.70.

2.1.4. Ore Density Test

The density test for Iranian Gold ore sample 
carried out by using pycnometer and distilled water. 
The ρs value is obtained as 2,7 gr/cm3.

2.1.5. Results of Laboratory Studies

Impact breakage characteristics of the ore 
were measured by the drop weight tester. Abrasion 
characteristic was determined by tumbling drum test. 
Ball mill grindability of the ore was determined by 
standard Bond’s test. The specifi c gravity of the ore 
was found to be 2,70 gr/cm3 by using density bottle 
tests.

The ore specifi cations determined in experimental 
studies are given in table 4.

Table 4- Grinding parameters determined for Iranian Gold Co. 
Ore.

Parameter Value 

A (%) 59,11

B (kWh/t%) 2,41

ta (%) 1,70

BWI (kWh/t) 9,20

ρs (gr/cm3) 2,70

By considering A, b, ta and Wi parameters, the ore 
hardness can be characterized according to the table 5.

2.2. Simulation Studies

After determination of the ore parameters, the 
simulation procedure can be performed with the 
JKSimmet software. 

Table 5 – JKTech ore characterization by considering A, b, ta and Wi parameters (JK Drop Weight Test and JK Bond Ball Mill Index Test).

Property Very Hard Hard Medium Soft Very Soft

A*b < 30 30 - 38 43 - 56 67 - 127 > 127

ta < 0.24 0,24 - 0,35 0,41 - 0,54 0,65 - 1,38 > 1,38

Wi (kWh/t) > 20 14 - 20 9 - 14 7 - 9 < 7
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Simulation operations were performed using 
grinding parameters (A, b, ta, Wi), operating constraints 
(plant capacity = 125 tph, d80 of the hydrocyclone 
overfl ow (leaching tank feed) = 45μm and ability to 
work for clayey minerals), JKSimMet software and 
existing mathematical models for different types of 
crushers, mills and separators.

By completing the simulation process, three 
different alternatives for the comminution circuit of 
the considered ore were predicted. 

These three different alternative circuits were as 
below:

➢ Alternative 1: SAG Mill/Closed Circuit Ball 
Mill.

➢ Alternative 2: Open Circuit Coarse Ball Mill 
and Closed Circuit Fine Grinding Ball Mill.

➢ Alternative 3: Closed Circuit Coarse Ball Mill 
and Closed Circuit Fine Grinding Ball Mill.

Firstly, these three alternatives compared with each 
other in terms of specifi c energy consumption (kW/t), 
sensitivity to operational variables and the ability to 
process clayey minerals. Then, the appropriate and 
optimal circuit was selected. The optimal circuit 

should have the capability to process clayey minerals 
and has the lowest energy consumption per unit weight 
of ore and the least sensitivity to operational variables.

2.2.1. SAG Mill/Closed Circuit Ball Mill

The total energy consumption of this alternative 
will be 3977 kW. In this alternative ROM ore will be 
crushed by a jaw crusher. The crushed material will 
be stockpiled. A SAG mill having 7 m inside diameter 
and 2.5 m inside length will be used. This SAG mill 
will work with 31.11% volumetric total load and 1550 
kW gross power. The SAG mill discharge will be fed 
to a vibrating screen having 13 mm aperture. The 
aim of this screen is to protect the pump from coarse 
material. Screen oversize will be sent to the SAG 
mill while undersize will be sent to the cyclone feed 
sump. 0.8×375 mm cyclones will be used to separate 
fi ne material. The cyclone underfl ow will be fed to a 
ball mill having 4.5 m inside diameter and 6 m inside 
length. This mill will work with 35% volumetric total 
load and 2000 kW mill power. Ball mill discharge will 
be fed to the cyclone feed sump. The cyclone overfl ow 
will be the fi nal product. The simplifi ed fl owsheet and 
mass balance of the Alternative 1 is given in fi gure 
4 and the simulated size distribution of the streams 
around the circuit is shown in fi gure 5. 

Figure 4- Simplifi ed Flowsheet and Mass Balance of Alternative Circuit 1.
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In this alternative, a jaw crusher which has feed 
opening of 1300 mm length and 1100 mm width will be 
used. The motor should be 160 kW. The dimension of 
the vibrating screen to be used for SAG Mill discharge 
will be 1×1.5 m which has 13 mm square opening and 
54% open area. The diameter of hydrocyclone will be 
375 mm. 6 operating and 2 spare cyclones will be used 
in the cluster. The volume of pump sump will be 25 
m3.

The ball charge distribution in SAG mill will be; 
125 mm (30%), 90 mm (30%), 60 mm (30%), 40 mm 
(5%) and 30 mm (5%) with a total of 36 ton. In the ball 
mill, too, the largest ball diameter will be 30 mm and 
combination with weight is 51% (30 mm) and 49% 
(20 mm).

2.2.2. Open Circuit Coarse Ball Milling and Closed 
Circuit Fine Grinding Ball Milling

The total energy consumption of this alternative 
will be 3702 kW. In this alternative ROM ore will be 
crushed by a jaw crusher. The crushed material will 
be fed to a vibrating screen having 50 mm square 
aperture. Screen oversize will be crushed by a toothed 
roll crusher and crushed material will be fed to the 
same screen. Screen undersize will be stockpiled. A 
ball mill having 3,8 m inside diameter and 5 m inside 
length will be used. This mill will work with 35% 
volumetric total load and 1300 kW mill power. The 
ball mill discharge will be fed to the cyclone feed 
sump. 8×375 mm cyclones will be used to separate 
fi ne material. The cyclone underfl ow will be fed to 

a secondary ball mill having 4,4 m inside diameter 
and 6 m inside length. This mill will work with 35% 
volumetric total load and 1875 kW mill power. Ball 
mill discharge will be fed to the cyclone feed sump. 
The cyclone overfl ow will be the fi nal product. The 
fl owsheet for Alternative 2 is given in fi gure 6 and the 
simulated size distribution of the streams around the 
circuit is shown in fi gure 7. 

A jaw crusher which has feed opening of 1300 mm 
length and 1100 mm width will be used. The motor 
should be 160 kW. A toothed roll crusher will used as 
a secondary crusher. The dimension of the vibrating 
screen to be used in crushing circuit will be 2,4×6 
m which has 50 mm square opening and 71% open 
area. The diameter of hydrocyclone will be 375 mm. 
6 operating and 2 spare cyclones will be used in the 
cluster. The volume of pump sump is 25 m3.

2.2.3. Closed Circuit Coarse Ball Milling and Closed 
Circuit Fine Grinding Ball Milling

The total energy consumption of this alternative 
will be 3630 kW. This alternative is the same as 
Alternative 2 in terms of equipment dimensions. 

There will be a spiral classifi er, with 3 kW power, 
to operate the primary ball mill as a closed circuit. 
Primary ball mill discharge will be fed to the spiral 
classifi er. The spiral classifi er will has 9 m length and 
1.3 m helix diameter. The spiral coarse product will 
be fed to the primary ball mill while fi ne product will 
be sent to the cyclone feed sump. 8×375 mm cyclones 

Figure 5- Simulated Size Distributions of the Streams for Alternative Circuit 1.
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Figure 6- Simplifi ed Flowsheet and Mass Balance of Alternative Circuit 2.

Figure 7- Simulated Size Distributions of the Streams for Alternative Circuit 2.



229

 Bull. Min. Res. Exp. (2019) 159: 219-233

will be used to separate fi ne material. The cyclone 
underfl ow will be fed to a secondary ball mill having 
4.4 m inside diameter and 6 m inside length. Ball mill 
discharge will be fed to the cyclone feed sump. The 
cyclone overfl ow will be the fi nal product.

The fl owsheet for Alternative 3 is given in fi gure 
8 and the simulated size distribution of the streams 
around the circuit is shown in fi gure 9. 

Figure 8- Simplifi ed Flowsheet and Mass Balance of Alternative Circuit 3.

Figure 9- Simulated Size Distributions of the Streams for Alternative Circuit 3.



 Bull. Min. Res. Exp. (2019) 159: 219-233

230

3. Results and Suggestions

The resulted data from the grinding tests (A, b, 
ta, Wi) were used for ore characterization. According 
to the measured parameters (A = 59,11, b = 2,41, ta 
= 1,70, Wi = 9,20 kWh/t)  and the table 5 the ore is 
a relatively soft. For this reason, the use of the SAG 
mill is impractical and needs further investigation. 
Furthermore, with this result, it has also been 
shown that the ball mill can be more useful and can 
break down the ore to the required size (d80 of the 
hydrocyclone overfl ow (leaching tank feed) = 45 μm). 
Therefore, the general structure of the grinding circuit 
is strongly infl uenced by the results of the grinding 
tests, and the selection or rejection of each equipment 
depends on the measured values of these tests.

By knowing the importance of the grinding 
parameters on the type of equipment and grinding circuit 
structure, simulation operations were performed using 
laboratory data (A, b, ta, Wi), operating constraints 
(plant capacity = 125 tph, d80=45μm and ability to 
work for clayey minerals), JKSimMet software and 
existing mathematical models for different types of 
crushers, mills and separators. By completing the 
simulation process, three different alternatives for the 
grinding circuit of the considered ore were predicted. 
These grindability and simulation studies showed that:

1) The SAG mill alternative will be very 
dependent on the size distribution of ROM 
ore as well as jaw crusher discharge. Large 
particles have higher rates of abrasion and 
therefore there may be competency issues 
during operation. This may reduce the mill 
capacity and also cause discontinuity in the 
operation. Alternatively, separate coarse and 
fi ne ROM blends can be prepared. However, 
this complicates operation and the advantage 
of using a SAG mill would be diminished. 

2) AG/SAG mill design usually requires several 
sets of samples for material characterization 
to avoid fl uctuations, as possible as, in 
performance throughout the life of the mine.

3) Since the presence of clay is known in the ore, 
conventional fi ne crushing by cone crusher 
is avoided. Therefore, for both Alternative 2 
and 3 toothed roll crusher is suggested as a 
secondary crusher. In this case mill feed will 
have F80=35.5 mm which is a coarser feed for 
ball mill.

4) Simulation studies showed that there will be 
remaining coarse particles in primary ball 
mill discharge for Alternative 2. This may 
cause mechanical problems in mill discharge 
trommel and large particle reporting to pump 
sump could cause severe wear and mechanical 
problems in the cyclone feed pump, especially 
if the grindability of the feed worsens. Those 
coarse particles will not be broken in the 
secondary ball mill where fi ner balls are used 
and there will be accumulated in the mill and 
this may cause the mill to be shut down and 
stopped.

5) The simulation results show that the specifi c 
energy consumption of these three alternatives 
are 31.82, 29.62 and 29.04 kWh/t respectively.

6) It is easier to control of ball mills due to the 
non sensitivity to the feed hardness and low 
sensitivity to the changes in mineral properties.

7) These three alternatives have been compared 
and evaluated with each other in terms 
of specifi c energy consumption (kWh/t), 
sensitivity to operational variables and the 
ability to process clayey minerals. The optimal 
circuit must have the capability to process 
clayey minerals and must have the lowest 
specifi c energy consumption and the least 
sensitivity to operational variables. 

By considering all these factors, the Alternative 
3 is selected and suggested for an effi cient grinding 
circuit.

Also, in the future, by using of a set of simulation 
study’s results, validated laboratory data, development 
of more precise models and development of high-
throughput computers, it will be possible to simulate 
complex ore processing circuits and provide high 
decision-making power to the investors and miners.
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ABSTRACT

When processing gravity data, the fi lters are used in space and frequency environments. The fi lters 
allow more selectable parameter estimations than raw data about the structure being examined. 
Filtering in a broad sense means monitoring the data under the constraints we want. While the fi lters 
allow some information to become more noticeable, they allow some information to be lost or 
become less noticeable from data. In this case, the losses in the data make the interpretation diffi cult 
and can cause errors. Derivative and phase fi lters provide quantitative information about the variation 
of data in different directions. The display of the change results in a positive or negative manner 
proportional to derivative sensitivity and phase sharpness, and this may be observed in this data. In 
the structural boundary analysis, since the sudden changes in the derivative cause oscillations, the 
boundaries become questionable. Limiting the data neighborhoods with a window by controlling 
the deviation without using derivative and the fi lters that allow boundary analysis non-derivative by 
fl oating this limitation are used to illuminate the boundary relationships.

1. Introduction

In this paper, the boundary relations in regional 
scale and plate dimensions will be visualized on 
gravity data with a fi lter in which the changes in 
boundaries of the structure in gravity data are put 
forward using non-derivative. The computer program, 
written by the author, has been modifi ed from D’errico 
2016. The fi lter used was introduced in the article in 
which the Naşa intrusion was clarifi ed (Toker et al., 
2018). The fl oating standard deviation fi lter of which 
its sensitivity can be adjusted has been applied here for 
the fi rst time on a regional scale with long wavelength 
structures. The data set is a network data generated by 
the satellite data from a sampling point at each 7 km 
(http://bgi.omp.obs-mip.fr/links).

2. Purpose

The aim of the study is to form a fi lter that does 
not contain derivative elements and that long-wave 
structures can be interpreted more easily. The network 
data obtained from the Bouguer gravity data was 
fi ltered to ease the interpretation and provide the 
structural boundary continuity by reconstructing the 
network with the values obtained from the program 
after the selection of index for the fl oating standard 
deviation window (by taking k=1, in 3x3 size 
window). It is intended to display the effects of the 
fi lter on a large-scale data.

3. Findings

The main tectonic elements are marked as locations 
in the double-layer fi gure. The fl oating standard 
deviation fi lter shows similarity when compared with 

Citation Info: Toker, C. E. 2019. A brief note on the effects of fl oating standard deviation (non- derivative) and horizontal gradient (derivative) 
fi lters. Bulletin of Mineral Research and Exploration, 159, 235-237. https://doi.org/10.19111/bulletinofmre.546153

* Corresponding author:  Ceyhan Ertan TOKER, ceyhanertan.toker@mta.gov.tr

Bulletin of the Mineral
Research and Exploration

 http://bulletin.mta.gov.tr

BULLETIN OF THE
MINERAL RESEARCH AND EXPLORATION

CONTENTS
The control of sea-level changes on sedimentation in the Mut Basin: Late Serravallian-Early Tortonian incised valley-  ll
................................................................ Ayhan ILGAR, Tolga ES RTGEN, Aynur HAKYEMEZ, Gönül CULHA, Serap DEM RKAYA 
................................................................................................................................... and Banu TÜRKMEN BOZKURT / Research Article 1

Active tectonic and paleoseismologic characteristics of the Yenice-Gönen Fault, NW Turkey, in light of the 18 March 1953 Yenice-Gönen 
earthquake (Ms=7.2)
................... Ak n KÜRÇER, Selim ÖZALP, Ersin ÖZDEM R, Ça l UYGUN GÜLDO AN and Tamer Y. DUMAN / Research Article 29

Paleoseismological catalog of pre-2012 trench studies on the active faults in Turkey
................................................................................................................................. ule GÜRBO A and Oktay GÖKÇE / Review Article  63

Descriptions, systematics and revisions of the subgenera Alveolina (Glomalveolina) Hottinger, 1960 and Alveolina (Alveolina) d’Orbigny, 
1826 (Foraminiferida)  
..................................................................................................................................................................... ükrü ACAR / Research Article 89

Geochemistry and tectonic signi  cance of the ophiolitic rocks of the Yarpuz-Kaypak (Amanoslar, Osmaniye) area
................................................................................................Tamer RIZAO LU, Utku BA CI and Osman PARLAK / Research Article 99

Typomorphic features of the quartz of various mineral paragenesis from the gold mineralization in Karakshatau Mountains (West Uzbekistan)
....................................................................................................Svetlana KOLOSKOVA and Jakhongir MOVLANOV / Research Article 117

Rare earth element (REE) resources of Turkey: An overview of their characteristics and origin
.......................................................... Hüseyin ÖZTÜRK, Nurullah HAN LÇ , Sinan ALTUNCU and Cem KASAPÇI / Research Article 129

Relationship between petroleum and iodine in Southeastern Anatolia Basin
................................................................................................................................................................ Adil ÖZDEM R / Research Article 145

Multivariate analysis of log-ratio transformed data and its priority in mining science: Porphyry and polymetallic vein deposits case studies
.......................................................................................Farshad DARAB -GOLESTAN and Ardeshir HEZARKHANI / Research Article 185

Statistical assessment of radiation exposure risks of farmers in Odo Oba, Southwestern Nigeria
........................................Theophilus Aanuoluwa ADAGUNODO, Lukman Ayobami SUNMONU, Moruffdeen Adedapo ADABAN JA, 
........................................................................Maxwell OMEJE, Oluwole Akinwumi ODETUNMIBI and Victor IJEH / Research Article 201 

Evaluation of the alternatives for gold ore grinding circuits by using of laboratory studies results and simulation method; case study: 
ranian Gold Co.

......................Hojjat HOSSEINZADEH GHAREHGHESHLAGH, Ay e Tu ba CEBEC  and evket Levent ERGÜN / Research Article 219

A brief note on the effects of  oating standard deviation (non- derivative) and horizontal gradient (derivative)  lters
................................................................................................................................................................Ceyhan Ertan TOKER / Short Note 235

Bulletin of the Mineral Research and Exploration Notes to the Authors .....................................................................................................................  239

Foreign Edition 2019 159 ISSN : 0026-4563
E-ISSN : 2651-3048



 Bull. Min. Res. Exp. (2019) 159: 235-237

236

the horizontal gradient (Cordell and Grauch 1985). 
However, they were obtained without calculating the 
derivative elements. The horizontal gradient values 
vary between 0-300 mgal/km, while the fl oating 
standard deviation varies from 0-80 mgal. It is possible 
to say that the standard deviation fi lter shows less 
oscillation. In addition to this, it is observed that the 
stable frequencies with less oscillation are observed 
in the display of long wavelength structures (Toker 
et al., 2014). It is possible to produce more clear and 
interpretable results from the image obtained using the 
derivative. Figures 1 and 2 show the Bouguer gravity 
data and the horizontal gradient, respectively. In fi gure 
3, the fl oating standard deviation is observed. There, 
it can be observed that the oscillation is less. In fi gure 
4, the main tectonic elements appear to match with the 
fi ltered gravity data.

The fi ndings obtained will be examined 
geologically and geophysically in the continuous 
studies.

Formulas:

Horizontal gradient amplitude (Cordell and 
Grauch 1985):  

Figure 1- Bouguer gravity data.

Figure 2- Horizontal gradient.

(1)

(2)
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In formulas (1) and (2); (∂g/∂x) is the derivative in 
x direction and (∂g/∂y) is the derivative in y direction. 
H is the gravity function. 

Standard deviation: σ= ( (∑(X2)- X2 n*)/(n-1) )1/2
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• The manuscript submitted for reviews must not 
have been published partially or completely 
previously in another journal.

• The rejected manuscripts are not returned back to 
author(s) whereas a letter of statement indicating 
the reason of rejection is sent to the corresponding 
author. 

• Submitted manuscripts must follow the Bulletin 
style and format guidelines. Otherwise, the 
manuscript which does not follow the journals’ 
style and format guidelines, is given back to 
corresponding author without any reviewing.

• Every manuscript which passes initial Editorial 
treatise is reviewed by at least two independent 
reviewers selected by the Editors. Reviewers’ 
reports are carefully considered by the Editors and 
associated editors.

• The manuscript that need to be corrected with the 
advices of reviewer(s) is sent back to corresponding 
author(s) to assess and make the required corrections 
suggested by reviewer(s) and editors. The authors 
should prepare a letter of well-reasoned statement 
explaining which corrections are considered or not. 

• If there are any suggestions given by editors and 
referees that are not accepted and corrected by the 
author, then it should be sent to the Editor’s Offi ce 
with corrected copies of the report explaining the 
reason for not accepting these suggestions and 
corrections.

• Figures and tabless should be 1/3 of the main text.

• To be published in the Bulletin of Mineral 
Research and Exploration, the printed lenght of the 
manuscript should not exceed 30 printed pages of 
the journal including an abstract, fi gures and tables. 
The publication of longer manuscripts will be 
evaluated by Editorial Board if it can be published 
or not. 

• The authors must do the reviewer’s corrections and 
proposals in 60 days and must upload to the system.

• At the printing stage after the last control, the 
fi rst print of the manuscript are sent to the author/
authors in pdf version and asked from the author/
authors to make the press control.

4. Publication Language and Periods

• The Bulletin of Mineral Research and Exploration 
is published at three times a year and each issue is 
published both in Turkish and English. Thus, the 
manuscripts are accepted in Turkish or English. 
The spelling and punctuation guidelines of Turkish 
Language Institution are preferred for the Turkish 
issue. However, the technical terms related to 
geology are used in accordance with the decision 
of the Editorial Board.

5. Spelling Draft

• Manuscripts should be written in word format in 
A4 (29.7 x 21 cm) size and double-spaced with 
font size Times New Roman 10-point, margins of 
25 mm at the sides, top and bottom of each page. 

• The formulas requiring the use of special characters 
and symbols must be submitted by the symbols part 
of the Microsoft Offi ce Word Program on computer. 

• Initial letters of the words in sub-titles must be 
capital.  The fi rst degree titles in the manuscript must 
be numbered and left-aligned, 10 point bold Times 
New Roman must be used. The second degree titles 
must be numbered and left-aligned, they must be 
written with 10 point normal Times New Roman. 
The third degree titles must be numbered and left-
aligned, they must be written with 10 point italic 
Times New Roman. The fourth degree titles must 
be left-aligned without having any number; 10 
point italic Times New Roman must be used. The 
text must continue placing a colon after the title 
without paragraph returns (See: Sample article: 
http://bulletin.mta.gov.tr).

• One line spacing must be left after paragraphs 
within text.

• Paragraphs must begin with 0.5 mm indent.

• The manuscript must include the below sections 
respectively; 

o Title Page

o The Name and Surname of the author and  * 
sign (Adress, e-mail adres must be given at the 
bottom of the page)

o Abstract

o Key Words
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o Introduction

o Body

o Discussion

o Conclusion

o Acknowledgements

o References

5.1. Title of the Article

• The title must be short, specifi c and informative 
and written with small letters font size Times New 
Roman 10-point bold. The title mustn’t contain the 
subjects insuffi ciently processed in the article.

5.2. The Name of the Author, Address and E-Mail 
Adress

• The name and surname of the author/authors must 
be written without affi liations. Name must be 
written in small letters, the surname must be written 
in capital letters. 

• At the affi liation (work adres) written after the 
name and the surname of the author/authors only 
the name of the company must be written, the 
author’s job mustn’t be written. 

• Information about the adresses must be given at the 
next line as 10-point and italic.

• At the articles with two or more than two authors, 
the numbers must be written above the surnames of 
the authors, the informations about their adresses 
must be given at the next line by leaving one space 
line. Also, at this part the corresponding author must 
be indicated by the (*) symbol and the telephone, 
FAX and e-mail address of the corresponding 
author must be given.

• Abbreviations must not be made while writing the 
name of the uthor and the affi liation adres. Adresses 
must be given in Turkish in the Turkish version, in 
English in the English version. 

• At the end of the article the name of the 
corresponding author and contact informations 
must be added.

5.3. Abstract

• The abstract must be understandable before having 
a look at the text.

• The abstract should state briefl y the overall 
purpose of the research, the aim of the article, its 
contributions to the known theories, new data, 
principle results and major conclusions. 

• Tha abstract must contain short and brief sentences.

• Addressing other sections and illustrations of the 
text or other writings must be avoided.

• The information, which have not been mentioned 
in the text, must not be in the abstract.

• The article must be written as one paragraph, 
preferably. Please provide an abstract which doesn’t 
exceed 200 words.

• The abstract must be written with 10-point, normal 
Times New Roman in single-spaced lines.

• “Abstract” must not be given for the writings that 
will be located in “Short Notes” section.

• The English abstract must be under the title of 
“Abstract”.

5.4. Key Words 

Immediately after the abstract, please provide up to 5 
key words and with each words seperated by comma. 
These key words will be used for indexing purposes. 

5.5. Introduction 

• The introduction section should state the objectives 
of the work, research methods, location of the study 
area and provide an adequate and brief background 
by avoiding a detailed literature survey.

• Non-standard or uncommon classifi cations or 
abbreviations should be avoided. But if essential, 
then they must be defi ned at their fi rst mention and 
used consistently thereafter. Seperate paragraphs 
could be organized for each of the subjects at the 
introduction part. If it is necessary, the subtitle can 
be given for each of them (for example method, 
material, terminology etc.).

•  When pre-information is needed for facilitating the 
understanding of the text, this section can also be 
used (for example, statistical data, bringing out the 
formulas, experiment or application methods, and 
others).
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5.6. Body 

• In this chapter, there must be data, fi ndings and 
opinions that are intended to convey to the reader 
about the subject. The body section forms the main 
part of the article. 

• The data used in other sections such as “Abstract”, 
“Discussions”, and “Results” are caused by this 
section.

• While processing the subject, the care must be 
taken not to go beyond the objective highlighted in 
the “Introduction” section. The knowledge, which 
do not contribute to the realization of the purpose 
of the article or are useless for conclusion, must not 
be included.

• All data used and the opinions put forward in this 
section must prove the fi ndings obtained from the 
studies or they must be based on a reference by 
citation.

• The guidance and methods to be followed 
in processing subjects vary according to the 
characteristics of the subjects mentioned. Various 
topic titles can be used in this section as many as 
necessary.

5.7. Discussions 

• Discussion of the data and fi ndings that are 
objectively transferred in the Main Text section of 
the article should be done in this section. This must 
be written as a seperate section from the results 
section.

5.8. Conclusions 

• The main conclusion of the study provided by 
data and fi ndings of the research should be stated 
concisely and concretely in this section. 

• The subjects that are not mentioned suffi ciently 
and/or unprocessed in the body section must not be 
included in this section.

• The conclusions can be given in the form of 
substances in order to emphasize the results of the 
research and to make the expression understandable.

5.9. Acknowledgements 

In this section, the signifi cant contributions made 
in the realization of investigation that form the 
topic of the paper is specifi ed. While specifying 

contributions, the attitude diverted the original 
purpose of this section away is not recommended. 
Acknowledgements must be made according to the 
following examples.

• This study was carried out within scope of 
...........................project.

• I/we would like to thank to ……… for contributing 
to the development of this article with his/her 
critiques.

• Academic and/or authoritorial affi liations are 
written for the contributions made because of 
requirement of ordinary task.

    For example: 

o “Prof. Dr. İ. Enver Altınlı has led the studies”.

o “The opinions and warnings of Dr. Tandoğan 
Engin are considered in determining the 
chemistry of chrome minerals.”

• The contributions made out of the requirement of 
ordinary task: 

    For example: 

o “I would like to thank to Professor Dr. Melih 
Tokay who gives the opportunity to benefi t from 
unpublished fi eld notes”; “I would like to thank to 
the preliminary-Plan Chief Engineer Ethem Göğer, 
State Hydraulic Work, 5th Zone”. Academic and /
or task-occupational titles are indicated for such 
contributions. 

• The contributions, which are made because of 
requirement of ordinary task but do not necessitate 
responsibility of the contributor mustn’t  be 
specifi ed. 

 For example: 

o Sentences such as “I would like to thank to our 
General Manager, Head of Department or Mr. /
Mrs. President ……………who has provided me 
the opportunity to research” must not be used.

5.10. References 

• All references cited in the text should be given in 
the reference list. 

• The authors must be careful about the accuracy of 
the references. Publication names must be written 
in full.



243

• Reference list must be written in Times New 
Roman, 9-point type face.

• The reference list must be alphabetized by the last 
names of the fi rst author of each work.

• If an author’s more than one work is mentioned, 
then ranking must be made with respect to the 
publication year from old to new. 

• In the case that an author’s more than one work 
in the same year is cited, the lower-case alphabet 
letters must be used right after publication year (for 
example; Saklar, 2011a, b).

• If the same author has a publication with more than 
one co-author, fi rstly the ones having single author 
are ranked in chronological order, then the ones 
having multiple authors are ranked in chronological 
order.

• In the following examples, the information 
related to works cited is regulated in accordance 
with different document/work types, considering 
punctuation marks as well.

• If the document is located in a periodical publication 
(if it is an article), then the information about the 
document must be given in the following order: 
surnames of the author/authors, initial letters of 
author’s/authors’ fi rst names. Year of publication. 
Name of the document. Name of the publication 
where the document is published, volume and/ 
or the issue number, numbers of the fi rst and last 
pages of the document. 

For example:

o Pamir, H.N. 1953. Türkiye’de kurulacak bir 
hidrojeoloji enstitüsü hakkında rapor. Türkiye 
Jeoloji Bülteni 4, 1, 63-68.

o Barnes, F., Kaya, O. 1963. İstanbul bölgesinde 
bulunan Karbonifer’in genel stratigrafi si. Maden 
Tetkik ve Arama Dergisi 61, 1-9.

o Robertson, A.H.F. 2002. Overview of the genesis 
and emplacement of Mesozoic ophiolites in the 
Eastern Mediterranean Tethyan region. Lithos 
65, 1-67.

• If more than one document by the same authors 
is cited, fi rst the documents having single name 
must be placed in chronological order, second the 
documents having two names must be listed in 

accordance with the chronological order and second 
author’s surname, and fi nally the docments having 
multiple names must be listed in accordance with 
chronological order and third author’s surname.

• If the document is a book, then; the surname of 
the author/authors, initial letters of the author’s/
authors’ fi rst names. Year of publication. Name of 
the book (initial letters are capital). Name of the 
organization, which has published the book, name 
of the publication where the document is published, 
volume and/ or the issue number, total pages of the 
book. 

For example 

o Meric, E. 1983. Foraminiferler. Maden Tetkik ve 
Arama Genel Müdürlüğü Eğitim Serisi 23, 280 
s.

o Einsele, G. 1992. Sedimentary Basins. Springer-
Verlag, 628 p.

• If the document is published in a book containing 
the writings of various authors, the usual sequence 
is followed for the documents in a periodic 
publication. Then the editor’s surname and initial 
letters of their name/names are written. “Ed.”, which 
is an abbreviation of the editor word, is written 
in parentheses. Name of the book containing the 
document (initial letters are capital). Name of the 
organization which has published the book. Place 
of publication, volume number (issue number, 
if any) of the publication where the document is 
published, numbers of the fi rst and last page of the 
document. 

For example: 

o Göncüoğlu, M.C., Turhan, N., Şentürk, K., 
Özcan, A., Uysal, Ş., Yalınız, K. 2000. A 
geotraverse across northwestern Turkey. 
Bozkurt, E., Winchester, J.A., Piper, J.D.A. 
(Ed.). Tectonics and Magmatism in Turkey and 
the Surrounding Area. Geological Society of 
London Special Publication 173, 139-162.

o Anderson, L. 1967. Latest information from 
seismic observations. Gaskell, T.F. (Ed.). The 
Earth’s Mantle. Academic Press. London, 335-
420.

• If the name of a book, where various authors’ 
writings have been collected, is specifi ed, those 
must be indicated respectively: book’s editor/
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editors’ surname/surnames and initial letters of 
their name/names. “Ed.”, which is an abbreviation 
of the editor word, must be written in parentheses. 
Year of Publication. Name of the book (initial 
letters are capital). Name of the organization which 
has published the book, total pages of the book. 

For example: 

o Gaskel, T.F. (Ed.) 1967. The Earth’s Mantle. 
Academic Press, 520 p.

• If the document is an abstract published in a 
Proceedings Book of a scientifi c activity such 
as conference/symposium/workshop …etc., the 
information about the document must be given in 
the following order: surnames of the author/authors, 
initial letters of author’s/authors’ fi rst names. Year 
of publication. Title of the abstract. Name, date and 
place of the meeting where the Proceedings Book 
is published, numbers of the fi rst and last pages of 
the abstract in the Proceedings Book. 

For example: 

o Yılmaz, Y. 2001. Some striking features of the 
Anatolian geology. 4. International Turkish 
Geology Symposiums 24-28 September 2001, 
London, 13-14.

o Öztunalı, Ö., Yeniyol, M. 1980. Yunak (Konya) 
yöresi kayaçlarının petrojenezi. Türkiye Jeoloji 
Kurumu 34. Bilim Teknik Kurultayı, 1980, 
Ankara, 36

• If the document is one of the unpublished 
documents as a report, lecture notes, and so on, the 
information about the document must be given by 
writing the word “unpublished” in parentheses at 
the end of information about the document after it 
is specifi ed in accordance with usual order which is 
implemented for a document included in a periodic 
publication. 

For example: 

o Özdemir, C. Biçen, C. 1971. Erzincan İli, İliç 
ilçesi ve civarı demir etütleri raporu. General 
Directorate of Mineral Research and Exploration 
Report No: 4461, 21 p. Ankara (unpublished). 

o Akyol, E. 1978. Palinoloji ders notları. EÜ Fen 
Fakültesi Yerbilimleri Bölümü, 45 p., İzmir 
(unpublished).

• The followings must be specifi ed for the notes of 
unpublished courses, seminars, and so on: name 
of the document and course organizer. Place of the 
meeting, name of the book, corresponding page 
numbers must be given. 

For example: 

o Walker, G. R. Mutti, E. 1973.Turbidite facies and 
facies associations. Pacifi c Section Society for 
Sedimentary Geology Short Course. Annaheim. 
Turbitides and Deep Water Sedimentation, 119-
157.

• If the document is a thesis, the followings are 
written: surname of the author, initial letter of the 
author’s fi rst name. Year of Publication. Name 
of the thesis. Thesis type, the university where it 
is given, the total number of pages, the city and 
“unpublished” word in parentheses. 

For example: 

o Seymen, İ. 1982. Kaman dolayında Kırşehir 
Masifi ’nin jeolojisi. Doçentlik Tezi, İTÜ Maden 
Fakültesi, 145 s. İstanbul (unpublished).

• Anonymous works must be regulated according to 
the publishing organization. 

For example: 

o MTA. 1964. 1/500.000 ölçekli Türkiye Jeoloji 
Haritası, İstanbul Paftası. Maden Tetkik ve Arama 
Genel Müdürlüğü, Ankara.

• The date after the name of the author is not given 
for on-printing documents; “in press” and / or “on 
review” words in parenthesis must be written. The 
name of the article and the source of publication 
must be specifi ed, volume and page number must 
not be given. 

For example: 

o Ishihara, S. The granitoid and mineralization. 
Economic Geology 75th Anniversary (in press).

• Organization name, web address, date of access on 
web address must be indicated for the information 
downloaded from the internet. Turkish sources 
must be given directly in Turkish and they must be 
written in Turkish characters. 

For example: 

o ERD (Earthquake Research Department of 
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Turkey). http://www.afad.gov.tr. March 3, 
2013.

• While specifying work cited, the original language 
must be used; translation of the title of the article 
must not be done.

6. Illustrations

• All drawings, photographs, plates and tables of the 
article are called as “illustration”.

• The illustrations must be used when the use of 
them is inevitable or when they facilitate the 
understanding of the subject.

• While selecting and arranging the illustrations’ 
form and dimensions, the page size and layout of 
the Bulletin must be considered. The unnecessary 
loss of space must be prevented as much as possible.

• The pictures must have high quality, high resolution 
suitable for printing.

• The number of illustrations must be proportional to 
the size of the text.

• All illustrations must be sent as in separate fi les 
independent from the text.

• While describing illustrations in the text, the 
abbreviations must be avoided and descriptions 
must be numbered in the order they are mentioned 
in the text.

• Photographs and plates must be given as computer 
fi les containing EPS, TIFF, or JPEG fi les in 600 
dpi and higher resolutions (1200 dpi is preferable) 
so that all details can be seen in the stage of 
examination of writing.

6.1. Figures 

• Drawings and photos (except for the plates in the 
text) will be evaluated together as “Figure” and they 
must be numbered in the order they are mentioned 
in the text.

• The fi gures published in the Bulletin of Mineral 
Research and Exploration must be prepared in 
computer considering the dimensions of single-
column width 7.4 m or double-column width 15.8 
cm. Figure area together with the writing at the 
bottom should not exceed 15.8x21in maximum.

• Unnecessasry details must not be given in fi gures 
or care must be taken not to use much space for 
information transfer.

• Figures must be arranged in such a way to be 
printed in black/white or colored. 

• The fi gure explanations being justifi ed in two 
margins must be as follows: 

Figure 1- Sandıklı İlçesinin (Afyon); 
a) güneybatısının jeolojik haritası, b) İnceleme 
alanının genel dikme kesiti (Seymen, 1981), 
c) Türkiye’nin  önemli  neotektonik  yapıları 
(Koçyiğit, 1994’den değiştirilerek).

Figure 1- a) Sandıklı ilçesinin güneybatısının 
jeolojik haritası, b) İnceleme alanının genel 
dikme kesiti (Seymen, 1981), c) Türkiye’nin 
önemli neotektonik yapıları (Koçyiğit, 1994’den 
değiştirilerek).

• Drawings must be made by well-known computer 
programs painstakingly, neatly and cleanly.

• Using fi ne lines, which can disappear when fi gures 
shrinks, must be avoided. Symbols or letters used 
in all drawings must be in Times New Roman and 
not less than 2 mm in size when shrink.

• All standardized icons used in the drawings must 
be explained preferably in the drawing or with 
fi gure caption if they are too long. 

• Linear scale must be used for all drawings. Author’s 
name, fi gure description, fi gure number must not be 
included into the drawing.

• Photos must be in quality and quantity that will 
refl ect the objectives of the subject.

6.2. Plates 

• Plates must be used when needed a combination 
of more than one photo and the publication on a 
special quality paper.

• Plate sizes must be equal to the size of available 
magazine page space.

• Figure numbers and linear scale must be written 
under each of the shapes located on the Plate.

• The original plates must be added to the fi nal copy, 
which will be submitted, if the article is accepted.

• Figures and plates must be independently numbered. 
Figures must be numbered in Latin numerals and 
plates with Roman numerals (e.g., Figure1, Plate I). 
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• There must be no description text on Figures.

6.3. Tables 

• All tables must be prepared preferably in word 
format in Times New Roman fonts. 

• Tables together with table top writing must not 
exceed 15x8 cm in size.

• The table explanations being justifi ed in two 
margins must be as follows: 

Table 1- Hydrogeochemical analysis results of 
geothermal waters in the study area.

7. Nomenclature and Abbreviations

• Non-standard and uncommon nomenclature 
abbreviations should be avoided in the text. 
But if essential, then they must be described as 
below. In cases where unusual nomenclatures and 
unstandardized abbreviations are considered to be 
compulsory, the way followed and method must be 
described. 

• Full stop must not be placed between the initials of 
words for standardized abbreviations (MER, SHW, 
etc.). 

• Geographical directions must be abbreviated in 
English language as follows: N, S, E, W, NE …etc. 

• The fi rst time used abbreviations in the text are 
presented in parenthesis, the parenthesis is not used 
for subsequent uses.

• The metric system must be used as units of 
measurement.

• Figure, plate and table names in the article must 
not be abbreviated. For example, “as shown in the 
generalized stratigraphic cross-section of the region 
(Figure 1…………..”

7.1. Stratigraphic Terminology 

Stratigraphic classifi cations and nomenclatures must 
be appropriate with the rules of International 
Commision on Stratigraphy and/or Turkish 
Stratigraphic Committee. The formation names, 
which have been accepted by International 
Commision on Stratigraphy and/or Turkey 
Stratigraphy Committee, should be used in the 
manuscript. 

7.2. Paleontologic Terminology 

Fossil names in phrases must be stated according to 
the following examples:

o For the use of authentic fossil names; 

e.g. Limestone with Nummulites

o When the authentic fossil name is not used;

o  e.g. nummulitic Limestone

o  Other examples of use; 

e.g. The type and species of Alveolina/ Alveolina 
type and species

• Taxonomic ranks must be made according to the 
following examples:

Super family: Alveolinacea Ehrenberg, 1939

Not reference, Not stated in the Reference section
Family: Borelidae Schmarda, 1871
Type genus: Borelis de Montfort, 1808
Type species: Borelis melenoides de Montfort, 1808;
Nautilus melo Fitchel and Moll, 1789

Borelis vonderschmitti (Schweighauser, 1951) (Plate, Figure, 
Figure in Body Text)

Schweighauser, 1951 not  reference

1951 Neoalveolina vonderschmitti Schweighauser, page 
468, fi gure 1-4

Cited Scweighauser (1951), stated in the Reference section. 

1974 Borelis vonderschmitti (Schweighauser), Hottinger, 
page, 67, plate 98, fi gure 1.7

Cited Hottinger (1974), stated in the Reference section.
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• The names of the fossils should be stated according 
to the rules given below: 

o For the fi rst use of the fossil names, the type, 
spieces and the author names must be fully 
indicated; 

Alveolina aragoensis Hottinger

Alveolina cf. aragoensis Hottinger

Alveolina aff.  aragoensis Hottinger

o When a species is mentioned for the second time 
in the text; 

A.aragoensis

A.cf.aragoensis

A.aff.aragoensis

o It is accepted as citiation if stated as Alveolina 
aragoensis Hottinger (1966). 

• The statement of plates and fi gures (especially for 
the articles of paleontology): 

o for the statement of species mentioned in the 
body text; 

Borelis vonderschmitti (Schweighauser, 1951).

(plate, fi gure, fi gure in the body text).

o When cited for other articles; 

1951 Neoalveolina vonderschmitti Schweighauser, 
page 468, fi gure 1-4, fi gure in body text

1974 Borelis vonderschmitti (Schweighauser), 
Hottinger, page 67, plate 98, fi gure 1-7

• For the citation in the text

(Schweighauser, 1951, page, plate, fi gure, fi gure in 
the body text) 

(Hottinger, 1974, page, plate, fi gure 67, plate 98, 
fi gure 1-7, fi gure in the body text.)

8. Citations

All citations in the body text must be indicated by the 
last name of the author(s) and the year of publication, 
respectively. The citations in the text must be given in 
following formats:

• For publications written by single author; 

- It is known that fold axes of Devonian and 
Carboniferious aged units around Istanbul is in NS 
direction  (Ketin, 1953, 1956; Altınlı, 1999).

- Altınlı (1972, 1976) defi ned the general 
characteristics of Bilecik sandstone in detail. 

• For publications written by two authors; 

- The upper parts of the unit contain Ilerdian fossils 
(Sirel and Gündüz, 1976; Keskin and Turhan, 1987, 
1989).

• For publications written by three or more authors; 

According to Caner et al. (1975) the Alıcı formation 
refl ects the fl uvial conditions.

The unit disappears by wedging out in the East 
direction (Tokay et al., 1984).

• If reference is not directly obtained but can be found 
in another reference, the cross-reference should be 
given as follows: 

- It is known that Lebling has mentioned the 
existence of Lias around Çakraz (Lebling, 1932: 
from Charles, 1933).

9. Reprints

The author(s) will receive (2) two hard copies of the 
related issues. 

10. Copyright and Conditions of Publication

• It is necessary that the work submitted for the 
publication must be original and has not been 
previously unpublished in whole or partially.

• It is necessarry that the authors who send their 
publications to the Bulletin of Mineral Research 
and Exploration hereby accept the conditions of 
publication of the Bulletin in advance.

• All copyrights of the accepted manuscripts belong 
to MTA. The author or corresponding author on 
behalf of all authors (for papers with multiple 
authors) must sign and give the agreement under 
the terms indicated by the Regulations of Executive 
Publication Committee. Upon acceptance of an 
article, MTA can pay royalty to the authors upon 
their request according to the terms under the 
“Regulations of Executive Publication Committe” 
and the “Regulations of Royalty Payment of Public 
Offi ce and Institutions”

All the information and forms about the Bulletin of 
Mineral Research and Explorations can be obtained 
from http://dergi.mta.gov.tr


