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ABSTRACT

The geology and especially the magmatic rocks of Gokgeada, which is the biggest island of
Turkey and located at 20 km’s west of Biga Peninsula, constitute the subject of this study. Late
Ediacaran/Early Paleozoic aged Camlica metamorphics which crop out with a tectonic uplift
in a narrow area in northwest of Gokgeada are the oldest rocks of the island. Early Eocene
aged Karaagag¢ Formation which is formed by submarine fan deposits unconformably overlies
Camlica metamorphics. As for the Dagigitepe volcanic member which is formed by rhyolitic
lavas, tuff and tuffites emplaced into Karaaga¢ Formation cutting Camlica metamorphics is
the oldest volcanic unit of the study area. On Karaaga¢ Formation, Koyunbaba Formation has
unconformably been deposited which consists of Middle Eocene shallow marine sediments.
Then it has conformably been overlain by Sogucak Formation which consists of SE-NW ex-
tending reefal limestone. Middle-Upper Eocene aged Ceylan Formation which conformably
overlies the Sogucak Formation and the early Oligocene aged Mezardere Formation which
conformably overlies Ceylan Formation have been deposited due to turbiditic currents in
deep marine environment. Late Eocene(?) — Oligocene aged subvolcanics which cut Me-
sozoic and Eocene units and emplaced into Eocene aged sedimentary units in the form of
crypto dome and dome form the recent rigid topography of the study area and are the second
magmatic phase called the “Gokgeada Domes”. Diorite-monzonites porphyry which crys-
tallized in lower zones of subvolcanics on the other hand constitutes Mutludere intrusion. In
castern and southern parts of Gokgeada, Late Oligocene Gokgeada ignimbrites are located
which are observed in the form of pumice flows on Mezardere Formation. These ignimbrites
are then overlain by Early Miocene aged Kesmekaya volcanics which are formed by blocky
ash flows. Middle Miocene aged Eselek volcanics consisting of lava and pyroclastics with
composition basaltic andesite and andesite are observed on a large area in east of Gokgeada.
Upper Miocene aged Canakkale Formation which is generally formed by the intercalation of
poor consolidated conglomerate, sandstone, siltstone and marl crops out in narrow regions at
cast, southeast and south of Gok¢eada. Quaternary alluvial deposits and debris composed of
loose, unconsolidated sand, silt and other sediments unconformably overlie all previous units
and complete the succession. Main tectonic structures of Gokgeada are formed by right lateral
oblique faults which developed in Neo-tectonic period.

1. Introduction

This study was made in order to prepare 1/25
000 scaled geological maps which will form a

Gokgeada is located at north of Aegean depression
at southwest of Thrace and is approximately 20 km’s
away from Biga Peninsula (Figure 1). It belongs to
Canakkale Province, and is the biggest island of Turkey
with an area of 289 km? and a coastal length of 92 km.

basis to polymetal researches in Gokceada within
scope of “Canakkale-Balikesir Ruhsat Etiitleri”
(Canakkale-Balikesir License Researches) subproject
carried out between years 2008-2011 of the “Bati-
Orta Anadolu Polimetal Maden Aramalar1 Projesi”
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(Project of West-Central Anatolian Polymetal
Mineral Researches) of the General Directorate of
Mineral Research and Exploration (MTA). Within
this framework, geological maps previously prepared
in Gokgeada were assessed, and the revision and/or
detailed geological investigations at necessary areas
were made. Paleontological, petrographical and
mineralogical descriptions of samples were collected
on field and their chemical analyses were performed
in MTA labs. However, the geochronological dating
were made in ActLab (Canada).

First significant geological investigations in
Gokgeada have been realized by Akartuna (1950), Okut
(1975), Akartuna and Atan (1978). However, especially
the studies of Akartuna and Atan (1978) have been used
during the preparation of geological maps. Later on;
Ercan et al. (1995) have investigated the characteristics
of Tertiary volcanism, and Kesgin and Varol (2003),
Varol and Baykal (2008) have carried out studies
related to the stratigraphy of sedimentary rocks. llgar et
al. (2008), on the other hand have published 1/100.000
scaled geological map of the island. However, this
island can merely be called as the “Land of Domes”
because of their excessive domal structures forming
the actual morphology. But, the magmatic rocks of
Gokceada have not been mentioned in any of these
studies. However, an important magmatic activity in
the island is in question. Therefore; the purpose of this
investigation is to prepare geological maps in which
magmatic rocks widely observed on the island were
distinguished in detail, and contribute to researches
related to reveal the geological evolution and mineral
potential of the region.

2. Stratigraphy

In  Gokceada, metamorphic, magmatic and
sedimentary rocks crop out ranging from Mesozoic
to Quaternary. The formation names suggested in
the book “Thrace Lithostratigraphical Units” (MTA,
2006) of the Stratigraphy Committee were used
for the nomenclature of formations in which rocks
have formed. The geological map of the island and
generalized stratigraphical section of rocks were
given in figures 1 and 2, respectively.

2.1. Camlica Metamorphics (Pega)

This unit is composed of sericitic schist, chloritic
schist, slate and marble layers. It was defined as
“Camlica metamorphics” in Biga Peninsula by Okay
et al. (1990) and in this study the same name was
given to this unit. It crops out on Dagic¢i Hill and in

the stream located at west of Dagici Hill, in a very
small area at northwest of Gokgeada (Figure 1).

More than 80% of Camlica metamorphics which
form in sericitic and chloritic schists, slate and marble
types are constituted by gray, dirty brown, greenish
colored, well foliated, much micacous, quartz-mica
schists with carbonates in occasion. Petrographically;
garnet-mica-quartz schist, and mica-quartz schist were
detected in the unit. In addition to quartz and white
mica minerals, calcite, biotite, albite, chlorite and
garnet minerals are also widely present in these rocks.

The bottom of Camlica metamorphics does not
appear in Gokceada. These metamorphics have
cropped out by faulting in the stream at west of Dagici
Hill (Figure 3). The unit is while overlain by an
angular discordance by Kuvizian-early Lutetian aged
sediments (Figure 4), it is also crosscut by Eocene
aged rhyolites and Oligocene aged subvolcanics.

The unit which was aged as Paleozoic by Akartuna
and Atan (1978), though there was not found
any fossils, is cut by Eocene and Oligo-Miocene
granitoids in west of Karabiga town in Biga Peninsula
(Ilgar et al., 2008). The age of metamorphism of the
unit, using fengites in quartz-mica schists in Biga
Peninsula, was determined as 65-69 My using Rb/
Sr method (Okay and Satir, 2000). Recent studies
carried out show that the primary depositional age
of Camlica metamorphics is Late Ediacaran and/or
Early Paleozoic (Tung et al., 2012).

When the similarity of lithological and
metamorphic characteristics of rocks in close vicinity
is taken into consideration, it is thought that Camlica
metamorphics resemble to Upper tectonical unit which
is formed by quartz-mica schist and gneisses consisting
of calc schist, marble and amphibolite interlayers in
Rhodopian massive between Greece and Bulgaria
(Papanikolau and Panagopulos, 1981; Barr et al., 1999;
Okay and Satir, 2000; Duru et al., 2008).

2.2. Karaagag¢ Formation (Tek)

In west-northwest of Gokgeada, conglomerate,
sandstone, claystone, marl intercalation and
volcanic rocks in rhyolitic composition crop out
between Gizli Harbor and Mutlu Stream. This unit
was first introduced by Sfondrini (1961) in Thrace
as “Karaaga¢ unit” and was named as Karaagag
Formation in Gokgeada within scope of this study.
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Figure 1- Geological map of Gokg¢eada (modified from Akartuna and Atan (1978)). Qal- Alluvial; Qym- debris; Tm¢- Canakkale
Formation: sandstone, claystone, siltstone etc.; Tme- Eselek volcanics: Basaltic andesite, andesitic pyroclastics;
Tmel- Lava member: Gray-dark gray colored pyroxene andesitic lava; Tmk- Kesmekaya volcanics: Ash-block
flow, lahar type pyroclastic flows; Togi- Gokg¢eada ignimbrite: Dark white colored pumice and pumice flow; Togd-
Gokgeada domes: Porphyritic andesite; Tomu- Mutludere intrusion: Quartz monzonite, diorite-diorite porphyry; Tom-
Mezardere Formation: Conglomerate, sandstone, siltstone, marl, etc.; Tec- Ceylan Formation: Claystone, sandstone,
siltstone, shale, marl, etc.; Teck- sandstone member: Medium-thick bedded sandstone, siltstone; Tes- Sogucak
Formation: Reefal limestones: Teko- Koyunbaba Formation: Conglomerate, sandstone, siltstone; Tek- Karaagag
Formation: sandstone, claystone, limestones, marl, conglomerate, etc.; Tekd- Dagigitepe volcanic: Rhyolitic lava,

tuff and tuffite; Peca- Camlica metamorphics: Mica schist, sericitic schist, chloritic schists etc.

Karaaga¢ Formation begins with conglomerate at
the bottom and consists of coarse and thick sandstone
layers, rhyolitic tuffs and channel fill sediments
towards upper parts. Thin bedded limestone layers
take place at lower parts of the formation and consists
of much nummulitic fossils. Lensoidal channel fill
sediments form the uppermost layer of the succession
and channel bottoms have abrasive surface. Within
channels, mudstone pieces and mollusks of marine
fossils are observed.

The lower contact of the unit unconformably
overlies Camlica metamorphics in stream at west-
northwest of Dagici Hill and is then overlain by
Koyunbaba Formation.

Karaaga¢ Formation which has 900 m thickness
in Aktas locality (Kesgin and Varol, 2003) were

interpreted as submarine fan deposits which become
shallow in upper parts then grades into deltaic
deposits (Ilgar et al., 2008).

In samples collected from lowermost parts of the
formation which unconformably overliec Camlica

Formation;

Assilina suteri SCHAUB, 1981,

Assilina tenuimarginata HEIM, 1908,
Assilina cuvillieri SCHAUB, 1981,

Assilina maior HEIM, 1908,

Nummulites praediscorbinus SCHAUB, 1981,
Nummulites cf lehneri SCHAUB, 1962,
Nummulites boussaci ROZLOZSNIK, 1924,
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Figure 2- Generalized columnar section of Gokgeada.
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Figure 3- Tectonical contact between Camlica metamorphics and Karaagag¢ Formation (Dagici Hill)

Figure 4- Discordant contact between Camlica metamorphics and Karaagag¢ Formation (in the stream at west of
Dagi¢i Hill).
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Assilina sp., Nummulites Spp., Discocylina spp.,
Linderina? sp. fossils were found and described by
Dr. Siikrii Acar. According to this fossil content, the
depositional age of the unit should be latest Kuvizian-
earliest Lutetian.

2.2.1. Dagicitepe Volcanic Member (Tekd)

Much altered rhyolitic volcanics which crop
out at coast and places close to coasts, northwest of
Gokgeada, were first introduced within scope of this
study and named as Dagigitepe Volcanic Member.
Unit crops out in Asar Hill, Tasli Stream, Giinbatan
Hill, Oglak Hill, Oglak stream, Dagici Hill and Catal
Hill, and its type locality is Dagi¢i Hill (Figure 1).

The unit is composed of lava and tuffs in rhyolitic
composition. Lava outcrops are in the form of
domes, much jointed and fractured. Especially, well
developed columnar structures are observed on the
coast. Lavas are white to gray colored and porhyritic
in texture. Macroscopically; much quartz, biotite and
hornblende phenocryts, and intense epidotization in
feldspars are observed.

Lavas of Dagicitepe volcanics cut Camlica
metamorphics and are emplaced within Karaagag
Formation. The tuffites which are distinctive with
their white color are observed as conformable in
deposits. In the first phase of the volcanic activity
first tuffs then lavas have erupted and emplaced in the
environment, and were occasionally cut by Oligocene
aged sub volcanic rocks (Figure 5).

Figure 5- Contact of Karaaga¢ Formation and Dagigitepe
volcanic (northwestern slope of the hill, elevation:
355 m).

It is considered that volcanic activities in question
were effective between ranges of Kuvizian-Lutetian
as tuffs intercalate with Karaaga¢ Formation and
domes cut those deposits.

Similar type, whitish tuffs related to volcanics
show 1 to 6 meters thickness as intercalated with
Lower-Middle Eocene deposits in Limnos Island as
well (Innocenti et al., 1994).

2.3. Koyunbaba Formation (Teko)

It crops out as clastics in red-brown, gray and
greenish colors in Sakli Harbor at west-northwest of
Gokgeada, northeast of Aktepe, south of Rasit Hill,
northwest of Derekdy, north of Sogucak Hill, and on
Kolbast Hill and around Kus Foreland at north of the
island. These clastics extend in SW-NE directions and
were named as Koyunbaba Formation. The unit was
first named by geologists of Esso Standard (1960) as
the Koyunbaba member of Yenikdy Formation, then
were upgraded into Formation level by Keskin /1974)
and Kasar et al. (1983).

It begins with pebbles at the bottom and
grades into conglomerate-sandstone-siltstone-marl
intercalation in upper layers. Pebbles, thin to medium
bedded formation, are mostly in the form of channel
fill. The unit consists of schist, quartzite, limestone
pebbles, and rhyolitic pebbles and pumice pieces
which is considered as Early Eocene volcanism
(Figure 6). Pebbles are well rounded and medium
to well sorted. Dark brown, black colored nodules
which formed with pyrite condensations are also
observed in sandstones.

Figure 6- Koyunbaba Formation; volcanic conglomerate,
sandstone with pumice (west — southwest of
Yumurta Hill).

Koyunbaba Formation unconformably overlies
Karaagag¢ Formation, however conformably underlies
limestones of Sogucak Formation. Although there was
not detected any fossil at outcrops of the formation
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in GOkceada, the age of it should be Middle Eocene
according to regional correlation.

The unit was previously described as Figitepe
Formation by some investigators (Temel and Ciftci,
2002; Ilgar et al., 2008; Varol and Baykal, 2008), but
in the book of “Thrace Region Lithostratigraphical
Units” (2006) of the Stratigraphy Committee it says
that;

For Koyunbaba Formation: “Koyunbaba
Formation is mainly formed by conglomerate and
sandstones and sporadically consists of marl, clay,
limestone and huge blocks of the basement. These
lithologies represent bottom clastics which are the
primary products of Middle-Late Eocene aged marine
transgression. Koyunbaba Formation unconformably
overlies older units and gradually transits into
Sogucak Formation above”.

For the Figitepe Formation: “Figitepe Formation is
lithologically composed of conglomerate, sandstone
and mudstone. It is gradually transitional with
Karaburun member of the Karaaga¢ Formation below,
however; there is angular unconformity with Middle
Eocene Koyunbaba and Sogucak Formations above.”

Considering stratigraphical and lithological
characteristics of the unit mapped in Gokgeada, it was
named as Koyunbaba Formation in this study.

2.4. Sogucak Formation (Tes)

Much nummulitic limestones and less amount
sandy, pebbly limestones crop out in this formation.
The unit that have similar characteristics were named
as Sogucak Formation in Gokgeada (Siimengen and
Terlemez, 1991) and the same name was also used
for their outcrops in Gokgeada. It crops out extending
in NW-NE directions, in west-northwest of Gokgeada
among Sakli Harbor, Ak Hill, Yumurta Hill, Sogucak
Hill, north of Sogucak Hill, Delik Hill and Karagali
Hill, in northeast of Mutlu Hill and northwest of
Ulukaya Hill (Figure 1).

The unit is generally composed of limestone
and lesser amount of sandstone. Limestones are
occasionally horizontally bedded, lensoidal, gray
to pale gray, white colored, hard, porous and with
dissolution spaces. It grades into clayey limestone
in upper layers. Sandstones and thin pebbles are
1 to 2 meters thick at layers closer to bottom.
Much  gastropoda, coral and nummulite fossils
were described in limestones belonging to Sogucak

Formation. Varol and Baykal (2008) found Fabiania
cassis (Oppenheim), Spharegypsina Sp., Alveolina
sp., Gypsina sp., Nummulites Sp., Discocylina Sp.,
Gyroidinella sp., Rotalia sp., Asterocyclina sp.,
Globigerapsis sp., Asterigerina sp., Rotalidae in the
formation that display the characteristics of patch reef
and aged the formation as Middle Eocene. Especially
in Aktepe, nummulitic fossils with diameters
exceeding 5 cm are available (Figure 7).

Figure 7- Sogucak Formation; nummulite fossils in limes-
tones (South of Ak Hill).

While Sogucak Formation is transitional
with Koyunbaba Formation in Gokgeada, it is
unconformably overlain by Early Eocene aged
Karaagag Formation. This unit is transitional with the
overlying Ceylan Formation and cut by Oligocene
aged Gokceada domes.

Sogucak Formation which is composed of sparitic,
micritic limestones, pebble and sandy limestones
reflect the deposition which occurred in shallow
marine environment due to its sedimantological and
structural characteristics and fossil assemblage (Ilgar
et al., 2008).

Measured thicknesses of the unit are 60 and 120

meters around Ak Hill and Derekdy, respectively
(Kesgin and Varol, 2003).

2.5. Ceylan Formation (Tec)

Ceylan Formation is formed by the alternation of
claystone-sandstone-shale. The formation was first
introduced by Unal (1967) in Thrace and was first
used in Gokceada by Temel and Ciftci (2002). The
unit crops out in NE-SW directions and is observed
in a large area of the island among Sirinkdy, Derekdy,
Sahinkaya, Tepekoy, Bademli Village, Kuzu Harbor
and Gokgeada town center (Figure 1).



The Geology of Gokgeada (Canakkale)

Ceylan Formation is formed by the alternation
of shale-sandstone. Unit which is deposited in deep
sea becomes shallower and grades into Mezardere
Formation. Shales are greenish, bluish gray, hard
and highly altered in places close to volcanics,
metamorphosed in places, with splinted breaks,
folded in places and are thin sandstone banded.
Sandstones generally consist of quartz, yellowish
gray colored, hard, with angular breaks, carbonate
cemented, fine to medium grained. Plant residuals
are occasionally observed. Sandstones which can be
mapped in the study area were mapped as Sandstone
Member (Figure 1). Non-economical, lensoidal lignite
occurrences reaching up to 40-50 cm thicknesses
were also encountered in the unit which graded into
Mezardere Formation by getting shallower (Figure
8). Engraved tuff and very fine grained volcanic
materials were also encountered within deposits of
Ceylan Formation.

distinguished as the “Sandstone Member”. The
unit crops out in SE of Tepekdy, Derekdy, Doruk
Hill and in vicinity of Kalekdy and Kuzu Harbor.
Archeological excavations carried out in the region
indicated that sandstones had been used as building
stone since B.C. 3000 (Figure 9) (Hiiryilmaz, H.,
2011, oral communication).

Figure 8- Lenses of lignite within upper layers of shal-
lowing Ceylan Formation (eastern and northeas-
tern slopes of Orta Hill).

Ceylan Formation which shows thicknesses of
nearly 400-900 meters (Kesgin and Varol, 2003)
conformably overlies Sogucak Formation and is
conformably overlain by Mezardere Formation. The
unit was also cut by Gokg¢eada domes.

Fossil assemblages which were obtained from
Ceylan Formation deposited in turbiditic system,
generally in deep sea, indicate that the unit is Middle-
Late Eocene (Akartuna and Atan, 1978; Kesgin and
Varol, 2003; Ilgar et al., 2008).

2.5.1. Sandstone Member (Teck)

Yellowish, pale brown, medium to thick bedded,
well sorted mappable sections of sandstones
containing top and bottom structures such as; cut,
fill and flute etc. within Ceylan Formation were

Figure 9- Ceylan Formation; the use of Sandstone member
as building stone in B.C. 3000 (Biiyiikdere val-
ley, Yenibademli tumulus).

2.6. Mezardere Formation (Tom)

This unit which is formed by early Oligocene
aged conglomerate and lesser amount of sandstone,
siltstone and marl in Gokceada was named as
Mezardere Formation. The Formation was first
introduced and named by Unal (1967) in Thrace,
and it was first used by Temel and Cift¢i (2002) in
Gokgeada.

The unit extends as a strip in NE-SW directions
between Kuzu Harbor and Aktas Hill (SW of
Gokgeada) in northeast of Gokgeada. Outcrops are
observed in north of Dal Hill (NE of Gokgeada) and
SE of Gékgeada town center, in east; between Dibek
Hill and Gélyeri Hill, in Balik¢i locality, in southwest;
north and east of Aktas Hill (Figure 1).
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The unit is generally formed by the alternation
of conglomerate and by lesser amount of sandstone,
siltstone and marl. Mezardere Formation begins
to deposit with yellowish, mustard colored, fine to
medium grained, medium to badly sorted, medium to
thick bedded sandstones. These sandstones intercalate
with blue-gray and white colored marls. Within marl
bearing layers, bitumen and coal occurrences are
encountered sporadically. In sandstones ripple marks
and lamellibranch mollusks are observed in occasion.

The thickness of the unit is approximately 500
meters (Temel and Ciftci, 2002).

Mezardere Formation conformably overlies
Ceylan Formation. The unit is cut by Gokceada
domes, covered by Gokgeada ignimbrites and cut and
covered by the products of Eselek volcanism.

Based on nannofossil samples collected from
outcrops of Mezardere Formation in Gokgeada, the
age of the unit was determined as Early Oligocene
(Ilgar et al., 2008).

The dominant lithology to be conglomerate
and the occurrence of biostromal sandstone with
lamellibranch and pebblestone layers, bituminuous
marl and clayey lignite layers and frequent presence
ripple marks from bottom to top show that the
formation was deposited in littoral environment and
the environment was sometimes subjected to low and
high energy zones (Akartuna and Atan, 1978).

These rock assemblages were interpreted as delta
front deposits by Stimengen et al. (1987).

2.7. Mutludere Intrusion (Tomu)

This unit was first introduced and mapped in this
study and exhibits small outcrops in Kargali stream,
north of Mutlu Stream and Derekdy north (west of
Tepekdy), and in Aksu Stream between Yenibademli
and Kuzu Harbor on the island (Figure 1). The unit
has intruded very close to surface and seated at very
shallow depths.

The main body which is present with fewer dikes
is in the composition of quartz monzonite and diorite
porphyry (Figure 10).

Intrusion is generally altered-highly altered in
places, and silica, silica veins-veinlets, sericite,
chlorite, epidote, magnetite veins-veinlets in occasion,
hydrothermal biotite veinlets, argillization and

Figure 10- Mutludere intrusion; diorite porphyry (Mutlu
Stream).

carbonation are observed. In rock, coarse plagioclase
and lesser amount of orthoclase and hornblende
crystals are seen in crystalline groundmass in various
sizes ranging from fine to coarse grain. Disseminated
and pyrite vein-veinlets, chalcopyrite, magnetite,
formations of malachite along fault and joint surfaces
are observed in the rock. During microscopic studies,
plagioclase, biotite and amphibole were described as
diorite porphyry with phenocrysts. Plagioclases have
polysynthetic twinning and zoning, with grain sizes
ranging between 0.8-2 mm. Sericite, carbonate and clay
alteration were detected in plagioclases in few amounts.
Biotites have size range between 0.4-0.8 mm and few
chloritization, opacification and hydrobiotitization
were detected. Biotites are sometimes in the form
of clusters, fine grained and widely chloritized.
However, amphiboles observed in less amounts show
transformation into carbonate, biotite, chlorite and
opaque minerals. Groundmass material is silicified and
was formed by microcrystalline quartz (secondary?),
chloritized biotite, altered feldspar microcrystals
and carbonates in trace amounts. Few apatite and
zircon were detected as accessory minerals. Besides;
anhedral opaque mineral is also observed as dispersed
throughout the rock.

In  mineralogical analysis of petrographical
samples taken from surface and drill cores intrusion
rock was described as diorite porphyry - monzodiorite
porphyry. In zones where hydrothermal alteration
is condensed the rock has almost lost its primary
texture and preserved its minerals in few sections and
is porphyritic in texture. As primary mineral, fully
argillized and seritisized feldspar in few amounts
were determined. In groundmass, argillized feldspars,
dispersed silicification, carbonation, chloritization
and formation of epidote were also observed.
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In macroscopic and microscopic studies, the
observation of coarse epidote minerals indicates
that hydrothermal fluids that cause alteration are in
mesothermal or hypothermal temperatures.

Due to the intrusion, in localities of Kargali,
Mutlu and Akarsu Streams, condensed, highly clayey,
sericitic, chloritic, epidotic pyrite alteration with
silica vein-veinlets, and hematitic-limonitic altered
zones with malachite and azurite and magnetitic vein-
veinlets are observed. Disseminated, pyritic vein-
veinlets and mineralized zones with chalcopyrite are
also observed in altered zones.

The unit has intruded into deposits of Karaagac
Formation and Ceylan Formation. The effects of the
intrusion are observed in the vicinity of contact and
host rocks have sporadically turned into hornfels
as a result of low graded thermal metamorphism
(Figure 11).

Figure 11- Fels-hornfels zone which developed at the
contact of diorite-monzodiorite porphyry
intruding into sedimentary rocks (Mutludere).

It was observed that the intrusion was emplaced
cutting Late Eocene deposits, so it was deposited into
the environment in post Eocene time. Furthermore;
it is known that Fakos intrusion in Limnos Island is
Early Miocene (Innocenti et al., 1994; Pe-Piper et al.,
2009). The age of contact metamorphism created by
the intruding granitoid in Semadirek (Samothrace)
Island is 40,9+£2,2 My (Seymour et al., 1996). Also,
the age of Kestanbol granite emplaced in west
Anatolia is 28 My (Fytikas et al., 1984). Gokceada
is the region of domes and several Oligocene aged
domes and cryptodomes are observed in this area.
When all these data are taken into consideration, it
is considered that Mutludere intrusion was emplaced
into the region in Oligocene time. However, looking

in regional scale, it should not be ignored that these
intrusions has begun to emplace into the region
starting from Middle Eocene.

2.8. Gokgeada Domes (Togd)

\olcanic rocks cover very large areas in
Gokgeada. All volcanics in the Island were collected
under the name of “Ayvacik Formation” by Temel
and Cift¢i (2002) and were defended that these had
formed in early Middle Miocene. Nonetheless; these
volcanics in the island show differences in terms
of their structural shapes, products, compositions
and their ages. Andesite and diorite porphyry type
volcanic rocks which emplaced in the form of dome-
cryptodome arranging in NE-SW directions were
named as Gokgeada domes in this study. Domes have
been emplaced into the region in shallow depths due
to the intrusion which is considered to have begun in
Middle Eocene and formed small lava flows cropping
out in places (Figure 1).

Andesite and rocks in diorite porphyry
composition are observed in the form of domes which
intruded into shallow depths in 3 km diameters in
occasion. In addition to lava domes, small lava flows
and monogenetic breccias are also encountered with
many sills and dikes. In lavas, both magmatic and
sedimentary derived enclaves are observed.

Lavas are generally holocrystalline porphyritic
in texture in thin section studies. Main mineral
constituents are formed by plagioclase and amphibole
minerals which are observed in the form of subhedral or
euhedral prismatic phenocrysts or microphenocrysts,
and clinopyroxene and biotite minerals in trace
amounts. Euhedral apatite and opaque minerals
are observed as accessory constituent. In some
amphibole phenocrysts, inner zoning is available.
Plagioclase phenocrysts sometimes gather and form
glomerocrystal groups. Magma mixing textures are
spread in plagioclase phenocrysts. In all amphibole
minerals weak corrosions at circumferences and
reaction belts formed by pyroxene+opaque mineral
aggregates are observed.

The groundmass is generally microcrystalline in
subvolcanic ones, and the degree of crystallinity is a
bit higher compared to samples flowing at the surface
and is formed by coarser size minerals. The textural
feature of the groundmass implies that the cooling
conditions could be close to subvolcanic conditions.
Mineralogical composition of the groundmass
is basically formed by plagioclase minerals,
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clinopyroxene minerals which are observed as
needlelike, opaque minerals and by chlorite minerals
which are possibly to be the secondary origin.

Gokceada domes have been emplaced into Eocene
units cutting all those units between Mesozoic-
Eocene time intervals and flown as small lava flows in
occasion. Domes have baked and deformed deposits
in places (Figure 12), and sometimes have formed
sudden cooling walls as they contacted with aqueous
surface.

Pumices, which is one of the components forming
ignimbrite are generally white, dirty white in color
and consist of biotite and amphibole minerals. Lithics
are usually formed by andesitic subvolcanic rock
fragments. Rock fragments such as claystone and
shale were also encountered sometimes. Dense pumice
bearing, white colored ignimbrites have occurred due
to pumice flows. In general, lithics are denser in lower
layers, pumices become denser towards upper layers and
their diameters occasionally reach 20-25 cm. Pumices
are generally rounded and acquire a view of flame
structure in occasion. Taken and detached fragments of
claystone and shale were also encountered. Their sizes
may range from a few millimeters to few decimeters,
and were subjected to changes in color and view by
the effect of temperature. Particles of wood residuals
are also encountered within the unit (Figure 13). Sizes
of pink colored ignimbrite components are smaller (<2
cm) compared to white colored ones and rich in lithic.
Pink colored ignimbrites are more coherent compared
to white colored ignimbrites and were formed by
pumice flows in the first phase of the eruption due to
column depression. Pumice back falls are also present
on flow occasionally.

Figure 12- Subvolcanics of Gokgeada domes cutting
Ceylan Formation (Koklii Hill).

Gokeeada domes were emplaced into the island
in Oligocene. According to radiometric dating made
within scope of this study in Cal Hill (NW of Ugurlu
village) the age was detected as 28,6+0,8 My using
K/Ar method. However, Ercan et al. (1995) detected
30,4 My and 34,3 My according to radiometric dating
carried out in domes in Ulukaya and Kapikaya,
respectively. All these data indicate that the magmatic
activity which forms the domes of Gokgeada occurred
in Early Oligocene.

2.9. Gokgeada Ignimbrite (Togi)

It crops out in east and south of Gokgeada, and was
first introduced in this study and named as Gokceada
ignimbrite. Outcrops start from east of Gokgeada and
extend until Aktas Hill at southern coast (Figure 1).
The center of eruption of the ignimbrite could not
be detected and have been emplaced into east and
south of the island, most probably generated from a
caldera that remained in the sea. Similar ignimbrites
are also available in Limnos Island located at south of
Gokgeada (Innocenti et al., 1994).

Gokgeada ignimbrite is in white, dirty white and
pink colors and observed as pumice flows.

Figure 13- Wood residuals within Gokgeada ignimbrite
(northern-northeastern slopes of Aktas Hill).

Gokegeada ignimbrite unconformably overlies
Ceylan and Mezardere Formations and is
unconformably overlain by Kesmekaya and Eselek
volcanics. Ash-block flow and lahar type forms which
are considered to be the products Eselek volcanics are
present on ignimbrite.

As it overlies Mezardere Formation which is
stratigraphically known as Early Oligocene and
underlies Early-Middle Miocene Eselek volcanics,
it is considered that the volcanic activity that forms
Gokceada ignimbrites have become effective in
Late Oligocene.
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Ignimbrite formations of GoOkgeada are most
probably the products belonging to a volcano which
remained in sea, the area where Gokgeada-Biga
Peninsula and Limnos Island surrounds. Ignimbrites
are also present in Biga Peninsula and Limnos Island,
and it is highly probable that one part of Gokceada
ignimbrites is the equivalent of some ignimbrites in
those areas.

2.10. Kesmekaya Volcanics (Tmk)

Nomenclature for ash-block flows and andesitic
lavas located at south of Gokgeada were given as;
tuff-agglomerate-andesite  (Akartuna and Atan,
1978), Can volcanics (Ercan et al., 1995), Hisarlidag
volcanics (Kesgin and Varol, 2003) and Ayvacik
formation (Temel and Ciftci, 2002) in previous studies
(names come from outside the island). This unit was
first introduced and named as Kesmekaya volcanics
in this study. Volcanics crop out between Siirmeli and
Aktas hills in southern coast of Gok¢eada (Figure 1).

Kesmekaya volcanics are located on Gokgeada
ignimbrites with formations of blocky ash flow,
debris flow and lahar type pyroclastic flow which
formed due to domal eruptions.

Lavas have been emplaced by flowing over blocky
ash flows. They are gray to pink colored, generally
andesitic in composition and porphyritic in texture.
Flow structures are macroscopically observed and
consist of plagioclase, biotite and hornblende as
phenocryst.

In microscopic studies, hypocrystalline series is
porphyritic in texture and is fine grained. Plagioclase
and clinopyroxene minerals which are observed almost
in the form of subhedral or euhedral phenocrysts
form the main mineral constituents. Apart from
these, fully opacified mineral pseudomorphs which
are widely observed in sizes of microphenocryst or
phenocryst and are highly probably to be the residual
of amphibole and/or mica were also encountered.

Textures of magma mix such as; dusty zones,
mesh texture, corroded edges etc. are widely observed
in plagioclase phenocrysts.

Phenocryst components of the rock are located in
a microcrystalline groundmass, and it is constituted
by rodlike prismatic plagioclase minerals, needlelike
mica minerals, rare clinopyroxene minerals and

opaque minerals. Volcanic glass material can

be distinguished under microscope. Phenocryst/
groundmass ratio of the rock is high.

The unit overlies Gokceada ignimbrite and is
overlain by Eselek volcanics though its contact
cannot be clearly detected.

According to K/Ar radiometric dating performed
in lavas of Kesmekaya volcanics, 37,241 My was
detected in Stimeli Hill, but there are still some
suspects as the age determination has been carried out
in plagioclases. The unit overlies Gokgeada ignimbrite
and has similar stratigraphical and lithological
characteristics with Early Miocene volcanics in
Biga Peninsula in regional correlation (Dénmez et
al., 2005, 2008). Therefore; it is considered that the
volcanism that forms Kesmekaya volcanics might
have occurred in Early Miocene.

2.11. Eselek Volcanics (Tme)

Volcanic products which are formed by lava
and pyroclastics in basaltic andesite and andesitic
compositions in east of Gokgeada were first mapped
in this study and named as Eselek volcanics. The
unit spreads on a large area including Kocacavus
and Esencik Hills at southwest of Eselek starting
from Egrice Hill (north of Kuzu Harbor) and Dal Hill
(southeast of Kuzu Harbor).

Eselek volcanics are composed of lavas and
pyroclastics in basaltic andesite and andesitic
compositions. Debris flow and pyroclastics in the
character of blocky ash flow located below are
overlain by lava flows which are not very thick
and widespread. Lavas related to the unit were
distinguished and mapped as member.

Pyroclastics are formed by blocky ash flow and
lahar type forms. Sizes of blocks in ash-block flows
are quite variable and can occasionally reach up to
1 meter. Peat formations as in black stains and dark
brown colored ironoxide nodules are present in tuffs.

2.11.1. Lava Member (Tmel)

Lavas have generally sheet jointed structure.
Lavas that overlie pumice flows most probably have
come to aqueous environment and been subjected
to quench fragmentation due to sudden cooling.
Therefore; there is observed a brecciated structure
especially at the bottom. Lavas which are named as
pyroxene andesite are gray colored, porphyritic in
texture and have thin phenocrysts.
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In thin section studies, they have holocrystalline
porphyritic texture and are fine to medium grained.
Main mineral constituents are plagioclase minerals
which are observed as subhedral or euhedral prismatic
phenocrysts, and few biotite minerals accompanying
those plagioclases. Opague minerals are widely
present as an accessory component. Thin opacification
belts around amphibole and biotite phenocrysts are
abundant. In the body of plagioclase phenocrysts,
textural features indicating magma mixture has
widely developed. Besides; it was observed that
mantling was quite abundant in the outer edges of
many plagioclase phenocrysts and of some were
surrounded by spheluritic texture K-feldspar mantles.
K-feldspar occurrences in spheluritic texture are
occasionally observed also in the form of patches in
groundmass of rock. The character of groundmass is
microcrystalline and is fully crystallized. Groundmass
mineralogy is formed by rodlike prismatic
plagioclase minerals, needlelike mica minerals and
opaque minerals. Groundmass texture has become
complicated because of probable metasomatic
substitution processes. To describe rodlike prismatic
plagioclase minerals is often difficult. Phenocryst/
groundmass ratio of the rock is high. Additionally;
magmatic enclaves that are visible by naked eye
in hand specimens and which are possibly to have
generated from monzodiorite or diorite were also
observed. As these are holocrystalline in texture, they
can easily be noticed within groundmass of rock. The
mineral composition is constituted by plagioclase,
clinopyroxene and biotite minerals.

Eselek volcanics overlie Mezardere Formation
and Gokgeada ignimbrite but is unconformably
overlain by Canakkale Formation. Lavas have cut,
baked and deformed Gokgeada ignimbrite in their
contacts (Figure 14). Besides; lavas have been
disintegrated due to sudden cooling when flowing
over ignimbrites probably in aqueous environment
and caused orientation in pumices as well within
ignimbrite.

It is considered that the unit was emplaced into the
medium in Early-Middle Miocene period as the unit
overlies Kesmekaya volcanics and unconformably
underlies Late Miocene Canakkale Formation.

2.12. Canakkale Formation (Tmg)

The unit which is composed of conglomerate,
sandstone siltstone and marl was named as “Canakkale

Figure 14- Dikes of Eselek volcanics cutting Gokgeada ig-
nimbrite (along the road in south-southwest of
Kocabas Hill)

Formation” and was first described by Sentlirk and
Karakdse (1987). It outcrops in narrow areas at east,
southeast and south of Gokceada (Figure 1). The
outcrop in east and southeast is present in the peninsula
at east—northeast of Tuzgolii (Salt Lake). The outcrops
in south on the other hand are observed in small areas
along the coast between Tuzgolii and Kapikaya.

It is generally composed of less consolidated
conglomerate, sandstone, siltstone and marl
intercalations. The formation is made up of
carbonates of laterally and vertically transitional
shoreface, beach, tidal flat, falling tide delta and
tidal environment (Ilgar et al., 2008). The dominant
lithology of the unit is sandstone. Sandstones are pale
yellow-yellowish gray, loose cemented, dispersive,
fine to medium grained, very well sorted, and
cross bedded in occasions. Very fine grained shale,
conglomerate, bioclastic conglomerate layers take
place between sandstones.

Canakkale Formation of which its thickness was
determined as approximately 15 meters in the island
(Temel and Ciftci, 2002) transgressively overlies
Eselek volcanics. The upper part of the formation is
covered by recent beach deposits.

The unit was aged as Pontian by Akartuna and
Atan, (1978) in the island. However, it was aged as
Late Miocene (Middle-Late Panonian) by Atabey et
al. (2004) in Biga Peninsula.

Canakkale Formation is the only unit representing
Late Miocene Sea in the region and reflects rocky
shore environment.
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2.13. Debris (Qym)

It is observed as in the form of free debris flows
on the slopes of exposed domes on the island.

2.14. Alluvials (Qal)

It is composed of Quaternary aged conglomerate,
sandstone, siltstone and mudstones which developed
in stream beds, on ancient depressions and on shore
belt plains. The unit is observed in east-northeast of
Ugurlu village, south of Sirinkdy, south of Yerkaya
Hill and Kapikaya locality, between the town center
of Gokgeada and Kalekdy and along the stream beds
and plains around Eselek village (Figure 1).

3. Tectonics

Gokgeada is the island which has a high risk of
earthquake in Aegean seismological region. During

archeological excavations carried out on the
island, it was revealed that settlements located on
the island had been affected from earthquake and
remnants of people subjected to natural disaster in
Yenibademli, Hoyiik were detected (Hiiryilmaz,
2011).

Gokgeada is generally under the control of
northeast-southwest extending fault sequences.
The northern part of the island has been uplifted
relative to southern part and the inclination of beds
varies between 20°-40° towards southeast. Units get
younger starting from west to east (Figure 15). The
strongest data of tectonical uplift are metamorphic
rocks cropping out in a very narrow area at north of
the island.

Figure 15-

Schematic geological section (unscaled) of Gokgeada in NW-SE direction (K¢a; Camlica metamorphics, Tek;

Karaaga¢ Formation, Tekd; Dagicitepe volcanic, Tec; Ceylan Formation, Tom; Mezardere Formation, Tomu;
Mutludere intrusion, Togd; Gok¢eada domes, Togi; Gokgeada ignimbrite, Tme; Eselek volcanics, Tmel; Egelek
volcanics lava member, Tmg; Canakkale Formation, Qal; Alluvial).

Gokgeada was tectonically studied by Koral et
al. (2008). According to the authors, the fault system
in which it was considered to be in North Anatolian
Fault System had a great effect in acquiring the recent
morphology of the island. This system extends as
linear along the northern coast at westernmost side
of the island. Another fault segment however extends
along the long axis of the island. The fault called
“Kefalos Fault” in southeastern part of the island
restricts Tuzla Lake depression. These faults are
generally right stepped and almost dip slip oblique
faults (Figure 16). The authors detected that these
oblique faults had also their northwest directing
antithetic and northeast directing synthetic faults.

Lineaments specified as antithetic and synthetic
faults by Koral et al. (2008) have definite contact
which formed by the intrusion of Gokgeada domes

into sedimentary units according to us. During
studies performed by us, locations of tectonical
zones detected along the long axis of Gokgeada
were changed in certain amounts, and additionally;
Inceburun, Aktepe, Zeytinli, Kuzu Limam and Kog
Dere Faults were determined (Figure 16).

Inceburun Fault: It is a tectonical zone with a
strike of N30W and dip amount of 45SE in Karaagag
Formation that has the alternation of siltstone,
sandstone, claystone and marl in stream at southwest
of Inceburun location.

Aktepe Fault: It extends along valley at east of
Ugurlu village, Aktepe, Kolbast Hill and Oglak Hill
and is a right lateral oblique fault with a strike of
N60E and dip amount of 50SE.
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Figure 16- Significant faults of Gokgeada transferred on Googleearth image.

Zeytinlikdy Fault: This zone is observed until
Zeytinlikdy along the Gokgeada-Derekdy auto road
in south-southeastern parts of Doruk Hill and has
developed within Ceylan Formation.

Kuzu Harbor: This tectonical zone has a strike
of N40E and dip amount of 55SE between Kuzu
Harbor and Gokgeada and developed within Ceylan
formation.

Kog Dere Fault: It is observed as NW-SE directing
dip slip normal fault zone at the contact of Middle-
Upper Eocene Ceylan Formation and Oligocene aged
Gokgeada domes in Kog Stream.

4. Results

In this investigation, 1/25.000 detailed geological
and 1/100.000 scaled revision studies were performed
throughout the island and significant contributions
were made for the geology of the island by new
findings obtained. Within this scope;

It was detected that the primary depositional age
of Camlica metamorphics, which had been dated
as Paleozoic by previous investigators (Akartuna
and Atan, 1978), was Late Ediacaran and/or Early
Paleozoic (Tung et al., 2002) as a result of studies
carried out in their equivalences in Biga Peninsula.

So the age of Camlica metamorphics in the island was
assessed as the Late Ediacaran and/or Early Paleozoic.

The unit which had been defined as the Figitepe
Formation in the island by some previous investigators
(Temel and Ciftgi, 2002; Ilgar et al., 2008; Varol
and Baykal, 2008) was described as Koyunbaba
Formation because of contact relationships and
lithological characteristics, and it can be correlated
with Koyunbaba Formation which was introduced in
MTA (2006) and display a spread in Thrace.

In this study, the presence of deep/semi deep
seated rocks in Gokceada were detected and mapped
the first time. Due to the intrusion, highly clayey,
serisitic pyrite alteration with chlorite and epidote and
silica vein-veinlet in occasion; and altered zones with
malachite and azurite in occasion with hematite and
limonite, and magnetite vein-veinlets are observed.
Within altered zones disseminated and pyritic vein-
veinlet, and chalcopyritic mineralized zones are also
present.

\olcanics have been formerly grouped under
Oligocene (Ercan et al., 1995, Kesgin and Varol,
2003) or in one formation at the age of Early-Middle
Miocene (Temel and Ciftci, 2002) in previous
studies. However, in this study these volcanics were
separated into six different formations according to
their stratigraphical and lithological characteristics
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at different ages. Also, the products of Eocene aged
acidic volcanism were first time detected in the island.

While Oligocene volcanics are observed in central
and northern parts of the island in the form of domes,
the products of Miocene aged volcanism are located
in southern and eastern parts of the island in the form
of lavas and pyroclastics. Island volcanics which crop
out in the island which are called as Can volcanics
(Ercan et al., 1995), Hisarlidag volcanics (Kesgin
and Varol, 2003) and Ayvacik Formation (Temel
and Ciftei, 2002) in previous studies were defined
in detail and named considering their lithological
characteristics. Again, the presence of ignimbrites
most probably originating from a center which
remained in the sea was detected the first time on the
island.

Gokceada was tectonically studied in detail by
Koral et al. (2008). As a result of studies carried
out by us, the locations of tectonical zones which
had been detected along the long axis of Gokgeada
were changed in certain amounts, and additionally;
Inceburun, Ak Tepe, Zeytinli, Kuzu Harbor and
Kogdere Faults were investigated.
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ABSTRACT

The benthic foraminiferal biostratigraphy of Oligo-Miocene aged Murath and Petekkaya
formations which crop out over wide regions around Akcadag town, west of Malatya pro-
vince in Eastern Taurids were revealed in this study. Systematical sampling was carried out
in measured stratigraphical sections in four locations in order to perform stratigraphical and
paleontological investigations. Benthic foraminifera taken from 182 hard rock samples were
defined and three biozones were determined as; SBZ 21-22, belonging to Oligocene (Rupe-
lian - Early Chattian), SBZ 23 (Late Chattian) and SBZ 25 belonging to Lower Miocene in
shallow marine deposits in the region. It was stated that the assemblage of planktic forami-
nifer and nannoplankton which stratigraphically detected within Chattian - Burdigalian units
in the succession most probably indicated Aquitanian age. Besides; Oligo-Miocene transition
in the region was approved with this study based on biostratigraphical locations of benthic

foraminiferal taxa.

1. Introduction

Malatya Oligo-Miocene basin is located in west
of Malatya province around Akcadag district at
the junction of Tauride - Anatolide platform, East
Anatolian Region and surrounded by districts of
Dogansehir in south, Hekimhan in north, Darende
in northwest, Yazihan in northeast and Yesilyurt in
southeast (Figure 1). Marine sediments observed
in and around the study area have been deposited
between Jurassic — Middle Miocene times, and
Oligocene and Lower Miocene aged units in this
study were investigated in detail. However, pre
Eocene-Eocene rock units and post Miocene young
units were not studied to the contrary of these
aforementioned units. Basement units in the region
are constituted by Middle Triassic — Cretaceous,
Jurassic — Cretaceous and Upper Senonian neritic
limestones, Late Cretaceous — Paleocene clastic and
carbonate rocks, Early — Middle Eocene terrigenous
clastic rocks, Middle — Late Eocene neritic limestones
and sedimentary deposits formed by clastic and
carbonate rocks and by Mesozoic ophiolites (Figure

2). As for the younger deposits cropping out near the
study area are composed of Late Miocene — Pliocene
terrigenous clastics, pyroclastic rocks and Pliocene
- Plio Quaternary terrigenous deposits, alluvial fan,
debris and young alluvial deposits (Figure 3). As
geological units at the basement and young deposits
are out of the scope of study, detailed information can
be obtained from the articles of Ayan (1961), Akkus
(1971), Yoldas (1972), Kurtman (1978), Orcen
(1986), Karaman et al. (1993) and Alkan (1997).

Oligocene aged Muratli formation and Lower
Miocene aged Petekkaya formation investigated
in eastern Taurus were studied in detail and four
stratigraphical sections were measured within this
purpose. Total of 28 taxa were defined in 182 rock
samples which were taken from these sections
(Gedik; 2010, 2014), and 3 biozones were detected as
SBZ 21-22, SBZ 23 belonging to Oligocene and SBZ
25 belonging to Lower Miocene in shallow marine
deposits in the region. With the help of stratigraphical
horizons in which foraminiferal taxa are present
all stratigraphical sections were correlated both by

* Corresponding author: Fatma Gedik, gedik@mta.gov.tr
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Figure 1- Location map.

lithologically and biostratigraphically (Gedik, 2014;
Figure 4).

Thin sections of photographed foraminiferal taxa
in this study are kept in the archive of the General
Directorate of Mineral Research and Exploration.

Abbreviations: SBZ (Shallow benthic foraminiferal
zone), HYM (Karamagara measured stratigraphical
section), FGM (Edilme measured stratigraphical
section), FGK (Kuzkaya measured stratigraphical
section), FGD (Develi measured stratigraphical
section).

2. Material and Method

Total of 182 hard rock samples taken from four
measured stratigraphical sections form the material of
this study. In hard rock samples, random and oriented
thin sectioning method was applied. Besides; clayey
limestone-marl samples and macrofossils collected

for the determination of fauna and flora belonging to
planktic foraminifera, nannoplanktons and ostracodes
were used in the determination of biostratigraphy for
correlation.

3. Measured Stratigraphical Sections
3.1. Kuzkaya Measured Stratigraphical Section (FGK)

Kuzkaya measured stratigraphical section starts at
coordinates of X1: 02 869; Y1: 53 721 and finishes
at coordinates of X2: 02 588; Y2: 54 505 (Figure 2).
The length of the section which is composed of Early
Miocene sediments was measured as 69 meters and
total of 40 samples were collected. Samples collected
from bottom to top were lithologically defined by
giving their fossil contents and coded as FGK 1-26
(Figure 5). The succession of which its bottom
contact relationship cannot be observed starts with
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Figure 2- Geological map of the study area (from 1/500 000 scaled map of MTA).
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Figure 3- Generalized stratigraphical section of the study area (from Karaman et al., 1993).
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Figure 4- Lithological and biostratigraphical correlation table of the measured stratigraphical sections in the study area (Gedik,

2014; Figure 4).

approximately 3 meters thick, gray to beige colored,
medium to thick bedded, fully horizontal, much
macro shell imprint bearing, highly disintegrated
marl and clayey limestones. The unit is highly rich
in planktic foraminifer, nannoplankton and ostracode
contents (FGK-1). Described planktic foraminifera
are; Globigerinoides primordius Blow and Banner,
Globigerina ciperoensis Bolli, G. praebulloides
occlusa Blow and Banner, G. praebulloides leroyi
Blow and Banner, G. praebulloides s.s. Blow,
G. ouachitaensis gnaucki Blow and Banner,
G. ouachitaensis s.s Howe and Wallace, G. cf.
angulisuturalis  Bolli, Globigerinella cf. obesa
(Bolli), and nannoplanktons are; Cyclicargolithus
abisectus (Miiller), C. floridanus (Roth and Hay),
Coccolithus eopelagicus (Bramlette and Riedel),
Dictyococcites bisectus (Hay, Mohler and Wade),
Sphenolithus moriformis (Bronnimann and Stradner).
Ostracodes decribed within same samples are Krithe
papillosa (Bosquet), Ruggeria dorukae (Bassiouni),
Xestoleberis cf. ventricosa Miiller, Cytheropteron sp.,
Bairdia sp., Quadracythere sp. Furthermore; small
benthic foraminifera such as Pararotalia sp. and
Nonion sp. were also described. The age of the unit

is dated as Late Oligocene — Early Miocene according
to planktic foraminifers and as Late Aquitanian
- Burdigalian according to ostracodes. However;
nannoplankton assemblage gives Oligocene age.
The first occurance of M. polymorpha observed in
limestones just above the unit indicates Burdigalian
age. Taking the age intervals of planktic foraminifers
and ostracode fauna in marls and the first occurance
of M. polymorpha into consideration the unit was
most probably thought to be in Aquitanian age, as
M. polymorpha has not been reported in Aquitanian
age in studies carried out so far (Drooger, 1993).
The assemblage which constitutes the unit does not
contain benthic foraminifer and is the equivalent
of M1 of planktic foraminifera and NNI-NN2
zones of nannoplanktons according to Berggren
(1995). However, its equivalence in shallow benthic
zonation corresponds to SBZ 24 zone of Cahuzac
and Poignant (1997). In beige to white colored, fine
grained, medium to thick bedded clayey limestone
layer Burdigalian aged Miogypsina polymorpha
(Rutten) was described at 4™ meter of the succession
(FGK-2). The first occurance of M. polymorpha
draws the lower boundary of SBZ-25 zone. Just
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Figure 5- Stratigraphical distributions of larger benthic and planktonic foraminifera, nannoplankton, ostracode and macro
fossils (NW Akgadag, W Malatya).
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in the following layers, Miogypsina globulina
(Michelotti) was detected which is the characteristic
of Burdigalian age (FGK-3A, 3B). The succession
continues almost in the same characteristics until 69"
meter starting from this level. Beige-white colored,
medium to thick bedded, occasionally massive, with
solution openings, chalky, with much macro shell
limestones exhibit a reefal characteristic throughout
the succession. Alga, bryozoa, coral and bivalves
accompany with much large benthic foraminiferal
fauna in almost all layers. Macro hand specimens
were collected from the intermediate levels of
reefal limestones (FGK-16B), and Burdigalian aged
Macrochlamis aff. zizinae (Blanckenhorn) was
described. It was determined that the life span of
genus Miogypsina started approximately from the
4" meter of the succession and continued until 68"
meter (i.e. the end of the succession). It was observed
that Burdigalian aged Borelis curdica (Reichel),
Borelis sp., Miolepidocyclina sp., Amphistegina sp.,
Elphidium sp., Acervulina sp. taxa accompany with
genus Miogypsina in layers of reefal limestones.
However; the last occurance of B. curdica draws the
upper boundary of SBZ 25 zone. Approximately; 70
meters thick, covered area was passed after 69" meter,
and it was seen that dense arenitized basalts had cut
and covered Burdigalian aged reefal limestones in
places where topography was high (1594 meter).

3.2. Develi Measured Stratigraphical Section (FGD)

Develi measured stratigraphical section starts at
coordinates of X1: 04 156; Y1: 48 465 and finishes
at coordinates of X2: 03 601; Y2: 46 141 (Figure 2).
The length of the section which consists of Oligocene
and Early Miocene sediments was measured as 103.6
meters and total of 41 samples were collected. 22
hard rock samples are much fossilliferous and were
selected for oriented thin section study. Collected
samples were lithologically described from bottom
to top by giving their fossil contents and coded as
FGD 1-24B (Figure 6). Taxa of Archaias kirkukensis
Henson, Austrotrillina asmariensis Adams, A. brunni
Marie, Nephrolepidina praemarginata Douvillé, N.
partita Douvillé, Neorotalia lithothamnica Uhlig and
Peneroplis cf. laevigatus d’Orbigny were described
in yellowish, beige to white colored, medium bedded
limestones at the bottom of succession (FGD-2A,
2B, 3). According to shallow benthic foraminiferal
zones which were prepared by Cahuzac and Poignant
(1997) for whole Tethys Oligo-Miocene, these levels
correspond with Rupelian — Early Chattian (i.e.
SBZ 21-22). Nephrolepidina sp., Eulepidina sp.

and Austrotrillina sp. were detected in beige-white
colored limestones just above those levels (FGD-4,
5). Pelecyora (Cordiopsis) islandicoides (Lamarck)
which can live in lower saline lagoonal environments
and represent Burdigalian — Pliocene age interval
was described though representing the shallow
marine environment from bivalves in the same
levels. Approximately; at 10" meter of the succession
it was seen that beige to white colored limestone
layers consisted taxa of Planorbulina bronnimanni
Bignot and Decrouez, Spiroclypeus vermicularis Tan,
Spiroclypeus sp., Archaias sp., Nephrolepidina sp.,
Eulepidina sp., Miogypsinella sp., Austrotrillina sp.,
Amphistegina sp. and of highly developed Rotaliid
individuals (FGD-6, 7). These levels of the succession
were dated as Late Chattian (SBZ-23) considering
both the benthic foraminiferal fauna detected and the
underlying Rupelian — Early Chattian aged limestone
layers and in overlying Early Miocene (Aquitanian)
aged marls in which planktic foraminiferal fauna
is observed. The overlying, beige to white colored
marls which are approximately 3 meters thick is
rich in planktic foraminifer and nannoplankton
content. From planktic foraminifers; Globigerinoides
primordius  Blow and Banner, Globigerina
ciperoensis Bolli, G. praebulloides occlusa Blow
and Banner, G. praebulloides leroyi Blow and
Banner, G. ouachitaensis s.s. Howe and Wallace,
G. praebulloides s.s. Blow, G. cf. angulisuturalis
Bolli, Globigerinella obesa (Bolli), Globoquadrina
(Chapman, Parr and Collins), G.

(Hedberg), Neogloboquadrina
continuosa (Blow), Globoturborotalia euapertura
(Jenkins), ? Globigerinoides sacculifer (Brady), ? G.
quadrilobatus (d’Orbigny), ? G. altiaperturus Bolli,
and from nannoplanktons; Cyclicargolithus abisectus
(Miiller), Coccolithus eopelagicus (Bramlette and
Riedel), Dictyococcites bisectus (Hay, Mohler and
Wade), Sphenolithus moriformis (Bronnimann and
Stradner), Discoaster deflandrei Bramlette and
Riedel, Pontosphaera plana (Bramlette and Sullivan)
and Helicosphaera sp. were described. Siphonina
sp., Elphidium sp., Ammonia sp. and Uvigerina sp.
were described among small benthic foraminifera
at the same level (FGD-9). The age of this
lithological unit according to planktic foraminifers
are Early Miocene and Late Rupelian-Chattian
according to nannoplanktons. The first occurance of
Globoguadrina dehiscens from foraminiferal species
described within unit shows Aquitanian age (zone
M1b). So, the age of this unit which is in different
lithology was accepted as Aquitanian. Beige to white,
thick bedded, micritic limestone layers with solution

dehiscens
venezuelana
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Figure 6- Stratigraphical distributions of larger benthic foraminifera detected in Develi measured stratigraphical section
(W Akgadag, W Malatya).
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openings which have an approximate thickness of
10 meters and transitionally overlie the marl deposit
(17" meter of the succession) are the levels in which
genus Miogypsina was first observed. Starting from
this level (FGD-11) to the uppermost level of the
succession in shallow marine limestones which is
characterized with similar features, it was seen that
genus Miogypsina was sometimes accompanied by
Burdigalian aged benthic foraminifers such as Borelis
curdica (Reichel), Dendritina cf. rangi d’Orbigny,
Amphistegina sp., Elphidium sp. and Peneroplis sp.,
and algae, bryozoas, corals and bivalves. Oligocene-
Early Miocene aged (most probably Burdigalian
according to its level structure) Hyotissa hyotis
(Linné) which represents very shallow marine
environment with average salinity in bivalves was
described at 50" meter of the succession. However, at
93" meter of the succession Burdigalian aged Pecten
aff. burdigalensis Lamarck was described. Besides, it
was also seen that Clypeaster sp. from echinides was
abundant in identical levels (FGD-22B).

3.3. Edilme Measured Stratigraphical Section

Edilme measured stratigraphical section starts at
coordinates of X1: 06 627; Y1: 43 539 and finishes
at coordinates of X2: 05 020; Y2: 44 990 (Figure 2).
The length of section which consists of Oligocene
and Early Miocene sediments was measured as
218.4 meters and total of 94 samples were collected.
27 hard rock samples are much fossilliferous and
oriented thin section study was carried out for these
specimens. Collected samples were lithologically
described from bottom to top by giving their fossil
contents and coded as FGM 1A-53 B (Figure 7). At
the bottom of the succession Pelecyora (Cordiopsis)
islandicoides ~ (Lamarck) and  Glycymeris
bimaculatus (Poli) from bivalves were described
which represent Burdigalian — Pliocene age interval.
The succession is represented by limestones in
which similar features are observed up to 126"
meter. Limestones are beige to white colored,
thick to very thick bedded and much fossilliferous.
From benthic foraminifers, taxa of Nephrolepidina
praemarginata Douvillé, N. partita Douvillé,
Planorbulina bronnimanni Bignot and Decrouez,
Austrotrillina asmariensis Adams, Heterostegina
assilinoides Blanckenhorn, 1890 emend. Henson,
Eulepidina sp., Nephrolepidina sp., Miogypsinella
sp., Austrotrillina sp., Operculina sp., Asterigerina
sp., Spiroclypeus sp. and Amphistegina sp. were
described in beige to white colored limestones
until 103 meter. Furthermore; alga, coral, bryozoa

and bivalves accompany with foraminiferal fauna
at almost all levels. It was seen that at 103" meter
Lepidocyclinid foraminifers formed peak zone in
yellowish to beige colored, medium to thick bedded
limestone layers (FGM -19). At this level, taxa of
Nephrolepidina praemarginata Douvillé, N. partita
Douvillé, FEulepidina cf. formosoides Douvillé,
Heterostegina assilinoides Blanckenhorn, 1890
emend. Henson, Neorotalia lithothamnica Uhlig,
Spiroclypeus sp., Eulepidina sp., Nephrolepidina
sp., Amphistegina sp. were described. The location of
these species in the zonation prepared for all Tethys
Oligocene is Rupelian — Early Chattian (SBZ 21-
22) (Cahuzac and Poignant, 1997). Nephrolepidina
morgani (Lemoine and Douvillé) was described
in limestones just above this level (FGM-24). The
first occurance of this species draws the lower
boundary of zone SBZ 23. In identical levels, N.
morgani species is also accompanied by taxa of
Austrotrillina asmariensis Adams, A. brunni Marie,
Miogypsinella sp. ve Amphistegina sp. (FGM-29).
In beige to white colored, thick bedded limestones
at 155" meter, taxa of Miogypsinella akcadagensis
(Gedik and Sirel), M. borodinensis Hanzawa, M.
cf. complanata (Schlumberger), Postmiogypsinella
sp., Miogypsina  sp.,  Amphistegina  sp.,
Nephrolepidina sp. were described (FGM-30A).
Considering the interpretations made for the
stratigraphical distributions of taxa described, it
was determined that the age of these levels were
Late Chattian (SBZ 23). In these limestones
layers, the last occurance of M. cf. complanata
species specifies the upper boundary of the zone
SBZ 23 (FGM 30B). In identical levels Spondylus
aff. podopsideus Lamarck was described which
represents Eocene — Early Miocene age interval
from bivalves. Following these layers, white
colored, 4 meters thick marls were observed nearly
at 127" meter. Cyclicargolithus floridanus (Roth
and Hay), Coccolithus eopelagicus (Bramlette
and Riedel), Ericsonia robusta (Kamptner)
and Cyclicargolithus abisectus (Miiller) were
described from nannoplanktons in marly layers.
Nannoplankton species decribed within unit give
the age of Oligocene. However, the unit was
correlated with Aquitanian aged marls (SBZ 24)
which was characterized by the first occurance of
G. dehiscens located over Late Chattian in Develi
and Karamagara sections and was considered that
these units were isochronous. Limestones of which
their thicknesses were estimated as 87.6 meters and
continue up to 219" meter on marls constitute the
uppermost levels of the succession. Limestones are
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Figure 7- Stratigraphical distributions of larger benthic foraminifera detected in Edilme measured stratigraphical section

(SW Akgadag, W Malatya).

beige to white colored, medium, thick to very thick
bedded, occasionally massive and have solution
openings. The taxa of Burdigalian aged (SBZ 25)
Borelis curdica (Reichel), Austrotrillina howchini
(Schlumberger), Dendritina cf. rangi d’Orbigny,
Miolepidocyclina sp., Amphistegina sp., Elphidium

sp. were described, and Miogypsina species in
these levels which have rich foraminiferal fauna
are accompanied with alga, bryozoa, coral and
bivalves. B. curdica starts from the bottom of
Burdigalian and continues its presence almost until
the uppermost levels of the succession.
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3.4. Karamagara Measured Stratigraphical Section
(HYM)

Karamagara measured stratigraphical section starts
at coordinates of X1: 16 599; Y1: 57 032 and finishes
at coordinates of X2: 12 705; Y2: 58 026 (Figure 2).
The length of the section which consists of Oligocene
and Early Miocene sediments was measured as 237.6
meters and total of 25 samples were collected. 9 hard
rock samples are much fossilliferous and oriented thin
section study was carried out for these specimens.
Collected samples were lithologically described
from bottom to top by giving their fossil contents and
coded as HYM 35-48 (Figure 8). At the bottom of the
succession 6 meters thick, gray-white-beige colored,
fine to medium bedded monogenic pebble, and
beige to yellow colored, fragile-brecciated limestone
layers with rounded carbonate pebbles-sands were
observed. Then, 1 meter thick, cream to pale brown
colored, thick bedded, massive, fine textured, much
fossilliferous sandy limestone layer was observed
over the succession. Austrotrillina brunni Marie,
Miogypsinella sp., Archaias sp., Penarchaias sp.,
Asterigerina sp. and much Miliolidae (HYM-35) was
observed in these levels. The succession continues
primarily with pebbly-sandy limestones then with
yellow-beige-white colored, medium to thick bedded,
fractured, sandy-chalky limestones until 32" meters.
In these limestones which continue up to marls, taxa
of Borelis pygmaea Hanzawa, Borelis merici Sirel,
Penarchaias glynnjonesi (Henson), Austrotrillina
brunni Marie, Archaias hensoni Smout and Eames,
Neoplanorbulinella spp., Asterigerina sp., Operculina
sp. and Amphistegina sp. were determined. Based
on this fossil assemblage, the age of the bottom for
the succession was determined as Rupelian - Lower
Chattian (SBZ 21-22). In hand specimens collected
from sandy limestone levels at 35" meter of the
succession Pecten burdigalensis Lamarck (HYM-
40A) from bivalves was described. One to two meters
ahead of these layers are the first levels in which
species belonging to genus Miogypsina is observed
(HYM-40B). In these partly clastic limestones, it was
observed that genus Miogypsina was accompanied
by taxa of Miogypsinella sp., Amphistegina sp.,
Heterostegina sp., Operculina sp., Asterigerina sp.
and Elphidium sp. Just above these elevations, it was
seen that 10 meters thick, white-greenish colored
marls were deposited. Nevertheless; the age data in
marls could not be found. Yellow to beige colored, 15
meters thick, fine to medium bedded, jointed, much
fossilliferous sandy limestone and sandstone, and 8
meters thick, white to green colored marl and beige

colored, fine to medium bedded limestone deposition
was observed on marls (HYM-41). In marls, Chattian -
Aquitanian aged Globigerinoides primordius Blow and
Banner, Tenuitellinata juvenilis (Bolli), Globigerinita
incrusta Akers, Globigerina praebulloides leroyi
Blow and Banner, G. praebulloides occlusa Blow
and Banner, G. praebulloides praebulloides Blow,
G. ouachitaensis gnaucki Blow and Banner, G.
ouachitaensis ouachitaensis Howe and Wallace, G.
cf. angulisuturalis Bolli, Globorotaloides cf. suteri
Bolli, Paragloborotalia spp., Globoguadrina sp.
and Globigerinoides sp. were described. In clayey
limestones over marls, Miogypsinella akcadagensis
(Gedik and Sirel), M. borodinensis Hanzawa,
Postmiogypsinella intermedia Sirel and Gedik and
Miogypsina spp. were described. This limestone layer
which consists of rich benthic foraminiferal taxa
(HYM-42) was aged as Upper Chattian (SBZ 23) as
the lower boundary of the underlying marls had been
drawn based on the first occurance of G. dehiscens.
Marly layers which remain just below the covered area
and correspond with 70" meter of the succession are
rich in terms of planktic foraminifer and nannoplankton
content (HYM-42A). Planktic foraminifera described
in the wunit are Globoturborotalia euapertura
(Jenkins), Globigerina ouachitaensis s.s. Howe and
Wallace, G. ouachitaensis gnaucki Blow and Banner,
G. praebulloides occlusa Blow and Banner, G.
praebulloides leroyi Blow ve Banner, G. praebulloides
s.s. Blow, G. cf. angulisuturalis Bolli, G. ciperoensis
Bolli, Globoguadrina dehiscens (Chapman, Parr ve
Collins), G. venezuelana (Hedberg), G. praedehiscens
Blow and Banner, G. selli Borsetti and Globigerinoides
primordius  Blow and Banner. Nannoplanktons
described in the unit are on the other hand; Discoaster
deflandrei  Bramlette and Riedel, Coccolithus
eopelagicus (Bramlette and Riedel), Cyclicargolithus
abisectus (Miiller), C. floridanus (Roth and Hay),
Reticulofenestra hampdenensis Edwards, R. umbilica
(Levin), R. reticulata (Gartner and Smith), R.
hillae Burky and Percival, Zygrhablithus bijugatus
(Deflandre), Lanternithus minutus Stradner, Ericsonia
Jformosa (Kamptner), E. subdisticha (Roth and Hay),
Cruciplacolithus tenuis (Stradner), Braarudosphaera
bigelowi (Gran and Braarud), Helicosphaera perch-
nielseniae Haq, H. euphratis Haq, H. obligua
Bramlette and Wilcoxon, H. kamptneri Hay and
Mohler, H. recta Haq, Coronocyclus nitescens
(Kamptner), Dictyococcites bisectus (Hay, Mohler and
Wade), Pontosphaera multipora (Kamptner), P. plana
(Bramlette and Sullivan), Micrantholithus crenulatus
Bramlette and Sullivan, Sphenolithus moriformis
(Bronnimann and Stradner), S. predistentus Bramlette
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Figure 8- Stratigraphical distributions of larger benthic foraminifera, planktonic foraminifera and nannoplanktons detected in
Karamagara measured stratigraphical section (NE Akcadag, W Malatya).
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and Wilcoxon, S. distentus (Martini), S. delphix Burky
and Sphenolithus sp. The age of the unit according to
planktic foraminifera and nannoplanktons are Early
Miocene. The presence of typical planktic foraminiferal
species G. dehiscens and nannoplankton species S.
delphix indicate M1b and NNI1-NN2 (Aquitanian)
zones (Berggren et al., 1995). Then, thick covered area
was passed and it was considered that marl-claystone
deposition could occur in this area as well. The
succession, starting from covered area to uppermost
levels, is white colored, medium to thick bedded,
much macro fossilliferous, chalky, with solution
openings, sandy and clayey in places, and continues
with the characteristic of reefal limestone and ends
at 237.6" meter. Reefal limestones were fully traced
in terms of benthic foraminifers such as; Miogypsina
globulina (Michelotti), M. polymorpha (Rutten), M.
cf. thecideaeformis (Rutten), Planorbulinella caneae
Freudenthal, Miogypsina sp., Miolepidocyclina sp.,
Heterostegina sp., Amphistegina sp., Asterigerina
sp., Operculina sp. and Elphidium sp. and of alga,
bryozoa, coral and bivalves in all layers which is the
characteristics for Burdigalian (HYM 43-48). These
reefal limestones based on benthic foraminiferal taxa
detected were accepted as the Burdigalian age and its
equivalence is SBZ 25 in larger foraminiferal zonation.

4. Biostratigraphy

In order to carry out biostratigraphical study, first
all paleontological data in sections were revealed and
their stratigraphical distributions were traced as much
as possible. All collected fossils were studied again
considering their lithological and stratigraphical
sequenceandageintervalsofsections were determined.
While determining the age of sections stratigraphical
sequence and characteristics of similar facies were
used in cases when fossil data are insufficient or
missing. Total of three larger benthic foraminiferal
zones were detected in measured sections (Figure 9).
The study of Cahuzac and Poignant (1997) was taken
as a basis in the zonation of larger benthic foraminifer.
Besides, it was benefited from the geological time
table in which biozones of planktic foraminifera
and nannoplanktons, and Mediterranean layers were
explained ranging from Late Eocene to Late Miocene
(Hardenbol et al., 1998).

Detected biozones are given below as;
4.1. SBZ 21-22 (Rupelian-Early Chattian)

The lower boundary of this biozone was drawn
by the last occurance of Discocyclinides and a couple

of Nummulites species (N. retiatus); whereas, the
upper boundary was drawn by the first occurance
of Lepidocyclinides (Cahuzac and Poignant, 1997).
Investigators have divided this biozone into two
parts as; SBZ-21 which corresponds to Early-
Middle Rupelian which its lower boundary was
drawn by the first occurance of Nummulites vascus
and Nummulites fichteli, and SBZ-22 (22a, 22b)
which corresponds to Late Rupelian-Early Chattian
which its lower boundary was drawn by the first
occurance of Lepidocyclinides. However; in this
study Nephrolepidina praemarginata and N. partita
which are the first representatives of Lepidocyclinid
foraminifera, and Nummulites cf. vascus which
draw the lower boundary of Rupelian with its first
occurance were observed together in the Edilme
measured stratigraphical section. And, in the Develi
measured stratigraphical section, Lepidocyclinid
foraminifera were observed at the bottom of
Oligocene lithostratigraphical units. Similar finding
was also observed in another comprehensive study
carried out in east and southeast of Turkey (Sirel
2003; Hatay-Arabil Section; Elazig-Karaman and
Saribugday Sections; Mus-Keleresdere Section). As
the first and last occurances of species mentioned
in measured stratigraphical sections in the study
region could not be traced sufficiently considering
these findings, this biozone was described as SBZ
21-22.

SBZ 21-22 biozone is formed by the
representatives of families of Soritid, Peneroplid,
Miliolid and Austrotrillinid, and was determined
by taxa of Archaias kirkukensis, Austrotrillina
asmariensis, A.brunni and Peneroplis cf. laevigatus.
Sirel (2003) defined similar foraminiferal assemblage
in west of Malatya province between Priabonian
with Nummulites fabianii and Late Chattian with
Miogypsinoides complanatus, and dated as Rupelian-
Early Chattian. Oligocene aged this foraminiferal
assemblage with porcelain test was described in
several previous studies carried out in regions
belonging to Mediterranecan Tethys (Iran, Iraq,
Spain, Italy, Turkey) (Henson 1950, Grimsdale 1952,
Hottinger 1963, Bignot 1972, Barbin and Bignot
1986, Sartorio and Ventruni 1988, Sirel 1996, Sirel
etal., 2013).

SBZ 21-22 is characterized by Nephrolepidina
partita and N. praemarginata species in shallow
marine limestones of the Edilme measured
stratigraphical Besides; these
species are accompanied by taxa of Eulepidina cf.

section. index
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Figure 9- Stratigraphical distributions of larger benthic foraminiferal species in biozones of Oligocene-Lower Miocene.

formosoides, Nummulites cf. vascus, Heterostegina

assilinoides and Neorotalia lithothamnica.

This biozone was discriminated by the presence
of Borelis pygmaea and Borelis merici species in
clastic limestones of the Karamagara measured

stratigraphical section. These species are accompanied

by taxa of Archaias hensoni, Penarchaias glynnjonesi
and Neoplanorbulinella spp.

4.2. SBZ 23 (Late Chattian)

The lower and upper boundaries of this biozone
were drawn by the first occurance of Miogypsinoides
species and the first occurance of Miogypsina
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gr. gunteri, respectively (Cahuzac and Poignant,
1997). Investigators have made the description of
this biozone especially by taking the developments
of Miogypsinoides species (M. complanatus, M.
borodinensis, M. formosoides and M. lateralis) as
basis. The development of Miogypsinid species were
clearly seen in this study too.

Late Chattian SBZ 23 zone is characterized
with the finding of Miogypsinella akcadagensis,
M. borodinensis and M. cf. complanata together
with Nephrolepidina morgani in shallow marine
carbonates of the Edilme stratigraphical section and
with the presence of Miogypsinella akcadagensis and
M. borodinensis in Karamagara section. Moreover;
accompany of Postmiogypsinella intermedia to index
species is significant in the Karamagara measured
stratigraphical section. SBZ 23 was also determined
by the coexistence of miogypsinids (Miogypsina
basraensis, Miogypsinoides formosensis and M.
sivasensis) which occur in shallow marine carbonates
and clastic rocks in Mus Keleresdere section in
eastern Turkey and Nephrolepidina morgani (Ozcan
et al., 2009).

4.3. SBZ 25 (Burdigalian)

The lower and upper boundaries of this biozone
were drawn by the first occurance of Miogypsina gr.
globulina and by the extinction of species belonging
to genus Miogypsina, respectively (Cahuzac and
Poignant, 1997).

In the study area, marls rich in planktic
foraminifera and nannoplankton assemblages take
place among layers of shallow marine limestone
where larger benthic biozones of SBZ 23 (Late
Chattian) and SBZ 25 (Burdigalian) are defined. This
unit which is in different lithology does not contain
any benthic foraminifer. However, considering both
the presence of index planktic foraminifer species G.
dehiscens and S. delphix in nannoplanktons which
are defined in Develi and Karamagara Measured
Stratigraphical Sections, and the presence of marls
which are stratigraphically defined in the succession
between the zones of SBZ-23 and SBZ-25 indicate
that this marly unit indicates Aquitanian age.

5. Results

* Four stratigraphical sections were measured
in the study area which covers Oligo-Miocene
successions and; systematically, 182 hard rock
samples were taken from these sections. As a result of

paleontological studies, total of 28 taxa were defined
belonging to Soritidae, Planorbulinidae, Peneroplidae,
Austrotrillinidae, Alveolinidae, Lepidocyclinidae,
Miogypsinidaec and Nummulitidae families.

* In Oligocene shallow marine deposits, SBZ
21-22 biozone with species of Archaias kirkukensis,
A.  hensoni, glynnjonesi,
merici, B. pygmaea, Austrotrillina asmariensis, A.
brunni, Peneroplis cf. laevigatus, Nephrolepidina
praemarginata, N. partita,
formosoides, Nummulites cf. vascus, Heterostegina
assilinoides, Neorotalia lithothamnica and SBZ 23
biozone with speices of Miogypsinella borodinensis,
M. cf. complanata, Nephrolepidina morgani and
Spiroclypeus vermicularis were detected.

Penarchaias Borelis

Eulepidina  cf.

* As aresult of biostratigraphical study of Miocene
aged marine units, zone SBZ 25 was described,
and limestones characterized by very shallow and
shallow marine environments were characterized by
the presence of Borelis curdica, Dendritina cf. rangi,
Austrotrillina howchini and Miogypsina globulina, M.
polymorpha, M. cf. thecideaformis, Planorbulinella
caneae species, respectively.

* Biozones determined in the study area were
correlated by Cahuzac and Poignant (1997) with
larger benthic foraminifer zonation which was
prepared for European Oligocene - Miocene. It was
also seen that, biozones defined in the region had
been in mainly compatible with European zonation.

* Based on biostratigraphical locations of benthic
foraminiferal taxa defined in Develi, Edilme, Kuzkaya
and Karamagara measured stratigraphical sections,
Oligo —Miocene transition was observed in the region.
Marine units ranging from Oligocene to Miocene
exhibit the characteristic of uninterrupted succession
in lithostratigraphically and biostratigraphically
correlated sections. Paleontological findings also
support this observation.

o Stratigraphically, Chattian - Burdigalian aged
marls in the region consist assemblages of rich
planktic foraminifer and nannoplankton assemblages.
Considering both the presence of index planktic
foraminifer species G. dehiscens and S. delphix in
nannoplanktons which are defined in Develi and
Karamagara measured stratigraphical sections, and
the presence of marls which are stratigraphically
defined within Late Chattian - Burdigalian aged
shallow marine carbonate succession indicate that this
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unit which is in different lithology indicates Aquitanian
age.

» Cosmopolitan species M. globulina was observed
in Burdigalian aged shallow marine carbonates in
Kuzkaya and Karamagara measured stratigraphical
sections, and was described over wide geographical
regions ranging from Central America to Indo-Pacific
and West (Mediterranean) Tethys. The co-existence
of this species with M. polymorpha which is seen in
stratigraphical records (only from Indo-Pacific) highly
support the assumption of a probable marine connection
between Indo-Pacific and Mediterranean Tethys in
Burdigalian time in the region (Harzhauser et al., 2002;
Reuter et al., 2009, Qom formation, Iran).
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PLATE -1

Figures 1-7: Archaias kirkukensis Henson
Rupelian- Early Chattian, Develi measured stratigraphical section, W Malatya, Eastern Turkey, X20

1: Equatorial section, A form (FGD-2A/11/1; Gedik 2014, plate 1, figure 3); 2: Equatorial section, A form, (FGD-
2B/5/2; Gedik 2014, plate 1, figure 13); 3: Slightly tangential equatorial section, (FGD-2A/11/3; Gedik 2014,
plate 1, figure 12); 4: Axial section, A form, (FGD-2A/4/5; Gedik 2014, plate 1, figure 14); 5: Axial section, A
form,(FGD-2B/12/7; Gedik 2014, plate 1, figure 4); 6: Equatorial section, A form, (FGD-2A/7/2; Gedik 2014,
plate 1, figure 6); 7: Equatorial section, A form, (FGD-2A/11/4; Gedik 2014, plate 1, figure 7).

Figures 8-9: Archaias hensoni Smout and Eames

Rupelian-Early Chattian, Karamagara measured stratigraphical section, NE Ak¢adag, W Malatya, Eastern Turkey,
X20.

8: Axial section, A form, (HYM-38/1; Gedik 2014, plate 2, figure 1); 9: Equatorial section, A form, (HYM-38/2/1;
Gedik 2014, plate 2, figure 5).

Figures 10, 11: Penarchaias glynnjonesi (Henson)

Rupelian-Early Chattian, Karamagara measured stratigraphical section, NE Ak¢adag, W Malatya, Eastern Turkey,
X 40.

Axial section, A form, planispiral septa following the first septum and septa belonging to uniserial stage are seen,
(HYM-36A; Gedik 2014, plate 2, figure 9), (HYM-36A/3; Gedik 2014, plate 2, figure 7).

Figures 12-16, 24, 29: Austrotrillina asmariensis Adams
Rupelian-Early Chattian, Develi measured stratigraphical section, W Malatya, Eastern Turkey, X 36.

12: Equatorial section, A form, (FGD-2B/8/1; Gedik 2014, plate 4, figure 3); 13: Slightly tilted equatorial section,
(FGD-2A/3/13; Gedik 2014, plate 4, figure 7); 14: Equatorial section, B form, (FGD-2A/7/1; Gedik 2014, plate 4,
figure 1); 15: Equatorial section, A form, (FGD-2A/3/8; Gedik 2014, plate 4, figure 12); 24: Equatorial section, A
form, (FGD-2A/3/12; Gedik 2014, plate 4, figure 10); 29: Tilted equatorial section, A form, (FGD-2A/4/3).

16: Late Chattian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 36.

Equatorial section, (FGM-29/1/6; Gedik 2014, plate 3, figure 25).

Figures 17, 18: Miliolid forms with agglutinated shells X 30, (FGD-6; FGD-7; Gedik 2014, plate 3, figure 6, 7).
Figure 19-23, 26, 27: Austrotrillina brunni Marie

Rupelian-Early Chattian, Develi and Karamagara measured stratigraphical sections, W Malatya, Eastern Turkey,
X 36.

19, 20, 21, 23, 27: Equatorial section, (FGD-2B/7/1; Gedik 2014, plate 3, figure 14); (FGD-2B/13/3; Gedik 2014,
plate 3, figure 15); (FGD-2B/12/1; Gedik 2014, plate 3, figure 20); (HYM-35/1/1; Gedik 2014, plate 3, figure 19);
(FGD-2A/9/7; Gedik 2014, plate 3, figure 13).

Figure 22: Late Chattian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 36.

Equatorial section, (FGM-29/7/2; Gedik 2014, plate 3, figure 5); 26: Tilted equatorial section, (HYM-36A/3/1;
Gedik 2014, plate 3, figure 18).

Figure 25, 28: Austrotrillina howchini (Schlumberger)
Burdigalian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 36.

25: Non centered equatorial section, (FGM-52/2; Gedik 2014, plate 3, figure 24); 28: Tangential section showing
subepidermal thick alveolarine structure, (FGM-52/1; Gedik 2014, plate 3, figure 17).
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PLATE -2

Figure 1-8: Borelis curdica (Reichel)
Burdigalian, Develi, Edilme and Kuzkaya measured stratigraphical sections, W Malatya, Eastern Turkey, X 40.

1, 5: Equatorial section, (FGD-11/7/1; Gedik 2014, plate 5, figure 1); (FGK-25/3); 2, 3, 6, 7, 8: Axial section,
(FGD-11/6/1; plate 5, figure 4); FGM-40A/1; FGK-23/1; FGK-25/11; FGM-43B/1); 4: Mature individual, axial
section showing the aperture especially in the last whorl, (FGD-13B/1/1; Gedik 2014, plate 5, figure 5).

Figures 9, 10: Borelis merici Sirel
Rupelian-Early Chattian, Karamagara measured stratigraphical section, W Malatya, Eastern Turkey, X 60.

9: Non centered axial section, (HYM-36A/5/4; Gedik 2014, plate 3, figure 10); 10: Axial section, young individual,
(HYM-36W/2; Gedik 2014, plate 3, figure 8).

Figure 19: Borelis pygmaea Hanzawa

Rupelian-Early Chattian, Karamagara measured stratigraphical section, W Malatya, Eastern Turkey, X 60.
Axial section, A form, (HYM-36A/1/1; Gedik 2014, plate 3, figure 11).

Figures 11, 13-15, 17, 21-23: Planorbulina bronnimanni Bignot and Decrouez

Oligosen, Develi, Karamagara and Edilme measured stratigraphical sections, W Malatya, Eastern Turkey, X35.

11, 15, 22: Oblique equatorial section, (MA-91; Gedik 2014, plate 2, figure 10); (MA-89; Gedik 2014, plate 2,
figure 12); (MA-92; Gedik 2014, plate 2, figure 14); 13, 14, 17, 21: Sub axial section, (FGM-12D/1, FGM-2/1,
FGM-4G/3, MA-90); 23: Oblique section, (MA-69; Gedik 2014, plate 2, figure 15).

Figures 12, 16, 18, 20: Neoplanorbulinella spp.

Rupelian-Early Chattian, Karamagara measured stratigraphical section, NE Ak¢adag, W Malatya, Eastern Turkey,
X 72.

12, 18, 20: Axial section, A form, (HYM-36A/11/1, HYM-36A/5/2, HYM-36A/3/2); 16: Axial section, B form,
(HYM-36A/2/1; Gedik 2014, plate 2, figure 30).
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Figures 1-5: Nephrolepidina praemarginata Douvillé

Rupelian-Early Chattian, Edilme and Develi measured stratigraphical sections, W Malatya, Eastern Turkey, all
figures, X 30.

1, 3: Equatorial section, (FGM-19/3, FGD-2B); 2: Oblique equatorial section, (FGD-2B; Gedik 2014, plate 6,
figure 4); 4: Axial section, (MA-88; Gedik 2014, plate 6, figure 10); 5: Oblique equatorial section, (FGM-19/4/1;
Gedik 2014, plate 6, figure 2).

Figures 6, 7: Nephrolepidina morgani (Lemoine and Douvill¢)
Late Chattian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 30.

6: Equatorial section, (FGM-29/7/5; Sirel and Gedik 2011, plate 3, figure 8); 7: Axial section, (FGM-29/1/4; Sirel
and Gedik 2011, plate 3, figure 9).

Figure 9: Eulepidina cf. formosoides Douvillé

Equatorial section, (FGM-19/11/1; Gedik 2014, plate 7, figure 10).

Figure 8: Eulepidina sp.

Axial section, (FGM-19/11/3; Gedik 2014, plate 7, figure 11).

Figure 10, 11: Nephrolepidina partita Douvillé

Rupelian-Early Chattian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 30.

10: Equatorial section, tiny sphere like first septum and half-moon shaped second septum are seen, (FGM-19/27/4;
Gedik 2014, plate 7, figure 9); 11: Axial section, large umbo at the center of the test is very clearly seen, (FGM-
5E/6/1; Gedik 2014, plate 7, figure 2).

Figures 12-14: Neorotalia lithothamnica Uhlig
Rupelian-Early Chattian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 50.

12: Equatorial section, (FGM-19/3/1; Gedik 2014, plate 12, figure 5); 13: Non centered equatorial section, (FGM-
19/24/2; Gedik 2014, plate 12, figure 4); 14: Axial section, (FGM-19/25/1; Gedik 2014, plate 12, figure 7).
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Late Chattian, Edilme and Karamagara measured stratigraphical sections, W Malatya, Eastern Turkey, X 60.
Figures 1, 2: Miogypsinella borodinensis Hanzawa

1: Equatorial section, showing embryonic chambers and spiral chambers (X=13) and miogypsinid equatorial
chambers with basal stolons, (FGM-30A/6/3; Sirel and Gedik 2011, plate 2, figure 7); 2: Axial section, (FGM-
30A/11/1; Sirel and Gedik 2011, plate 2, figure 6).

Figures 3, 4: Miogypsinella akcadagensis (Gedik and Sirel)

3: Equatorial section, (FGM-30A/3/1; Sirel and Gedik 2011, plate 2, figure 1), showing embryonic, spiral chambers
of the rotaloid stage with X=9 (number of spiral chambers) and miogypsinid equatorial chambers, megalospheric
form; 4: Axial section, (FGM-30A/5/2; Sirel and Gedik 2011, plate 2, figure 5).

Figures 5-9: Postmiogypsinella intermedia Sirel and Gedik

5, 7-9: Axial section, A form, (HYM-42/3/1; Sirel and Gedik 2011, plate 1, figure 5); (FGM-30A/3/2; Sirel and
Gedik 2011, plate 1, figure 9); (FGM-30A/2/3; Sirel and Gedik 2011, plate 1, figure 6); (HYM-42/1/4; Sirel and
Gedik 2011, plate 1, figure 7); 6: Equatorial section, (HYM-42/7/4; Sirel and Gedik 2011, plate 1, figure 12).

Figure 10: Miogypsinella cf- complanata (Schlumberger)
Axial section, A form, (FGM-30A/2/2; Sirel and Gedik 2011, plate 3, figure 1).
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Burdigalian, Karamagara measured stratigraphical section, W Malatya, Eastern Turkey, X 60.
Figures 1, 2: Miogypsina globulina (Michelotti)

1: Equatorial section, (HYM-45A; Gedik 2014, plate 10, figure 1); 2: Axial section, (HYM-45A; Gedik 2014, plate
10, figure 2).

Figure 3, 4: Miogypsina polymorpha (Rutten)

3: Equatorial section, (HYM-48/1/1; Gedik 2014, plate 11, figure 3); 4: Axial section, (HYM-45A/1/2).
Figure 5: Miogypsina cf. thecideaeformis (Rutten)

Axial section, (HYM-45W; Gedik 2014, plate 9, figure 1).
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Figures 1, 2, 4: Spiroclypeus vermicularis Tan, 1937

Late Chattian, Develi measured stratigraphical section, W Malatya, Eastern Turkey, X 15.

1, 2: Equatorial section, A form, (FGD-7; Gedik 2014, plate 13, figure 1, figure 2).

4: Axial section, A form, (FGD-7; Gedik 2014, plate 13, figure 5).

Figures 3, 5: Spiroclypeus sp.

Oligocene, Develi and Edilme measured stratigraphical sections, W Malatya, Eastern Turkey, X 15.
Equatorial section, (FGD-6, FGM-18; Gedik 2014, plate 13, figure 3, figure 4).

Figure 6: Planorbulinella caneae Freudenthal

Burdigalian, Karamagara measured stratigraphical section, W Malatya, Eastern Turkey.

Equatorial section, (HYM-46; Gedik 2014, plate 9, figure 9).

Figures 7-10, 20: Heterostegina assilinoides Blanckenhorn, 1890 emend. Henson, 1937
Rupelian-Early Chattian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 20.

7: Equatorial section, A form, (FGM-19/2); 8, 9, 10: Axial section, A form, (FGM-5W, FGM-4A, FGM-19); 20:
Uncompleted equatorial section, A form, (FGM-19/8; Gedik 2014, plate 13, figure 10).

Figures 11, 12: Peneroplis cf. laevigatus d’Orbigny

Rupelian-Early Chattian, Develi measured stratigraphical section, W Malatya, Eastern Turkey, X 20.
Equatorial section, (FGD-2A, FGD-2B; Gedik 2014, plate 3, figure 3, figure 2).

Figure 13: Peneroplis sp.

Equatorial section, X20, (FGD-2B; Gedik 2014, plate 3, figure 4).

Figures 14-16: Nummulites cf. vascus Joly and Leymerie

Rupelian-Early Chattian, Edilme measured stratigraphical section, W Malatya, Eastern Turkey, X 20.

14-16: Axial section, (FGM-5E/2/3, FGM-5E/5/5, FGM-5E/3/1; Gedik 2014, plate 13, figure 16, figure 19, figure
17).

Figures 17, 18: Dendritina cf. rangi d’Orbigny

Burdigalian, Develi measured stratigraphical sections, W Malatya, Eastern Turkey, X 40.
Equatorial section, (FGD-11/5/1, FGD-11/6/7; Gedik 2014, plate 9, figure 7, figure 8).
Figure 19: Operculina sp.

Equatorial section, (FGM-9B; Gedik 2014, plate 13, figure 20).

Figure 21: Nummulitidae (Spiroclypeus ?/ Heterostegina ? sp.)

Tilted equatorial section, (FGM-5W; Gedik 2014, plate 13, figure 11).

Figure 22: Amphistegina sp.

Equatorial section, (FGM-7A; Gedik 2014, plate 13, figure 21).
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ABSTRACT

Kiire region is located in western part of the Pontide tectonic belt. The oldest rocks around
Kiire are Paleozoic metamorphic rocks constituting “Rhodope-Pontide” continent. Liassic-pre
Liassic ophiolites and basaltic volcanics, which form Paleotethys Ocean Floor are situated on
“Rhodope-Pontide” continent as Paleotethys Ocean Floor residuals. Massive sulfide deposits
in Kiire Region are closely associated with pre Liassic — Liassic basaltic volcanics and inter-
calating black shale. These deposits are considered to have formed during hydrothermal mi-
neralization processes when basaltic volcanism had stopped and defined as “Black Smoker”
today. Massive sulfide bodies in Magaradoruk copper deposits are lens shaped. Although ore
lenses take place sometimes in basalts and black shales, they are generally located on basalts
and are covered by black shales. In Kiire region, fold structures are intensely observed, and
Magaradoruk deposit is located on western flank of an overturned anticline. Magaradoruk
deposit is formed by several small and a big ore body and by less developed, underlying
stockwork disseminated ore. The big ore body is 600 m long, 250 m wide and nearly 40 m
thick. As main ore minerals; pyrite and chalcopyrite are observed. In few amounts; marcasite,
magnetite, hematite, sphalerite, covelline, neo-digenite, malachite, azurite, fahlers are seen.
In fewer amounts; bravoite, lineiite (karolite), limonite, and in trace amounts; chromite, rutile
anatase, chalcosine, cuprite, tenorite, pyrrhotite, valleriite, bornite, galenite, native copper and
native gold are observed. Main gangue minerals are; quartz, siderite-ankerite calcite, dolomite
and chlorite. Magaradoruk massive sulfide deposit rocks resembles to Siirt Madenkdy, Ergani
massive sulfide deposits, to “Cyprus” type massive sulfide deposits and modern Cyprus type
massive sulfide deposits in terms of mineral contents; and to Ergani Mihrapdagi, Papuke,
Pakotai and Parakoa deposits in terms of cover rocks, which are Cyprus type massive sulfide
deposits, in New Zealand.

1. Introduction

the ore and gangue minerals were detected analyzing
drill cores. The obtained data were then compared with

The purpose of this study is to investigate
geological environments, wall rock relationships
and ore minerals of the Magaradoruk deposit, and
to compare these deposits with other “Cyprus” type
massive sulfide deposits considering their like and
unlike characteristics. This deposit was revealed by
studies carried out around Asikoy, Kizilsu, Toykondu
and Bakibaba deposits which are located within
the boundaries of Kiire Town, Kastamonu. Within
this scope, the geological research of deposits was
performed, structural relationships were asserted, and

“Cyprus type massive sulfide deposits” and the newly
forming “modern Cyprus massive sulfide deposits”.

Kiire copper deposits have been the subject of
Mining Sector for many years. However; mineral
exploration and development studies in scientific
manner began with the foundation of Republic of
Turkey.

Nikitin (1926) studied the geology of Kiire
vicinity, the ore mineralogy of Bakibaba and cinders.

! Corresponding author: Yilmaz Altun, yilmazaltun@etibakir.com.tr
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Figure 1- Location map of the study area.

Kovenko (1944) studied the geology of close
vicinity of Kiire deposits in 1938 for MTA Institute.

Pieniazek (1945) asserted that Kiire deposits were
derived from hydrothermal metasomatic origin.

Pollack (1964), in his short study, mentioned about
the relationship of mineralization with tectonics. He
also pointed out that, faults determined the geometry
of ore bodies and ore boundaries occurred passing
through faults.

Sarican (1968) performed a reserve estimation
based on data obtained by MTA and Etibank between
1963 and 1965.

Cagatay et al. (1980) carried out a detailed
mineralogical study in Kiire surround and mentioned
about the importance of cobalt and gold in these
deposits in terms of economics in addition to copper.

Pehlivanoglu (1985) carried out a geological
investigation in Kiire copper deposits and its
vicinity. He also pointed that, copper deposits were
in stockwork disseminated within upper layers of
volcanic sequence, and these deposits were formed
in the form of massive ore between the overlying
sedimentary sequence and those volcanic sequence.

The Metal Mining Agency of Japan (MMAJ),
(1985) studied the geology and geophysics of the
region among Taskoprii-Devrekani-Kiire-Agli towns
for Etibank Co. The agency has also performed

drilled investigations around Kiire, but there have not
been detected any mineral reserves.

Kuscu and Erler (2002), based on data obtained
by studies carried out on the mineral deposits of Kiire
region, stated that pyrites in this region had been
subjected to deformational effects and accordingly;
the series of deformation and late deformation texture
had been formed.

Altun et al. (2009) have obtained results in
studies performed between 2005 and 2008 in Kiire
copper deposits, and suggested that northern and
western continuity of the new ore body detected in
Magaradoruk should have been investigated.

2. Geology
2.1. Regional Geology

The study area is located on the western part of
“Pontide” tectonic belt. Investigators such as; Sengdr
and Yilmaz (1983) and Yilmaz (1980) claimed that
metamorphic massifs in “Western Pontides” belongs
to “Rhodope-Pontide” continent, ‘“Paleotethys” ocean
crust in North in Permo-Triassic had become an active
continental margin by southward subduction. They also
stated that thick flyschoidal deposit had been formed on
“Paleotethys” ocean crust in Early Jurassic, and Kiire
ophiolites, which represents “Paleotethys” ocean curst,
had been placed on “Rhodope-Pontide” continental
margin due to the closure of “Paleotethys” in Dogger.
Sengiin (2006) said that, associating Kiire basin with
the beginning of detachment of Eastern and Western
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Pontides in Early Mesozoic would be more acceptable,
rather than being a European marginal basin. He also
claimed that Kiire ophiolite should have been emplaced
within rotational processes as it had been in Antalya
basin or in Western Pontides, and as a reason to this,
he showed the Kiire ophiolite to be cut off by granites.

The oldest units, in this part of Western Pontides,
are gneiss, schist, marble, quartzite in greenschist
facies which form metamorphic massifs like Daday-
Ballidag and Ilgaz-Kargi, and metaophiolites
intercalating with them (Ketin, 1962; Pehlivanoglu,
1985). Most of the rocks forming these massifs are
Paleozoic (Ketin and Gilimis, 1963). The age of
ophiolites, which are transitional with metamorphic
rocks, is Cretaceous (Ketin and Gilimiis, 1963).
Fossiliferous Upper Paleozoic rocks are encountered
in most the region and represented by Carboniferous
coals. It has large and small outcrops as slices of
allochthonous thrust on Cretaceous flysch. Permian
is represented by clastic rocks such as; conglomerate,
sandstone and sandy shales in places where they
overlie coaly units, and by greywacke and limestone
in other places. Triassic is observed as massive
limestone below Liassic flysch between Devrekani
and Abana, only in east of Kiire. Liassic, which shows
a wide distribution between the southern part of
Kiire and inebolu, is represented by ophiolitic rocks
consisting of oceanic sediments, serpentines, gabbros,
diabase dikes and mafic volcanic rocks (Giiner, 1980;
Pehlivanoglu, 1985). This unit grades into gray
greywacke in upper layers. Minor fossil findings
in deposits mainly indicate Liassic-Lower Dogger
(Ketin and Giimiis, 1963). Liassic deposits in Kiire
overlie mafic pillow lavas of the ophiolitic sequence
(Bailey et al., 1967), and are overlain by Malm-
Lower Cretaceous reefal massive limestones which
begin to deposit with red basal conglomerate. In the
region between Kastomonu-inebolu, Liassic-Malm
aged intrusives composed of granodiorite-adamellite
are observed which cut Liassic flysch (Pehlivanoglu,
1985). Malm - Lower Cretaceous limestones are
transgressively overlain by a Lower Cretaceous
flysch in northern parts of the region which starts
with Lower Cretaceous conglomerate and continues
with the alternation of sandstone—sandy limestone—
marl (Pehlivanoglu, 1985). The Upper Cretaceous
flysch is composed of sandstone, clayey limestone
and marl alternation. It consists of intercalations of
Pontide island arc volcanism, which is composed
of calc alkaline andesite and dacites towards south,
along the coastline in west (Pehlivanoglu, 1985).
The Upper Cretaceous flysch around Kiire has
developed more as marl and limestone intercalation
and conformably grades into Paleocene limestones.

Eocene in flysch facies is composed of marl-shale—
sandstone alternation which occasionally consists
of intercalations of lava, tuff and agglomerate, but
Oligocene is only in flysch facies. Neogene basins
consist of terrigenous and lagoonal deposits.

2.2. Geology of the Study Area

Ultrabasic rocks at the bottom, the overlying Kiire
formation, which is formed by basaltic rocks and black
shales, and cross cutting gabbro-diorite and dacites are
located around Kiire massive sulfide deposits

Ultrabasic rocks, located at the bottom of the
study area, are composed of serpentinized peridotite,
dunite and pyroxinites, and outcrop in NW of Kiire,
Elmakiitiigii hill, around Omer Yilmaz locality and
in ecast of Karacakaya hill (Figure 2). The lower
boundary of ophiolites in Kiire region is not observed,
and chromite and chrome spinal are observed in rare
amounts (Bailey, et al., 1967). Boundaries of the unit
with other units are faulted.

Kiire formation, which is abundantly observed in
Kiire and its vicinity, is mainly composed of basaltic
rocks and black shales. Basaltic rocks are widely
observed in the form of pillow lavas. The unit was
defined by Kovenko (1944) and Ketin (1962) as
diabase, by Bailey et al. (1967) as mafic volcanic
rocks (pillow lava, breccia, tuff), by Giiner (1980)
as basaltic sequence, by Cagatay and Arda (1984)
as spilite, by Pehlivanoglu (1985) as basic volcanic
sequence and by MMAJ (1995) as Kiire volcanics.

Basaltic volcanic rocks are formed by basalt,
hyaloclastic and pillow lavas (Figure 2). They
mostly consist of plagioclase, clinopyroxene and/or
phenocrysts of iron-titanium. Feldspar microliths,
calcite veins and amygdales are locally observed.
Massive basalt lavas in lower layers grade into pillow
lavas and breccias towards upper layers (Giiner, 1980;
Cagatay and Arda, 1984; Pehlivanoglu, 1985). Pillow
structures are well developed (Figure 3).

Massive basalt flows are green to blackish green,
very fine grained, ophitic to sub-ophitic in texture,
and they contain albitized, carbonated plagioclases
and chloritized, carbonated augites (Cagatay and
Arda, 1984; Pehlivanoglu, 1985). Carbonation and
silicification is widespread in mineralized parts. The
diameter of pillows in lavas is in between 25-200 cm.
The material between pillows is made up of pelagic
sediments or chloritized mafic glass. Pillow lavas are
ophitic to intersertal in texture. They also consist of
albitized plagioclases, chloritized augites, very rare
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Figure 3- Basalts in pillow structure.

opaque minerals and secondary quartz (Pehlivanoglu,
1985). Kog et al (1995) claim that Kiire basalts are in
tholeiitic character and derived from a SiAl and SiMa
type magma (Figure 4). Giiner (1980) has studied
the geochemical characteristics of these lavas and
concluded that these were tholeiitic in character and
were the product of oceanic ridge volcanism (Figures
5 and 6).

Fe 0, + FeO + TiO,

CALC-ALKALINE

KOMATITE

ALO, 50 MgO

Figure 4- Jensen (1976) diagram of volcanics (from Kog
etal., 1995).

Basalts cover very wide areas around Kiire, in
Kizilsu, Bakibaba, Asikéy and Magaradoruk deposits
and their vicinities (Figure 2). Total thicknesses of
these basalts are more than 2000 meters. Basalts
are formed by several lava flows, and their physical
characteristics, and mineralogical contents mostly
resemble to each other. However; it is understood
from black shale and massive sulfide bodies that this
body was a lava accumulation heaped on each other
which generated at different stages.

Ti/100

@ Single pillow lava
©ODiabase dykes

A Low- K tholeiites
B Oceanic bottom basalts
C Calc-alkaline basalts

Zr Sr/2

Figure 5- The plot of basaltoids around Kiire on Pearce
and Can discrimination diagram (1973) (Giiner,
1980).
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Figure 6- The variation of P,0, among basaltoids around
Kiire with respect to TiO, according to Ridley et
al. (1974) (Gliner, 1980).

Black shales were named as “argillite” in several
previous studies (Bailey et al., 1967; Cagatay and
Arda, 1984). The “black shale” definition was first
used by Giiner (1980). Although it is accepted that
black shales overlie basaltic sequence of Kiire
ophiolite  (Pehlivanoglu, 1985), black
shales are encountered within basalts around Kiire
deposits. Some of them are closely associated with
mineralization, but the others are observed between
basalts and/or as lenses in basalts as they were in
Magaradoruk deposit (Figure 7, 8 and 9).

several

Black shales are cut by Dogger aged granitic
intrusions, dacite dyke and sills. Although these
shales are considered as roof rock of the massive ore,
they are located both as roof and basement rock of the
massive ore in Magaradoruk deposit (Figure 9).
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Figure 7- Geological section crossing Asikdy, Bakibaba
and Magaradoruk deposits.
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Figure 8- Vertical cross section (to the axis of north-south
directing overturned anticline) in Magaradoruk
deposit.

Explanations.

Black Shale

Figure 9- Parallel cross section (to the axis of north-south
directing overturned anticline) in Magaradoruk
deposit.

Black shales are nearly 150 m thick in Asikdy
village (Cagatay and Arda, 1984). The true thickness of
these shales in Magaradoruk is more than 200 meters.

It is dark gray to black, very fine grained and thin
bedded, and consists of basaltic pebble and blocks
on the boundary with basaltic lavas. Upper layers
show transition into graded sandstone (Cagatay and
Arda, 1984). Petrographic and X-ray diffraction and
ore microscopy studies show that this rock is formed
by illite, quartz, chlorite, siderite and muscovite, and
secondarily consists of coal-like material, graphite,
pyrite, chalcopyrite, chrome spinal, ilmenite and
hematite (Gtiner, 1980; Cagatay and Arda, 1984).

Gabbros and diorites are observed around Kiire,
on Dikmen mountain at west, in the vicinity of ikicay
bridge along inebolu road at north of Kiire, around
Dibekkdy at east and at south of Kiire in the form
of big and small intrusions; and as restricted bodies
in lower parts of the basaltic sequence (Pehlivanoglu,
1985). Gabbros are dark green and gray to green
colored. Labrodorites consist of augite and olivine;
however, diorites consist of amphibole, biotite and
albite.
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Dacites in the west of Asikdy and Toykondu
open pit mining area contain corroded quartz
and phenocrysts of partly seriticized plagioclase
(Pehlivanoglu, 1985). When relationships of dacites
with black shales are taken into consideration, it was
concluded that these dacites could most probably be
sill — dyke (Figure 2).

3. Structural Geology

Liassic volcanic rocks and black shales around
Kiire have been effectively folded, and their fold axes
are roughly in N-S direction (Figure 2). The dome,
which its long axis is in N-S direction in Asikdy, has
a quite high inter-limb angle (Bailey et al., 1967;
Pehlivanoglu, 1985). Basalts between Asikdy and
Magaradoruk, which overlie black shales in east of this
anticline, are mostly in the form of pillow lava. There
is also observed N-S extending overturned anticline
between AsikOy and Bakibaba-Magaradoruk, and a
nearly N-S extending overturned anticline towards
cast of Bakibaba-Magaradoruk deposits (Figure 2).
This overturned anticline also plunges towards south
in Magaradoruk deposit.

4. Ore Deposits

Massive and stockwork disseminated sulfide
deposits, which are known as Kiire copper deposits
and mainly composed of pyrite and chalcopyrite, are
located at west of Kiire town center, and they align in the
order of Toykondu, Asikdy, Bakibaba, Magaradoruk
and as Kizilsu from north to south (Figure 2).

Kiire copper deposits have been the subject of
mine operations since ancient times. Mining activities
in the region dates back to Greek and Roman times
and have also continued during Seljuk, Genoa and
Ottoman times. The mining activities of Ottomans in
Bakibaba deposit ended in 1845. Mineral exploration
and development studies in scientific manner began in
1935 with the foundation of the General Directorate
of Mineral Research and Exploration (MTA), and
Asikdy deposits was explored in 1944. Exploration
studies, which began in 1963 in Bakibaba deposit,
were revealed in two ore bodies as north and south
sections (Sarican, 1968). It is understood that the
deposit, which has been known and operated since
ancient times, is the southern ore body in Bakibaba
copper deposit from historical documents, operational
traces and from cinder heaps around Bakibaba. The
northern ore body here has been operated by Black
Sea Copper Co. (K.B.1.) for many years since 1968,
but the site was abandoned due to pyrite fire in
galleries in 1990 (Ildiz and Dagci, 1990).

The whole ore deposits in Toykondu, Kizilsu,
Bakibaba and Asikdy, which were taken over by
Cengiz Holding from Etibank Co. in 2004 and
produced by open pit mining method, has been
depleted until 2009 (Altun et al., 2009). The ore,
which was explored by studies carried out in Agikdy
deposit between the years 2005-2008, still continues
its production by open pit mining method.

Magaradoruk massive sulfide deposits were
explored as a result of exploration studies, which
began in 2008 and intensified around Magaradoruk
hill, on the eastern steps of Bakibaba open pit mining.

4.1. Mineralization

Kovenko (1944), Pollack (1964) and Bailey at al.
(1967) claimed that the mineralization in Kiire copper
deposits were hydrothermal in origin and formed by
metasomatic processes. Cagatay (1981) interpreted
deposits as being based on basaltic volcanism
and sea floor product. Kog¢ et al. (1995) state that
these deposits resemble genetically to “Kieslager
type” deposits which form in forearc rather than
“Cyprus type” deposits. Usiimezsoy (1988) says
that these deposits are associated with the opening
of Kimmeridgian basins, and they are products of
bimodal rift volcanism and oceanic spread volcanism.

The mineralization in Kiire deposits is closely
associated with basalt-black shale units. As a result
of studies, Kiire basalts are mid ocean ridge basalts
(Giiner, 1980). Massive sulfide bodies like black
shales, which are located with Kiire basalts, are in the
position of basement and roof rock. Some of the ore
bodies here are located within basalts, of some are in
black shales or on basalts, and are overlain by black
shales (Figure 7 and 8). The black shale overlying
the massive sulfide ore (Figure 10) consists of ore
bands, which are mainly composed of occasionally
well sorted pyrite and chalcopyrite in places where
the mineralization thins out (Figure 11).

Black Shale /

/
/
/
/

Figure 10- Black shale covering the massive ores.

Massive ore
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2 cm

Figure 11- Traces of sorting in massive ore bands which are formed by pyrite and chalcopyrite in black shale.

Total of 30 samples taken from drill cores in main
ore body of the Magaradoruk deposit were analyzed
in terms of Cu, Zn, Pb, Au, Ag, Co, Ni, As, Mo, Sb, Se
and Ti contents (Table 1). Analyses were performed
in ALS Mineral Laboratory. Samples were dissolved
by quadruple acid solution method and analyzed
by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES) method. Au element was
analyzed by Atomic Absorption Spectroscopy (AAS)
method. One sample, which has Au concentration
higher than 10 ppm, was dissolved by Fire Assay
Fusion technique and analyzed by Gravimetric
method.

Kiire deposits resemble to “Cyprus” type massive
sulfide deposits of which have ophiolitic wall rocks,
defined by Galley and Koski (1999), because of the
environment where Magaradoruk deposit is located.
This resemblance is also supported by Cu, Pb, Zn
discrimination diagram (Figure 12), which was
prepared by using analyses of samples taken from
major sulfide body in Magaradoruk deposit (Table 1).

On the other hand, Zaccarini and Garuti (2008)
emphasize that Co/Ni ratio in massive sulfide
deposits, of which their main rock is serpentine,
varies between 0.29 and 1.97. However; the ratio of
massive sulfide deposits of which the main rock is
basalt varies between 1.09 and 8.

Cyprus type
VMS deposits

Pb (%) Zn (%)

SEDEX deposits ——#—— VMS deposits

Figure 12- Cu, Pb, Zn discrimination diagram (from Galley
and Koski, 1999).

Table 1- Results of analysis of samples taken from drill cores cutting main ore body in Magaradoruk deposit.

Sample Cu Zn Pb Au Ag Co Ni As Mo Sb Se Ti Co/Ni
% ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm %
M-1 5.86 |18700 | 282 | 1.58 | 8.17 | 5580 | 31.2 | 461 | 394 | 26.7 70 |<0.005| 178.85
M-2 4.51 | 20400 | 209 2.1 11.7 | 3770 | 164 | 597 | 37.6 | 31.1 37 [<0.005| 229.88
M-3 5.26 | 7650 | 114.5 | 2.82 7.9 | 9080 | 101.5 | 471 | 56.6 28 156 | 0.009 | 89.46
M-4 4.66 | 11200 | 112 | 1.725 | 8.34 | 6710 | 32.2 | 356 | 435 | 21.6 56 [<0.005| 208.39
M-5 8.01 | 9660 | 146.5 | 1.805 | 8.61 | 5960 | 52.5 | 431 574 | 262 | 102 |<0.005| 113.52
M-6 48 | 8980 | 137 | 1.615| 7.7 | 4280 | 624 | 363 | 58.1 | 17.85| 50 | 0.052 | 68.59
M-7 7.35 [ 12900 | 131 1.8 9.95 | 6240 | 473 | 458 | 59.9 | 249 | 118 |<0.005| 131.92
M-8 449 | 7780 | 83.9 | 1.685 | 8.07 | 6490 | 43.6 | 323 | 474 | 16.1 66 |<0.005| 148.85
M-9 475 | 1760 | 179 2.5 | 12.65 | 4810 | 343 | 456 | 32.1 | 15.1 73 | 0.043 | 140.23
M-10 6.14 | 2070 | 206 3.1 14.6 | 2930 | 29.5 | 463 43 16 45 10.042 | 9932
M-11 6.05 | 4680 | 133 1.39 | 5.68 | 5180 | 13.6 | 295 | 503 | 129 25 |<0.005| 380.88
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M-12 6 12050 | 133 1.29 | 559 | 6600 | 19.6 | 359 | 49.8 | 14.1 33 | 0.007 | 336.73
M-13 1.575 | 1440 | 47.2 | 0392 | 1.23 | 13000 | 48.5 199 | 436 | 692 198 [<0.005| 268.04
M-14 236 | 1790 | 574 | 0.633 | 225 | 7940 | 37.8 | 193.5 | 47.8 | 7.33 114 |<0.005| 210.05
M-15 444 | 5560 | 1455 | 1.495 | 5.03 | 9700 | 383 | 412 | 52.8 | 155 69 |<0.005| 253.26
M-16 4.62 | 2100 | 80.2 | 0.875 | 1.77 | 8650 | 36.1 291 485 | 8.19 89 [<0.005| 239.61
M-17 7.15 | 9460 | 160 1.76 | 9.13 | 5490 | 52.1 278 | 585 | 14.6 59 [<0.005| 105.37
M-18 5.09 | 8510 | 104 | 2.09 | 9.83 | 4930 | 22.5 | 472 | 46.1 | 16.05 | 61 0.031 | 219.11
M-19 3.15 23000 | 119.5 | 2.65 | 129 | 3850 | 21.2 | 390 | 434 | 178 38 | 0.017 | 181.60
M-20 1.01 | 8370 | 89.3 | 0.652 | 9.37 | 1000 | 67.6 184 18 9.1 31 0.394 14.79
M-21 11.85 | 38800 | 199.5 | 835 | 384 | 2840 17 375 | 67.7 | 233 18 |<0.005| 167.06
M-22 8.27 | 18350 | 138 10.7 30 3950 | 17.2 | 266 | 62.7 | 18.05 | 20 |<0.005| 229.65
M-23 324 | 4710 | 96.6 | 3.37 | 546 | 4520 | 17.1 416 | 425 | 1585 | 35 [<0.005| 264.33
M-24 6.47 | 2730 | 140.5 | 1.845 | 592 | 5150 | 21.2 | 332 | 55.1 | 13.55 | 27 |<0.005| 242.92
M-25 528 | 4540 | 140 | 1.145| 3.93 | 7810 | 33.2 | 332 | 61.6 | 11.35 66 |<0.005| 235.24
M-26 4.07 | 5300 | 196 | 2.43 | 13.05 | 3730 | 18.5 | 556 | 42.1 | 30.8 22 [<0.005| 201.62
M-27 441 | 13550 | 302 | 2.67 | 18.3 | 3150 | 253 890 | 35.8 | 35.6 26 [<0.005| 124.51
M-28 3.14 21200 | 120.5 | 1.985 | 9.46 | 4470 | 245 | 327 | 369 | 202 29 |<0.005| 182.45
M-29 3.6 | 38100 | 169.5 | 2.25 | 13.55 | 5090 | 329 | 448 | 39.8 | 22.8 44 |<0.005| 154.71
M-30 3.53 26100 | 159 | 2.95 | 12.85 | 4950 | 36.6 | 618 | 415 | 269 40 | 0.008 | 135.25

Co/Ni ratio in Magaradoruk deposit (Table 1) is;
however, much higher than values in massive sulfide
deposits of which their wall rock is basalt.

Kiire massive sulfide deposits should have formed
either by the occurrence of basalts that had occurred
by Liassic-pre Liassic submarine volcanism or as a
result of hydrothermal processes which occurred
when the volcanism had ended. Constantinou (1980)
states that Cyprus type deposits have been shaped
on Mid Ocean Ridges and formed by hydrothermal
circulation when there was a gap in magmatic activity.

Brathwaite and Pirajno (1993) assert that Papuke,
Pakotai and Parakoa massive sulfide deposits in New
Zealand are “Cyprus” type massive sulfide deposits and
were formed due to basaltic volcanism in mid ocean
ridges in “Black Smoker” environment. Irregular ore
lenses in Papuke deposit are surrounded by claystones
and sandstones. Ore lenses in Pakotai deposit are
located in mudstones. In Parakoa deposit, small sulfide
lenses are in volcanic rocks and shales. (Brathwaite
and Pirajno, 1993). Ergani Mihrapdag1 mineralization
is located between Eocene mudstones and chloritized
basalt, and Ergani Anayatak mineralization occurs
between bedded diabases (Bamba, 1976; Wijkerlooth,
1944). Siirt Madenkdy massive sulfide deposit is, on
the other hand, located in porphyritic spilites (Calgin,
1987; Yildirim and Alyamag, 1976; Ulutiirk, 1999).

Mineralizations observed in Kogali ophiolitic complex
in Southeast Anatolian Orogenic Belt are located in
highly altered oceanic crust origin spilitized basic
volcanics and mudstone-radiolarites (Yildirim et
al., 2012; Yildirim, 2013; Yildirim et al., 2014). The
occurrence of massive sulfide lenses in Magaradoruk
deposit in basalts and black shales, and being overlain
by back shales show big resemblance with formation
of environments of deposits mentioned above (Figure
13).

pyrite, chalcopyrite

Pyrite
Chalcopyrite

0 4

8 l()(ﬂ

Figure 13- Small massive sulfide lenses observed in black
shales.

The occurrence of massive sulfide lenses in
Magaradoruk deposit in more than one level (Figures
7, 8 and 9) supports the opinion of Harper (1999). He
suggests that “Cyprus” type massive sulfide deposits
could form in several levels starting from the top of
magma chamber to sedimentary cover rocks.
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There is a very special hydrothermal field on Juan
de Fuca ridge in Pacific Ocean, 300 km away from
Washington. There is observed a graben there which
is 1 km wide and 100-200 m deep. In this graben,
there are four sulfide formations, which are formed
by several hydrothermal vents (black smoker) that
cover wide areas with lengths reaching 400-500
meters. Massive sulfide deposits in Kiire occur in a
limited area and close to each other (Figure 2). This
situation highly resemble to massive sulfide deposits
in mid ocean ridges and Troodos today (Stos-Gale et
al., 1997), and to locations of Ergani copper deposits
(Wijkerlooth, 1944). Stockwork disseminated ore
consisting of sulfidic dissemination, veins and veinlets
with quartz and carbonate veins in basalts have better
developed mostly below massive ore bodies as it is in
Ergani copper deposits (Wijkerlooth, 1944).

The maximum thickness of stockwork
disseminated ore is 50 meters. In Magaradoruk deposit
towards bottom and margins, silicified, seriticized
magnetite, hematite and disseminated pyrite,
chalcopyrite bearing basalt show a gradual transition
into chloritized basalt. Stockwork disseminated ore,
which is observed in Trans-Atlantic Geotraverse
(TAQG), is formed by quartz-pyrite-chalcopyrite, and
continues down to 95 meters below sub sea floor
Besides; silicified wall rock breccia gradually grades
into chloritized basalt at the bottom of stockwork
disseminated ore zone (Hannington et al., 1998).

On the eastern margin of the massive ore body
in Magaradoruk deposit, magnetite and hematite
accompany with other sulfides like pyrite and
chalcopyrite (Figure 8, 14). Similar characteristics are
also observed in Siirt Madenkdy (Calgin, 1978) and
Ergani copper deposits (Cagatay, 1978; Bamba, 1976).

Although; the reserve of deposits in some of
“Cyprus” type massive sulfide deposits reaches 30
million tones, the approximate size of them are 5
million tones (Galley and Koski, 1999). Magaradoruk
massive sulfide deposit is among the biggest ones
with its 29 million tones in reserve.

4.2. Mineralization and Structural Relationships

Basalts in Magaradoruk and Bakibaba were
formed most probably in the same phase with basalts
at the bottom of Asikdy, and they form an overturned
anticline which is pushed westward which its long
axis is in N-S direction (Figure 2).

Massive ore bodies are observed both inside these
basalts and along the contacts with black shales.
These bodies, which are above 780 m height of
Magaradoruk deposit, are seen as overturned position.

Big ore body in Magaradoruk deposit is located in
non-overturned lower part of the western flank of this
overturned anticline (Figure 10).

Ore bodies are in the form of highly tilted lenses
(60°-85°) in most parts of Asikdy, Bakibaba and
Magaradoruk deposits. However; these structures
were acquired after the formation of rocks in which
ore and ore bodies are kept. It is significant to know
in which environment these ore bodies have occurred.
When basalts located at the bottom of massive ore
bodies especially in Magaradoruk and Asikdy deposits
and in other deposits were studied, it was seen that
these basalts possessed an irregular topography with
depressions and hills. Massive ore bodies are thicker
in depression zones whereas; they are less or not
developed at all on hills (Figures 7, 8 and 9).

This topographical difference has a close
relationship with mineralization. However; whether
this mineralization had occurred as a result of
volcanic activity or due to a pre mineralization
movement in post volcanism cannot be understood,
because of deformations they had been subjected
to after formations. Looking at contemporaneously
forming hydrothermal vents (black smokers) in TAG
massive sulfide deposits in detail, fractures parallel to
axis, faults in east-northeast directions and a couple
of graben like depressions (Kleinrock and Humphris,
1996), the presence of four hydrothermal vents (black
smokers) in 2-3 km intervals in a 1 km wide, 100-200
m deep graben in Juan de Fuca Ridge and still the
occurrence of sulfide deposition in these vents are the
answers to this question.

4.3. Ore and Gangue Minerals

In Kiire Magaradoruk massive sulfide deposit,
mainly; pyrite, chalcopyrite (Figures 14 and 16), in
few amounts; marcasite, sphalerite (Figures 14c, 14d
and 14h), covelline, neo-digenite, malachite, azurite,
fahlers, in very few amounts; bravoiite (Figure
14g), lineiite, karolite (Figures 14e, 14f), limonite,
hematite, magnetite and in trace amount; chalcosine
(Figure 17), cuprite, tenorite, pyrrhotine, valleriite,
bornite, galenite, native copper, native gold (Figure
14h), chromite, rutile and anatase are observed. Main
gangue minerals are quartz, siderite-ankerite, calcite,
dolomite and chlorite. Bravoiite, lineiite, magnetite
(Figure 15), hematite and native copper (Figure 18) in
Magaradoruk deposit are observed more than they are
in AsikOy and Bakibaba deposits (Cagatay et al., 1980,
1982). Similar mineral assemblages are also observed
in Ergani (Wijkerlooth, 1944; G6ymen- Aslaner, 1963;
Cagatay, 1978) and Siirt Madenkdy copper deposits
(Cagatay, 1978; Calgin, 1978; Ulutiirk, 1999).
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Figure 14- a) Chalcopyrite (Ccp) and gangue minerals (black) infilling grain voids of euhedral pyrites (py), b) chalcopyrite
infilling cataclastic fractures of pyrites, ¢) chalcopyrite and sphalerite (sp) showing intergrowth which surround
euhedral, subhedral pyrites, d) sphere with concentric crust which was formed by pyrite, chalcopyrite and sphale-
rite, ¢) euhedral lineiite (lin) in chalcopyrite which surrounds pyrite, f) lineiite accumulations and gangue minerals
which fulfill cataclastic fractures of pyrite, g) bravoite (br) accumulations (as banded and worm like) which reveal
the zoning structure of pyrite in pyrite, h) native gold which is observed among pyrite, chalcopyrite and sphalerite.
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Figure 15- Massive ore which is formed by pyrite, chalcopyrite
and magnetite in east of Magaradoruk deposit.

Figure 16- Chalcopyrite veins within massive pyrite,
chalcopyrite in Magaradoruk deposit.

Chalcosine

Chalcopyrite

10 cm

Figure 17- Chalcopyrite and chalcosine veins in massive
pyrite and chalcopyrite in Magaradoruk deposit.

Main ore minerals in “Cyprus” type deposits
are pyrite, chalcopyrite, sphalerite, pyrrhotine and
magnetite (Constantinou and Govett, 1972). These
are accompanied by lineiite and valeriite in few
amounts.

Main ore minerals in TAG massive sulfide deposit
are pyrite, chalcopyrite, sphalerite and bornite. Most
observed gangue mineral is anhydrite (Thompson
et al., 1988; Rona et al., 1993; Brown and Mc Clay,
1998).

4.4. Alteration

Main rocks in Magaradoruk deposit are basalts,
pillow lavas, hyaloclastics and black shales. The ones,
which have traces of hydrothermal differentiation, are
basaltic rocks. Basaltic rocks are formed by several lava
flows which were formed in different times though they
have similar mineralogical characters. They are partly
more fresh, but mostly chloritized and carbonated away
from ore bodies. They do not show any significant
change until a distance very close to ore bodies.
Epidotization is quite often observed in upper parts

Figure 18- Native copper in basalt.

of ore bodies. In basalts, which consist of massive ore
bodies, the primary textures of the rock have completely
disappeared just above the massive ore.

As going away from massive ore bodies, the
sericitization gives way to chloritization. Stockwork
disseminated ore, which is formed by sulfide vein,
veinlet and disseminations below massive sulfide
bodies, grade into chloritized basalt with continuously
weakening ore as it was in Ergani Anayatak deposit
(Wijkerlooth, 1944). This zone becomes narrow
towards deeper levels but do never develop under the
whole massive ore body. Here; pyrite, chalcopyrite
disseminations and veinlets are accompanied by
magnetite and hematite dissemination, vein and
veinlets.

5. Results

Kiire - Magaradoruk copper deposit should be a
massive sulfide deposit, which developed based on
hydrothermal processes when volcanism has ended
in the environment in which Liassic- pre Liassic mid
ocean ridge basalts had been formed.
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This deposit is formed by a couple of small
and a big massive ore deposit, and consists of less
developed, stockwork disseminated ore below
massive ore body.

In Magaradoruk massive sulfide deposit, the
abundance of magnetite-hematite-pyrite-bravoite at
the bottom, chalcopyrite in middle parts and sphalerite
in uppermost layers indicate a mineral zonation.

The presence of several massive sulfide
deposits in Troodos massive, which are very close
to each other, the observation of massive sulfide
deposits within narrow area such as; Sahgeltepe,
Mihrapdag, Arpameydani and Anayatak in Ergani,
several hydrothermal vents that are arranged in short
distances in Atlantic and Pacific mid ocean ridges
to form contemporanecous sulfide deposits indicate
that massive sulfide deposits in Kiire (Magaradoruk,
Toykondu, Asikdy, Bakibaba ve Kizilsu) might have
also been formed in similar environments.

Massive sulfide lenses, in Magaradoruk massive
sulfide deposit, are mostly located on basaltic rocks
within basaltic rocks and black shales, and are
covered by black shales. This deposit resembles to
Siirt Madenkdy, Ergani massive sulfide deposits, to
“Cyprus” type massive sulfide deposits and “modern
Cyprus type massive sulfide deposits” in terms of
mineral contents; and to Ergani Mihrapdagi, Papuke,
Pakotai and Parakoa deposits in terms of cover rocks,
which are Cyprus type massive sulfide deposits, in
New Zealand.
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ABSTRACT

The aim of this study is to map orogenic gold prospecting areas in the region of Saqez,
NW of Iran. In order to achieve this task geological, geochemical and airborne geophysical
data are analyzed and integrated using index overlay and fuzzy logic methods. Geological
map of Saqgez (1:100000 scale) is used to assign lithological weights based on their favo-
rability for hosting orogenic Au mineralization. Also a fault density map is produced and
assigned based on the structural map which is included in the geological map. For prepa-
ring geochemical evidence maps, data from 535 stream sediment samples are examined
using Number-Size multifractal method for Au, As, Bi and Hg. The detected thresholds are
used to assign the catchment basins of the stream sediment samples. Aeromagnetic data is
employed to detect the edges of magnetic anomalies based on an enhanced edge detection
method. Extracted lineaments are then converted to a density map and assigned properly.
Airborne radiometric data is also used to produce two evidence maps. Potassium count grid
independently and K/Th ratio map are employed to distinguish locations with hydrother-
mal activity. Finally after integrating evidence maps, new locations with high potentials
of Au mineralization are identified considering that the gold indications of the study area
(Qolgoleh, Kervian and Ghabaghloujeh) are placed in the first priority of the fuzzy logic
prospectivity map.

1. Introduction

to: (1) extract the maximum amount of information
from the data; (2) effectively combine data from

The amount of digital geoscientific data available
in mineral exploration is increasing rapidly, and
the technologies for storing, maintaining and
analyzing these data have been developing equally
fast during recent years. The spatially referenced
geosciences data such as airborne geophysical data,
geochemical data, geological and structural data
are especially suitable for quantitative analysis
using a Geographic Information System (GIS), in
order to derive information that is useful in mineral
exploration (Jafarirad, 2009; Jafarirad and Busch,
2011; Magalhaes and Souza Filho, 2012; Nykanen
et al., 2008). As stated by Luo and Dimitrakopoulos
(2003), these quantitative methods are often used

diverse information sources; (3) rank potential targets
(mineral sites); and (4) reduce data processing and
evaluation time. In this paper, a reconnaissance scale
mineral prospectivity map is presented for orogenic
gold mineralization in Saqez area, northern part of
Sanandaj-Sirjan metamorphic zone, NW of Iran
(Figure 1).

The region under study with area of about
1800 km? comprises Sardasht-Saqez orogenic gold
zone with Qolqoleh, Kervian and Ghabaghloujeh
indications in the SW (Figure 1). Former studies
revealed that these gold occurrences are hosted by
upper cretaceous meta-volcanosedimentary rocks and

*
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Figure 1- Saqez geological map (1:100000 scale: after Babakhani et al., 2003).

are placed over ductile to brittle shear zones and are
located within or adjacent to the major deep Saqez-
Sardasht thrust fault and other confining normal faults
across this structural zone. The secondary host rock
in these indications (especially in Qolqoleh) is altered
mylonitic granite. Due to metamorphic genesis of
Au mineralization in this region, felsic units are
only important as heat sources for percolating
hydrothermal fluids. Moreover endowment of As,
Bi and Hg have been recorded in these indications
(Aliyari et al., 2007, 2009, 2012; Tajeddin, 2011).

Information about the genesis model and effective
factors in Au mineralization derived from the former
studies was summarized in table 1, and was used to
comprehend the genetic model for gold prospectivity
mapping. Due to few known Au deposits/indications
in the study area, knowledge-driven index overlay
and fuzzy logic approaches were chosen for preparing
information layers and integration (Bonham Carter,
1994; Carranza, 2008; Magalhaes and Souza Filho,
2012; Nykanen et al., 2008).

Table 1- Characteristics of Qolqoleh, Kervian and Ghabaghloujeh deposits/indications.

Deposit/ . Enriched element(s) | Resource (t)
indication Host rocks Genetic type mineralization | / structural features | grade (g/t) Data source
Meta-sedimentary, . .
mafic to interamediate (Ei)lrl(():tgiflzglt((:) As and Hg / 0 E7pl\t/?oz él(;%)]gnzeot()aggi
Qolgoleh (andesite to andesitic brittle Cretaceous- | intersecting faults and ’ @ Ta'é ddin i
basalt) meta-volcanic Tertiary fractures J ’
rocks, sericite schist shear zone) 358/t (2011)
Heidari,
Meta-sedimentary and | Orogenic Upper As, Biand Hg / Hei(jz?r(i)i)t;a /
Kervian felsic to mafic meta- (ductile Cretaceous- | intersecting faults and| Unknown o
(2006)
volcanic rocks shear zone) Tertiary fractures Tai ”
ajeddin,
(2011)
Phyllite, schist meta- 8;2%?2{; Upper As and Bi/ 0.035 (Moz) Tajeddin,
Qabagloujeh volcanic, brittle shear Cretaceous- | intersecting faults and @ (2011)
and mylonitic rocks zone) Tertiary fractures 1 g/t
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2. Materials

Saqez region because of its high potential for
diverse kinds of mineralization was the subject
of different surveys in recent years. Hence,
geochemical data used in this research comes from
535 stream sediment samples which were gathered
and analyzed by Geological Survey of Iran (GSI)
in 2005. The samples were chemically analyzed
using fire assay method for Au and ICP-MS method
for Au pathfinders As, Bi and Hg. Detection limit
for analyzing Au was 1 ppb and detection limits
for analyzing As, Bi and Hg were 0.5, 0.1 and 0.1
ppm respectively. In order to produce geochemical
anomaly maps and considering the fact that stream
sediment samples represent upstream lithologies,
elemental concentrations were assigned to the
catchment basins of the samples.

Meanwhile, aeromagnetic and aeroradiometric
data are from two separate airborne geophysical
surveys. In northern part of the study area with area of
about 1546 Km?, acromagnetic and aeroradiometric
data were achieved from a helicopter-borne
geophysical survey that was carried out by Prakla
and Austirex for Atomic Energy Organization of Iran
(AEOI) in 1976. Line spacing and flight elevation of
this survey were 500 and 120 meters respectively.
In the south-western part (polygonal shape zone)
with area of about 283 km? aeromagnetic and
aeroradiometric data are from a geophysical survey
which was conducted by Fugro Airborne Surveys
Corporation and GSI in 2006 with line spacing and
flight elevation of 200 and 60 meters respectively.

In order to include all the information layers in
final integrations the study area was limited to the
extension of the airborne geophysical surveys (the
rectangular shape in the north and the polygonal
shape in the southwest). Microsoft office excel 7
and Oasis Montaj (6.4.1 CN) software were used
for analyzing geochemical and airborne geophysical
data respectively, and ArcGIS 9.3 was employed for
producing and integrating evidence maps.

3. Preparing information layers

In order to produce raster information layers
(evidence or factor maps) with assigned crisp
numbers between 1-10, or fuzzy memberships (0-1)
using fuzzy functions such as linear, large and near
(Bonham Carter, 1994; Carranza, 2008; Nykanen
et al., 2008; Tsoukalas & Uhrig, 1997), geological,
geochemical, aeromagnetic and airborne radiometric

data had to be analyzed and interpreted using a range
of different methods. In order to prevent missing data
in the places where one information layer among
overlapping layers does not have a value (nodata),
crisp value 1 or a ~0 fuzzy value were assigned to
such areas. Coordinate system for all the maps is
UTM (Universal Transfer Mercator) zone 38N.
The steps of preparing each layer are presented in
following sections.

3.1. Geochemical data

Number-Size (N-S) multifractal ~ model
(Mandelbrot, 1983; Deng et al., 2010; Hashemi and
Afzal, 2013) was applied on the geochemical data
from stream sediment samples in order to delineate
anomaly thresholds for Au, As, Bi and Hg. Thereafter
for producing geochemical anomaly maps, the detected
thresholds were used to classify the catchment basins
of the samples (Figure 2). Afterwards for preparing
factor maps, crisp values 1-10 were assigned to each
geochemical map based on the thresholds resulted from
N-S multifractal analysis (Table 2). Meanwhile fuzzy
memberships for Au, As, Bi and Hg were produced
using fuzzy large function with midpoint and spread of
7 and 5 for Au and 7 and 3 for elemental paragenesis
respectively (Table 2).

3.2. Airborne geophysical data

Airborne geophysical data including
aecromagnetic and aeroradiometric data resulted
in producing three separate evidence maps.
Aeromagnetic data is known as an important source
of information for studying lineaments and structures
(Bierlein et al., 2006; Henson et al., 2010; Li, 2013).
Many edge detection filters such as analytic signal,
vertical derivative, total horizontal derivative
(THD) and tilt derivative (TDR) are available to
accomplish this task (Ferreira et al., 2011; Verduzco
et al., 2004). However in this research, after
removing IGRF from northern and southern Total
Magnetic Intensity (TMI) maps, in order to place
the magnetic anomalies over their causative bodies
and to minimize the effects of shallow magnetic
sources, Reduction to The Pole (RTP) and Upward
Continuation (UC) filters were applied on TMIs
respectively. Thereafter for detecting the magnetic
edges THD and TDR were applied on RTP UCs
respectively (Almasi et al., 2014). For rasterizing
the edges and converting them into an evidence
map, a density map which calculates the density of
linear features in the neighborhood of each output
grid cell (Silverman, 1986) was produced and
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Figure 2- Geochemical maps for a) Au, b) As, ¢) Bi and d) Hg using N-S multifractal model.

assigned 1-10 (Figure 3). Fuzzy membership of the
lineaments’ density map was produced using fuzzy
large function with midpoint and spread of 7 and 5
respectively (Figure 3).

Airborne radiometric data is capable of mapping
felsic igneous rocks which contain high amounts of
radioactive elements (Th, K and U), and also is able

for mapping places with hydrothermal activities
(de Souza Filho et al., 2007; Magalhaes and Souza
Filho 2012; Silva et al. 2003). Potassium count
data and the ratio of K/Th (after Airo, 2001, 2007)
are used to distinguish these locations. K/Th ratio
anomalies for north and south of the study area were
mapped and assigned appropriately. Converting K
count into an information layer was based on the
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Table 2- Crisp (C) and fuzzy (F) values based on N-S thresholds for Au, As, Bi and Hg

Au thresholds|  Value As thresholds Value Bi thresholds Value Hg thresholds|  Value
(ppb) c F (ppm) c F (ppm) c F (ppm) c F
Nodata 1 ~0 Nodata 1 |0.003 Nodata 1 ]0.003 Nodata 1 ]0.003
233 -<324 2 10.002 24 - <35 3 0.07 70 - <115 4 0.16 54 - <79 2 0.02
324 - <389 3 0.014 35-<50 4 0.16 115 -<159 5 0.27 79 - <135 3 0.07
389 - <437 4 0.06 50 - <60 5 0.27 159 - <195 6 0.39 135 - <200 4 0.16
437 - <479 5 0.16 60 - <79 6 0.39 195 - <302 7 0.5 200 - <240 5 0.27
479 - <550 6 0.32 79 - <89 7 0.5 302 - <380 8 0.6 240 - <269 6 0.39
550 - <589 7 0.5 89 - <95 8 0.6 380 - <468 9 0.68 269 - <309 7 0.5
589 - <646 8 0.66 95 -<132 9 0.68 468 - 580 10 | 0.74 309 - <331 8 0.6
646 - <708 9 0.78 132 -202 10 | 0.74 331 - <437 9 0.68
708 - 969 10 | 0.86 437 - <493 10 | 0.74

Figure 3- a) extracted lineaments using enhanced edge detection method with RTP in the background, b) lineaments’ density map

and its assigned crisp and fuzzy values.

correlation of high amounts of potassium count
with felsic intrusions and its median value over
hydrothermal activities and the edges of felsic units
(after Airo, 2001, 2007) where the gold indications
and Au anomalies of the study area are placed. Thus
for enhancing median amount in potassium count
grids, near function with midpoint and spread of 5
and 0.003 respectively was applied on the K grid,
thereafter this layer was assigned 1-10.

Near fuzzy function is used for enhancing an
intermediate crisp value in a fuzzy set. The spread
and mid parameters are subjectively defined to
reflect the expert opinion. An example of the near
algorithm is given in figure 4. The near function is
also known as a sinusoidal membership function
(Burrough and McDonnell, 1998; Tsoukalas and
Uhrig, 1997).
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Figure 4- Example of near fuzzification using different midpoint and spread values.

Fuzzy membership of K layer was generated by
applying fuzzy large function with midpoint and

spread of 7 and 5 respectively on the median enhanced
K map (Figure 5).

Figure 5-a) K evidence map and fuzzy membership, b) K/Th evidence map and fuzzy membership.

3.3. Geological data

For weighing the geological map, host rocks
of the gold indications (Qolqgoleh, Kervian and
Ghabaghloujeh) were considered as highest values
and lithological units were assigned based on their

favorability for Au mineralization (Table 1). For
instance geological units Ksl-mt and Mtgr-gn which
represent meta-volcanosedimentary and mylonitic
granites of the geological map (Figure 1) were
assigned with the weights 10 and 9 respectively.
Other units were weighed based on their similarity to
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the host lithologies and their properness for hosting
Au mineralization. For example units Mtgn-sch,
Ksh, Mtgn-sch and Ksh were given weights of 8 and
7 were other meta-volcanosedimentary units of the
study area. In order to produce geological evidence

map, the rest of the lithologies were assigned using
the values presented in table 3 (Figure 6). In addition,
fuzzy membership of the geological units was
produced with multiplying 8/100 by the crisp values
of the table 3.

Table 3- Crisp and fuzzy values assigned to the lithological units of the geological map

Units Crisp Fuzzy
Gd, Kesp, 6 0.48
G1,Kvsh, PCksh 5 0.4
di, G3, Kmb, Mtphy, 4 0.32
Cb, Cl, Cs, Cz, Js, Mtry, Mtsch, Mtv, Om1, PCksch, Prld, Psr, Qtr, TRde 3 0.24

Another information layer was also produced using
fault lines of the Saqez geological map (1:100000
scale: Babakhani et al., 2003). These structures were
used for building a density map and then assigned

1-10. Its fuzzy membership was constructed using
fuzzy large function with midpoint and spread of 7
and 5 respectively (Figure 6).

Figure 6- a) geological unit information layer and its fuzzy membership, b) structures (faults and fractures) of the geological
map and its assigned crisp and fuzzy values using density map.
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4. Index overlay and fuzzy logic methods

Mineral prospectivity maps were generated with
integrating factor maps using knowledge-driven
index overlay and fuzzy logic methods (Bonham
Carter, 1994, Nykanen et al., 2008). Index overlay
integration is based on following equation:

S=3W, Sij /2 W, (equation 1)

Where:

Wi = the weight of ith factor map (which is 1 in
simple overlay)

Sij = the ith spatial class weight of jth factor map

S = the spatial unit value in output map

Different weights were multiplied in each layer
based on their relativity and correlation with orogenic
gold type mineralization of the study area. Some
examples of multi-class index overlay modeling
applied to mineral prospectivity mapping can be
found in Harris et al. (2001), Chico-Olmo et al.
(2002) and Billa et al. (2004).

The fuzzy set theory which was established
by Zadeh (1965) is the cornerstone of fuzzy logic
modeling. Demicco and Klir (2004) discuss the
rationale and illustrate the applications of fuzzy
logic modeling to geological studies but they do
not provide examples of fuzzy logic applications
to mineral prospectivity mapping. Recent examples
of applications of fuzzy logic modeling to mineral
prospectivity mapping are found in Carranza and
Hale (2001), Carranza (2002), Tangestani and Moore
(2003), Ranjbar and Honarmand (2004), Rogge et
al. (2006) and Nykénen et al. (2008). Typically,
application of fuzzy logic modeling to knowledge-
driven mineral prospectivity mapping involves
three main feed-forward stages: (1) fuzzification
of evidential data; (2) logical integration of fuzzy
evidential maps with the aid of an inference
network and appropriate fuzzy set operations; and
(3) defuzzification of fuzzy mineral prospectivity
output in order to aid its interpretation. Each of
these stages in fuzzy logic modeling of mineral
prospectivity is employed in this study in order to
orogenic gold prospectivity mapping in the case
study area.

5. Results and discussion

The biggest challenge in orogenic gold
prospectivity mapping in GIS was defining a unified

and clear exploration model based on the genesis of
the gold occurrences in the study area. Presences of
different overlapping signs of mineralization were
needed for converting a place to a high potential
prospect. The other challenge was having only three
known Au occurrences in the study area (Qolqoleh,
Kervian and Ghabaghloujeh gold occurrences) which
was a limitation for using an empirical (data-driven)
integration method such as weight of evidence. On the
other hand, the strength was having a variety of datasets
especially high resolution airborne geophysical data.
Nine evidence maps namely Au, As, Bi, Hg (Figure
2 and table 2), acromagnetic lineaments (Figure 3b),
K (Figure 5a), K/Th (figue 5b), lithologies (Figure
6a) and faults of the geological map (Figure 6b) were
generated and assigned with crisp values. In this
stage each on these layers were given a value based
on their importance for orogenic gold exploration in
the study area. Weight 10 was selected for geological
structures, lineaments extracted from aeromagnetic
data and Au factor maps, 9 was considered for K
map, 8 was chosen for K/Th and geology factor maps
and 7 was multiplied in the layers of As, Bi and Hg.
After integration with index overlay, values 7 and 8
were considered as the first priority for orogenic Au
mineralization in the prospectivity maps and values
6 and 5 were selected as second and third priorities
respectively (Figure 7a and b). Area of the first, second
and third priorities are 9.33, 68.82 and 271.48 km?.

Au, As, Bi, Hg (Figure 2 and table 2),
acromagnetic lineaments (Figure 3b), K (Figure 5a),
K/Th (Figure 5b), lithologies (Figure 6a) and faults
of the geological map (Figure 6b) fuzzy memberships
were produced using fuzzification techniques. For
fuzzy modeling, fuzzy or operator was employed
in order to combine similar fuzzy members: 1)
elemental paragenesis As, Bi and Hg, 2) structures
(Figure 6b) and lineaments (Figure 3b) and 3) K and
K/Th ratio (Figure 5). Secondly, these layers were
integrated with other fuzzy memberships which were
produced in former stages such as geology and Au
layers using gamma operator with gamma value of
0.8. Finally for defuzzification and prioritizing fuzzy
logic mineral prospectivity map, Concentration-Area
(C-A) multifractal model (after Cheng et al., 1994;
Afzal et al., 2012) was applied on the pixel values of
the generated map (Figure 8). Values greater than 0.6
were considered as the first priority, values 0.46 to
0.6 was considered as second priority and values 0.28
to 0.46 was regarded as the third priority (Figure 9).
Area of the first, second and third priorities are 11.82,
52.13 and 227.62 km?.
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Figure 7- a) orogenic gold prospectivity map using index overlay, b) indicated priorities.

Figure 8- C-A log-log plot and the delineated thresholds for prioritizing fuzzy logic integration.
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Figure 9- a) orogenic gold prospectivity map using fuzzy logic, b) indicated priorities.

6. Conclusion

Data integration using GIS resulted in the
following main conclusions:

1) Comparing the areas of the first priorities
in fuzzy logic and index overlay modeling (fuzzy:
11.82 km? > index overlay: 9.33 km?) revealed that
fuzzy logic model is more powerful for orogenic gold
prospectivity mapping and it is less likely for fuzzy
modeling to lose a high potential location.

2) In the mineral prospectivity map resulted from
index overlay integration model (Figure 7), Qolqoleh
and Kervian gold occurrences are located in the first
priority but Ghabaghloujeh occurrence is placed in
the second priority area, however in the prioritized
orogenic gold prospectivity map of the fuzzy logic
model (figure 9) all the three gold indications are
located in the first priority zone, which is another
score for fuzzy modeling.

3) Concentration-Area (C-A) multifractal model
is an effective technique for defuzzification of the
mineral prospectivity map resulted from fuzzy logic
modeling.

4) Other first priority locations have been specified
in the south and north of the Sardasht-Saqgez zone and
also in the east of the study area (Figure 9). These
locations are suggested for more exploration and field
checking.

5) Most important evidences for orogenic gold
prospectivity mapping are faults and fractures and
hydrothermal activity which can be exposed using
airborne magnetic and radiometric data.

6) Au anomalies in the NW of the study area
(Figure 2) and their absence in final potential maps
can be construed as a sign for having other types of
Au mineralization in the region.
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ABSTRACT

This project has been conducted for the General Directorate of Turkish Coal Enterprise. The
aim of this study is to understand lignite potential of the basin. Subsurface data (including
numerous wells and several seismic lines) provided by TPAO, MTA and TKI were used.
Structure and thickness maps of Oligocene-Miocene-Pliocene units prepared for the basin.
Purpose of this work is to understand economical values of lignite seam beds interbedding in
the Danismen Formation (Oligocene-Early Miocene). For this purpose, from bottom to top
following maps were prepared: Structural map of the top Osmancik (Oligocene) Formation,
thickness map of the Danismen Formation, paleo-topographic map of unconformity surface
which is at the top of the Danismen Formation, total thickness map of Ergene-Kircasalih
formations (Late Miocene-Pliocene). Finally total thickness map of the lignite layers was
prepared. It was the main purpose of the work. Lignite seam layers are located in middle of
the Danismen Formation. Also several stratigraphic correlations were conducted to unders-
tand lateral continuation of lignite layers. The first obstacle to reach lignite is thickness of the
Ergene and Kircasalih formations which overlie lignite bearing Danismen Formation. Main
structural event controlling the thickness variation of the Danismen Formation is Thrace
Fault System (Peringek, 1991); it was active during Middle Miocene. Danismen Forma-
tion extensively or partially was eroded along the fault zone and on the en-echelon folds
of the fault system. Amount of erosion is variable and in some areas Danismen Formation
completely was eroded. As a result Ergene Formation lies directly on Osmancik Formation.
Lignite layers are also eroded at these localities. Elevated areas related the Thrace Fault
System partially was eroded; however these areas were still paleo-clevated areas during the
accumulation of Ergene Formation. Onlapping sequence of Ergene Formation is thinner on
these areas. At the end of this project, thicker lignite areas were delineated. Addition to this,
thin overburden areas on lignite are located. Considering these results, new permit areas
were selected. In order to refine this work, a suggested facies map of Danismen Formation
is advise to be prepared.

1. Introduction

from some wells. Permission to access the data was
taken from TKI at the beginning of study.

According to the agreement between Canakkale
Onsekiz Mart University and Turkish Coal Enterprise
(TKI) lignite potential of Thrace Basin was
investigated. The project which lasted 1.5 years was
started in mid 2009 and ended in December 2010.
Underground geology data set necessary for the
implementation of this project was provided by TKI,
TPAO and MTA. The data set includes shallow and
deep well data, seismic sections and core samples

In the second half of the project, in order to
reliably determine the locations of the wells to be
drilled in the license area, seismic lines of Turkish
Petroleum Corporation (TPAO) that were provided
by TKI were evaluated. Total lignite thickness map
was compared to other thickness and structure maps
that were produced in the first stage of project and
thus data synergy and consistency were maintained

! Corresponding author: Dogan Peringek, perincek@yahoo.com
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and considering seismic assessment new license areas
were proposed in the Thrace basin.

The Thrace basin is surrounded by Istranca at
north, Rhodope at west and Menderes massif to the
south. The Istranca massif is represented by gneissic
rocks at the bottom and overlying Paleozoic and
Mesozoic sedimentary rocks that were metamorphosed
in greenschist facies (Usiimezsoy, 1982; Taner and
Cagatay, 1983). The sedimentary rocks are cut by Late
Cretaceous granodioritic rocks and locally covered by
a volcano-sedimentary unit (Taner and Cagatay, 1983).
Granitic rocks are exposed at southern flank of the
Istranca massif (Oztunali and Usiimezsoy 1979).

Intense geological research has been carried out
in the Thrace basin to exploit oil and gas potential of
the region. Studies of Kopp et al. (1969), Turgut et al.
(1983, 1991), Saner (1985) and Siyako (2006 a, b)
discuss the geology of basin. Geology maps prepared
by the General Directorate of Mineral Research
and Exploration are the most important sources for
stratigraphical nomenclature of the Thrace basin (Imik,
1988; Umut, 1988a, Caglayan and Yurtsever, 1998,
Sentiirk et al., 1998 a, b).

In central and northern Thrace, Miocene and post-
Miocene units cover the Eocene-Oligocene sequence.
Therefore, lithostratigraphic framework of the Thrace
basin is established based on information from rock
units exposing in southern Thrace, Gallipoli Peninsula,

Bozcaada and Gokceada and also seismic lines oil
exploration wells. Eocene-Oligocene sequences of the
Thrace basin crop out at south of the Sea of Marmara
and Biga Peninsula (Siyako et al., 1989), in the area
between Mudanya and Tirilye and Armutlu Peninsula
(Akartuna, 1968) and therefore the southern border of
the basin is not definite (Siyako, 2006 b).

The Thrace basin is a triangular shaped
intermountain Tertiary basin in which Middle Eocene-
Pliocene units are exposed (Keskin, 1974). In the basin
sedimentation was probably started in the Early Eocene
with a transgressive sequence (Keskin, 1974, Doust
and Arikan, 1974, Turgut et al., 1983, Saner, 1985).
Ignoring discontinuities and erosion, sedimentation
as continued until very recently. The basement of
basin is comprised by a metamorphic complex. The
Tertiary sequence that almost comprises the whole
Thrace region exposing from southern flanks of the
Istranca Mountains (Figure 1) has a thickness of
more than 9000 m (Kopp et al., 1969; Turgut et al.,
1983; Turgut et al., 1991; Peringek, 1987; Goriir and
Okay, 1996; Turgut and Eseller, 2000; Siyako, 2005;
2006a; 2006b). Tertiary units in Thrace are composed
mostly of clastics but contain carbonates in shelf areas
and ridges and hills in the central basin. These units
were deposited in seven different time intervals in
basins characterized by significant uplift and erosion
stages (Figures 1 and 2). In central parts of the basin,
sedimentation is partly continuous whilst some parts
come up with discontinuity and erosion stages. The

Figure 1- Geology map of Thrace basin (Kasar et al., 1983; Tiirkecan and Yurtsever, 2002; Siyako, 2006b).
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Figure 2- Generalized stratigraphic section of the Tertiary sequence in the Thrace basin (Siyako 2006a).

basin is a fast-depositing type and has a syntectonic
character. As revealed from several seismic lines,
the sequence which at the beginning filled pits of an
irregular topography has transgressive onlaps above
the basement toward the land (Burke and Ugurtas,
1974; Peringek, 1987).

The Eocene transgression attained maxima in
the Early Oligocene. In the Middle Eocene-Early
Oligocene, deep parts of the basin were filled by
turbiditic currents that were carried by density flows
whilst carbonates were deposited in shelf and Kuleli
— Babaeski paleo-height at the north (Turgut et al.,
1983; Keskin, 1974). In the meantime, the Thrace
basin was controlled by a deltaic system of a large
river and submarine fans were formed (Turgut et

al., 1983). In the Late Eocene-Early Oligocene aged
dacitic and andesitic ashes formed interlayers within
the sediments (Doust and Arikan, 1974; Turgut et al.,
1983). Eocene transgression was followed by Middle
Oligocene-Lower Miocene regression (Keskin, 1974;
Ediger, 1982; 1988; Turgut et al., 1983; Saner, 1985).
After a pause in sedimentation during the Middle
Miocene, terrestrial palinofasies of the Ergene and
Kircasalih formations of Late Miocene ? — Early
Pliocene age were deposited (Ediger, 1982). The pause
in sedimentation was in the Middle Miocene and Late
Miocene, Early Pliocene-Pleistocene aged fine grained
terrestrial unit was the first product of new deposition
period. There was also a less significant unconformity
between Late Miocene and Pliocene.

79



80

Factors Controlling Lignite Potential of Thrace Basin

Due to its lignite potential the basin has been the
subject of intense geologic research (e.g. Lebkiichner,
1974; Kara et al., 1996; Sengiiler et al., 2000; Sengiiler
et al., 2003; Siitcii et al., 2009, Sengiiler, 2008, 2013).
Lignite fields in north of Thrace basin are generally
found on flanks of the Istranca massif— Istanbul-Silivri-
Sinekli; Tekirdag-Saray-Kiigiik Yoncali; Tekirdag -
Saray - Safaalan; Tekirdag - Saray — Edirkdy fields.
Coal occurrences in south of the Thrace basin include
Kesan, Malkara, Uzunkdprii and Merig fields. Lignites
at north and south of the basin gradually deepen to
the center of basin and attain a depth of 600 m within
the 10.000 m-thickened sequence (Sengiiler, 2013).
Lebkiichner (1974) studied regional geology and
fossil assemblage and chronology of the formation so
called ligniferous sandstone. Kara et al. (1996) studied
general geology of the basin and provided information
on important coal fields in the Thrace basin. Sengiiler et
al. (2000) studied coal samples collected from Kesan,
Malkara and Uzunkoprii coal fields. In these studies,
they particularly investigated the operated veins and
evaluated the deposition environment of coal. In a
report prepared as 2 volumes by Sengiiler (2008),
distribution, properties and deposition model of Thrace
coals and known field and enterprises are explained.
Thrace basin coals were deposited in delta swamps of
lacustrine environments. High deposition rate resulted
in deposit thickness to be high which complicated the
correlation of coal veins (Sengiiler, 2013). During the
formation of Danigmen Formation fluvial conditions
were effective which hampered lignite deposition.

The North Anatolian Fault Zone (NAFZ), which
is one of the important structural components
comprising the general tectonic frame of Anatolia and
Balkans has been active since Miocene and studied
in detail by several earth scientists (Ketin, 1957;
Fourquin, 1979; Barka, 1981; Barka and Hancock,
1984). The North Anatolian Fault Zone extends along
the Cretaceous suture belt or cuts this belt a few
times. The Thrace fault system which is the oldest
branch of NAFZ in Thrace shows similar features to
NAFZ. The Thrace fault system is composed of three
fault members (Peringek, 1987; 1991). The structural
lines forming this fault system extends from Silivri
to Edirne through the basin (Figure 1). The aim of
this work is to 1) to determine the geometry of fault
system, 2) evaluate the tectonic interrelations and
origin, 3) to determine its age and 4) discuss slip rate
of Thrace fault system. With the exception of last
item, Peringek (1987, 1991) has accomplished the
objectives of all others.

Within the scope of project, following studies
were implemented which are summarized below.
These studies are composed of regional maps that are
required to determine the lignite potential of Thrace
basin. Information obtained by the virtue of these
maps is useful not only for TKi but also for TPAO
and MTA. Results from this project are intended to
contribute to studies of all relevant governmental
organizations

As a result these studies, the maps produced
are Osmancik Formation structure map, Danismen
Formation discordance plane paleo-topography map,
thickness map for Danismen and Ergene Formations
and total thickness map of lignite levels within the
Danigsmen Formation. The reason for construction of
thickness and structure maps mentioned above is to
determine the economic depth of lignite levels and the
areas where lignite has the maximum thickness. One
of the obstacles encountered in lignite explorations in
Thrace basin is that lignite occurs at a considerable
depth under a thick cover.

In addition to maps, another important study
is the correlations among the wells. These might
significantly contribute to determining the lateral
facies changes of Danigmen Formation and lateral
thickness change of lignite layers. It is possible
to see the vertical and horizontal facies changes in
correlations. Even different lithology descriptions
were made by different geologists in wells that are
opened in close distances by TKI and MTA which
complicated the correlation. Therefore, it took a long
time for data coupling.

Lignite exploration in Thrace was carried out in
northeastern and south of basin where lignite levels
are widely exposed. Using the outcomes of this
study that was conducted for TKI a new exploration
strategy was established. In this respect, new licenses
are proposed for paleo-heights of the Thrace Fault
System. The areas where the Danismen Formation
exposing around the paleo-height areas were partly
eroded and where the overlying Ergene Formation is
thinner are selected as target areas. This new strategy
is one of the most important results of present study
and no other exploration study was conducted using
the proposed approach.

2. Stratigraphy
The simplified geology map and generalized

stratigraphic columnar section of the Thrace basin are
given figures 1 and 2, respectively. The relations of
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Danigsmen Formation to Osmancik Formation and to
its members are shown in figure 3.

In the Thrace
deposits are separated from each other with an angular
unconformity (Siyako, 2006b). Paleocene-Lower
Eocene deposits are exposed in a limited area in
southwest Thrace and Gallipoli Peninsula and overlain
by Middle Eocene limestone (Siyako, 20064, b).

basin Paleocene-Pleistocene

Early-Middle Eocene aged various terrestrial
and marine units are in vertical and lateral transition
(Figure 3) (Siyako, 2005; 2006a). In the Late Eocene
Kesan Formation and overlying Ceylan Formation

were deposited and both units, although there are
some lithological differences, are composed of marine
turbidites. Getting shallow depth of environment
during Late Eocene-Early Oligocene the sequence so
called Yenimuhacir Group (Figure 3) was deposited
(Kasar et al., 1983; Saner, 1985; Siimengen and
Terlemez, 1991; Atalik, 1992; Siyako, 2005, 20065).
In association with this system, the Mezardere,
Osmancik and Danigmen formations were deposited
until Early Miocene (Unal, 1967; Kasar et al., 1983;
Siyako, 2005; 2006b). At the end of this stage, the
region was completely filled and uplifted and became
a land and following an erosion stage deposition of
Late Miocene-Pliocene units was started.

Figure 3- Correlation of Ceylan Formation and Yenimuhacir Group units. Taglisekban, Pinarhisar and Armutburnu members
were differentiated from bottom to top within the Danigsmen formation (Siyako, 20065).

During the Early-Middle Miocene, the volcanics of
Hisarlidag formation with scarce sediment interlayers
were formed in southwestern Thrace.

The Upper Miocene units are known as Canakkale
and Cekmece groups and Ergene Formation (Siyako,
2006b). The Karatepe Basalt is also of Miocene age.
Pliocene is represented by the Kircasalih Formation
which is widely exposed particularly in northern
Thrace (Siyako, 2006b). The Pleistocene units
are investigated as Marmara Formation which is
composed of marine terrace deposits around the Sea
of Marmara.

2.1. Yenimuhacir Group

The name of Yenimuhacir was first used as a
formation name. Later, Unal (1967) studied the unit
as a group in which four different formations were
differentiated. In first studies conducted in the region
the unit which was referred as “ligniferous sandstones”
represents delta front and delta flat environments of the
Yenimuhacir group (Siyako, 2006b). The Yenimuhacir
group, from bottom to top, is composed of Mezardere,
Osmancik and Danigmen formations (Figures 1 and
3). In its type section the thickness of Mezardere
formation is 1540 m (Kasar et al., 1983). According
to palynological studies, the age of formation is Late
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Eocene-Early Oligocene which may be up to Late
Oligocene within the basin fill (Ediger and Alisan,
1989; Bati et al., 1993; Bat1 et al., 2002).

The unit gradually passes to underlying Ceylan
and Kesan formations. In paleohighs where
underlying Ceylan formation is absent it is transitional
to Sogucak Formation. In areas where Mezardere and
Osmancik formations are absent, the Yenimuhacir
group unconformably overlies the older lithologies
(Figure 3). The unit is eroded and unconformably
overlain by young units.

Formations comprising the Yenimuhacir group
are formed in delta front, delta plain and prodelta
of a classical delta system and interfinger to each
other in lateral and vertical directions and therefore
should be mapped separately. The Yenimuhacir
group is composed of clastic rocks such as shale,
siltstone, sandstone and conglomerate lithologies with
coarser grain-size to the top. These clastics contain
tuff, limestone and lignite interlayers. Tuffs can be
differentiated as marker and traced in a long distance.
Sandstone levels are also found within the unit and they
can be mapped separately as the Teslimkdy member
(Figures 2 and 3) (Kasar et al., 1983).

Total thickness of the Yenimuhacir group is 3500
m. Based on palynomorph assemblage, it is of Late
Eocene-Early Miocene age (Alisan, 1985; Gerhard
and Alisan, 1987; Ediger and Alisan, 1989; Bati et al.,
1993; Bat1 et al., 2002).

2.2. Stratigraphy of units below and above the
Danismen Formation

2.2.1. Osmancik Formation

The Osmancik formation is generally transitional
to underlying Mezardere and overlying Danigsmen
formations. In many parts of the region the
Osmancik and overlying Danismen formations are
unconformably overlain by Ergene and Kircasalih
formations. The Osmancik formation is a regressive
unit that was deposited in a prograding delta front
environment with grain size distribution getting
coarser to the top. It is mostly composed of sandstone,
shale and less amount of conglomerate, limestone and
tufflevels. In the type section the Osmancik formation
has a thickness of 810 m. Similar thicknesses were
also observed in wells drilled in the Thrace region
(Temel and Cift¢i, 2002). In palynological studies
conducted on Osmancik formation yielded terrestrial
and marine palynomorphs of Early-Late Oligocene

age (Ediger and Alisan, 1989; Bat1 et al., 1993; Bat1
et al., 2002; Siyako, 2006b).

2.2.2. Danismen Formation

Danigsmen shale was first described in formation
stage by Unal (1967). Kasar et al. (1983) changed
the name to Danismen Formation since the lithology
is not homogeneous. Taslisekban and Pmarhisar
members were differentiated at the base of unit whilst
Armutburnu member occurs in lateral and vertical
transition. The Danismen Formation gradually
changes to underlying Osmancik formation. In some
areas the Danismen Formation is significantly eroded
and unconformably overlain by young units. The
unit unconformably sets above the older units on the
flanks of Istranca where Osmancik and Mezardere
formations are absent. The Danismen Formation is the
upmost unit of regressive delta system and represents
for delta flat facies. It is composed of lacustrine,
swamp, flood plain and fluvial deposits. The unit
consists of claystone, sandstone, conglomerate and
coal layers (Figure 4). Fish fossils on exposures in
northern Thrace and silicified woods in southern
Thrace are very common. Tuff-tuffite and limestone
levels are rarely observed. The underground thickness
of Danismen Formation is nearly 1000 m. Since units
is eroded from the top, its original thickness might
be more than that (Siyako, 2005; 2006b). Thickness
decreases to the margins of basin. The unit was aged
as Late Oligocene by Kasar and Eren (1986) and Bat1
et al. (2002) and Early Oligocene by Sarag (1987). In
some other works it is suggested to be Late Oligocene-
Early Miocene in age (Alisan, 1985; Gerhard and
Alisan, 1987; Bat1 et al., 1993). Vertebrate faunas
are very common in lignite veins of the Danismen
Formation. According to descriptions on vertebrate
fossil, the age of formation corresponds to Middle
Oligocene (Umut et al., 1983; 1984).

The base of lignite levels in lower part of the
Danigsmen Formation observed in drilling works
is explained as the contact between Danismen and
Osmancik Formations (Siyako, 2005; 2006b). In
unpublished geology maps of TPAO that cover only a
small area, Osmancik and Danigmen formations were
partly differentiated on lignite-bearing sandstones
(Biirkan, 1992).

Taslisekban, Pmarhisar and  Aramutburnu
members were differentiated within the Danismen
formation. In areas where Danismen formation is
exposed lignite layers in this formation are exploited
as open and underground pits.
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Figure 4a and b- Lignite layers within the Danismen Formation are alternated with marls and locally covered with sandstone
layers.

83



84

Factors Controlling Lignite Potential of Thrace Basin

Tashsekban Member: The unit was first named by
Kasar (1987). The unit unconformably overlies the
older units. It is transitional to overlying Pmarhisar
member. The Taslisekban member is composed of
conglomerate, sandstone and marl. Claystone and
lamellibranchia agglomerations are rare. Exposures in
Catalca start with a coarse grained slope wash facies
derived from the basement and Sogucak Formation
(Caglayan and Yurtsever, 1998). The Taslisekban
member comprises the basal conglomerates of
Pmarhisar member limestones. Thickness of
Taslisekban member is maximum 30 m. According
to its stratigraphic setting the age of unit might be
Oligocene.

Pinarhisar Member: 1t is gradually transitional to
Taslisekban member at the bottom and claystone
and shale levels of the Danismen formation to the
top. The Pmarhisar member is represented by partly
clayey shallow-marine, lagoon limestones with
manganeferous levels at the upper parts (Siyako and
Kasar, 1985). Limestones also contain sandstone
and conglomerate interlayers together with oolite,
abundant lamellibranches, gastropod and ostracode. In
the type section, thickness was measured as 70-80 m
and average thickness ranges from 5 to 20 m. The age
of unit is reported as Early Oligocene (Gokgen, 1971;
Kasar and Eren, 1986) and Oligocene (Umut et al.,
1983; 1984).

Armutburnu Member: On its type section, the
Armutburnu member is in lateral and vertical
transition to both Osmancik and Danismen Formations
(Figure 3). It is overlain by young deposits with an
angular unconformity. The member is represented
by red colored, thick bedded-massif channel fill
conglomerate and sandstone that were deposited
in a delta flat. It is composed rarely of flood plain
mudstone and sparsely of coal levels. Its thickness
is about 100 m (Temel and Cift¢i, 2002). The age of
Armutburnu member is reported as Late Oligocene in
Gallipoli (Temel and Ciftci, 2002) and Oligocene in
western Thrace (Umut et al., 1984). Considering the
Miocene age suggested by N.V.Turkse Shell (1969),
Oligo-Miocene age is accepted for the unit (Siyako,
20060).

2.2.3. Ergene Formation

Miocene deposits at north of Ganosdag-Korudag-
Hisarlidag paleo-height are included to Ergene

Formation. Celebi and Sinanli members were

differentiated within the unit. Kasar et al. (1983),
Turgut et al. (1983) and Peringek (1991) examined
the Ergene and Kircasalih Formations under Ergene
Group.

The unit is unconformable with older units
and overlying Kircasalih Formation. The unit is
composed of cross bedded conglomerates and
sandstones of fluvial and lacustrine environment
and sandstone and claystone lithologies with
abundant plant and vertebrate fossils (Duman et
al., 2004; Siyako, 2006b). Thickness of formation
is 0-60 m in basin margins and 800-1200 m at the
center of basin (Siyako, 2006b; Peringek 2010a, b,
¢). According to Peringek (1987) the Ergene Group
(together with Ergene and Kircasalih Formations) is
of Late Miocene-Pliocene age. The age of Ergene
Formation is given as Middle-Late Miocene by
Umut et al. (1983), Caglayan and Yurtsever (1998)
and Duman et al. (2004) and Late Miocene by Umut
(19885b) and Imik (1988). The unit is exposed in a
large area in central part of Thrace.

Celebi Member: The Celebi member has an
angular unconformity with Armutburnu member
of underlying Danismen Formation (Umut et al.,
1984). The clastics of Celebi member comprising
the basement of Ergene Formation are in vertical
and lateral transition to this formation (Imik,
1988). At south of Uzunkoprii the unit is composed
of white, gray, greenish lacustrine limestones.
Horizontal, thin-medium bedded limestone layers
are interbedded with rare clay and sandstone (Umut
et al., 1984; Umut, 1988a; imik, 1988). Thickness
of unit is about 40 m. The age of Celebi member
is accepted Middle-Late Miocene like Ergene
Formation which is in vertical and lateral transition
to this member (Siyako, 2006b).

Sinanli Member: The unit conformably covers the
Ergene Formation and is also in lateral transition
to this formation. It is unconformably overlain
by Kircasalih Formation (Umut et al., 1983). The
Sinanlt member was deposited in a fluvial-lacustrine
environment. It starts with nodular limestone level
and continues to the top with massive, partly clayey
sandstone and claystone interlayered limestone level
(Umut et al., 1983; Caglayan and Yurtsever, 1998).
Thickness of Sinanlit member is 10-40 m. The age of
Sinanli member is Middle-Late Miocene like Ergene
Formation which is in vertical and lateral transition
to this member.
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2.2.4. Karatepe Basalt

It was first named as a formation by Umut et
al. (1983). It is found in lower levels of the Ergene
Formation and within the clastics of the Ergene
Formation (Siyako, 2006b). The Karatepe Basalt
is composed of black olivine basalts. Basalts are
generally as lava flow and show columnar structure.
According to Siyako (2006b) they are Late Miocene
in age. Volcanic activity of Karatepe Basalt is
suggested to be associated with Thrace Fault System
(Peringek 20105, c).

2.2.5. Kwrcasalih (Thrace) Formation

The name of Kircasalih Formation was first used
by Unal (1967). Umut et al. (1984), Umut (19884,
b), Imik (1988) and Caglayan and Yurtsever (1998)
described the unit as Thrace Formation.

The Kircasalih Formation unconformably sets
above almost all older units in Thrace (Imik, 1988;
Siyako 2006b). It is overlain by Quaternary deposits.
The formation is composed of uncompacted pebble,
coarse grained conglomerate, sandstone and rare
claystone. Pebbles generally consist of quartz,
quartzite, rarely schist, metagranite and volcanite
rock fragments. The unit was deposited in a fluvial

environment. Based on seismic sections and well
data, thickness of unit is 500 m (Siyako, 2006D).
Considering its stratigraphic setting, the age of
Kircasalih Formation is Late Miocene-Pliocene
(Caglayan and Yurtsever, 1998) however, Pliocene
age is more appropriate.

3. Structural Geology

It is known that structural lines that are described
as Thrace fault system by Peringek (1987, 1991)
are right-lateral strike slip fault which were
formed before the deposition of Ergene Formation.
According to seismic data evaluation by Peringek
(1991), North Anatolian Fault in the Thrace basin was
active before the Late Miocene. This fault was called
from southeast to northwest as Kirklareli, Babaeski
and Lileburgaz Fault Zone (Figure 5). This fault
system was active at the beginning of Late Miocene
following the deposition of Danismen Formation
but before the deposition of Ergene Formation and
en echelon structures were formed in association
with this strike-slip fault system. Significant erosion
was occurred along axes of these structures and
particularly in the fault zones. Due to this erosion,
in some parts of the basin Danigmen Formation was
partly or completely eroded (Peringek, 2010qa, b, c;
Peringek et al., 2011). Ergene Formation that was

Figure 5 — Geology map of Thrace basin and Thrace fault zones (geology map: Kasar et al. (1983), fault lines: Peringek, 1991;
Peringek, 2006). The Thrace fault system is buried under Late Miocene-Pliocene sequence (yellow colored in the map).
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deposited following the erosion (Hamitabat field)
directly sets above the Osmancik Formation in some
areas. In addition to erosion of Danismen Formation
in paleo-heights that were developed as a result of
faulting, the Ergene Formation was deposited as
thinner since these areas preserved their structural
heights. The Ergene Formation is thick in synclines
in depression areas. The activity of such faults was
continued after the deposition of Ergene Formation
(Peringek, 1991 and 2006; Peringek and Karslioglu,
2007) and in some areas at east of basin discordance
plane at the base of Ergene Formation was folded as
a result of compression caused by the fault activity
(Peringek, 1987 and 1991).

4. The purpose and assessment of structure and
thickness maps and their contribution to the
project

To understand the lignite potential of Danismen
Formation thickness and structure maps were formed.
These maps are Osmancik Formation structure map
(Figure 6), elevation map (paleo-topography) of
discordance plane above the Danismen Formation
(Figure 7), thickness map of Danismen Formation
(Figure 8), total thickness map of lignite levels within
the Danismen Formation and thickness map of Ergene
Formation. Each of these maps was considered
regarding lignite potential under investigation.

4.1. Structure map of the Osmancik Formation

Structure map of the Osmancik Formation is
important to show the proximity of upper contact of
unit to the surface. Just above this unit is Danigsmen
Formation and therefore the extent of lower contact
of this formation could only be known from this
map. Using well data from TPAO structure map of
the Osmancik Formation was prepared (Peringek,
2010b, c) (Figure 6). Red, orange and yellow colors
on the map represent high lands, green and blue
colors represent low-elevated areas and purple and
pinkish colors stand for structural depressions (Figure
6). The most striking feature in the structure map of
the Osmancik Formation is a SE extending paleo-
height from Edirne to Akbas, Haznedar, Mesutlua
and Bayirtarla direction (Figure 6). This paleo-height
partially disappears in SE direction but reappears
around the Vakiflar well and continues ambiguously
toward SE. Among the fault zones that are mapped
as a continuation of NAFZ in Thrace region, the
Liileburgaz fault zone at the center has strike of
WNW-ESE (Figures 5, 9, 10 and 11). It is shown in
the structure map of the Osmancik Formation that

(Figure 6) the long axis strike of this structural height
matches with the orientation of Liileburgaz fault zone
(Peringek, 2010q, b, c).

As a result, structural height is closely associated
with fault system that cuts throughout the region.
This map of regional scale clearly shows the
relation between fault system and structural height.
It is suggested that structural heights of Osmancik
Formation should be considered for the lignite
exploration. The Osmancik Formation is just below
the Danismen Formation and these two units are
concordant. Therefore in high-elevated parts of
the structure map of Osmancik Formation, lignite
levels within the Danigmen Formation are expected
to be encountered at shallow depths. Such structural
heights are possibly achieved at 0 to 700 m whilst
structural depressions are found at depths of 2000-
2700 m. Lignite exploration works can be conducted
in areas represented by yellow, orange, brown and
red colors in figure 6. In other areas (green, blue,
violet, and purple) the exploring of lignite layers at
economic depths is quite limited.

4.2. Map of discordance surface (paleotopography)
above the Danigsmen Formation

Discordance plane above the Danismen
Formation was also mapped. This map may also
be regarded as a paleotopography map. In the
paleotopography map since discordance plane
indicates areas of high elevation this map could also
be useful tool for lignite exploration. Osmancik and
Danigmen Formations are concordant and gradually
transitional. Upper contact of Danigmen Formation
is discordant and in some areas it is significantly
eroded. Therefore structural maps of Osmancik
(Figure 6) and Danismen (Figure 7) formations
are not the same (Peringek, 2010a, b, c¢) because
following the deposition of Danismen Formation
some parts of the basin are uplifted as a result of
faulting and Danismen Formation was eroded in these
paleo-heights. As the amount of erosion increased
in the Danismen Formation the difference between
the two structure maps becomes more distinct. In
areas of limited erosion, for example at southeast of
Edirne, the strike of anticline axis in structure map of
Osmancik Formation is similar to that of Danigsmen
Formation. This similarity is also shown not in shapes
but in strikes of synclines on both maps. In the area
where erosion is intense and Havsa-1 and Minnetler-1
wells drilled by TPAO (Figure 7) are located, there is
a significant difference between the two maps.
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4.3. Thickness map of Danismen Formation

Thickness distribution of Danismen Formation
in the basin is very important for lignite exploration.
From this viewpoint, using the well data of TPAO
thickness distribution of Danigsmen Formation was
made for the whole basin (Peringek, 2010a, b, c)
(Figure 8). This map shows the importance of erosion
after the formation of Thrace fault system. Along the
fault zone and in areas uplifted by the fault thickness
of Danismen Formation is lowered to 0 meter and
in some areas it ranges from 0 to 300 m. Maximum
thickness of Danismen Formation is 1600 m. Purple,
violet and blue fields in Figure 8 show areas where
the formation is very thin or thin. Yellow and green
areas stand for moderate thickness. Brown and red
areas indicate the areas where the formation is the
thickest. On this map the area where the unit extends
from Edirne towards SE is quite distinct. The long axis
strike of this area coincides with that of Liileburgaz
fault zone. Moreover, another area where Danismen
Formation is thin at south of Pmarhisar in northern
margin of the basin, overlaps with Kirklareli fault zone
(Figure 8). Uplift along the fault zone and subsequent
erosion are the main reasons for thinning of Danismen
Formation. This erosion partly or completely removed
the Danigsmen Formation. Since lignite levels in this
formation are also eroded lignite exploration should not
be made in such erosional eras. In Kocagél 1, Incibayir
1, Kumrular fields and in some parts of the Hamitabat
field (Figure 8) thickness of Danigsmen Formation is
lowered to 0-100 m as a result of erosion activity.
In figure 8, a small area is apparent at the center of
region where the unit at southern and northern parts
of the basin is very thick. The other thick section at
north is between Kirklareli and Liileburgaz fault
zones. Danismen Formation is also thick at south of
Liileburgaz fault zone. Its thickness at south is believed
to be controlled by other factors rather than the fault
zone. In this area Thrace basin is the deepest.

Thickness map of Danismen Formation ends up
with following results for the lignite exploration policy:

1. In paleo-heights of Thrace fault system, the
Danismen Formation was uplifted following the
formation of fault system and then eroded. The NW-SE
extending study area (green, blue, dark blue areas) at the
center of map in figure 8 is related to abovementioned
erosion. The area where Danigmen Formation along the
northeast side of the map has a less thickness represents
northeast margin of the Thrace basin. At present uplift
formed by the Istranca Mountains on northeast of Thrace
basin was land during the Eocene-Oligocene time.

Just southwest of this land Osmancik fault separates
a shallow shelf from deeper part of the basin. While
Eocene-Oligocene units were deposited in the basin, the
Osmancik fault was active, at the and of middle Miocene
as a result of activation of NAFZ. Osmancik fault
reactivated again. Osmancik fault significantly overlaps
with Kirklareli fault zone. The reason for the absence or
thinning of Danismen Formation at northeast of Thrace
basin (Figure 8) is that when this unit was depositing
the area was a part of basin margin or it was a shore. In
southern part of map in figure 8 Danismen Formation
gets thinner due to a structural reason. Although this
area between Silivri and Tekirdag along the coast of
Sea of Marmara corresponds to deeper part of Thrace
basin, Danismen Formation gets thinner southward.
This can be attributed to structural paleo-height caused
by NAFZ during Late Miocene-Pliocene. As a result of
this uplift, the area between Silivri and Tekirdag was
uplifted where Danigsmen Formation was completely
and Osmancik Formation was partly eroded. Seismic
sections for this area clearly show uplift and associated
erosion.

2. As a result of uplift caused by the Thrace
fault system upper and middle parts or the whole
Danismen Formation were eroded. While NAFZ was
active during Middle Miocene in Thrace basin, en
echelon structures were formed oblique to the fault
zone. The Hamitabat gas field is the best example for
this (Figure 8). In some wells in this field Danismen
Formation was completely eroded, and therefore
lignite layers are absent in this area. Structural
factors associated with NAFZ are responsible for
this erosion. Lignite layers within the formation are
found in middle part of the sequence and just above
this part. Therefore the degree of erosion should be
evaluated carefully. Particularly at the center and
southern margin of Thrace basin erosion is very
intense. In these areas if thickness of Danismen
Formation is 0 to 400 m, lignite levels may have
been completely eroded. Along the NE margin of
Thrace basin the unit is quite thin but thinning is not
related to erosion. In this area, although Danigmen
Formation is thin economic lignite levels may be
found in suitable facies.

3. In figure 8 in yellow, orange, red, brown
and maroon colored areas Danigsmen Formation
has thickness of 700 to 1700 m. If thickness of
Ergene Formation above the Danismen Formation
and thickness of lignite-free level in upper part
of Danismen Formation are added to each other, it
becomes difficult to find lignite levels at economic
depths. For this reason, thickness distribution of
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Danigsmen Formation should be carefully reviewed.
In central and southern part of the basin, it must be
stayed away from areas where unit is thinner than
400 m and thicker than 1000 m. This finding should
be considered for lignite explorations works to be
conducted in the coming years.

4. In thickness of map of Danigmen Formation
in figure 8, this formation is thinner along the Akbas
1-Mesutlu 1-Incilibayir 1 line due to Liileburgaz fault
zone traversing this area (Figure 5). In structure map
of Osmancik formation around the same line (Figure
6) it is also observed as paleo-height. Continuation of

the same fault zone extends around the Kayabeyli-1
and Vakiflar wells in eastern half of the map (Figure
8) and erosion effect arising from paleo-height by the
fault system is apparent. Around Vakiflar Danismen
Formation is thin and as a result of erosion in this
area lignite layers are completely removed. In this
area NW-SE extending linearity was formed by the
Liileburgaz fault zone and its orientation is nearly
the same as this fault zone. Along this fault zone a
number of 3 seismic lines (Figures 9, 10 and 11) were
reviewed which showed the importance of erosion.
Considering the results of these seismic sections, it is
favorable to have a lignite exploration license around

Figure 9 —Liileburgaz Fault Zone (LFZ) is shown in seismic line (see Figure 5 for location). Right (T) and
left (A) parts of the fault move towards the reader and from the reader, respectively (compiled from

Peringek, 1991; 20006).

Figure 10 — Liileburgaz Fault Zone (LFZ) is shown in seismic line (see Figure 5 for location). (Compiled from

Peringek, 1991; 2006).
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Figure 11 — A positive flower structure is shown around Havsa in western part of the Liileburgaz Fault Zone

(LFZ) (compiled from Peringek, 1991; 2006).

the Mesutlu-1 well (Figure 8).

Danismen Formation is thin around the
Kizilcikdere 1, Bayramdere 1, Kocadere 1, Ceylan
4, and Emirali 1 wells (Figure 8). The Kirklareli
fault zone, which is northernmost branch of NAFZ
at the end of Middle Miocene-Late Miocene (Figure
5) extends in the vicinity of above mentioned wells.
This is another good example for uplift and erosion
associated with this fault.

In seismic section given in figure 9, the Liileburgaz
fault zone (LFZ) is shown at the center (Peringek,
1991). It was assumed that reflector indicated by
yellow color represents a level close to the base of
Danigsmen Formation and two different levels in the
same section indicated by orange color are the lignite
layers. Approximate lignite depth is hypotheticial to
explain erosion problem in the region. The reflector
indicated by red color further above is an angular
discontinuity at the base of Ergene Formation. An
anticline at the left was formed concurrently with the
fault activation and erosion was taken place along
the anticline axis after the uplifting. The discordance
plane that formed after the fault was not folded.
This indicates that fault in this area did not move
following the deposition of Ergene Formation. The
erosion that occurred after the formation of anticline
is quite noticeable in the seismic section. It is clearly
shown in seismic section that in the well designated
by B symbol first Ergene Formation is encountered
and then Danigmen Formation is cut further below
the discordance. At point B upper part of Danigsmen
Formation is completely eroded meanwhile lignite
layers indicated by two orange lines are also removed.

In conclusion, lignite will not be cut in the presumed
B well. In well A at left of B hypotheticial well, lignite
will be most probably encountered. In the presumed
well C lignite layers will not be cut since Danigsmen
Formation is significantly eroded.

The flower structure shown in figure 10 was
developed in compression buckling along the fault
zone. Following the first activation of fault Ergene
Formation was deposited in the Middle-Late Miocene
and discordance at the base of this formation was
folded and then Kircasalih Formation was deposited
in Pliocene and finally discordance plane comprising
the Pliocene sequence was folded since fault system
continued its activation. While Ergene and Kircasalih
Formations were deposited at east of Thrace basin the
movement continued along the Thrace fault system. In
seismic section given in figure 10 the level indicated
by yellow color is assumed to represent reflector that is
close to the base of Danismen Formation. Two orange
reflectors at right side of section represent proposed
lignite levels. The angular unconformity at the base
of Middle-Late Miocene Ergene Formation was
marked with red color. Although this unconformity
plane in figure 9 is not folded, discordance plane
in red color in seismic section in figure 10 is
shown to be folded. Folding of discordance plane
is not common to western part of basin but around
Vakiflar wells and Silivri in eastern part of basin.
Following the deposition of Ergene Formation, the
fault was reactivated and thus discordance plane
was folded (Peringek, 1991 and 2006). The positive
flower structure shown at the center of figure 10 is
related to compression buckling of lateral strike-
slip faulting. When the seismic section is evaluated
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by means of lignite potential, it is predicted that in
well D following a thin layer of Ergene Formation
directly Osmancik Formation is cut. In this case, in
the proposed well D Danigsmen Formation is probably
completely eroded. In well E shown in Figure 10
after the Ergene Formation and discordance lower
part of Danismen Formation will be cut. Therefore,
due to erosion no lignite level is expected in well E.
In the proposed well F, after the Ergene Formation
and discordance Danismen Formation with lignite
interbeds is possibly cut. From well F to southeast
direction the thickness of Danigsmen Formation above
the lignite levels will be increased. Considering the
thickness of overlying Ergene Formation, it seems
difficult to find any lignite level at economic depths
at right part of the section (Peringek, 2010q, b, ¢).

In figure 11 uplifting along the fault zone, anticline
formation and subsequent erosion are apparent. Due to
erosion, in an area parallel to the fault zone thickness
of Danismen Formation is decreased and locally
lowered to 100 m and occasionally become zero. In
association with erosion, lignite levels in middle part
of Danigmen Formation are also removed. As shown
from figure 9, discordance plane in this section was
not also folded. After the fault formation, no tectonic
movement was occurred along the fault zone. Positive
flower structure of Liileburgaz fault zone is shown in
figure 11. The area of positive flower structure (the
area of Aktas-1, Haznedar-1 and Mesutlu-1 wells
between and around Havsa-Babaeski; Figures 6 and
10) is the upliftted part and erosion area along the
Liileburgaz fault zone. The interpretation for seismic
section in figure 9 and 10 is also valid for this section.
There is little possibility to cut any lignite layer at
the center of the positive flower structure. Wings
of this structure are potential sites for lignite. New
license areas proposed by this study are at the wings
of aforementioned structure.

4.4. Total thickness map of lignite for the Danismen
Formation

Thickness map of lignite, as expected, will
be proper for the aim of study if it is made in the
regional scale, therefore, thickness map was made for
the whole Thrace region. This map may be regarded
as a kind of facies map since it shows swamp and
lake arecas where lignite is accumulated. Due to
facies change of lignite levels and erosion there is a
discontinuity in the lateral direction.

During the construction of lignite thickness map,
two different data sets were used. The first is total
thickness map of lignite using TPAO well data. The

second is lignite thickness map using MTA and TKI
well data. At the beginning of project these two maps
were drawn separately. Considering the total lignite
thickness there are inconsistencies between these
maps.

Lignite thickness within the Danigsmen Formation
is controlled by 2 important factors. In thickness map
using TPAO data (Figure 12) and revised thickness
map using MTA and TKI data (Figure 13) there is no
lignite in areas shown by blue color. There are two
reasons for the absence of lignite. The first is facies
change in the Danismen Formation.

During the deposition of Danigmen Formation
lignite was formed in swamp and lake areas but not in
the fluvial deposits where conglomerate and sandstone
were accumulated. In figure 14 absence of lignite in
blue colored areas is attributed to facies changes in
the Danismen Formation. The Danismen Formation at
north of Demirhanli 1well is represented by siltstone,
sandstone, and conglomerate which change to clay,
siltstone and marl towards the east (Figure 14). As a
result of decreasing of clastic content in the sequence
marl was deposited in a low-energy environment
which is represented by swamp arcas. Therefore at
south of Demirhanli 1well lignite with thickness of
5 m was accumulated in clay and marls. In this map
it is shown that lignite thickness is between 0 — 7 m.
For instance, for a distance of 500 m, total lignite
thickness might change from 0 to 7 m which create
difficulties in the lignite exploration works.

In the area of Hayrabolu wells (Figures 12 and 13)
no lignite was found because of unsuitable conditions
of Danismen Formation for the lignite formation.
Although lignite is absent in this area the thickness
of Danismen Formation is 600-1000 m. This region
is at south of Thrace fault system and therefore the
reason for absent of lignite is not relate to erosion but
deposition.

Another reason is related to structural evolution
of the basin. Significant erosion was occurred along
structural heights and faults that developed in Middle
Miocene as a result of activity of Thrace Fault
System. The thickness of Danismen Formation on the
structural heights becomes thin by erosion (Figure 8)
and accordingly lignite layers were disappeared.

When the total lignite thickness map is prepared
and well data of MTA, TKI and TPAO are evaluated
following issues were taken into account (Peringek,
Peringek, 2010a, b, ¢);
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Figure 14 — Total thickness map of lignite levels within the Danigsmen Formation between Siiloglu -1 and Musabeyli-1 wells at

southeast of Edirne (Peringek, 20105, ¢).

1- The total lignite thickness map based on TPAO
data contains some discrepancy since the area of
interest of TPAO is not the coal. Therefore thickness
values in this map do not properly serve the aim of
study. Nevertheless the “Lignite Thickness Map”
based on TPAO data was instructive at the beginning
since it indicates the lignite-dense areas (Figure 12).
In TPAO wells lignite thickness was generally shown
higher because no core sample was taken from lignite
levels since the Danismen Formation is not the target
formation. The Danismen Formation was progressed
with diamond drilling and only cutting off samples
were taken. During the drilling following the progress
of lignite level, failure occurs in the overlying lignite
levels and the material fell down reaches at the bottom
and recycled to the surface which makes an impression
that lignite is continuously intercepted. In TPAO wells
claystone levels with high lignite content, ligniferous
shale and ligniferous claystone levels are also
progressed as lignite. Consequently, lignite thickness
cut in the wells is found much thicker in the composite
well logs. In TKI and MTA wells ligniferous levels are
progressed with coring the thickness of lignite cut in
the wells are reliable. Therefore lignite thickness map
obtained from TPAO data was reviewed considering the
geologic data of region and total lignite thickness map
constructed with TPAO and TKi-MTA well data was
revised and integrated. Then the revised TPAO lignite
thickness map (Figure 12) was combined with total
lignite thickness map established by TKI-MTA data.
During this process, thicknesses in wells with coring
were considered and lignite thicknesses in TPAO wells
were reduced. The map used in this study (Figure 13)

is the revised lignite thickness map. In areas where
TKI, MTA and TPAO wells are close to each other
TPAO wells were compared with TKi and MTA wells
and the their ration was examined. It was shown from
the results of this work that lignite thickness in TPAO
wells is about 3-4 times greater than those of TKI and
MTA wells. The area which hosts wells of different
organizations is in northeast part of Thrace basin. In
these areas TPAO well data are compared with MTA
and TKI data and using the resulting ration TPAO
thicknesses were evaluated by dividing 3 or 4 and the
new total lignite thickness map was established (Figure
13). When making this proportioning process, these
values were obtained by dividing lignite thickness in
some TPAO wells by 2 or 5. In doing this, geologic
information of the basin, particularly structural setting,
was taken into account which greatly contributed to the
map. Total lignite thickness map given in Figure 13 was
constructed with solely interpretive contouring without
using computer program. During the contouring
thicknesses from TPAO data were reduced with respect
to the closest MTA and TK{ well. Therefore, reduction
rate is different for each well. During the interpretive
contouring, structural setting of Kirklareli, Liileburgaz
and Babaeski fault zones was considered.

Thicknesses selected for above mentioned rations
and used in the present thicknesses are given in table 1
and ordering in the list is from northwest to northeast
of the basin. The first value in table is the one shown
in TPAO wells and the second is calculated using a
proportion.
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Table 1- Thickness of lignite cut in TPAO wells and some examples for calculated thicknesses.

Well name TPAO Thickness used, Well name TPAO Thickness used,
Thickness meter meter Thickness meter meter

Adalar 1 33 5 Kepirtepe 2 42 9
Agrizbaba 1 41 9 Turgutbey 2 52 10
inece 1 44 10 Ahmetbey 1 49 11
Kirklareli 1 53 13 Doguvakiflar 1 45 10
Degirmencik 3 86 17 Sarilar 1 40 10
Kozpinar 1 35 Karatepe 1 52 12
Babaeski 1 32 Kurtdere 1 42

Alpullu 1 46 12 Uctepeler 1 42

Avluobasi 1 40 10 Biiyiikyoncal 1 34 10
Alacaoglu 2 42 9 Telkavak 1 62 15
Liileburgaz 1 22 Karacal 1 60 16

2- At the first stage of project, well correlation
was made in the Thrace region and it was found that,
because of insufficient well depth, lignite zones in
some MTA and TKI wells are not penetrated which
are encountered in lower parts of TPAO wells. In the
thickness map given in figure 13 lignite levels that
are cut in lower parts of TPAO wells are not taken
into account. Therefore total lignite thickness map
given in Figure 13 represents minimum total lignite
thickness. Based on data available, Figure 13 yields
the pessimist thicknesses for the lignite levels.

3- The northern part of total lignite thickness map
(Figure 13) could be processed in detail because of
intense number of core samples and well data. In
northern areas where intense well data are available
areas without lignite layers are easily recognized.
Thickness variations in these areas reflect facies
distribution within depositional basin of Danismen
formation. For example, in blue areas in figure
14 absence of lignite is explained with facies
characteristics. Structural factors controlling the
lignite thickness is very limited. The kind of detail
cannot be mentioned for central and southern Thrace
regions. In central and southern Thrace regions, the
areas where lignite levels are absent (blue areas in
figure 13) are eroded and uplifted due to the Thrace
Fault System (Kirklareli, Liileburgaz and Babaeski
Fault Zones) which is a continuation of NAF.
Therefore lignite thickness in central and southern
parts of this map does not truly reflect the facies
changes in the Danigmen formation. In some areas
lignite might not be widespread as shown.

4- Lignite levels within the Danismen formation
are mostly found in middle section. In areas where
the formation is eroded lignite levels are also

eroded. Consequently in total lignite thickness map
given in Figure 13, the areas where lignite is absent
correspond to thin levels of Danismen formation in
total lignite thickness map. In other words, there is
no lignite in areas where Danismen formation is thin.
The Kuzey Abalar 1, Aktas 1, Havsa-1, Cavus Koyt
1, Hamidabat-10, Cerkezkdy and Sevindik 3 TPAO
wells do not have any lignite level (Figure 13).

5- Lignite layers mostly occur in marl. Pebbly,
sandy and carbonaceous levels do not contain
lignite. In addition, lignite is also absent in areas of
widespread shale levels.

4.5. Total thickness map of Ergene and Kircasalih
formations:

Thickness of Ergene Formation is the first obstacle
to access the lignite. In order to examine the change
of thickness of this formation within the basin,
thickness map of Ergene Formation was established
throughout the Thrace Basin (Figure 15). In TPAO
and some MTA and TKI wells, the Ergene Formation
and overlying Kircasalih (Thrace) Formation
could not be differentiated. Therefore thickness of
Kircasalih Formation was included to the thickness
map of Ergene Formation. Consequently, when
mentioned the thickness map of Ergene Formation
total thickness map of both formations are meant.
Examination of some seismic sections in the
Thrace Basin reveals dicorformity between the two
formations (Figure 10). This unconformity is not
recognized everywhere. The lithologies of Kircasalih
(Thrace) and Ergene formations are similar which
complicates distinguishing these units in the field. On
the recent MTA and TPAO geology maps these units
were mapped separately.
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In the green colored are shown in Figure 15 total
thickness of Ergene and Kircasalih formations is
0-300 m. yellow and dark yellow colors represent
thickness of 300-500 m, orange color 500-800 m
and brown and red colors represent 800-1200 m. The
areas where Ergene Formation is thicker than 500 m
are not suggested for obtaining permit and drilling.
The thickness of Ergene Formation is controlled
partly by the activity of NAF in the Thrace basin.
In paleo-heights comprised by the fault (around
Akbas 1 and Haznedar 1 wells; Figure 15) the Ergene
Formation is thin. In addition, it is known that Ergene
Formation is also thin along the margins of Thrace
basin. A few permits at south of Vize are suggested to
be abandoned since Ergene Formation in these areas
is thicker than 500 m. At these sites lignite thickness
may be economic but not at feasible depths.

The Ergene Formation was deposited on paleo-
heights which are formed by structural events
occurring along the Thrace Fault System which is the
oldest branch of NAF. During the deposition some
paleo-heights that formed by the effect of NAF were
coincided in the last stages of deposition of Ergene
Formation and therefore in these areas the unit is thin
(Peringek, 20104, b, c) (Figure 10). The Thrace Fault
System was reactivated following the deposition of
Ergene Formation between Vakiflar-1 and Istanbul
at east of Thrace basin and discordance plain at the
base of Ergene Formation was folded together with
Ergene Formation (Figure 10) and as a result the
formation was partly eroded. New paleo-heights
occurring in erosional areas represent thin parts of

the Kircasalih formation. Following the deposition of
Kircasalih formation activity of fault was continued
on the Thrace Fault System. Following this activity
the Kircasalih formation slightly inclined and folded.
This activity is shown in eastern parts of the Thrace
basin since this area is close to the Sea of Marmara
where NAF is active.

5. Assessment of Seismic Data

Seismic sections provided to TKi by TPAO were
evaluated and areas where lignite layers close to
the surface were identified (Peringek 2010a, b, c¢).
Assessment of these sections was done for the area
(around Babaeski) between TKI licenses at south of
Pehlivankdy and licenses around the Karacaoglan
town. Section nos MAD-84-411 (Figure 16), MAD-
84-432 (Figure 17) and MAD-84-413 (Figure 18)
are included to this report. Well data (Babaeski 2,
Minnetler 1) were transferred to the seismic sections
using seismic-time data. Reflection plane shown with
orange color in sections represents the base of Ergene
formation (above the Danismen Formation). Green
levels in sections are the lignite layers. Reflection
planes indicated with green may contain lignite around
the well but green reflection continuing in lateral
direction does not necessarily mean the presence of
lignite along the seismic line. In other words, levels
indicated by green colors and represented by lignite in
the wells show lateral facies change and may change
to marl or clay. In these sections, planes with lignite
levels were traced and the areas where these layers
get close to surface were identified. If there is no
lateral facies change it is possible that green levels are

Figure 16 — Seismic section no MAD-84-411. Lignite layers (green) and the base (top of the Danismen For-
mation) of Ergene Formation (orange) are marked on the section. Proposed P1 well is southwest
of section and P3 well is at northeast (for locations see Figures 19, 20 and Figure 5).
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Figure 17 - Seismic section no MAD-84-432. Lignite layers (green) and the base (top of the Danismen For-
mation) of Ergene Formation (orange) are marked on the section (for locations see Figures 19

and Figure 5).

Figure 18 - Seismic section no MAD-84-413. Lignite layers (green) and the base (top of the Danismen For-
mation) of Ergene Formation (orange) are marked on the section (for locations see Figures 19 and

Figure 5).

cut in areas close to surface and they contain lignite.
In the seismic sections red lines represent faults. The
locations of TPAO wells (Minnetler 1, Babaeski 2) on
the sections are shown with vertical black lines. The
locations of wells proposed to be drilled by TKI in
2011 are shown with vertical blue lines.

In figure 16, from Minnetler 1 well to SW and NE
directions the reflection that is supposed to represent
lignite content is shown to get closer to the surface.
P1 well is projected at SW of section (for location see
Figure 19). This well is in the license area that was
owned in the past by TKI. The P3 well shown at NE
of figure 16 is within the license area owned by TK{ in

100

2010 (Figure 20). It is suggested that this well should
be immediately drilled. In figure 17, the point indicated
by P2 symbol at SW of section is within the TK1 license
area owned in the past years (for location see Figure
19). This well is also preferentially drilled in the area.

6. Obtaining license and proposed wells
6.1. New license areas owned by TKi

1 — Around Mesutlu 1 well (Figure 13): TKI was
suggested to own license around the Mutlu, Kadikdy,
and Kuleli villages in the Karacaoglan region at
north of Babaeski and around Cavuslu (Figure 12),
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Karacaoglan, and Oruglu villages at the northeast
(Peringek et al., 2011). The promising results of maps
produced for the Thrace Basin lead to taking these
licenses. From these maps the thickness of Ergene
Formation is expected to be around 350 m. The same
maps also indicate that lignite levels in the Danismen
Formation are achieved at economic depths. In lignite
thickness map prepared based on well data total
thickness of lignite is expected to be around 10 m.

2 — Around Musulca at south of Siiloglu: TKI
took licenses around the Habiller, Musulca, Arpag,
Kiikiler, Akardere and Pasayeri villages (south of
Siiloglu; Figure 14). In this area, total thickness of
Ergene and Kircasalih formations is nearly 300-400
m. Lignite bands within the Danigmen formation are
expected to be cut at economic depths.

6.2. Wells proposed to be drilled in license areas of
TKI

In the second stage of study conducted for TK1, a
supplementary work was carried out to maintain that
reliable data is applied to drilling of wells in present
licenses and licenses taken by TKI in 2010. Before

proposed drilling in permit data on TPAO wells
around the license areas were taken into account.

Using the prepared maps constructed and other
geologic and seismic data, the areas where lignite
could be cut at shallow depths are estimated. The data
to be achieved in this study contain important tips
regarding the depth of lignite levels. As known due to
facies changes within the Danismen Formation lignite
levels are discontinuous. Total lignite thickness may
change in short distances and become zero.

Northern parts of license areas at S and SE of
Pehlivankdy (Figure 19) where TKI drilled wells in
previous years are expected to have lignite levels
at economic depths. It is thought that in these areas
Danismen Formation is exposed but Ergene Formation
is not present or very thin. Seismic section given in
figures 16 and 17 is included to support this opinion.
For this area there are limited data to identify facies
distribution of Danismen Formation and the presence
of lignite layers. In spite of this, these areas are
needed to be tested. If facies is suitable, the number
of wells in the license will be increased in north and
south directions. In these licenses (Figure 19) wells

Figure 19 — Locations of wells (P1 and P2) to be drilled in northern parts of license areas of TKI at S and SE of Pehlivankéy. 2
new license areas to be taken around northeast of Pehlivankdy are marked with dashed line.
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P1 (Figure 16) and P2 (Figure 17) are proposed to
be drilled. In well P1 lignite level can be penetrated
at depth of 100-200 m. Depth of well is proposed to
be 400 m. In well P2 lignite level is expected to be
encountered between 200-300 m. Depth of this well
is suggested as 500 m. It is possible that in wells P1
and P2 (Figure 19) lignite levels can be penetrated
much shallower depths.

Wells should be immediately drilled in license
areas taken in 2010 around the Karacaoglan town at
north of Babaeski (Figure 20). Locations of proposed
wells are shown in Figure 20. On this map P3, P4-
A, P4-B, P5 and P6 symbols show the proposed

well locations. Considering the results from P3 well
(Figure 16), locations of these wells may be changed.
It is thought that reflection planes, which are believed
to represent lignite layers, are intercepted at depth of
200-300 m (Figure 16). In this well, first a thin part
of Ergene formation will be cut and then Danismen
Formation will be progressed. It is possible that 2
different lignite levels will be intercepted in the P3
well. The lignite level below could be at depth of
300-400 m. Lignite layers and alternating litologies
of Danismen Formation are expected to have a high
slope which results in cutting of a much thicker
lignite layer.

Figure 20 — Map showing the locations of wells to be drilled in license (taken in 2010) areas around Karacaoglan town at north

of Babaeski.

In license areas at south of Umur 1 well north of
Haskdy, a number of 8 wells (H1, H2, H3, H4, HS, H6,
He6, H7, H8) are proposed (Figure 21). For this area
since no seismic data are available it is not possible
to suggest a net figure for the depth of lignite layers.
However geologic works conducted during the first
stage of project indicate that he Ergene Formation is
very thin in this area and lignite layers are shallowly
seated since Danismen Formation is eroded and for
these reasons present licenses were taken. The locations
and arrangement of wells to be drilled in this area may
be changed in accordance with results from H1 well. At
north of these licenses in Umur 1 well lignite was cut
at depth of 225 m (Figure 21). In addition, around this
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well and in the Siiloglu lignite field at north thickness
of lignite attains 7-8 m (Figure 14).

6.3. Proposed new license areas

Seismic data yields that lignite levels of the
Danigmen Formation will be closer to the surface
at east of Pehlivankdy. Therefore new licenses are
suggested for this area. As shown from figures 16 and
17, reflectors which are presumably lignite layers get
close to the surface. Just north of TKI license areas
around Pehlivankoy at least 2 licenses are suggested.
The new license area is marked with red rectangular
on the seismic section in figure 16.
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Figure 21 — Proposed wells to be drilled in license areas at north of Haskoy (H1, H2, H3, H4, H5, H6, H7, HS).

Seismic data (Figure 18) indicate that lignite-
bearing Danigsmen Formation at SE of Babaeski area
gets close to the surface. It is believed that Ergene
Formation will be thin-very thin within the proposed
license area. Therefore new licence was suggested for
NE of Pehlivankoy area (Figure 19). The proposed
license area is marked with red rectangular on the
seismic section in figure 18.

Results of this study show that there are areas
suitable for taking new license around Pancarkoy-
Babaeski and based on these findings TKi took new
licenses in this area.

7. Results

Within the concept of project which started in April
2009 studies summarized below were implemented
for the whole Thrace basin using TKi, TPAO and
MTA well data. In order to reveal lignite potential of
Thrace basin maps of regional scale were established.
From these maps information was gathered that is
useful not only for TKI but also for TPAO and MTA.
It was aimed that results of project will contribute to
all relevant governmental organizations (Peringek
2010aq, b, c).

The maps produced from this study are listed
below:

1- Osmancik Formation structure map (Figure 6)

2- Danigsmen Formation discordance plane “paleo-
topography” map (Figure 7)

3- Danismen Formation thickness map (Figure
8): Lignite levels within the Danigsmen Formation
are generally found in the middle and middle-upper
parts of the unit. It is shown in the thickness map that
the unit is changes its thickness between of 0-1650
m. The decrease in thickness is attributed to erosion
process following an uplift that is triggered by the
Thrace Fault System. In some areas, the Danismen
Formation is completely eroded. As a result, lignite
layers within the unit are also eroded. Therefore it is
suggested that during the lignite exploration the areas
where unit is intensely eroded should be avoided. In
areas where the formation is quite thick it is difficult
to find lignite layers in the middle part of unit at
economic depths. Therefore, in the unit areas with
thickness exceeding 1000 m are risky which should
be kept away.

4-For lignite levels within the Danismen Formation
2 total thickness maps were prepared (Figures 12
and 13). First using the TPAO well data total lignite
thickness map was prepared (Figure 12) then a second
map was produced using well data from MTA and TKI.
Data in total lignite thickness map based on TPAO
data may contain some mistakes since TPAO is not an
organization specialized in lignite. Therefore, lignite
thickness map produced by TPAO data (Figure 12) was
reviewed using geological data from the region and
combined with total lignite thickness map established
by TKI-MTA data. Thus a total lignite thickness map
was obtained for the whole Thrace region (Figure
13). This study revealed that lignite distribution in
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the Thrace region was partly developed under facies
control and Thrace Fault System (Peringek, 1987;
1991). Was controlling thickness of the lignite These
new findings are important for the geology of Thrace
region and may contribute to lignite and oil exploration
works in the region.

5- In order to examine thickness of Ergene
Formation within the basin, thickness map of this
formation was prepared throughout the Thrace basin
(Figure 15). It is shown on this map that the unit
changes between 0-1250 m. Based on this map, in areas
where thickness of Ergene Formation exceeds 400 m,
it is difficult to find lignite layers of the Danismen
Formation at economic depths. Therefore areas where
thickness of unit exceeds 400 m should be avoided.

6- In the Thrace region stratigraphic correlations
were made considering the data from wells drilled
by MTA and TKI. Data from these correlations
provided understanding the lateral and vertical facies
change of lignite. These correlations were evaluated
together with other maps and issues and as a result
new licenses were suggested to be taken in areas of
high lignite potential (Peringek et al., 2011). Results
of these correlations and similar works are scope of a
different paper.

7- In areas with licenses taken by TKI in 2010
and previous years, locations of wells to be drilled
in the coming years were determined. These wells
will be drilled in a sequence. During the drilling
stage, results of previous well will be taken into
account and if necessary the order of drilling will be
changed. When programming the drilling of wells
around Pehlivankdy and Karacaoglan areas (Figures
19 and 20) results of subsurface maps were used and
there are geologic and seismic controls. However,
locations of wells in areas at north of Haskdy (Figure
21) wells locations are based solely on geologic data
from maps.

8- In the second stage of project, following the
completion of maps based on geologic data and
seismic assessment, based on the results acquired
TKI obtained new licenses (Peringek et al., 2011).

9- Using the results of this study that was conducted
for the whole Thrace basin a new exploration strategy
was established. In this respect, new licenses are
suggested near by uplifted areas of the Thrace Fault
System. The areas where the Danismen Formation
is partly eroded around the paleo-heights and the
overlying Ergene Formation is quite thin are selected
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as the target. This new strategy is one of the important
results of this study.

The maps and reports that prepared for the
Thrace basin were submitted to TKI in 2010. As a
result of findings from this report, a new exploration
strategy was established to determine and own new
license areas (Peringek et al., 2011). When making
such decisions, subsurface and surface geologic data
were evaluated in conjunction with seismic data and
exceptionally different method was pursued. Well
locations were determined following the assessment
of all data.

8. Studies planned in the coming years

1- If the results of chemical analysis of samples
from wells drilled by TKI and MTA are provided for
the whole Thrace basin, calorie distribution maps are
suggested. Numerous numbers of analyses is required
for successful results from these maps and therefore
reliable results cannot be achieved with limited data.
These maps which will be established with chemical
analyses may also provide information on facies
characteristics of the Danismen Formation.

2- Facies map of Danismen Formation is another
attempt to accurately reveal the lignite potential of
Thrace basin. It is possible to examine lateral and
vertical facies changes with well correlations. In
order to see the vertical facies in map dimension
(third dimension) facies maps should be constructed.
Underground geology data of TPAO are important
data set that should be used during preparation of
facies maps. These data are well logs and composite
well logs. Facies maps of Danigmen Formation can
be made providing these data from TPAO. Geology
maps are another data set for these maps. The facies
maps should be supported with field works. When
making maps sections in some exposures should
be visited and surface and subsurface data must
be combined. In the long term lignite potential of
Thrace basin is thought to be transformed to gas by
burning underground. In this case, rather than depth
of lignite levels, lateral changes in association with
facies distribution come into prominence. In order to
minimize the drilling costs facies works are crucially
important. Facies study is indispensable for the
Thrace basin which requires a longsuffering work.

3- Thickness and structure maps produced so
far should be continuously revised with data from
new wells drilled by TKI, MTA and TPAO and then
wells for lignite production should be drilled on
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reliable points. Data on wells to be drilled by various
organizations must be evaluated simultaneously with
other proposed works. Thus a complementary system
will be established and works will be carried out in
more coordinated way. Data of wells to be drilled in the
Thrace basin by TKI and other relevant organizations
will provide a great support in construction of facies
maps. During the generation of facies maps, data on
these wells will be evaluated and taking the results of
each stage into consideration if necessary facies maps
will be updated. Thus new wells to be drilled will be
directed to areas of high expectation.
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In this study, element enrichments in bituminous rocks (bituminous shale,
bituminous clays- tone and bituminous marl) of the Kabalar formation in the
Hatildag field in Goynuk town of the city of Bolu are investigated and their

economic potential is discussed with regard to being a mineral deposit. Element
analysis was conducted with |CP-ES (ICP emission spectrometry) and ICP-MS
(ICP mass spectrometry) techniques. Organic carbon content in rocks was
analyzed with Rock-Eval V1 device. In pyrolysis analysis conducted on atotal of
28 bituminous rocks that are collected from the Kayalik Dere measured
stratigraphic section, Corg minimum and maximum are 0.40 %wt and 8.25 %wt,
respectively (with average of 3,6 %wt). Mgor and trace elements analyzed were
compared with those of Peru Continental Shelf Sediments, Namibia Continental
Shelf Sediments, Gulf of California Sediments, Me- diterranean Sapropels, Black
Sea Sapropels, Cenomanian/Turonian (C/T) Demerara Rise Anoxic Sediments
and C/T Gubbio Anoxic Sediments which are known to be deposited under
anoxic conditions. In the studied samples, enrichment levels of major and trace
element con- tents are determined with respect to average shale. Fe, Mg, Caand
K of the mgjor elements and As, Ba, Co, Cu, Ni, Rb, Sr, V, Zn and Zr of trace
elements were found to be more enriched with respect to basins compared.
Higher concentrations of Ca, Mg and Ba elements in the studied samples indicate
that depositional environment in Hatildag is more carbonaceous and suboxic.

1. Introduction

Some of the studies related to general geology,
coal geology and bituminous shales are as follows;

The study area is located between Daghacilar
and Kabalar villages within boundaries of Goyniik
town, Bolu. In the field, Paleocene-Eocene units are
exposed. Bituminous rocks cropping out in the study
area are quite thick, reaching 290 meter in some
places. This situation increases the economic value of
the region in terms of petroleum and gas potential. It
is also significant since these rocks accumulate plenty
of major, trace and rare earth elements.

Seker and Kesgin, 1991; Sart and Sonel, 1995; Sener
and Sengiiler, 1998; Biiylikutku et al., 2005; Sar1 and
Aliyev, 2005; Aliyev, et al., 2006; Sar1 et al., 2007,
Kara and Korkmaz, 2008; Sengiiler, 2012.

The organic rocks, which are the source of
today’s oil deposits, were deposited in mild periods
of the world history that correspond to Cambrian- late
Devonian-Carboniferous, middle late Permian and

! Corresponding author: Ali Sari, sari@eng.ankara.edu.tr
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Element Enrichments in Bituminous Rocks, Hatildag

Cretaceous times. Bituminous rocks are deposited
in much sulfurous, reducing environment, which
was formed as a result of high organic productivity
developing in the basin, and due to accumulation and
decay of dead organisms at the bottom. In studies, it
was seen that there was a systematical relationship
between these bituminous rocks and the element
enrichment. It was also observed that much sulfurous
reducing environmental conditions that formed as a
result of the accumulation and decay of dead organism
at the bottom had the most significant role in element
enrichments. Free metals in sulfidic environments
are either bonded to an organic structure or deposited
as metal sulfites and enriched in bituminous rocks.
Metals that are taken into river bodies as the river
flows into basin and detaches them from rocks,
dissolved metals in sea water, hydrothermal solutions
that comes from faults and fractures or volcanic ashes
are shown as the source of metals in bituminous rocks
(Mao et al., 2002; Cruse and Lyons, 2004).

The increasing oil prices in the world have forced
the USA and other countries to find new sources for
alternative energy within last 15 years. The need for
the alternative energy have revived bituminous rocks
(bituminous shale, bituminous marl and bituminous
claystone) in recent years. Within this scope, the
shale gas exploration, which takes important place
in the agenda of big countries such as; the USA and
China, have accelerated investigations in Turkey as
well. In doing so; the fracturing process in Silurian
Dadas Formation of Shell Company in Diyarbakir
has been completed and test studies are performed
for production. Again, the oil production studies
from bituminous rocks still continue in Hatildag/
Goyniik field within scope of a joint project which
is carried out by Turkish Coal Enterprises (TKI)
and Turkish Petroleum Corporation (TPAO). It is
especially possible to enrich elements from organic
rich rocks using residual ashes which remain after
retorting the oil at the surface. Bituminous rocks
within this framework are very rich storage for
Major, Trace and Rare Earth Elements (REE) and
assessed like a mineral deposit. In near future,
the source supply for elements, which will be
needed by high technologies, will be spoken in
the agenda of Turkey. When looking from these
points of views, this investigation is important for
element acquirements and source determinations.
Remarkable enrichments in Si, Mn, Cr, Fe, Na, K,
Ca, Mg and Ti elements and depletion in P element
were observed in bituminous samples of Kayalik
Stream measured stratigraphical section (MSS) in
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this study. Among trace elements, the enrichments
of Ni, Sc, Ba, Be, Co, Cs, Hf, Sn, Sr, U, Th, Ta, V, W,
Cu, Pb, As, Sb, Ag, and Se elements are generally in
higher concentrations than average shale.

2. Material and Method

Bituminous rocks (bituminous shale, bituminous
marl and bituminous shale) used in this study were
taken from Kayalik Stream in Hatildag/Gdyniik
field, and named as the Kayalik Stream MSS. 113
samples were systematically collected in Kayalik
Stream MSS. Among these, 28 samples belong to
bituminous rocks. Pyrolysis analysis was performed
for 28 bituminous samples, which contain organic
material, by using Rock-Eval VI instrument in TPAO
laboratories. Minimum and maximum Total Organic
Content (TOC) in rocks are 0.40 wt% and 8.25 wt%,
respectively (with average value of 3.76 wt%). In
order to better determine the element enrichments
in the basin, both bituminous and non-bituminous
rocks were separately subjected to element analyses.
Inorganic chemical analyses of samples, which had
been pulverized in agate mortar, were carried out in
Acme Analytical Laboratories Ltd. (Canada) using
ICP-ES (ICP emission spectrometry) and ICP-MS
(ICP mass spectrometry) techniques. By using ICP-
ES method, major and trace element concentrations
were calculated in 113 samples. REE analyses were
performed by ICP-MS method. Again, total sulfur,
total carbon and inorganic carbon analyses were
carried out in ACME Analytical Laboratories Ltd.
(Canada) using Leco device in 113 samples. Element
abundances obtained were compared and interpreted
based on rocks; besides, their geochemical behaviors
were investigated calculating correlation coefficients.
Enrichment values in elements in our study area were
compared with other elements in worldwide known
reducing environments.

3. Geologic Setting

The basement of the study area is constituted by
Lower Paleozoic Bolu granitoids which outcrops in
south of Goyniik basin and by metamorphic rock
types (Blumenthal, 1948; Saner, 1978a). Blumenthal
(1948) stated that Bolu granitoid basically developed
in pre Upper Ordovician, but there had been other
intrusions into this body. These rocks are massive,
medium to fine grained granites enriched in potassium
feldspar.

The oldest units in vicinity of the study area are
Upper Cretaceous in age. These are formed by Seben
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formation, which is composed of gray to greenish
gray, limestone banded, marl and sandstone at the
bottom, and by the conformably overlying Tarakli
formation represented by shale, marl and sandstone.
The Upper Cretaceous units are both laterally and
vertically transitional with Paleocene-Eocene units.
From bottom to top; these units are formed by
Besikkaya Formation Limestone Member (sandstone-
marl member and limestone-marl member), Agsaklar
Formation (conglomerate-sandstone member, marl

member, limestone member), the overlying Hatildag
Formation (productive bituminous shale member/
sterilized bituminous shale member), and by the
Kabalar Formation (red marls consisting of sandstone
and conglomerate lenses) at the top (Figure 1).
Bituminous shales located in middle parts of the
Hatildag Formation are brownish beige in color, and
are sometimes intercalated with marl and claystone.
Total thickness of bituminous shales is 290 m of
which their thicknesses vary between 0.01-9 m.

Figure 1- Geological map of the study area (Modified from Yanilmaz et al, 1980; Sengiiler, 2012).

The regression of the sea which had started at the
end of Upper Cretaceous from south to north also
continued in Paleocene. Shallow marine limestones
(Besikkaya Formation) were deposited in Paleocene
in the basin which became gradually shallow. Marine
depositions have continued in a controlled way during
Paleocene. Delta formations of the regressive marine
and the coastal flat and coastal plain formations have
controlled the rock deposition. Meandering river
channel deposits, flood plain deposits and deposits
with marine intercalations, which are observed in
formations, indicate that the region was subjected to
marine transgression in Paleocene-Eocene times. The
marine transgression is distinctive by a typical sediment
assemblage around Kabalar village in the study area
(Saner, 1978a). The region also preserved its marine
character in Eocene. The depth did not exceed 150-

300 m in this period, and the deposition of bituminous
shale, bituminous claystone and bituminous marl
occurred in protected lakes behind barriers which had
formed as a result of marine regression.

4. Findings and Discussion

4.1. Element Enrichments in Rocks enriched by
Organic Material

Organic carbon content of bituminous rocks
depends on biological productivity, prevention and
sedimentation rate. Bituminous rocks are not only rich
in organic material such as petroleum source rocks but
also in important metals. The significant difference of
metal bearing shales than petroleum sources is that
they can form economic mineral deposits. Only 1%
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organic carbon is enough for sulfate microorganisms
to produce H,S by breaking up the organic matter
and make the environment anoxic. As a result of
high amount organic matter entrance into sediment,
the metal enrichments in significant amounts occur
in the form of metal sulfides in periods when the
groundwater is reducing/anoxic (Mao et al., 2002).
Most major elements (Si, Al, Fe, K, Ca, Mg, Na, Ti,
Mn and P; according to decreasing order in amount)
are affected by biological processes and diagenesis.
Silica is not only located in the structural lattice of
clay minerals, feldspar or quartz, but also form an
important component of plankton residuals such
as amorphous opal. Iron is extremely sensitive in
reducing environments and can participate into
sediments as pyrite in the form of iron sulfide.
Besides, the iron is observed as structural component
on mineral grains and in the form of oxide/hydroxide
layer (Canfield et al., 1992). They are located in
calcium and few magnesium carbonate components.
Manganese has a tendency to be reductive like iron
at high Mn values of minimum oxygen water zone
(Bender et al., 1977; Lewis and Luther, 2000). But

it does not form stable sulfides except for special
cases (Bottcher and Huckriede, 1997; Hucriede and
Meischner, 1996). Trace element geochemistry of
Namibia and Californian Gulf upwelling sediments
have been investigated by Brongersma-Sanders
et al. (1980) and Calvert and Price (1983). These
investigators showed that certain trace elements such
as; As, Ba, Cd, Cr, Cu, Mo, Ni, V, Zn had significantly
been enriched.

Generally; metals exhibit a remarkable enrichment
within laminated, organic rich facies deposited
especially under euxinic conditions, and low
enrichments in reverse bioturbated, organic poor facies.
Based on temporal sea water data, the presence of trace
element bio-accumulation in sediment composition
by marine planktons and continuing regeneration
processes were detected also for upwelling sediments
of the Californian Gulf. As a result, the elements such
as; V, U and Mo were derived from an early diagenetic
source and intruded from water column into sediment
by diffusion (Table 1).

Table 1- Major and Trace Element/Al Ratios on the Aged and Current Sedimentary Rocks (Brumsack, H-J., 2006).

Element Averege [Peruvian| Namibia | Gulf of | Mediterranean | Black | Black Derggara C/T C/T
Shale coast mud | California sapropels Sea-1 | Sea-2 rise Averege | Gubbio
Si/Al 3,11 4,33 30,2 6,29 2,65 3,08 | 2,98 6,13 7,36 16,4
Ti/Al 0,053 0,052 0,08 0,049 0,061 0,048 | 0,044 0,053 0,05 0,044
Fe/Al 0,55 0,45 0,8 0,46 1,22 0,65 | 0,57 0,62 0,77 1,33
Mg/Al 0,18 0,28 0,38 0,2 0,39 0,3 0,28 0,24 0,22 0,23
Ca/Al 0,18 1,5 2 0,31 4,07 5,15 | 0,77 8,57 2,15 0,22
Na/Al | 0,13 0,98 0,91 0,23 0,45 0,98 | 0,78 0,41 0,26 0,05
K/Al 0,34 0,28 0,39 0,29 0,25 0,3 0,3 0,26 0,28 0,37
P/Al 0,008 0,096 0,17 0,022 0,016 0,018 | 0,019 0,07 0,047 0,046
Ag/Al | 0,008 0,12 0,148 0,042 0,12 0,079 | 0,076 0,73 0,73 0,78
As/Al 1,1 43 11 1,35 15,4 4,15 | 2,87 8,6 7,9 18
Ba/Al 66 69 298 121 341 174 260 155 204 3638
Bi/Al 0,015 0,045 0,08 0,03 0,044 0,07 | 0,06 0,042 0,065 0,39
Cd/Al | 0,015 8,5 26 0,55 2,7 026 | 0,27 5,81 6,27 2,14
Co/Al 2,1 1,2 2,9 1,4 17,4 6,2 3,8 2,81 14,7 5,9
Cr/Al 10,2 244 72 9,4 28,3 122 | 12,8 57 41,4 33,9
Cu/Al 5,1 11,6 32 5,8 33,1 17,6 | 23,7 31,9 43,8 63
Mn/Al 96 52 28 41 202 129 56 42 125 23
Mo/Al 0,15 10,6 37 2,6 27,9 14,7 | 26,2 37,7 61,4 12,8
Ni/Al 7,7 20,2 41 8,1 54,6 16,7 | 24,5 60 65,2 52,4
Pb/Al 2,5 35 3,7 3,6 2,9 53 3,7 3 45 4
Rb/Al 16 12,3 22 15 12,1 15,6 15,7 11,2 18,1 16,7
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Re/Al | 0,11 1,12 2,25 n.d. 7,55 0,98 | 1,22 3,1 4,9 2,85
Sb/Al | 0,17 0,5 n.d. 0,85 2,67 0,57 | 0,33 438 4 1,56
Sr/Al 34 86 181 35 200 271 | 59 318 106 122
TVAL | 0,077 | 033 2,5 0,08 0,58 0,12 | 0,18 1,19 1,2 3,44
U/Al 0,42 23 28,6 1,21 4,1 32 | 33 4,87 6,4 2.9

V/Al 15 38 126 21,5 139 29 44 491 271 271
Zn/Al 11 24 29 18,7 25 19 18 246 459 249
Zr/Al 18 21 252 n.d. 24 18 15 15 18 19

4.2. Major Element Enrichments

In correlation studies of major oxides made

detritic and derived from the same source. However;
Al,O, gave a very high negative correlations with
MgO and CaO indicating that these elements were

by ALO,, ALO, element gave very high positive derived from different origins, and the sources of

correlation with SiO,, Fe,O,, Na,0O and K,O MgO and CaO elements were carbonate in origin

elements, indicating that all these elements were (Table 2).

Table 2- Correlation of major oxides of the study area.

Rayalk STeam | Corg | si0, | ALO, | FeO, | Mg0 | Ca0 | NaO | KO | TiO, | P,0, | MnO

Corg 1,00 -0,16 | -0,15 -0,25 0,10 -0,13 -0,14 | -0,03 -0,16 0,07 -0,38
SiO, 1,00 0,82 0,81 -0,50 | -0,74 0,22 0,71 0,75 -0,09 0,06
ALO, 1,00 0,93 -0,74 | -0,44 0,67 0,56 0,97 0,05 0,27
Fe,O, 1,00 -0,78 -0,35 0,63 0,52 0,92 0,04 0,48
MgO 1,00 -0,13 -0,76 | -0,21 -0,74 | -0,41 -0,53
CaO 1,00 0,25 -0,69 | -0,35 0,39 0,43
Na,O 1,00 -0,15 0,72 0,25 0,55
K,O 1,00 0,50 -0,19 | -0,16
TiO, 1,00 0,06 0,35
P,O, 1,00 | 0,11
MnO 1,00

The increase in Si/Al ratio expresses an increase
in detritic quartz amount; however, the decrease in
this amount could express an increase in clay amount.
The increase in K/Al ratio presents more micacous
clay input and probably a fine grained K-feldspar
increase. But, there was not observed any remarkable
enrichment in K, among samples of the study area;
on the contrary, there was observed some depletion
in some samples. It indicates that, illite type clay
in samples is niether much available, nor is the
depositional environment a deep marine. In Kayalik
Stream MSS samples, the enrichment of major
elements with respect to Al normalized shales are in
question; even, there is observed an enrichment more
than 100 times in Ca and Mg elements (Figure 2). It
shows that our sedimentary environment is in a system
which is suitable for carbonate deposition. Similarly;

high enrichments observed in Mn again originate from
carbonate minerals. When major element enrichments
of bituminous samples in Kayalik Stream MSS were
totally studied, there were observed enrichments in
Si, Mn, Cr elements ranging between 1 to 10 times.
However; the enrichment amounts in Fe, Na, K and
Ti elements range between 1 to 5 times, and there is
depletion in P element. The remarkable point here is the
enrichments up to 100 times in Ca and Mg elements.
This shows that the sedimentary environment in
Hatildag field is generally carbonated (suitable to
limestone and dolomite deposition) (Figure 2). Low
Si concentrations indicate that detritic silica input is
extremely low in depositional environment, and the
depositional environment of bituminous rock is a
water column which is generally calm and stagnant.
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Figure 2-Enrichment of Kayalikdere samples compared to the major elements shales which were normalized by Al.

4.3. Trace Element Enrichments

The chemical composition of the main rock is
importantly affected from local or regional soil and
water chemistry. Therefore; the atmospheric water
in sedimentation becomes effective in element
enrichment. Elements may be deposited in much
sulfurous reducing depositional environments by being
absorbed or as sulfides (FeS,, PbS, CuS, CoS, ZnS,
MoS,). For this reason; some trace metals become
enriched in organic rich rocks. Enrichment Factors
(EF) are determined by normalizing clastic input of
each trace element by Al and comparing these ratios
with normal shale. This approach is used by many
authors in assessing the trace element enrichments in
accumulated sediments today and in the past (Calvert
and Pedersen, 1993). EF is calculated as; EF | X=X/
Al e ! XIAL g 1T EF, s greater than 1, then
X is enriched with respect to average shale, if it is

element

less than 1, then it is depleted.

All trace elements (TE) are affected by stronger
processes under low oxygen conditions like; the
intense increase of organic carbon amount as it was
in Mn/Fe redox cycle in the presence of H,S within
water column in sedimentary redox boundary or
under euxinic conditions (Pratt and Davis, 1992;
Calvert and Pedersen, 1993; Morse and Luther,
1999). The obtained results which are related with
the characteristic trace element samples and redox
environments are as follows; (1) while upwelling
sediments generally become enriched in Cd and P, they
become depleted in Co and Mn, (2) sapropels reflect
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strong sulfidization in anoxic water column and have
a tendency of high enrichment in Ba, Mo, S, Re, As,
Cu, Ni, Sb, and Fe, (3) upwelling systems, the distance
of H,S accumulation into sediment sea water interface,
bio-accumulation intensity and its reproduction reflect
the broad area of environmental conditions which play
an important role for trace element accumulation, (4)
the trace element content of anoxic basins is controlled
by being based on the trace element presence in water
column and sedimentation rate, (5) very high bio-
production is the main key which transforms oxic
environment into anoxic environment (Brumsack,
2006). One of the most significant discoveries related
with trace element behaviors in oceans is that these
elements occur within processes of biologic cycle
(Bruland, 1983). Pleistocene sapropels consist of Co,
Cu, Cr, Ni, and V metals, and Cd, Mo, Re, Sb, Tl and
U metals in fewer amounts, and Bi element in much
fewer amount (Brumsack 1989; Hatch and Leventhal,
1992; Calvert and Pedersen, 1993). These elements are
deposited either as sulfides (especially iron sulfides)
or as connected to an organic matter (Calvert et al.,
1985; Jacobs et al., 1985). Some metals (Mo, U, V)
may accumulate into the sediment by diffusion or
after reduction during early diagenesis (Brumsack and
Gieskes, 1983; Shaw et al., 1990).

In samples belonging to the study area, the
enrichments of Ni, Sc, Ba, Be, Co, Cs, Hf, Sn, Sr,
U, Th, Ta, V, W, Cu, Pb, As, Sb, Ag and Se elements
mainly show an increase compared to average shale.
In addition; Ni, Sr, W, As, Ag and Se eclements
become enriched 100 times more than average shale
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in some samples (Figure 3). Some elements such
as; Ni, Co, U, V, Pb, Cu elements to show very high
enrichment probably depends on the presence of Coer
High Ag enrichments might be due to the retention

in silicate bio-geochemical cycle, the particles in
groundwater or due to the adsorption in sulfide and
diagenetic Selenides (Ndung’u et al., 2001; McKay
and Pedersen, 2002; Crusius and Thomson, 2003).

Figure 3- Enrichment of Kayalikdere samples trace elements compared to the normalized shale which were normalized by Al.

4.4. The Comparison of Element Enrichments with
Reducing Environments in the World

The enrichment values of major and trace
elements of the Kayalik Stream MSS were compared
with element enrichments of Peru Coastal Shelf
Sediments, Namibia (Africa) Coastal Shelf Sediments,
Mediterranean Sapropels, Black Sea Sapropels,
Cenomanian/Turonian Demerara Rise Sediments and
Cenomanian/Turonian Gubbio Sediments (Table 3,
Figure 4). Considering average enrichments, it was
seen that there were enrichments in different element
accumulations of the regions, which had been deposited
in organic matter rich, anoxic/euxinic environments.
These differences are related with the variability of
redox conditions of depositional environments. For
instance; as the organic matter accumulation will
be low or absent in oxic conditions, the conditions

(organic matter or sulfides) in which metals would
be accumulated will not develop. Elements in semi-
sulfidic environments are deposited in the form
of organic ligands by being attached to organic
structures. Elements in sulfidic environments prefer
being deposited in the form of sulfides (FeS,, PbS,
CuS, MoS, etc.). Especially; bituminous samples in
the study area to display element enrichments in wide
range indicates non-homogeneity of the depositional
environment of Hatildag field and the frequent
variation of redox environmental conditions. Elements
like; Mo and Co, which generally show enrichment
with organic carbon, in Hatildag field samples, are
quite lower than enrichment rates of sediments in
other regions. This indicates that, the depositional
environment in Hatildag field is less sulfidic/anoxic
compared to other environments.

Figure 4- In Kayalikdere major and trace element enrichment’s averages in comparison with other reducing conditions of the world.
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Table 3- Major and trace element enrichments of Peruvian Coast, Namibia muds, Mediterranean and Black Sea sapropels, C/T
Demerara Rise and C/T Gubbio organic rich rocks of the studied samples.

Meior | S | Powen | Nynibin | Neloranenn | 850kt | perurara | Gunlo
MMS Rise

Cmg 3,76 76,96 185,22 73,91 63,91 175,22 147,39

Si 10,1 4,75 33,10 2,90 3,38 6,72 17,97

Ti 0,17 0,98 1,51 1,15 0,91 1 0,83

Fe 2,2 0,76 1,36 2,07 1,10 1,05 2,25

Mg 6,98 1,49 2,03 2,08 1,6 1,28 1,23

Ca 13,84 5,43 7,24 14,73 18,64 31,02 0,80

Na 0,85 8,17 7,58 3,75 8,17 3,42 0,42

K 1,56 0,84 1,17 0,75 0,90 0,78 1,11

P 0,02 10,97 19,43 1,83 2,06 8 5,26

Mn 0,07 0,32 0,17 1,24 0,79 0,26 0,14

Cr 0,01 2,17 6,4 2,52 1,08 5,07 3,01
Trace Kayalik Peruvian Namibian | Mediterranean | Black Sea o .
Element Stream Coast Muds sapropels sapropels Dem.erara C/T Gubbio

MMS Rise

As 51 2,65 6,77 9,48 2,55 5,29 11,08

Ba 370 0,95 4,11 4,70 2.4 2,14 50,18

Cd 0,12 113,33 346,67 36 3,47 77,47 28,53

Co 14 0,51 1,22 7,33 2,61 1,18 2,48

Cu 29 2,06 5,69 5,88 3,13 5,67 11,2

Mo 6 7,71 26,91 20,29 10,69 27,42 9,31

Ni 85 2,38 4,82 6,42 1,96 7,06 6,16

Rb 40 0,70 1,26 0,69 0,89 0,64 0,95

Sb 0,5 2,67 n.d. 14,24 3,04 23,36 8,32

Sr 755 2,29 4,83 5,33 7,23 8,48 3,25

U 2 4,97 61,84 8,86 6,92 10,53 6,27

\Y 64 2,34 7,75 8,55 1,78 30,22 16,68

Zn 32 2,02 2,44 2,11 1,6 20,72 20,97

Zr 40 1,05 1,26 1,2 0,9 0,75 0,95
Major and trace elements in samples of the and 5, Table 4). This indicates that, redox conditions

study area, normalized by Al, were compared with of the depositional environment in Hatildag field is

elements deposited under other anoxic/euxinic
conditions in the world. Thus, there were observed
enrichments generally in the concentration of Ca,
Mg, K, Cr, Sr and Ba elements in Kayalik Stream
MSS. Especially; the concentrations of Ca, Ba and high carbonate and dolomite contents in studied
Mg elements were estimated quite high (Figures 4 bituminous samples also support this fact.

generally subjected to oxic/dioxic conditions. The
basin is quite carbonated and its redox condition is

less sulfidic compared to other environments. The
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Figure 5-Kayalikdere’s bituminous samples enrichments based on Peruvian Coast, Namiby Mud, Me-
diterranean Sapropel, Black Sea Sapropel, the C/T Demerara Rise, C/T Gubbio, carbonate,
shale, PASS, NASCAR and UCC enriched samples.
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Table 4- Average enrichment values of elements in Kayalik Stream MSS with respect to other elements in reducing environment

in the world.

Elzlln'/ [Element (DH)/Al] / [Element (Other reducing environments)/Al]
DH | Peru |Namibian [Mediterranean| Black Sea cr C/T

El. OSK |Coast| mud. sapropels | sapropels Del;r;:;’a. Gubbio CarbonateShale) PASS [NASC| UCC
Si 3,61 | 0,83 0,12 1,36 1,17 0,59 0,22 0,63 |1,16] 1,09 | 0,94 | 0,83
Fe | 0,76 | 1,69 0,95 0,62 1,17 1,23 0,57 0,84 |1,39] 1,99 | 2,28 | 2,32
Mg | 4,03 | 14,38 | 10,60 10,32 13,42 16,78 17,50 0,36 (22,37| 34,59 | 23,79 | 27,81
Ca | 7,12 | 4,75 3,56 1,75 1,38 0,83 32,39 0,10 {39,58/103,67| 33,17 | 25,79
Na | 0,28 | 0,29 0,31 0,63 0,29 0,69 5,65 3,14 |2,17| 445 | 419 | 1,10
K 0,54 | 1,93 1,39 2,16 1,80 2,08 1,46 0,85 | 1,59 2,76 | 2,30 | 2,42
Ti | 0,06 | 1,11 0,72 0,95 1,21 1,09 1,32 0,58 |1,16] 1,09 | 1,40 | 1,76
P 0,01 | 0,09 0,05 0,52 0,46 0,12 0,18 0,08 10,83 099 | 1,09 | 1,18
Mn | 0,03 | 5,92 11,00 1,54 2,57 7,33 13,39 0,12 |[1,92] 529 | 8,69 | 0,06
Cr | 0,00 | 1,55 0,52 1,33 3,10 0,65 1,13 1,43 |3,72| 4,44 | 3,50 | 11,50
V | 2191 0,58 0,17 0,16 0,76 0,04 0,08 046 |146] 1,29 | 1,33 | 2,59
Co | 5,04 | 420 1,74 0,29 0,81 1,79 0,85 21,90 |2,40| 1,93 | 1,55 | 3,58
Ni | 32,30 | 1,60 0,79 0,59 1,93 0,54 0,62 0,68 [4,19| 5,19 | 4,40 | 11,47
Cu | 10,45 | 0,90 0,33 0,32 0,59 0,33 0,17 1,10 |2,05| 1,85 | na 2,97
Zn | 11,03 | 0,46 0,38 0,44 0,58 0,04 0,04 0,03 10,23 | 1,15 | na 1,10
As | 16,18 | 3,76 1,47 1,05 3,90 1,88 0,90 6,80 |14,71| n.a. | 4,50 | 76,63
Rb | 13,66 | 1,11 0,62 1,13 0,88 1,22 0,82 191 |0,85| 0,75 | 0,86 | 0,87
Sr 414,11 | 4,82 2,29 2,07 1,53 1,30 3,39 0,29 |12,18| 18,29 | 23,04 | 8,41
Zr | 2,66 | 0,65 0,54 0,57 0,75 091 0,72 0,30 |0,75| 0,57 | 0,54 | 0,51
Sb | 13,59 | 0,28 n.a. 0,05 0,24 0,03 0,09 0,29 |0,82| n.a. | 0,53 | 4,96
Ba |155,14] 2,25 0,52 0,45 0,89 1,00 0,04 6,52 2,35| 2,11 | 1,93 | 2,00
U 0,77 | 0,34 0,03 0,19 0,24 0,16 0,27 0,15 |1,84] 2,20 | 2,29 | 1,96
Ag 0,05 n.a 0,32 0,39 0,59 0,06 0,06 n.a. n.a. | na n.a n.a

Mo | 2,64 n.a 0,07 0,09 0,18 0,07 0,21 n.a. na. | na n.a n.a

Bi 0,06 n.a 0,75 1,20 0,85 1,50 0,15 n.a. n.a. | na. n.a n.a

Pb | 2,84 | na 0,77 0,98 0,77 0,95 0,71 0,13 |1,14| na n.a n.a

Tl 0,05 | na 0,02 0,08 0,39 0,04 0,01 n.a. na. | na. | na. n.a.

5. Results The enrichments of Ni, Sc, Ba, Be, Co, Cs, Hf,

As a result of correlation studies of major oxides
made by AlLO,, quite high positive correlations
were obtained in SiO,, Fe,O,, NaO and KO
elements. This indicates that, all these elements are
continental and derived from the same origin. AL,O,
to give quite high negative correlations with MgO
and CaO shows that these elements are carbonate
in origin.

Sn, Sr, U, Th, Ta, V, W, Cu, Pb, As, Sb, Ag, and
Se elements among trace elements mostly show an
increase with respect to average shale in bituminous
samples of the Kayalik Stream MSS.

Enrichments in Ca and Mg elements in bituminous
samples of the Kayalik Stream MSS are nearly
100 times. While there are observed variations in
enrichments between 1 to 10 times in Si, Mn and Cr



Bull. Min. Res. Exp. (2015) 150: 109-120

elements, the enrichment values in Fe, Na, K and Ti
elements vary between 1 to 5 times. However, there
was observed depletion in P element.

Element enrichments of the Kayalik Stream MSS
were normalized by Al and compared with Peruvian
Coast, Namibia muds, Mediterranean sapropels,
Black Sea sapropels, C/T Demerara Rise, C/T
Gubbio, Carbonate average, Average Shale, PASS,
NASC and with UCC rocks. As a result, enrichments
generally in Mg, Ca, K, Cr, Sr and Ba concentrations
were observed. It indicates that, the depositional
environment in Hatildag Field is quite carbonated
and its redox conditions are less sulfidic with respect
to other anoxic/euxinic basin conditions. The high
carbonate and dolomite contents in studied samples
also support this fact.
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In this study, the representative samples were taken from the halloysite deposits located in
Canakkale-Balikesir regions, in NW Anatolia. At first, the dehydration temperatures of the
samples were determined after sample preparation and characterization studies. It was found

that halloysite samples began to lose their interlayer waters at 50°C and continued up to 70°C.
The intercalation studies were carried out on dehydrated samples by using ethylene glycol,
potassium acetate, dimethyl sulfoxide and formamide. Although there were negative results
by ethylene glycol and potassium acetate, the satisfactory results were obtained by dimethyl
sulfoxide and formamide. It was understood that the most effective reagent in terms of inter-

calation was formamide.

1. Introduction

Double layered (1:1) halloysite mineral, which
is formed by the disintegration of aluminum silicate
minerals, is generally associated with kaolinite. The
chemical formula of its dehydrated structure is the same
with that of kaolinite (ALSi,O,(OH),) and consists of
nanometer sized tubes, in different prismatic shapes
mainly the cylindrical type (Kirkman, 1981).

Thehalloysite mineral shows similar mineralogical
and chemical characteristics with kaolinite, and it
can absorb water molecules between its layers. This
halloysite mineral is called as “halloysite (10 A)”
or ‘“hydrated halloysite”, and the layer distances
are 10 A as it contains water (Churchman and Carr,
1973). The ion exchange and reactivity etc. of the
interlayer water in halloysite (10 A) have important
effects on the physical characteristics of the mineral
(Jousssein et al., 2005). The distance between layers
in halloysites, which lost their interlayer waters, is 7
A and this value is the same as kaolinite. Actually; it
is reported that this distance is 7.2 A and the thickness
of water molecules is 2.8 A (Hiller and Ryan, 2002).
Halloysites, which lost their interlayer waters, are

named as “dehydrated” or “halloysite (7 A)”. In
figure 1, the atomic structure for halloysite (7 A) and
(10A) is given (Murray, 2007).

Figure 1- The atomic structure of halloysite (Murray, 2007).

When halloysite (10A) structures are heated above
low temperatures such as 35-40°C, they irreversibly
lose their interlayer waters. It is also stated that the
dehydration temperature depends on factors such
as; the relative humidity (air) of the environment
and the ore mineralogy-geology (Churchman et al.,

* Corresponding author: Biilent Basara, b.basara@hacettepe.edu.tr
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1972). 1t was also pointed out that, samples in high
relative humid environments could preserve their
interlayer waters at higher temperatures. In other
words; the relative humidity of the environment in
which samples are preserved is important rather than
the temperature in dehydration process (Harrison
and Greenberg, 1962; Joussein et al., 2006). Such
that, the dehydration begins under relative humidity
conditions below 70%; therefore, the halloysite
should carefully be stored.

The intercalation means, “intervene” or “forming
a complex”, and it is used as the intake of other atoms
into crystal structure (cage) in mineralogy. Active guest
molecules, during halloysite intercalation, destruct
hydrogen bonds and enter layers of which waters have
extruded. Thus, the interlayer distance again increases
from 7A to 10 A (Horvarth et al., 2011). So, it is easily
separated from kaolinite in XRD analysis.

The XRD patern of a halloysite mineral, between
5-15°, for 10 A and 7 A forms, which was taken from a
halloysite mine in Balikesir-Gonen region, is given in
figure 2 (Basara et al., 2013). Dehydrated halloysites
have the same basal peak with that of kaolinite in
XRD analysis. Therefore, the intercalation method is
necessary in order to distinguish them.

Figure 2- Basal XRD patern of both hydrated and dehydra-
ted halloysite (Basara et al., 2013).

Many studies have been carried out on halloysite
intercalation, and the fastest and effective intercalation
reactive has been searched. The formamide is the
first reactive which transform dehydrated halloysites
into hydrated halloysites (Churchman and Theng,
1984; Churchman et al., 1984; Churchman, 1990).
The usability of other reactives such as; dimethyl
sulfoxide, potassium acetate, hydrazine, urea have
also been investigated (Wada, 1961, Churchman and
Carr, 1973; Mellouk, et al., 2009; Nicolini, et al.,
2009; Horvath, et al., 2011).
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It was effectively observed that, the use of
formamide in intercalation is effective for naturally
dehydrated halloysites which show different
mineralogy and formation. However, successful
results could not be taken by formamide in halloysites
which were dried in ovens above 110°C. Moreover;
it was stated that formamide had not been effective at
all in some cases (Joussein et al., 2007).

In this study, the intercalation experiments were
performed on representative samples taken from
halloysite deposits which are traded and form in
NW Anatolia in the country. Relative humid loss
temperatures of samples, reactive of intercalation and
the method were established. The results obtained by
the intercalation method were used in the investigation
of halloysite/kaolinite association in samples, and the
sample description was carried out by XRF analysis.

2. Northwest Anatolian Halloysite Deposits

The economical halloysite deposits of Turkey
are located in northwest, especially in Balikesir —
Canakkale region (Saklar et al., 2011). The northwest
Anatolian halloysite deposits are observed in the
form of NE-SW extending tectonic zones (Duru et
al., 2007; Duru et al., 2012). It is pointed out that,
Halloysite formations are occur in Tertiary volcanic
units (Ilgar et al., 2012). However, Uygun (2012)
suggested that, halloysite deposits in the region had
occasionally been emplaced into partly faulty contacts
between Jurassic dolomitic limestones and andesitic
volcanics. He also stated that, these deposits had been
formed due to the effect of acidic volcanics such
as; latite and rhyodasite or hypogenic hydrothermal
melts. It is also emphasized that, halloysites were
formed as a result of hydrothermal effects related
with fault zones in low pH environments (2-3) due to
dissolution-precipitation mechanism of andesitic tuffs
(Akcay, et al., 2008; Dénmez et al., 2008; Erdogan
et al.,, 2012). Similar suggestions were also stated
by other investigators saying that, NW Anatolian
halloysite deposits were hydrothermally formed by
low pH, silica and aluminum rich solutions (Lagin
and Yeniyol, 2006; Ece and Schroeder, 2007).

New Zealand is the leader country in the
production of halloysite, and the source of its deposits
are hydrothermal which is similar to that of Turkey
(Christie, et al., 2000; Murray, 2007; Christie, et al.,
2011).

3. Material and Method

Halloysite deposits, in which representative
samples were used, are respectively Balikesir-Gonen-
Alacaoluk limonitized halloysite deposit (BGL),
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Balikesir-Gonen-Alacaoluk  pyritized  halloysite
deposit (BGP), Canakkale-Yenice-Sogucak halloysite
deposit (HAL) and Canakkale-Yenice-Kiriklar
(ALCL) halloysite deposit.

The chemical analyses were performed by Philips
Axios XRF Spectrometer by making fire loss under
1050°C. XRD analyses were performed by Bruker D8
Advance X-ray diffractometer using Cu-Ka radiation,
between 2-70° 20 intervals, 40kV voltage and 40 mA
current. In order to make more detailed reading in
studies for intercalation, the XRD analysis was carried
out between 1°/d, 5-30° goniometer velocity.

In order to perform XRD analyses of clay contents
of pulverized samples more sensitive, the parts of
raw materials thinner than 2 pm were obtained by
decantation method using Stokes equation, and the
oriented clay fraction samples were prepared (Wills
and Napier-Munn, 2006).

In order to detect the dehydration temperature,
samples were kept 1 hour under temperatures of
40°C, 50°C, 60°C, 70°C, 80°C and 100°C. Later on,
samples dried under 100°C were used in intercalation
experiments.

Merck brand glycol (C,H,O,), potassium acetate

(CH,COOK), dimethyl sulfoxide ((CH,),SO) and
formamide (CH,NO) were used in intercalation

Table 1- Chemical compositions of halloysite samples (%).

experiments. Ethylene-glycol samples were prepared
by keeping them 2 hours under 70°C temperature
in a desiccator in which there is lethylene-glycol in
it. Potassium acetate, which is available in powder
form, were heated and dissolved in pure water, then
applied on samples nearly 10 seconds from a 20 cm
distance by using a spray gun. However, formamide
and dimethyl sulfoxide were directly sprayed on
samples, because they were in liquid phase. As
formamide is more poisonous compared to other
agents, the experiments were carried out under fume
cupboard. The XRD analyses for dimethyl sulfoxide
and others were carried out resting them 3 and 1 hour,
respectively after spraying.

4. Findings

The chemical compositions of samples (Table 1)
indicate that, SiO,, Al,O, and fire loss ratios are close
to each other and are in high quality when compared
with exported products (Saklar et al.,, 2012). Iron
amounts are few in BGL and BGS samples; however,
there is SO, amount higher than 1% in BGP, and these
originate from limonite, pyrite and alunite (Saklar et
al., 2011). Although; XRF analyses were performed
in the same region with the study of Saklar (2011)
in some samples (BGP, ALCL), there are small
differences between the previous study and the results
of the analysis since samples used were collected
from different locations of deposits.

Sample | SiO, | ALO, | Na,O | KO | Mgo | PO, | CaO | TiO, | MnO | Fe,O, | SO, | *FL.
ALCL 47.8 355 <0.1 <0.1 0.1 0.3 0.1 <0.1 <0.1 0.6 0.11 15.35
BGL 46.7 35.0 <0.1 0.3 0.2 <0.1 <0.1 0.1 <0.1 1.6 0.14 | 14.75
HAL 473 35.9 <0.1 <0.1 0.1 0.6 <0.1 0.1 <0.1 0.2 0.31 15.20
BGP 45.1 34.7 <0.1 0.1 1.0 0.4 0.2 0.1 <0.1 1.0 1.17 15.95

*F.L: Fire Loss

XRD basal peak values of hydrated halloysite
samples were published by Anthony et al. (1995).
These are, respectively, 10,0 A (100), 4,36 A (70),
3,35 A (40), 2,54 A (35), 1,480 A (30), 1,672 A
(14) and 1,281 A (8). In figure 3, XRD results of
unprocessed samples were given. In all samples, the
halloysite peak is observed, and this peak in samples
of BGP and ALCL is wider than samples HAL and
BGL. Besides; 7 A and 4.46 A peaks showing the
halloysite (7 A) except for ALCL and 7 A and 3.58
A peak showing the kaolinite are observed in low
intensities. Therefore; it can be considered that there
is a few amount of kaolinite in samples except for
ALCL.

In figures 4, 5, 6, 7, 8 and 9; XRD diffractograms
of raw samples heated under 40°C, 50°C, 60°C,
70°C, 80°C and 100°C are given. When studying
these graphics, there was not observed any change in
samples at 40°C. However; it was seen that, hydrated
halloysites lost most of their interlayer waters in
samples BGL and HAL at 50°C, but there was not any
change in other samples. At 60°C, it was observed
that halloysites in samples ALCL and BGP began to
lose their interlayer water; however, the halloysites
in samples BGL and HAL had completely lost their
interlayer water. It was detected that, halloysites in
samples ALCL and BGP completely had lost their
interlayer water at 70°C.
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Figure 3- XRD diffractograms of raw samples.
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Figure 4- XRD diffractograms of raw halloysite samples heated up to 40°C.
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Figure 5- XRD diffractograms of raw halloysite samples heated up to 50°C.
124



Bull. Min. Res. Exp. (2015) 150: 121-130

3500

3000

2500

2000

Counts

1500

1000

500

0

60° C

——=HAL
—BGL
———=ALCL
——BGP

5

7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69
20 (degree)

Figure 6- XRD diffractograms of raw halloysite samples heated up to 60°C.
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Figure 7- XRD diffractograms of raw halloysite samples heated up to 70°C.
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Figure 8- XRD diffractograms of raw halloysite samples heated up to 80°C.
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Figure 9- XRD diffractograms of raw halloysite samples heated up to 100°C.

In order to observe any change that might
occur, the experiments were performed at 80°C
and 100°C too, but there were not observed any
change in XRD diffractograms. As a result of
these analyses, halloysites in samples HAL and
BGP, which had been collected from the study
area, transformed into 7 A (dehydrated) halloysite
completely losing their water between 50-60°C.
However; the halloysites in samples BGP and
ALCL turned into 7A (dehydrated) halloysites
losing their water at 60-70°C. Results show that,
halloysite minerals will not lose their interlayer
water as long as they will be kept under normal
room conditions. It is considered that, this is due

to relative humidity ratios of the environment in
which samples are present.

Halloysite (7A) samples were used for
intercalation experiments, and the result of analyses
by ethylene-glycol treatment is given in figure 10.
The vapor of ethylene-glycol, which can widen
the interatomic distance by entering into bodies of
smectite group clay minerals, were not successful in
(7A) halloysite samples, and there was not observed
any change in XRD diffractograms. The similar
result was also obtained for potassium acetate, and
it was seen that this reactive was not effective for
intercalation neither (Figure 11).
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Figure 10- XRD diffractograms of halloysite samples (7A) performed by ethylene-glycol.
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Figure 11- XRD diffractograms of halloysite samples (7A) performed by potassium acetate.

Results obtained for dimethyl sulfoxide are
given in figure 12. As seen, dimethyl sulfoxide
intervene halloysite layers though partly and
increases interlayer distance. In order to get the best
result from the intercalation experiment using this
reactive, it is necessary to wait more than 1 hour.
When waited 3 hours after spraying, it was seen
that halloysites (7A) formed halloysite/dimethyl
sulfoxide intercalate complex. (7A) structure
completely disappears in BGL and ALCL samples;
however, it partly stops in samples BGP and HAL.
So, more standby duration should be made after
dimethyl sulfoxide treatment.

Results of the intercalation experiment for
formamide is seen in Figure 13. In all of the
dehydrated halloysites available in samples, the
halloysite/formamide intercalation occurred. In other
words, it was detected that, 7A peaks had disappeared
and 10 A peaks had been formed again. This result
indicates that the most effective reactive used for
intercalation among the others is formamide.

The other result is that all reflections around 7 A
increase to around 10 A. Samples (HAL, BGL, ALCL
and BGP) used in tests fully contained 7 A and 10 A
halloysites.

Dimethyl Sulfoxide
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Figure 12- XRD diffractograms of 7A halloysite samples treated by dimethyl sulfoxide.
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5. Discussion and Results

Fire assay tests performed on samples taken in NW
Anatolia region showed that these should be subjected
to temperatures of 50°C or more for halloysite 10 A
structures to transform into 7 A. This transformation
is fully completed at 70°C. In conditions when
halloysite minerals, which will be quarried from
deposits in the region and stored, would be kept in
room conditions (at temperatures below 50°C) and
in less relative humidity ratios, hydrate halloysites
might preserve their interlayer waters.

The transformation process from hydrate structure
to dehydrate structure is irreversible under natural
conditions. That is; halloysite minerals, which lose
their waters at temperatures of 50°C or more, cannot
retake this atomic water into their bodies which they
lost from humidity and other water sources.

The ethylene-glycol, which is used to distinguish
clay minerals, was tested in halloysite minerals in
intercalation, but there was not achieved any success.
Similar results were also taken for potassium-acetate,
but there was not detected any effect of intercalation.
There was achieved a successful result by spraying
dimethyl-sulfoxide and formamide chemicals. A full
transformation from 7 A to 10 A was determined
especially in all samples studied with formamide.
Therefore; it was understood that, the formamide was
an effective reactive also for NW Anatolian halloysite
as being compatible with literature.
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Keywords: ABSTRACT

Liquid Limit, Plastic Liquid limit (LL) and plastic limit (PL) are the two most commonly used index proper-
Limit, Fall-cone Method, ties of fine-grained soils. They have been used in not only classification of soils but also
Rolling-Device Method, in correlation with certain engineering properties. Therefore, they have been subjected to
Reverse Extrusion Test numerous researches since they were first introduced by Atterberg in 1911. While their me-
chanisms were well defined in many codes and they have been in use for decades, criticisms
often arose pertinent to the uncertainties inherent to them. Incredible amount of effort has
been exerted to invent more rational testing methods in place of both the Casagrande’s cup
and bead rolling methods. Part of those efforts has been on devicing a single tool to measure
the two relative index properties together. Recently, the reverse extrusion test was brought
into the use of geotechnical engineers. It was shown that this tool has a potential of measu-
ring LL, PL, and even the shrinkage limit (SL). The aim of this investigation is to reassess
the ability of the reverse extrusion test to determine LL and PL with further refinement.
In this regard 70 fine-grained soils covering a large range of plasticity were employed.
Fall-cone method and rolling-device method were employed to determine LL and PL, res-
pectively. The reverse extrusion tests were carried out at least five different water contents
per soil sample. Extrusion pressures were plotted against water content and a curve fitting
was applied to data pairs, from which the y-intercept (the coefficient a) and the slope (the
coefficieent b) of the curve were determined. Those reverse extrusion coefficients were
utilized to determine the representative extrusion pressures corresponding to LL and PL,
as was done by the earlier researchers; however, the degree of success for the prediction
of LL and PL using the representative extrusion pressures was not encouraging. Different
from the previously proposed approaches, the reverse extrusion coefficients (i.e., a and b)
were subjected to a multiple regression analysis along with the results of the conventional
testing methods of fall-cone and rolling-device to determine the LL and PL as functions of
the reverse extrusion parameters. It was shown that LL and PL can be predicted with a great
degree of success using the reverse extrusion coefficients. While a great majority of the
liquid limits found by using the fall-cone method were predicted with a £10% error, almost
all of the plastic limits found by the rolling device were predicted with a £10% error. This
refined investigation on the reverse extrusion test confirmed and proved that the reverse
extrusion test is a simple, robust and inexpensive method capable of predicting both of two

fundamental consistency limits using a single device.

1. Introduction They were first proposed in 1911 by Atterberg for
agricultural purposes to establish the range of moisture

Atterberg limits namely liquid limit and plastic content of soils at the plastic phase (Casagrande,
limit are the most commonly used and most easily 1932). They determine interrelationships between
defined index properties of fine-grained soils. the solid and liquid phases of soils. They have

* Corresponding author: Kamil Kayabali, kayabali@ankara.edu.tr
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been used extensively in classifying soils of similar
mechanical properties. Whilest most researchers
defined Atterberg limits as water holding capacity of
soils, which is the basic physical meaning, another
group of scientists considered them as critical states
of undrained shear strength in terms of water content.
The standardization of these limits for the purpose of
soil classification were done by Casagrande (1932,
1958). Since then, these limits of consistence have
been the focus of interest because they involve a
number of uncertainties, they are defined by different
equipments and, more importantly, they are not based
on a rational basis for quantifying the consistency
limits, particluarly the plastic limit.

The most common procedure for defining the
liquid limit of a soil uses the Casagrande’s cup test as
currently defined in ASTM (2010) D4318-10. In this
test, a brass cup is raised by a snail-shaped cam and
then dropped from a distance of 10 mm onto a rubber
base. The soil sample in the brass cup is grooved
by special tool and the liquid limit is defined as the
water content corresponding to 25 blows to close
groove for a length of 13 mm. Because the chances
are very low to catch the 25 blows at first attempt,
the test is repeated several times at different water
contents each having a different number of blows.
A semilogaritmic plot is constructed with the water
content is on the linear axis and the number of blows
is on the logarithmic axis. A straight curve is fitted to
the data points and the water content corresponding
to 25 blows is read off. The liquid limit is the water
content of a soil when 25 blows cause 13 mm of
closure of the groove at the base of the cup.

The uncertainties and/or the factors affecting
the results of Casagrandes’s cup method have been
addressed as (Johnston and Strom, 1968; Wroth and
Wood, 1978; Whyte, 1982; Clayton et al., 1995; Lee
and Freeman, 2007; Haigh, 2012):

1) The hardness of the base of the apparatus (i.e.
hard rubber in ASTM D4318 versus soft rubber in
British Standards),

2) Physical properties of the bench on which the
Casagrande’s cup stands,

3) Changes in drop height due to lacking of
regular calibration of the drop height,

4) The performance of the operator,
5) The tendency of halves to slide together,

6) The migration of water in dilatant soils,
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7) Incorrect frequency of drops,

8) Soil type,

9) Use of worn grooving tools,

10) Incorrect forming of soil groove,

11) Dynamic effects inherent to the equipment.

The range of results reported for Casagrande’s
cup method is rather alarming, particularly in view
of the fact that it was known by the participating
organizations that their results would be compared
with those of rival organizations. Sherwood (1970)
commented that Transport and Road Research
Laboratory (UK) attempts to assess the amount of
error attributable to defective or worn apparatus
in the liquid limit test indicated that majority of
error was due to operator technique (Clayton et al.,
1995). It was reported that the incorrect frequency
of drops caused some 15% moisture content error in
determining the liquid limit using the Casagrande’s
cup method (Clayton et al., 1995).

The test has been carried out worldwide with
little variations from that proposed by Casagrande.
For instance, while ASTM D4318 standard utilized
hard rubber base, the British and Indian codes still
enforces the use a soft rubber base. The grooving tool
used in this test also comes two variants in ASTM
and AASHTO. While the one by AASHTO yields
unsatisfactory grooves, its use nevertheless persisted
(Haigh, 2012).

Plastic limit was defined by Atterberg as the water
content at which the soil paste cannot be rolled into
a thread (Casagrande, 1932). This method requires a
soil mass to be rolled into a thread by hand with a
specified pressure. The moisture content, expressed
as a percentage of the weight of oven dried soil at
which the soil mass begins to crumble when rolled
into a thread of about 3 mm is defined as the plastic
limit. Commonly known as the “bead rolling” test,
this procedure has the following uncertainties and/or
factors affecting the plastic limit test results (Whyte,
1982; Sivakumar et al., 2009):

1) The pressure applied to the soil bead,

2) The geometry (e.g. width of the hand contact to
bead diameter),

3) The friction between the soil, hand, and base
plate,

4) The speed of rolling,
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5) The risk of contaminating the soil sample,

6) The vagueness of the guidelines on the test.

The amount of finger pressure used and the
shape of the fingers varies to a great extent and, in
addition, operators frequently do not perform the test
using the tips of the fingers since these are eminently
suited to the task (Clayton et al., 1995). Even if the
test is performed by strictly following the guidelines
specified in the related codes, its repeatability by
the same operator and reproducibility amongst
different agencies are low because it does not include
a commonly accepted quantifiable procedure. For
instance, because the operator visually inspects the
diameter of the thread at the time of crumbling and
usually uses no caliper to measure it, small variations
in the diameter of the thread may cause considerable
differences on the resulting PL value, which in turn
may result in a different level of plasticity for the same
soil or in a major shift from silt to clay or viceversa.

Regarding a number of limitations of the
Casagrande’s cup method outlined above, many
researchers proposed the use of the fall-cone method
to determine the liquid limit (Sherwood and Ryley,
1970; Wood, 1982; Belviso et al., 1985; Wasti and
Bezirci, 1986) and the same has been included in
several national codes of practice such as British
standars (BSI, 1990), Canadian standards (CAN/
BNQ, 1986) and Indian standards (ISI, 1985) (Prakash
and Sridharan, 2006). In spite of the main advantages
of fall-cone test such as simplicity, ease of operation
and comparative reproducability, the American
Society for Testing and Materials (ASTM), one of the
worldwide used standards, has not included the fall-
cone method (Prakash and Sridharan, 2006). Attempts
have been made so that the fall-cone can be employed
to determine the plastic limit as well (e.g. Belviso
et al., 1985; Prakash and Sridharan, 2006; Lee and
Freeman, 2007). Lee and Freeman (2007) compared
eight non-ASTM test methods to the Casagrands’s
cup liquid limit method and did the same for ten
non-ASTM alternatives to the bead-rolling plastic
limit method on three cohesive soils. They reported
that only one non-ASTM method (i.e. the unified or
“dual-weight” fall-cone apparatus) yield within 10%
of the ASTM liquid and plastic limit values.

One of the attempts for devising a single tool
capable of determining both consistency limits is
the development of soil extrusion test. Extrusion is a
technique whereby materials such as metals, plastics
or food stuff are induced to flow plastically through

a die by a ram (Medhat and Whyte, 1986). It was
first brought into attention by Timar (1974) who was
able to have partial success to determine the most
common two Atterberg limits (i.e., LL and PL) using
the direct extrusion method. Difficulties were reported
in interpreting the results due to the influence of
friction as the billet is forced along the container of
the die. Whyte (1982) first used the reverse extrusion
test in soil mechanics extensively. He reported that the
reverse extrusion technique is a reliable method for
determining soil plasticity that promises to be rapid,
simple and economical. Medhat and Whyte (1986)
extended the use of the reverse extrusion test to relate
the shear strength to extrusion pressures. They obtained
plastic limit values with a reasonable repeatability and
reported that the reverse extrusion method appears to
offer potential as an index test method.

In an attempt to determine the most common two
consistency limits using the same and less operator-
dependent instrument, Kayabali and Tiifenk¢i (2007)
employed the reverse extrusion test by following the
guidelines outlined by Whyte (1982). For the twenty
soils they tested, they set two extrusion pressures of
2250 kPa and 30 kPa for the plastic limit and liquid
limit, respectively. Kayabali and Tiifenk¢i (2010)
further refined the reverse extrusion test to determine
consistency limits. They determined plastic limit
and liquid limit as the water contents corresponding
to the extrusion pressures of 3000 kPa and 35 kPa,
respectively, based upon tests performed on 30 soil
samples. Kayabali (2012), based on about some 4000
consistency tests on 100 soils with different levels
of plasticity, determined that the liquid limit, plastic
limit and the shrinkage limits are the water contents
corresponding to the extrusion pressures of 20 kPa,
2000 kPa and 12000 kPa, respectively.

Research conducted by the senior author (i.e.,
Kayabali and Tiifenkei, 2007; Kayabali and Tiifenkei,
2010 and Kayabali, 2012) reveals that the extrusion
pressures corresponding to liquid an plastic limits are
not unique.

Therefore, the determination of consistency limits
as the water contents corresponding to the certain values
of the extrusion pressure does not appear to be a viable
approach. Nevertheless, the potential of the reverse
extrusion test to determine the consistency limits can
be addressed using a different analysis method.

The scope of this investigation is two-folds: 1)
Re-examination of the relation between the results of
the reverse extrusion test and those of the consistency
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limits by testing a new set of soil data representing a
reasonably large range of soil plasticity. 2) Introduction
of an alternative method and comparison between
the methodology previously employed by the senior
author and the newly proposed statistical approach.

2. Materials

As part of the evaluation of the consistency limits
via the reverse extrusion test 70 fine-grained soil
samples were prepared. Because an investigation
such a present study needs to cover a range of
plasticity as wide as possible, the soil samples used
for the investigation were prepared in the laboratory.
The difficulty of obtaining a number of natural soil
samples covering a large range of plasticity should
be appreciated. Accordingly, the test materials were
prepared using the mixtures of a natural soil sample
with fine-grained sand and commercially available
bentonite. The natural soil sample had a liquid limit
and plastic limit of 54 and 26, respectively. In order
to obtain soil samples of lower liquid limits than 54,
a fine-grained sand sieved through a #40 mesh was
added to the natural sample at varying proportions.
A similar procedure was applied to obtain soil
samples with higher liquid limits than 54 by adding
commercial bentonite to the natural soil at certain
increments. This way, a series of soil samples were
constituted whose liquid limit ranged from 29 to 105.
It should be noted that the natural soil samples was
oven-dried, pulverized and sieved through #40 mesh
prior to mixing with fine sand and bentonite.

3. Methods

The testing methods employed for this
investigation include the fall-cone, the rolling-device
and the reverse extrusion. Whilest the Casagrande’s
percussion method is a more common method than
the fall-cone test, it has long been recognized that the
Casagrande liquid limit test is not very repeatable.
In contrast, the fall-cone test has been shown to
give a much lower standard deviation of the results
than the cup test when identical samples are tested
at multiple laboratories (Sherwood, 1970; Haigh,
2012). Upon this fact, the fall-cone method was
selected to determine the liquid limit of soil samples.
The setup employed for this purpose has a cone of
80 g mass and a cone angle of 30 degrees. The wet
soil sample with a moisture content somewhat higher
than its liquid limit was first homogeneously mixed
and placed into the container of the setup with a
smoothly leveled surface. The cone was released and
let it penetrate into the specimen for 5 seconds. It was
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ensured that there was zero air gap between the tip of
the cone and the upper surface of the specimen. The
depth of penetration of the cone was measured by a
digital gage. Following this, the moisture content of
the specimen was determined. The second specimen
was prepared in a manner so that the mositure content
was higher than the previous stage. The specimen was
homogeneously mixed again and subjected to cone
penetration. Another moisture content determination
was performed and this process was repeated on
several specimens with different water contents.
The cone penetration versus water content data
were plotted on a linear graph and the water content
corresponding to the penetration depth of 20 mm was
determined as the liquid limit of the soil sample.

As for the plastic limit test the rolling-device
shown in figure 1 was utilized. While the common
practice has long been the employment of hand
rolling of a soil bead, introduction of a rolling-device
and thus further standardization of the plastic limit
eliminated some of the uncertainties pertinent to the
performance of the plastic limit test by bead rolling
by hand. In this test the top and bottom plates have
smooth unglazed paper attached to them against
sticking of the soil bead to those plates. The soil
bead is placed between these two plates and the top
plate is moved back and forth with a slight pressure.
This action is continued until the top plate comes to
contact with the side rails, which are 3.2 mm higher
than the base plane of the bottom plate. The plastic
limit is determined as the water content when the
thread of soil breaks into a series of cylynder-shaped
pieces about 3.2 to 9.5 mm in length. This process is
repeated for at least three times and the average water
content is fixed as the plastic limit.

Figure 1- The rolling-device used to determine the plastic
limit of soil samples.
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The testing apparatus used for the reverse
extrusion test is mainly composed of a container and
a rammer (Figure 2). The inner diameter of container

that the test is not operator dependent and eliminates
many uncertainties pertinent to Casagrande’s cup
liquid limit and bead-rolling techniques.

Figure 3- Schemmatical illustration of how the reverse
extrusion method works (L = the length and D =
the diameter of the soil billet).

Figure 2- The reverse extrusion apparatus.

is 38 mm and its height is 150 mm. The rammer has a
die orifice of 6 mm in the middle. There is a clearance
of 0.2 mm between the rammer and the inner surface
of the container. Oven-dried, pulverized and sieved
soil sample of about 150g is required for this test.
Approximately 100g of soil specimen is first wetted
by an amount of water slightly lower than its liquid
limit and mixed homogeneously. The wet mixture
is divided into a few chunks of about the same
size. Each chunk is then dropped into the container
and tapped with a piston. This way, all chunks of
wet soil are filled into the container somewhat in a
compacted manner to ensure that there is not large
vugs in between. Then, the rammer is driven into the
container, which are placed together in a uniaxial
load frame with a digital load cell. The soil inside
the container is loaded at a rate of | mm/min and the
compression force is recorded. The soil is compressed
until it fails in the form of soil worm as shown in
figure 3. The compression force continues to increase
until the compressed soil extrudes from the die
orifice and then becomes steady as shown in figure
4, which consists of 5 experimental curves, each
obtained at different water contents. The flat portion
of curves in figure 4 corresponds to the extrusion
pressures at failure, which are then plotted in a semi-
logarithmic graph against water content. A sample
graph is shown in figure 5. The logarithm of extrusion
pressure versus the water content results in a perfectly
linear relationship. An attempt to investigate the
operator dependence of the reverse extrusion test by
employing several unexperienced people revealed

Figure 4- Reverse extrusion test results for different water
contents. The flat portion of curves develops after
the soil worm forms.

Figure 5- Example plot for the extrusion pressures at failure
versus water contents.
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4, Results and Discussion

A comprehensive laboratory experiment program
was followed towards predicting the two fundamental
consistency limits of fine-grained soils. To determine
the liquid limits of soil samples, at least five data pairs
of cone penetration depth versus water content were
constituted. The overall results obtained from the fall-

cone liquid limit tests are given in table 1 for 70 soil
samples.

Concerning the plastic limits of the same set of
samples, the rolling-device method was employed as
explained before. The plastic limit tests were repeated
5 times for each soil sample and the averages were
taken and listed in table 1.

Table 1- The liquid limits determined using the fall-cone method, the plastic limits determined using the rolling device method,
and the reverse extrusion coefficients for 70 fine-grained soils used in this investigation.

No. LL PL a b No. LL PL a b

1 29.3 16.9 6.07 6.7 36 51.5 26.3 5.25 13.8
2 30.7 16.4 5.97 6.9 37 51.5 23.8 5.61 11.5
3 30.8 15.4 5.96 6.9 38 53.2 23.6 5.25 13.8
4 31.6 16.5 6.01 6.8 39 53.5 25.6 5.30 13.5
5 322 16.9 5.85 7.5 40 53.5 25.8 5.53 12.0
6 322 18.1 5.86 7.2 41 54.5 253 5.17 14.1
7 32.9 17.3 5.15 9.9 42 55.0 23.9 4.68 18.3
8 33.2 17.2 5.85 7.5 43 55.0 24.9 5.03 15.0
9 335 18.1 5.86 7.6 44 55.9 26.0 4.67 18.7
10 34.5 18.6 6.03 7.4 45 57.5 25.4 4.88 16.5
1 35.2 18.3 6.08 7.4 46 59.4 25.5 4.56 19.3
12 353 18.0 5.53 8.7 47 60.5 24.7 5.14 15.3
13 36.8 18.9 5.74 8.5 48 62.0 26.0 4.94 17.0
14 37.0 17.8 5.88 8.3 49 62.8 25.3 4.64 19.3
15 37.2 19.1 5.30 10.2 50 63.0 24.4 4.79 17.8
16 37.8 19.5 5.51 9.5 51 65.0 26.5 5.08 15.7
17 39.0 19.5 5.69 9.3 52 67.0 26.1 4.67 18.9
18 40.3 19.1 5.79 8.9 53 69.0 24.4 4.99 16.4
19 41.2 21.0 5.53 10.0 54 69.5 25.9 4.89 17.3
20 42.0 20.0 5.34 10.6 55 72.0 25.7 4.60 20.2
21 422 21.3 5.73 9.3 56 75.0 26.4 491 17.4
22 424 21.6 5.64 9.5 57 77.0 26.9 4.57 21.0
23 435 21.8 4.93 13.3 58 79.5 26.4 4.83 18.0
24 44.0 21.0 6.37 7.9 59 80.0 27.8 4.68 19.8
25 442 232 5.34 11.6 60 83.0 27.3 4.95 17.1
26 44.5 23.0 5.52 11.5 61 84.0 26.7 4.30 18.4
27 44.8 20.7 5.18 11.5 62 84.5 26.1 4.59 20.7
28 45.0 234 6.00 9.0 63 88.5 26.7 4.78 18.2
29 453 22.8 5.64 10.7 64 90.5 27.8 4.39 23.3
30 45.9 229 5.53 10.9 65 92.5 26.5 4.62 20.4
31 48.1 25.8 5.52 11.5 66 93.0 28.2 4.57 20.6
32 48.8 23.5 5.52 11.5 67 95.0 28.1 4.69 19.9
33 49.6 24.7 5.76 10.7 68 101.0 27.5 431 24.6
34 49.6 25.1 5.44 11.7 69 102.0 27.8 4.50 22.8
35 50.2 25.0 5.75 1.1 70 105.0 29.1 4.50 22.8
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As for the reverse extrusion tests, at least five
experiments were conducted on each soil sample at
varying moisture contents. The extrusion pressure
versus water content data pairs at the time of failure
were plotted as shown in figure 5. The best fit curve
for the data pairs was drawn upon visual inspection
for each soil sample. The y-intercept (the coefficient
a) and the slope (the coefficient b) of the best fit curve
were determined for all 70 soil samples. These reverse
extrusion coefficients (i.e. a and b values) for each
soil were presented in table 1. The major reason for
establishing the y-intercept and the slope of extrusion
pressure versus water content plots is to analytically
determine the spesific values of extrusion pressures at
plastic and liquid limits.

The extrusion pressures corresponding to the
liquid limit values determined from the fall-cone test
are calculated using the a and b coefficients and listed
in table 2. Then, they are plotted as a histogram in
figure 6(a). The histograms published by the senior
author for the similar purposes are also included in
figure 6 for comparison. A close look at figure 6(a)
reveals that there is not a distinct range of extrusion
pressures dramatically different from the others.
Rather, it is observed that most extrusion pressures
corresponding to liquid limits fall into a range from
0-30kPa. To assign a representative extrusion pressure
for the liquid limit as was done by Kayabali and
Tiifencki (2010) the arithmetic mean of all extrusion
pressure values in this range can be taken, which is
aproximately 15 kPa. Coincidently, the median value
is also 15 kPa for this interval of extrusion pressures.

Figure 6- Extrusion pressure distribution for liquid limit: a) This study, b) from Kayabali and Tiifenkgi (2007), ¢) from Kayabali

and Tiifenkgi (2010) and d) from Kayabali (2012).

In order to predict the liquid limit using
the representative extrusion pressure of 15 kPa
determined above, a series of computations were
carried out using the a and b coefficients. The results

are listed in table 2. The liquid limit values predicted
using the representative extrusion pressure of 15 kPa
versus the original liquid limit values determined
from the fall-cone test are plotted in figure 7 which
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yields a moderately good coefficient of regression
(R? =0.62). It is observed that the liquid limit can be
predicted with a great success up to 70; beyond that,
the predicted LL becomes increasingly smaller as the
measured LL increases. The most likely reason for
this deviation is the fact that the extrusion pressure
corresponding to the liquid limit is not the same for
all soils.

Figure 7- The predicted liquid limits using the representati-
ve extrusion pressure of 15 kPa versus the liquid
limits determined from fall-cone method.

The extrusion pressures corresponding to the
plastic limits determined from the rolling-device
method were calculated using the a and b coefficients
as well. The newly predicted plastic limits are listed in
table 2. Then, the predicted plastic limits are grouped
into certain intervals to constitute a histogram in
figure 8(a), which also includes previously published
histograms of similar nature by the senior author for
comparison purposes. It is observed that the extrusion
pressures corresponding to plastic limits from the
rolling-device method predicted using the a and b
coefficients fall mostly into the interval of 2000-2500
kPa; the mean of the extrusion pressures in this interval
is approximately 2300 kPa. Using this representative
value of 2300 kPa along with the two coefficients,
plastic limits for each sample were predicted and listed
in table 2. A correlation between the predicted plastic
limits using the representative extrusion pressure of
2300 kPa and plastic limits from the rolling-device
method is obtained with a moderate value of regression
coefficent (R?> = 0.71) (Figure 9). The degree of scatter
around the plastic limit values of about 24-28 appears
to be high; which is also considered to be the results of
assuming that the extrusion pressure corresponding to
plastic limit is the same for all soils.

Figure 8- Extrusion pressure distribution for plastic limit: a) This study, b) from Kayabali and Tiifenkgi (2007), ¢) from Kayabali
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Table 2- The computed extrusion pressures for liquid limit [P
limit using the representative extrusion pressures (LL
limit using the reverse extrusion coefficients in the empirical relationships (LL,,, and PL . ), and the amount of errors
involved in predicting LL and PL with the empirical relationships (DLL and DPL).
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E(LL)]

PE=15 kPa

and plastic limit [P

and PL

E(PL)

PE=2300 kPa

], the predicted liquid limit and plastic
), the predicted liquid limit and plastic

No. PE(LL) (kPa) PE(PL) (kPa) Ll e is e PL oty ke LL gy PL s DLL (%) DPL (%)
1 50 3529 32.8 18.1 35.9 17.2 22.5 2.0
2 33 3919 33.1 18.0 34.9 17.1 13.5 4.1
3 31 5347 33.0 17.9 34.7 17.0 12.5 10.4
4 23 3833 32.9 18.0 352 17.1 11.3 3.6
5 36 3951 35.1 18.7 352 17.7 9.2 4.5
6 24 2219 33.7 18.0 34.0 17.0 5.7 5.9
7 67 2527 39.3 17.7 313 17.2 4.9 0.4
8 27 3603 35.1 18.7 352 17.7 59 2.7
9 28 3009 35.6 19.0 35.8 18.0 6.9 0.7
10 23 3285 359 19.7 384 18.7 11.2 0.6
11 21 4046 36.3 20.1 39.4 19.1 12.0 4.2
12 30 2891 37.9 18.9 34.0 17.9 3.7 0.4
13 26 3285 38.8 20.2 37.5 19.1 1.9 1.1
14 26 5438 39.0 20.9 39.6 19.7 7.0 10.9
15 45 2676 42.1 19.8 35.7 19.0 3.9 0.7
16 34 2867 41.2 20.4 37.2 19.4 1.6 0.7
17 31 3919 42.0 21.7 40.3 20.4 34 4.8
18 18 4405 41.1 21.6 40.6 204 0.7 6.8
19 26 2692 435 21.7 40.1 20.5 2.7 22
20 24 2839 44.1 21.0 38.5 20.0 8.2 0.2
21 16 2752 42.4 22.0 41.3 20.8 2.2 24
22 15 2324 42.4 21.6 40.2 20.5 53 53
23 46 1954 49.9 20.9 41.7 20.8 4.2 4.7
24 6.3 5150 41.0 23.8 49.0 22.7 11.4 7.9
25 34 2188 48.3 22.9 43.7 21.9 1.0 5.6
26 45 3311 50.0 24.8 48.2 235 8.3 2.0
27 19 2399 46.0 20.9 39.1 20.2 12.8 23
28 10 2512 43.4 23.7 46.2 224 2.7 43
29 25 3230 47.8 244 46.7 23.0 32 0.8
30 21 2686 47.5 23.6 44.9 22.4 2.1 2.4
31 22 1890 50.0 24.8 48.2 23.5 0.2 9.1
32 19 2996 50.0 24.8 48.2 23.5 1.3 0.2
33 13 2829 49.0 25.7 50.1 24.1 1.0 23
34 16 1971 49.9 243 47.1 23.1 5.0 8.1
35 17 3146 50.8 26.5 524 24.9 44 0.3
36 33 2209 56.2 26.1 54.6 25.0 6.1 5.1
37 14 3471 51.0 259 50.8 24.4 1.3 23
38 25 3466 56.2 26.1 54.6 25.0 2.7 5.7
39 22 2533 55.7 26.2 54.3 25.0 1.5 2.5
40 12 2399 52.2 26.0 51.6 24.6 35 4.8
41 20 2375 56.3 25.5 54.0 24.6 1.0 2.8
42 47 2366 64.1 24.1 66.1 252 20.2 53
43 23 2344 57.8 25.0 55.2 24.5 0.4 1.6
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Table 2- (contiued)

44 48 1904 65.3 24.5 69.1 25.6 23.5 1.6
45 25 2191 61.1 25.1 60.4 25.1 5.1 1.3
46 30 1733 65.3 23.1 68.9 25.0 16.0 2.1
47 15 3354 60.6 27.2 61.6 26.3 1.8 6.4
48 20 2574 64.0 26.8 67.0 26.6 8.1 2.2
49 24 2134 66.9 24.7 72.9 26.0 16.2 2.7
50 18 2626 64.3 25.4 67.0 259 6.4 6.0
51 8.7 2467 61.3 27.0 62.4 26.2 4.1 1.0
52 13 1946 66.0 24.7 70.8 25.9 5.7 0.9
53 6.1 3178 62.5 26.7 64.2 26.3 6.9 7.6
54 7.5 2471 64.3 26.4 67.3 26.4 3.1 1.9
55 11 2127 69.2 25.0 79.4 26.6 10.3 3.7
56 4.0 2470 65.0 26.9 69.1 26.8 7.8 1.5
57 8.0 1946 713 254 86.0 273 11.7 1.3
58 2.6 2309 65.8 26.4 70.6 26.7 11.2 1.0
59 44 1888 69.4 26.1 79.9 272 0.1 2.2
60 1.2 2257 64.5 27.2 68.3 26.8 17.7 1.7
61 1.7 2233 66.7 26.5 72.8 26.8 133 0.5
62 32 2134 70.7 254 84.0 27.1 0.6 4.0
63 0.8 2056 65.6 25.8 70.0 26.3 20.9 1.5
64 3.2 1574 74.9 24.0 100.8 27.5 11.4 1.2
65 1.2 2094 70.3 25.7 82.7 27.2 10.6 2.5
66 1.1 1589 69.9 24.9 81.8 26.7 12.1 52
67 0.8 1896 69.9 26.4 81.5 27.5 14.2 23
68 1.6 1556 77.1 233 111.9 27.8 10.8 1.0
69 1.1 1909 75.8 26.0 102.7 28.5 0.7 2.5
70 0.8 1674 75.8 26.0 102.7 28.5 2.2 2.1

Figure 9- The predicted plastic limits using the represen-
tative extrusion pressure of 2300 kPa versus the
plastic limits determined from rolling-device
method.
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Both regression coefficients for the correlations
between the representative extrusion pressures from
the reverse extrusion test and the liquid limits from
the fall-cone method and the plastic limits from
the rolling-device method, respectively, are rather
encouraging; however, the authors’ perception is that
neither the correlation between the predicted and
laboratory-determined liquid limits nor the correlation
between the predicted and the laboratory-determined
plastic limits can be utilized for practical purposes
because the amounts of error involved in both
predictions would be unacceptably high. The most
likely reason for the imperfect match between the
predicted- and laboratory-determined Atterberg limits
are the variations of predominant range of extrusion
pressures in histograms of figures 6 and 8. For
instance, the predominant intervals for the extrusion
pressures corresponding to liquid limits are 21-30 kPa
for this study, 21-30 kPa for Kayabali and Tiifenkgi
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(2007) data, 31-40 kPa for Kayabali and Tiifenkgi
(2010) data and 11-20 kPa for Kayabal1 (2012) data
(Figure 6). The range of plasticity for soils used in this
investigation and those in the previously published
papers are not the same. Apparently, the extrusion
pressures are plasticity dependent; for instance, while
the soil samples with liquid limits higher than 75 have
extrusion pressures corresponding to liquid limits less
than 5 kPa, the soil samples with liquid limits around
30 or so have extrusion pressures corresponding
liquid limits greater than roughly 30 kPa, indicating
that the extrusion pressures corresponding liquid
limits of low-plastic soils may be as high high as ten
times that the extrusion pressures corresponding to
liquid limits of high-plastic soils (see, for instance,
table 1).

A similar conclusion can be drawn from figure
8, where the predominant intervals of extrusion
pressures corresponding to the experimentally
determined plastic limits are 2000-2500 kPa for this
study, 1000-2000 kPa for Kayabali and Tiifenkgi
(2007) data, 2500-3000 kPa for Kayabali and Tiifenkgi
(2010) study and 1500-2000 kPa for Kayabali (2012)
data. There is not a unique extrusion pressure to
represent soils’ plastic limit either. The bottomline is
that assigning a single extrusion pressure value for
all liquid limits is not realistic; the same is true for
plastic limit.

In an attempt to seek a more meaningful
relationship  between the reverse extrusion
characteristics of fine-grained soils and consistency
limits a multiple regression analysis was carried out.
For this purpose the liquid limit or the plastic limit
were tried to be determined to be the functions of
reverse extrusion coefficients (i.e., a and b).

The multiple regression between the reverse
extrusion coefficients and the liquid limits determined
using the fall-cone method resulted in the following
empirical relationship with R? = 0.92:

LL = 0.04(a*%)1.135
(1

Likewise, the multiple regression analysis
between the reverse extrusion coefficients and the
plastic limits determined using the rolling-device
method yield the following empirical relationship
with R? = 0.94:

PL = 0.04(a2¥) b"*
@

At the next step the liquid and plastic limits are
predicted with the empirical relationships given by
equations (1) and (2), respectively. For instance, the
liquid limit of any soil sample can be predicted by
plugging the reverse extrusion coefficients of that
soil sample into Eq. (1). Table 2 includes liquid
limits and plastic limits for all soil samples predicted
by the empirical relationships given in Eq. (1) and
(2).

Figure 10 illustrates the correlation between
the predicted liquid limit by Eq. (1) and the liquid
limit determined through the fall-cone method.
The matching of the predicted data with the
laboratory data is superior (with R* = 0.91) to the
correlation between the liquid limits predicted by the
representative extrusion pressure of 15 kPa (Figure
7). It appears that there is some scatter of data pairs
in figure 10. One possible reason for this may be
due to the uncertainties inherent to the fall-cone test
itself. Further analyses may be required to asses this
thoroughly. The correlation between the predicted
PL using the reverse extrusion coeeficients [i.e., Eq.
(2)] provided better matching with the laboratory data
from the rolling-device (see Figure 11; R? = 0.91)
than that did the representative extrusion pressure of
2300 kPa (Figure 9).

Figure 10- The predicted liquid limits using Eq. (1) versus
versus the liquid limits determined from fall-
cone method.

In order to assess the ability of the newly proposed
equations to predict the liquid limit and plastic limit,
a series of error analysis was performed. For instance,
the amount of error involved in predicting the liquid
limit with the proposed relationship (i.e., Eq. 1) was
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Figure 11- The predicted plastic limits using Eq. (2) versus
versus the plastic limits determined from rolling-
device method.

calculated as the ratio of the absolute value of the
difference between the experimentally determined
value and the predicted value to the experimentally
determined value. The results are presented in table 2
as percentages. The same approach was employed to
calculate the amounts of error for plastic limit and the
results were listed in table 2.

To examine the distribution of percent errors for
predicting the liquid limit the histogram in figure 12
was constructed. It is observed that more than 70%
of experimentally determined liquid limits were
predicted with an error less than 10%. The mean of
all error values is 7.2% with a standard deviation of
5.8%. The percent error distribution for the plastic

Figure 12- Percent error distribution for the predicted liquid
limits using Eq. (1) with respect to the liquid
limits determined from fall-cone method.
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limit is shown in figure 13 as a histogram. The ability
of the newly proposed equation to predict the plastic
limit using the reverse extrusion coefficients appears
to be remarkably good. About all plastic limits were
predicted with an error of 10% and more than 80%
of the plastic limits obtained from the rolling-device
method can be found with a +5% error.

Figure 13- Percent error distribution for the predicted
plastic limits using Eq. (2) with respect to the
plastic limits determined from rolling-device
method.

5. Conclusions

Following conclusions were drawn from this
investigation:

1) The liquid limits and plastic limits predicted
using the representative extrusion pressures of 15
kPa and 2300 kPa for the liquid limit and plastic
limit, respectively, yield moderate- to good-level
of correlations with the experimentally-determined
consistency limits.

2) The imperfect match between the predicted
consistency limits using the representative extrusion
pressures and the experimentally determined
consistency limits are attributed to the fact that the
extrusion pressure corresponding to liquid limit is not
constant for all soils. The same is true for plastic limit.
It was observed that the extrusion pressures at either
liquid limit or plastic limit for low-plasticity soils are
many times those of high-plasticity soils. Therefore,
the selection of representative extrusion pressures for
liquid limit and plastic limit for the definition of those
consistency limits proved not to be a good reference.

3) An alternative using the coefficents obtained
from the fitted curves to the extrusion pressure
versus water content data (i.e. a and b) in a multiple
regression analysis showed that there exists a very
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good level of correlation between the reverse extrusion
coefficents and the two consistency limits.

4) The success obtained from a new series of
predictions using the emprical equations using the
multiple regression analysis is much better. The average
of absolute errors for plastic limit and liquid limit are
3% and 7%, respectively.

5) The previous researchers indicated that the reverse
extrusion test is robust, simple and highly inexpensive
method. This fact is confirmed herein and it is proposed
that the reverse extrusion method can be reliably used
for the prediction of two of the most commonly used
consistency limits together.

6) The proposed method is limited to the soils with
the liquid limit range of 29-105. Precaution should be
taken when applied to soils outside this range. Further
analyses are recommended to cover the soils of very
low plasticity as well as very high plasticity.
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ABSTRACT

The Kiitahya plain is one of the plains in Kiitahya/Turkey, where drinking, agricultural and
industrial water supplies are highly dependent on groundwater resources. The local popula-
tion largely depends on water from alluvial shallow aquifer waters and some on the Felent
and Porsuk rivers. Appraisal of surface and groundwater quality is extremely important to
make sure the sustainable use of it for drinking, agricultural, and industrial purposes. The
chemical quality of surface and groundwater of Kiitahya plain has been studied in detail
in order to have better understanding of potential water quality. A total of 21 groundwater
samples and 6 surface water samples were collected in and around the plain. The relative
abundance of major ions (megq/1) for most of the water samples were Ca*>" >Mg>* >(Na'+K")
for cations and HCO, >SO,* >CI" for anions. Five hydrochemical facies have been identi-
fied based on the major ion chemistry of the surface and groundwater of this area. However,
based on hydrochemical facies, the type of water that predominates in the study area is Ca-
Mg/Mg-Ca-HCO, type during both December 2013 and June 2014. There is no significant
change in the hydrochemical facies noticed during the two sampling periods. The chemical
Index such as Sodium Absorption Ratio (SAR), Residual Sodium Carbonate (RSC), So-
dium Percentage (%Na), Permeability Index (PI), Kelley Index (KI), Magnesium Ratio
(MR), Potential Salinity (PS) and Total Hardness (TH) were calculated. The results indica-
ted that SAR, RSC and KI values revealed 100%, %Na value revealed 92.6%, PI and PS
values revealed 85.2% and MR value revealed 66.7% of water samples are within the safe
limit suitable for irrigation. To sum up, the quality of surface and groundwater of Kiitahya
plain in general was suitable for irrigation.

Keywords:

Water Chemistry, Water
Quality, Hydrochemical
Facies, Chemical Index,
Agricultural Irrigation,
Kiitahya Plain

1. Introduction constituents of irrigation water can affect plant growth
directly through toxicity or deficiency, or indirectly
by altering plant availability of nutrients (Ayers

and Westcot, 1985; Rowe and Abdel-Magid 1995).

Groundwater plays an important role in human
life and development. The Safe portable water is

absolutely essential for healthy living. About 80%
diseases of the world population and more than
one-third of the deaths in the developing countries
are due to contamination of water (WHO 1993).
Subsurface water is ultimate and most suitable fresh
water resource for human consumption in both urban
as well as rural areas. Rapid growth of population,
development of agriculture and industrial activities
especially in alluvial plain aquifers caused an
intense increase in water consumption. The chemical

Capillary pressure is the main cause for increasing
amount of salty waters in vadoz zone and hence the
nature of upper part of the soil zone changes into
more saline (Celik et al., 2008).

Irrigation water quality is generally evaluated
by some determining factors such as Sodium
Absorption Ratio (SAR), Residual Sodium Carbonate
(RSC), Sodium Percentage (%Na), and Electrical
Conductivity (EC). Along with the these indicators,

* Corresponding author: Berihu Abadi Berhe, berhag2000@gmail.com
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some additional indices to categorize the waters for
irrigation like Permeability Index (PI), Kelley Index
(KI) and Total Hardness (TH) are also important.

The location of this study area was Kiitahya
district of Kiitahya plain. It is located in downstream
of Kopriidren plain and upstream of Porsuk dam
where the people of Eskisehir and Kiitahya use as
main source of water for both irrigation and domestic
purposes. In the study area, people of this district and
surrounding villages are the pioneer users of surface
and groundwater for drinking and irrigation Purpose.

The interactions between agricultural irrigation,
surface water and groundwater resources are always
very close. The agricultural activities and industrial
establishments in Kiitahya city such as: sugar
factories, nitrogen factories and leather industries
are responsible for disposing treated and untreated
effluents in the natural drainage system of Felent
and Porsuk rivers. This paper describes the surface
and subsurface water chemistry of shallow aquifers
affected by agricultural activities and industrial
establishments at Kiitahya plain, Kiitahya, Turkey.

Therefore, the present study was mainly
conducted to measure and analyze the irrigation water
quality parameters of Felent and Porsuk Rivers and
groundwater of Kiitahya plain that could potentially
impact food safety of irrigation crops.

1.1. Study Area

The study area, Kiitahya plain including its
catchment is bounded by (UTM ) coordinates 225000 —
268000 E longitude and 4345000 — 4380000 N latitude
with an area of around 93 km? and its cathment covers
about 530 km?. Location map of study area shows
in figure 1. The area is characterized by hills in the
southwest and western parts. The highest elevation in
the hilly area is 1764 m above sea level, whereas, much
of the plain flat-lying, with height, typically, 920 to 950
m above sea level. The maximum length between the
northwestern to southeastern tips and width of the plain
is about 25.0 km and 5.5 km respectively. The natural
surface drainage within the study area is generally
towards the two dominant and perennial rivers: Felent
and Porsuk Rivers. Felent River is fed by Enne dam
located on the northwest of the Kiitahya plain.

Figure 1- Location map of the study area and the sampling sites.
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Kiitahya has a warm summer continental climate,
with cold and snowy winters and warm and dry
summers. Rainfall occurs mostly during the spring
and autumn. According to the data recorded at
Kiitahya Meteorological Station between the years
1975 and 2011, 75% of total rainfall occurs during
the period of November - May and the annual average
precipitation is about 543.85 mm. The average annual

air temperature is 10.8°C with a maximum in July to
August and a minimum in December to January.

1.2. Geological and Hydrogeological situation

The basment of of the study area Paleozoic age
rocks. On top of these rocks Mesozoic, Neogene and
Quatrernary rocks are exposed (Figure 2).

Figure 2- Geological map of the study area (modified from DSI 1981, 2003; Ozburan, 2009).

The oldest lithologic unit cropping out in the
south west part of study area is the Saricasu formation
of Paleozoic age, composed of schists, calc schist,
quartz schist and crystallized limestone. At the top
of the Saricasu formation is the Arikaya formation
of Upper Permian-Lower Triassic age, Marble.
Unconformably overlying these Paleozoic schists and
marble, are the outcropping Mesozoic age of Cogiirler
Comlexes which is composed of low-grade regional
metamorphism, and schistserpentinizated periodite and
ophiolite-greenschist (DSI 1981 and 2003, Ozburan,
2009). Crystalline limestones which we ascribe to

the Mesozoic, unconformably overlie the Cayca
Tuf and at the top, it is also unconformably covered
by Plieistocene age of Parmakdren Formation and
Alluvials. Quaternary alluvium, consisting of fluviatile
pebble, gravel, sand, clay, and silt, is widely distributed
in this plain and has a maximum depth of 100 meters.

Quaternary sediments are the most important
formations over a greater part of the study area
specially for irrigation purpose. The groundwater
occurs in the unconsolidated quaternary sediments
dominated by gravel and sand.
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In the plain the quaternary aquifer’s hydraulic
conductivity (K) and transmissivity (T) ranges
0.01- 336 m/day and 1.61 - 1010 m*day and with
a mean values of 44.42 m/day and 213.48 m?/day,
respectivelly (Berhe et al., 2014).

The Parmakdren formation is also another water
bearing formation exposed in western part of the
plain. The sandstone and gravelstone of this formation
has hydraulic conductivity that ranges from 0.02 to
0.44 m/day with a mean value of 0.11m/day, and
transmissivity varies from 1.56 to 26.92 m*/day and
its mean value is 8.59 m*/day (Berhe et al. 2014).

In some boreholes the hydraulic characteristics of
limestone aquifer of Emet formation within the area
is affected by the dominance of marl lithology. Yield
values show that some wells gave very small amount
of water: for example 0.7 L/sec. However, the overall
yield and values of aquifer constants are generally
high as compared to other aquifers of the study area. In
this aquifer there is well that can provide about 84.27
L/sec and The calculated hydrualic conductivity (K)
and transmissivity (T) of these wells of this formation
are ranging between 0.003 — 26.3 m/day and 1.11 -
2662.01 m*day with a mean value of 2.8 m/day and
350.81 m*day, respectivelly (Berhe et al., 2014).

The well opened in Codgiirler Complex in
the ophiolitic material and has a yield of 7 l/sec.
According to the results calculated from pumping test
of residual drawdown data, the transmissivity and
hydrualic conductivity values were 6.64 m*day and
0.034 m/day, respectively (Berhe et al., 2014).

2. Material and Method

Felent and Porsuk rivers were used to collect
surface water samples and hand pumps, and wells
opend by private and state hydrualic works Turkey
were used to collect groundwater samples. A total of
6 surface river samples 3 from each were collected
downstream and 21 groundwater samples were
collected seasonally from Kiitahya alluvial plain and
sorrounding in December 2013 and June 2014. In-situ
measurements of physicochemical parameters were
done in the field using Multi 3501 multi-parameter.

Water samples were filtered using 0.45 micron
disposable capsule filter and collected in 250 ml
polyethylene bottles with poly-seal caps for chemical
analysis which have been done at Hacettepe University
Water Chemistry Laboratory in Ankara, Turkey, using
DIONEX LC25 and ICS-1000 High Performance Ion
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Chromotgraphy system and Automatic acid titration
burette (for HCO, and CO.*) using the Standard
Methods suggested by the American Public Health
Association (APHA, 1989).

Aquachem Version 5.1 software was used to
generate some of the important figures presented in
this study.

In Arc GIS 10 software, geo-database was used to
generate the spatial distribution maps of the chemical
indices. The present work used the Inverse Distance
Weighted (IDW) method for spatial interpolation
of the chemical indices. Inverse Distance Weighted
(IDW) 1is an interpolation technique in which
interpolated estimates are made based on values at
nearby locations weighted only by distance from the
interpolation location (Naoum and Tsanis, 2004).

The parametres which were used in determination
of irrigation water quality were all calculated using
established standard equations (Table 1).

Electrical conductivity, at 25 °C, can be estimated
by multiplying of the sum cations or anions (both
in meq/l) by 100 where the accuracy of major ions
is less than 5% (Appelo and Postma, 1994). In this
study, electrical conductivity was not done in the
field and the EC values of water samples collected
during December 2013 was determined according
this method (Table 2).

3. Results

3.1. Hydrogeochemistry

The result of hydrochemical analyses of surface
and ground water samples are given in tables 2 and
3. The dominant major ions (megq/l) for most of
the water samples were Ca?* >Mg*" >(Na*+K") for
cations and HCO, >SO,> >ClI for anions (Table 4, 5
and Figure 4).

The concentration of cations- Ca*, Mg*", Na",
K" ions ranged from 21.93 to 165.4; 6.89 to 237.91;
0.05 to 105.54; 0.52 to 105.4 mg/1 and anions (HCO,’
, SO,*,CI") varied from 275.39 to 731.41, 0.11 to
649.43; and 1.63 to 173.94 mg/l, respectively. The
analytical precision for measurement of ions was
determined by calculating the ionic balance error,
which falls within the acceptable limits of + 5%. The
temperature of the groundwater ranged from 8.5 °C
to 19.5 °C with an average value of 14.28 °C (Tables
2 and 3).
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Table 1- Standard equations used to calculate different irrigation water quality indices (All concentrations are in meq/l, TH is

in mg/l).
Parameter Formula Source
. . - T
Sodium Adsoption Ratio SAR = Na Hem (1991)
’Ca2++Mgz+
2
Permeability Index ¥ - Doneen (1964)
Pl= (e %3100
Ca*T+Mg“T+Na
Residaul Sodium Carbonate RSC = (CO, + HCO,)-(Ca*" + Mg"?) Ragunath (1987)
Magnesium Ratio Mg?+X100 Paliwal (1972)
MR = Ca2++M92+
Sodium Percentage Na*t+k* Tank and Chandel (2010)
0 =
Na% (Caz*'+Mgz++I(++Na+)XlOO
Kelley Index KI= Nat Kelly (1963)
- Ca2++Mg2+
Potential Salinity PS = CI' +0.580 > Doneen (1964)
Total Hardness TH = (2.497Ca*") +(4.11Mg>") Todd (1980)

Table 2- Results of chemical analyses of the surface and groundwater samples of the study area (Date of sampling: December

2013 ); Explanation: EC (uS/cm), concentrations (mg/l), temperature (°C),*surface water, ® spring water, A shallow

groundwater, ¥ deep groundwater.

Sample No pH T EC K* Na* Mg Ca* CI- SO,» | HCO, | %Error
PC-3* 8.23 13.8 613.0 2.61 9.74 21.32 83.25 2.36 9.05 | 337.57 4.75
PCP* 8.53 13.3 665.0 3.01 10.71 22.72 85.36 6.93 24.00 | 355.34 0.32
PCC* 7.70 14.9 844.5 6.29 31.97 24.92 81.02 22.16 31.79 | 438.25 -0.82
FC-1* 9.67 11.7 | 1104.5 6.88 23.81 59.38 | 106.53 28.63 79.17 | 479.71 3.31
FC-2* 8.72 10.3 | 1105.5 5.85 24.49 63.95 | 102.71 31.40 90.03 | 461.94 4.94
FC-3* 7.72 1521 1111.0 30.51 31.55 39.79 | 119.66 26.42 22.34 | 57447 4.15
SKK* 8.83 10.6 483.0 0.86 2.27 22.15 59.32 1.78 6.50 | 275.39 1.89
OKK*" 8.12 13.7 539.5 1.21 3.37 52.94 21.93 3.66 16.77 | 284.86 4.71
SCA 7.49 17.1 664.5 2.89 9.06 24.12 86.99 5.20 18.03 | 355.34 2.31

AKC A 8.15 14.4 813.0 4.71 17.16 33.96 95.26 15.43 34.63 396.8 3.78
CCA 8.18 13.4 654.0 4.59 7.37 37.75 65.00 6.20 13.43 | 343.49 4.10
BST-1A 7.89 13.2 719.5 3.63 4.43 38.22 82.52 8.14 12.79 | 384.95 4.98
BST-2A 7.71 12.8 858.5 2.49 5.45 62.23 71.37 4.63 16.12 | 456.02 4.59
AT-1A 7.99 13.8 | 2071.5| 158.99 68.35 | 105.53 | 118.56 94.36 | 153.18 | 621.84 4.51
IYKT-1A 9.11 14.0 | 1985.0 | 129.99 69.88 82.66 | 152.28 92.05| 187.18 | 586.31 4.68
ZKT-1A 8.00 133 868.0 0.86 20.33 6.89 | 146.16 13.88 52.54 | 417.52 1.01
KOY-1A 7.73 8.5 864.5 2.61 10.91 45.26 92.35 15.62 27.53 | 417.52 3.14
BK-A A 8.34 13.0 720.0 1.25 5.53 41.38 76.77 11.35 13.84 | 355.34 4.58
IG-1A 7.87 142 | 13525 4.38 43.86 76.79 | 114.77 60.99 | 184.30 | 441.21 4.53
iG2A 8.57 13.5 891.0 2.57 19.71 553 75.61 16.94 54.38 | 420.49 4.24
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Table 2- (continued)

iG-34A 8.93 14.5| 3135.0 8.02 | 105.54 | 23791 | 15430 | 173.94 | 649.43 | 731.41 2.83
KOYM A 7.74 12.2| 1139.0 14.09 16.08 | 51.91 | 123.41 35.50 | 51.42| 538.93 1.58
K-1V¥ 7.92 14.5| 704.5 6.53 19.94 | 2295 86.74 | 2548 | 41.09| 296.12 3.34
K2V 8.00 14.1 793.5 7.45 19.78 | 4049 | 76.82| 20.86| 60.19| 331.65 4.25
PO-1V 8.46 13.8| 576.5 1.85 164 | 29.78| 50.16 6.33 9.39 | 313.88 -0.05
SKCK'Y 8.39 10.1 795.0 1.19 5.78 16.36 | 133.31 6.51 9.72 | 43233 4.52
OKKuyu'V 8.45 127 517.0 0.60 312 24.67| 60.26 3.19 2.73 | 302.04 0.44

Table 3- Results of chemical analyses of the surface and groundwater samples of the study area (Date of sampling: June
2014); Explanation: EC (uS/cm), concentrations (mg/l), temperature (°C),*surface water, ® spring water, A shallow
groundwater, ¥ deep groundwater.

Sample No pH T EC K* Na* Mg* Ca* CI- SO,> | HCO, | %Error
PC-3* 7.58 16.9 548 2.30 8.55] 25.03 82.40 498 | 20.16 | 331.65 4.29
PCP* 7.54 18.5 608 3.82 15.64 | 27.33 85.61 11.58 | 24.20 | 361.26 3.70
PCC* 7.24 18.4 762 6.53 | 23.87| 32.04| 8295| 21.68| 38.14| 393.83 4.78
FC-1* 7.42 15.5 690 570 | 17.06 | 33.35| 86.03 14.60 | 52.29 | 373.11 4.59
FC-2* 7.52 15.4 556 416 | 12.12| 27.75| 72.38 11.48 | 40.29 | 302.04 343
FC-3* 7.34 19.2 672 7.03 19.74 | 3096 | 78.65 18.71 | 54.64 | 343.49 4.76
SKK* 7.62 12.8 431 0.52 1.24 | 26.71| 59.24 1.63 6.06 | 284.27 3.60
OKK™ 7.35 13.9 694 0.85 2.82| 57.99| 81.00 3.10 | 16.56 | 479.71 3.82
SCA 7.20 17.1 559 2.19 7.54 | 21.41 93.36 5.11 16.95 | 343.49 4.38

AKC A 7.32 15.9 672 344 1425| 3531 | 91.09 11.61 | 32.62| 393.83 3.69
CCA 7.47 15.4 542 3.63 6.01 | 43.46| 60.63 5.21 12.59 | 367.18 3.02
BST-1A 7.55 16.4 629 2.26 3.68 | 43.18| 77.69 596 | 12.62 | 384.95 3.78
BST-2A 7.32 16.2 681 2.15 5.15 57.10 | 75.63 3.87 12.93 | 456.02 4.50
AT-1A 7.15 17.1 2050 | 165.99 | 63.35| 100.53 | 120.56 | 95.36 | 140.18 | 630.84 4.51
IYKT-1A 7.10 19.5 1677 | 105.40 | 57.44| 8559 | 146.58 | 89.27 | 173.05 | 581.10 3.78
ZKT-1A 7.04 18.6 822 0.60 | 16.73 12.42 | 16540 | 17.00 | 50.88 | 444.17 4.72
KOY-1A 7.25 12.6 756 1.87 9.00 | 48.95| 97.81 14.79 | 24.54 | 444.17 3.67
BK-AA 7.20 14.6 625 0.89 439 | 4240 75.78 11.48 | 13.40 | 364.22 3.58
IG-1A 7.16 143 1226 329 | 39.84| 83.02 | 128.86 | 83.41 | 231.92 | 438.25 2.12
iG2A 7.21 12.3 767 2.10 | 1859 | 5437 | 82.82| 1596| 60.84 | 432.33 3.54
iG-3A 7.19 12.5 1822 504 | 73.71| 17339 | 124.55 | 110.99 | 430.32 | 651.45 2.20

KOYMA 7.01 12.0 789 9.44 8.18 | 47.64 | 101.53 18.54 | 25.58 | 467.86 3.73
K-1V 7.13 17.6 832 6.88 | 29.65| 34.13| 102.73 | 76.57| 50.57 | 319.80 3.35
K2V 7.49 19.0 580 5.64 11.00 | 36.61 | 59.71 13.59 | 27.25| 296.12 3.95

PO-1V 7.31 18.7 516 1.44 14.74 | 33.37| 53.68 6.26 9.06 | 313.88 3.03
SKCK'VY 7.11 13.5 667 0.73 542 21.79 | 120.93 8.38 5.21 | 432.33 3.06
OK Kuyu'V 7.08 12.2 555 0.78 428 | 3034 | 71.13 6.29 | 10.24 | 337.57 1.32
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The evolution of hydrochemical parameters
of groundwater can be understood by plotting
the concentration of major cations and anions in
the Piper’s and Schoeller’s diagrams. The most
acceptable method to classify and compare water
types based on ionic composition is proposed
by Piper (1944) by plotting the chemical data on
a trilinear diagram (Figure 3). Schoeller (1967)

diagram is semi-logarithmic diagram was developed
to represent major ion analyses in meq/l and to
demonstrate different hydrochemical water types on
the same diagram (Figure 4). This type of graphical
representation has the advantage that, unlike the Piper
diagram, actual water sample concentrations are

displayed and compared.
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Figure 3- Piper’s diagram of surface and groundwater samples (Sampling date- A: December 2013 and

B: June 2014).
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Figure 4- Schoeller diagram of surface and groundwater samples (Sampling date- A: December

2013 and B: June 2014).

The concentration of major ions of surface and
groundwater of the study area were plotted in the Piper
trilinear diagram to determine the Hydrochemical
facies/water type. Hydrochemical facies are, district
zones that posses cation and anion concentration
categories, a result of rock-water interactions,
geology and natural or anthropogenic contamination
sources used to describe the type of water that differ
in their chemical composition.
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Five hydrochemical facies have been identified
based on the major ion chemistry of the surface
and groundwater of this area. However, based
on hydrochemical facies, the type of water that
predominates in the study area is Ca-Mg/Mg-Ca-
HCO, type during both December 2013 and June 2014.
Most of the waters of the two seasons are similar types
but three water samples (IG-1, IG-3 and K-1) resulted
in mixed water types (Tables 4, 5, Figure 3 and 4).
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Table 4- Hydrochemical facies of surface and groundwater samples based on major ions (December 2013 samples).

Sample No Cations ‘ Anions ‘ Hydrochemical facies

Surface waters

PC-3, PCP, PCC, FC-1 Ca*>Mg* >(Na'+K") | HCO,>SO,>Cl" | Ca-Mg-HCO,
FC-2 Mg**>Ca’* >(Na'+K") | HCO, >80,/ >Cl" | Mg-Ca-HCO,
FC-3 Ca*>Mg**>(Na'+K") | HCO,>CI>SO, | Ca-Mg-HCO,

Spring waters
SKK Ca*>Mg* >(Na'+K") | HCO,>S0,/>Cl" | Ca-Mg-HCO,
OKK Mg >Ca**>(Na+K") | HCO,>S0O,>Cl" | Mg-Ca-HCO,
Shallow groundwaters
SC, AKC, CC, BST-1, IYKT-1, KOY-1, KOYM | Ca*>Mg* >(Na'+K") | HCO, >SO,>>Cl' | Ca-Mg-HCO,
BST-2, AT-, iG-2 Mg**>Ca**>(Na'+K") | HCO,>SO,>Cl" | Mg-Ca-HCO,
1G-1 Mg**>Ca*>(Na'+K") | HCO,>SO,*>ClI" | Mg-Ca-HCO,-SO,
ZKT-1 Ca*>(Na™+K")>Mg* HCO,>S0,>>CI" | Ca-HCO,
BK-A Ca*>Mg**>(Na'+K") | HCO,>CI'>S0O,> | Ca-Mg-HCO,
iG-3 Mg*>Ca**>(Na'+K") | SO, *>HCO,>ClI' | Mg-Ca-SO,-HCO,
Deep groundwaters

K-1, K-2, PO-1 Ca*>Mg**>(Na'+K") | HCO,>SO,>Cl" | Ca-Mg-HCO,
SKCK Ca*>Mg*>(Na'+K) | HCO,>SO>>ClI' | Ca-HCO,
OK Kuyu Ca*>Mg* >(Na'+K") | HCO,>CI' >S0O,> | Ca-Mg-HCO,

Table 5- Hydrochemical facies of surface and groundwater samples based on major ions (June 2014 samples).

Sample No Cations ‘ Anions ‘ Hydrochemical facies
Surface waters
Eg; P;C; ’3P G, FC-1, Ca>>Mg?>(Na'+K") | HCO, >SO,>>Cl' | Ca-Mg-HCO,
Spring waters
SKK Ca*>Mg* >(Na'+K") | HCO, >80, >Cl" | Ca-Mg-HCO,
OKK Mg?*>Ca**>(Na'+K") | HCO,>SO>Cl" | Mg-Ca-HCO,
Shallow groundwaters
SC, AKC, BST-1, iYKT-1, KOY-1, KOYM Ca*>Mg**>(Na'+K*) | HCO, >80, >Cl" | Ca-Mg-HCO,
BST-2, AT-1, 1G-2, CC, Mg*>Ca**>(Na+K") | HCO,>SO,/>ClI' | Mg-Ca-HCO,
IG-1,1G-3 Mg?*>Ca**>(Na'+K") | HCO,>SO>>Cl" | Mg-Ca-HCO,-SO,
ZKT-1 Ca*>Mg**>(Na'+K") | HCO,>SO,>Cl" | Ca-HCO,
BK-A Ca*>Mg* >(Na'+K") | HCO,>CI'>SO,> | Ca-Mg-HCO,
Deep groundwaters
K-1 Ca**>Mg> >(Na'+K") | HCO, > CI'>SO,> | Ca-Mg-HCO,-Cl
K-2, PO-1 Mg**>Ca** >(Na'+K*) | HCO, >80, >Cl" | Mg-Ca-HCO,
OK Kuyu, SKCK Ca”>Mg* >(Na'+K") | HCO,>Cl >SO,> | Ca-Mg-HCO,

3.2. Assessment of Waters for Irrigation Purpose

Enormous amounts of dissolved ions in irrigation
water affect both agricultural soil physically and

Kelley Index (KI) and Potential Salinity (PS) were

used to investigate the suitability of Felent and Porsuk

chemically and plants growth, thus reducing the

productivity. Parameters such as Sodium Adsorption
Ratio (SAR), Electrical Conductivity (EC), Residual
Sodium Carbonate (RSC), Percent of Sodium (%Na),
Magnesium Ratio (MR), Permeability Index (PI),

the different parameters is given by table 7.

rivers and groundwaters for irrigation. The average
values of different parameter indices for rating
surface and groundwater quality and its sustainability
in irrigation for two differnt seasons were calculated

(Table 6) and quality of irrigation water in relation to
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Table 7- Irrigation water quality according to different indices.

Parameter Range Class Source
<250 Excellent
250-750 Good
EC 750-2000 Permissible Richard (1954)
2000-3000 Doubtful
> 3000 Unsuitable
<20 Excellent
20-40 Good
Na%o 40-60 Permissible Todd (1960)
60-80 Doubtful
> 80 Unsuitable
<50 Suitable
MR - Paliwal (1972)
> 50 Unsuitable
<60 Soft
60-120 Moderately
Durfor and Becker (1964)
TH 120-180 Hard
> 180 Very hard
<1.25 Safe
- - Aghazadeh and
RSC 1.25-2.5 Marginally suitable
Mogaddam (2010)
>2.5 Not suitable
<20 Excellent
20-40 Good
SAR 40-60 Permissible Todd (1960)
60-80 Doubtful
>80 Unsuitable
<25 ( Class III) Unsuitable
Pl 25-75 ( Class 1I) Good Doneen (1966)
> 75 (ClassI) Excellent
Kl <1 Suitable Kelley (1940) and Paliwal
>1 Unsuitable (1967)
PS <3 Suitable
Doneen (1964)
>3 Unsuitable

3.2.1. Sodium Adsorption Ratio (SAR)

Whenever there is high sodium ion and low
in calsium ion concentration in a water used for
irrigation purpose, the ion-exchange complex may
become saturated with sodium ion which destroys
the nature of soil structure, due to the dispersion of
the clay particles (Todd, 1980) and affects the plant
growth. As indicated in table, the computed SAR
values for two different seasons range from 0.03
to 1.24 and all values are within the excellent class

(Table 6 and 7). According to the graph of sodium
hazard versus salinty hazard (Wilcox, 1950) all the
water sample collected in December 2013 and June
2014 fall into category C2-S1 and C3-S1, indicating
low alkali hazards and excellent irrigation water.
However, one shallow well water sample collected
during december 2013 categorized as C4-S1 type
indicating high salinity hazard and low alkali hazard
(Figures 5A, B). The average spatial distribution
maps of the two seasons is given in figure 6A and
Northwest of the study area is the safest.
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Figure 5- Classification of water samples with respect to salinity and sodium hazard: A) December 2013 and B) June 2014.

3.2.2. Electrical Conductivity (EC)

The most important water quality guideline on
crop productivity is the salinity hazard as measured
by electrical conductivity (Johnson and Zhang, 1990).
Figure 6B illustrates the spatial distribution of EC over
area of study. Majority of the area is characterized by
good water quality. The average EC for the two seasons
ranges from 442.38 to 2469.69 uS/cm (Figure 6B).
According to the the spatial distribution map of EC,
the waters in the northwest and southeast of Kutahya
plain have a lower salinity hazard.

Based on standard classification systems
(Richards, 1954; Todd, 1980), 59% of the samples
falling into the good; 33% falling into permissible;
and the remaining 8% falling into the doubtful, highly
saline signifying high salinity hazard.

3.2.3. Residual Sodium Carbonate (RSC)

RSC has been calculated to determine the
hazardous effect of carbonate and bicarbonate on the
quality of water for agricultural purpose (Aghazadeh
and Mogaddam, 2010). Table 6 indicated that the
computed RSC values range from -15.28 to 0.39
meq/l and water samples are within the safe water
category. The spatial distribution of the RSC value
are given in Figure 6C and northwestern part of the
plain have the lowest RSC values.

3.2.4. Percent of sodium (%Na)

Percent of sodium (Wilcox,1955) has been used
in determination of groundwater suitability for
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irrigation, because the concentarion of sodium ion
reacts with soil to reduce its permeability (Todd,
1980). The computed Na% for the study area ranged
from 1.29 to 32.61%. Based on Table 7; and Figure
7D indicate that 92.6% of the waters from study
area are within the excellent class and the rest 7.4%
are within good class. Generally, Northwest of the
Kiitahya plain is the safest area.

3.2.5. Magnesium Ratio (MR)

Magnesium ratio is considered to be one of the
most important parametr in determining the suitability
of water for irrigation. Excess amount of magnesium
in water reduces the growth and yields as the soil
becomes more saline (Joshi et al, 2009). The values of
MR for all water samples of the study area vary from
7.21t0 79.91 and spatially northwest part of the plain
has the lowest values. According to the results 70.4%
of the samples are suitable for irrigational practice
(Tables 6, Figure 7E).

3.2.6. Permeability Index (PI)

The soil permeability is influenced by long term use
of irrigation water and sodium (Na*), calcium (Ca?")
, magnesium (Mg*), bicarbonate (HCO,’) content of
the soil (Raju, 2007). Doneen (1964) has evolved a
formula, permeability index (PI) to measure the soil
permeability for assessing the suitability of water for
irrigation purposes (Table 1). The PI values range from
52.05 to 114.60 (Table 6) and the results indicate that
85.2% and 14.8% of the water samples of the study
area fall within class I and class II respectivelly which
make the water suitable for irrigation purposes. The
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Figure 6- Spatial distribution of average values of two sampling seasons: (A) SAR, (B) EC (uS/
cm) and (C) RSC (meq/l).
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Figure 7- Spatial distribution of average values of two sampling seasons: (D) %Na, (E) MR and (F) PIL.
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spatial distribution map of average PI values of the
two different seasons is given in figure 7F below and
Northwest part of the plain is the safest.

3.2.7. Kelley Index (KI)

Kelley Index is expressed as the level of sodium
ion measured against calsium and magnesium ions,
and it is used to rate irrigation waters (Kelley, 1940;

Paliwal, 1967). All the tested samples of the present
study area classified as good because 100% of the KI
values fall within the permissible limit of 1, indicating
the good quality of the groundwater for irrigation
purpose (Tables 6 and 7). The Spatial distribution
map of average KI value for two sampling seasons
is given by figure 8G below and the safest part of the
area is shown in Northwest .

Figure 8- Spatial distribution of average values of two sampling seasons: (G) KI, (H) PS (meq/1) and (I) TH (mg/1).
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Figure 8- (continued)

3.2.8. Potential Salinity (PS)

Potential salinity is another parameter used for
the classification of water for irrigation purpose.
Potential salinity value less than 3 meq/l is suitable
for irrigation purpose. Results from study area ranged
from 0.11 to 11.67 meq/L (Table 6). The results of
PS suggest that 85.2% of waters of the study area are
suitable for irrigation. The average potential salinity
spatial distribution map of two sampling seasons is
produced for the area (Figure 8H).

3.2.9. Total Hardness (TH, )
mg

Hard water is caused by high levels of calcium
and magnesium carbonates. It is expressed as the
total concentration of Ca’>" and Mg?" as milligrams
per liter equivalent CaCO, (Todd, 1980) The values
of total hardness ranged from 247.63 to 1363.09
mg/l measured for the two different seasons (Table
6). It was witnessed that there was direct correlation
TH with Ca* and Mg** values as the surface and
groundwater in this area was very hard in nature
indicating the presence of HCO,, Ca** and Mg*
ions concentrations. The plain’s spatial distribution
map of average TH (mg/l) value for two sampling
seasons is given in figure 81 here under and the total
hardness of the water increases towards northwest
of the plain.
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4. Discussion

Most of Kiitahya plain groundwaters are Ca-
Mg/Mg-Ca-HCO, water types which shows that
geology appears to have greater influence on
the chemical transformation of the groundwater
resources, compared to any possible effects due to the
anthropogenic activities within the study area.

The high value hardness in the waters is resulted
from the alluvial and limestone aquifer of Emet
formation, which is the main aquifer in the study area.

The Mg?* ratio values 29.6 % of the water samples
are unsuitable for irrigation. This can be explained by
excess amount of Mg*" in the samples. The observed
high Mg?" ion concentration resuled from the dolomite
rocks and alluvial aquifer alkalinization of groundwater
by leaching from organic fertilisers in weathered soils.

According to the calculated parameters (SAR,
RSC, %Na, PI, KI, MR, PS ve TH) surface and
groundwaters of northwest of the study area are less
affected by urban wastewater, industrial wastewater
and agricultural activities than other area and is good
for irrigation purpose than waters from the rest part
of the study area. In addition, northwest of the study
area is constantly fed by Enne Dam which results
in decreasing of ion concentration of surface and
shallow groundwater.
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The water chemistry of Kiitahya plain is very
important and needs care because the Porsuk Dam
which uses as drinking water for both Kiitahya
and Eskisehir cities is situated in downstream. So
any activities such as: agricultural activities, use
of fertilizers, agricultural spraying, factory wastes
and waste storage done in Kiitahya plain should be
controled.
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This study was made in order to introduce Neogene
volcanics the first time, which its presence has not
been mentioned in previous investigations (Akdeniz
et al., 1986; Inci, 1991; Kaya et al., 2007; Sozbilir et
al., 2011), in Kemalpasa—Torbal1 basin corresponding
to Torbali section of the Akhisar Depression (Kaya,
1979; 1981) and to state their K/Ar ages (Figure 1).

Kemalpasa group (Sozbilir et al., 2011) consisting
of lower-middle Miocene deposits of Kemalpasa—
Torbali basin from bottom to top is formed by
Kesmedagi formation (Akdeniz et al., 1986),
deposited in alluvial fan delta, Visneli Formation
(Sozbilir et al., 2011) which is made up of alluvial-
fluvial deposits and by lacustrine Gokyaka formation
(Goktas, 2012) which has lateral equivalence (Figure
2). In upper parts of the Kesmedagi formation which
reflects early-early middle Miocene sedimentation,
the fauna of small mammal belonging to MN4
biozone (17-18 Ma: Steininger, 1999) was described
(Kaya et al., 2007). Visneli and Gokyaka formations
overlying with a probable unconformity represent
the middle Miocene sedimentation. Extrabasinal
felsic tuff interlayers take place in upper parts of the
lacustrine shale sequence (Asagivisneli member:
Goktas, 2012) which was distinguished in Gokyaka
formation. 13.8+0.1 my Ar*/Ar*® age was taken from
those tuffs which are in ash fall facies (Sozbilir et al.,
2011). Intrabasin Miocene volcanism represented by
small lava extrusions from different origins is formed
by Yukarikizilca volcanic which was distinguished in
middle Miocene deposit of the Kesmedagi formation
and by Korucuk volcanic which intruded into
Gokyaka formation (Goktas, 2012).

Figure 1- a) Tectonic setting of the Kemalpasa-
Torbali basin in the Akhisar depression
(modified after Kaya, 1979, 1981), b)
Location map of investigated areas.

! Corresponding author: Fikret Goktas, fikretgoktas50@gmail.com
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Figure 2- Generalized stratigraphy of the Kemalpasa group litho-units (Modified after Sozbilir et
al., 2011 and Goktas, 2012).
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1. Yukarikizilca Volcanic

Bluish gray, altered lavas observed in reddish
brown conglomerate-sandstone dominant sequence
of the Kesmedag1 formation were first defined by
Goktas (2012). At approximately 2.5 km SW of
Yukarikizilca village the lava mass distinguished
around Karamolgedigi Hill crop out in the section
which was offset by strike slip and/or oblique slip
faults of the detachment fault of Gediz Graben (Figure
3). Porphyry textured lavas of which its phenocrystal
content is represented by plagioclase, amphibole,
biotite, pyroxene and quartz were named as “andesite”.
Sheeted plagioclase phenocrysts show polysynthetic
twinning and zoning. Some crystals display the
characteristics of sieve and glomeroporphyritic
textures. Some of amphibole phenocrysts have
glomeroporphyritic texture, twinning and zoning.
Sheetlike, anhedral ortho/clinopyroxene phenocrysts
are occasionally observed in glomeroporphyritic
texture. Quartz crystals are large, fractured and
embayed. Within completely crystallized groundmass
plagioclase, biotite microliths and opaque minerals
are observed.

Figure 3- Geological map of the Yukarikizilca volcanics
and surrounding area (Goktas, 2012). 1) Kes-
medag1 formation, 2) Yukarikizilca volcanics, 3)
Kizilca formation, 4) Landslide. GGSF: Gediz
Graben Detachment Fault.

2. Korucuk Volcanic

The unit consisting rocks of mafic lava was first
defined by Goktas (2012) and distinguished as map
unit. The main outcrop of the lava extrusion which
is supposed to be deposited synchronous with the
sedimentation in poor consolidated and massive
sandstone sequence of the Gokyaka formation is
around Yatan Hill in northeast of Korucuk village
(Figure 4).

Figure 4- Geological map of the Korucuk volcanics and
surrounding area (Goktas, 2012). 1) Kesmeda-
&1 formation, 2) Kire¢cdere member, 3) Gokyaka
formation, 4) Korucuk volcanics, 5) Alluvial fan
deposits (Holocene).

Blackish, dark gray colored lava mass is
extremely fractured in outer zones, with highly
vesicular and altered. Porphyry textured lavas
which their phenocrystal contents are represented
by olivine, biotite and pyroxene were named as
“olivine basalt”. Euhedral-subhedral olivines which
form glomeroporphyritic texture with each other and
other phenocrysts have partly or fully turned into
magnesium and iron carbonates starting from edges
and fractures. Euhedral-subhedral clinopyroxenes are
glomeroporphyritic in texture and display twining
and zoning occasionally. Biotites and amphiboles
which had transformed from clinopyroxene have
become opaque starting from edges and cleavages.
Fully crystallized groundmass material is formed by
plagioclase microliths, microcrystals of biotite and
pyroxene and opaque minerals. Quartz xenocrytals
which are intensely observed in samples and have sizes
larger than 5 mm reflect the magma mixing. As most of
them were subjected to magmatic corrosion, embayed
quartz crystals were surrounded by microliths and
microcrystals of clinopyroxene.

3. Major Element Geochemistry

Major element composite of the Yukarikizilca
volcanic (Table 1) was assessed in TAS diagram
which was suggested by Le Bas et al. (1986). Lava
sample located between regions of andesite-dacite
and sub alkaline section is “calc-alkaline” according
to Irvine and Baragar (1971) (Figure 5a).

Korucuk volcanic falls into trachydacite region in
TAS diagram of Le Bas et al. (1986) in which major
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Table 1- Major element contents of Yukarikizilca and Korucuk volcanics (%)

Sample SiO, | ALO, | Fe,0, | MgO | CaO | Na,0 | K,O | TiO, | P,O, | MnO | Cr,O, | LOI
Yukarikizilca | 60.74 | 16.12 | 5.42 2.83 5.44 2.73 231 0.77 0.37 0.09 | 0.003 2.8
Korucuk 60.18 | 12.61 | 4.60 4.28 4.56 2.11 6.27 1.28 0.77 0.08 | 0.029 2.8

Figure 5- (a) TAS (Le Bas et al., 1986) and (b) Zr/TiO2 versus Nb/Y (Winchester and Floyd, 1977) diagrams of Yukarikizilca

and Korucuk volcanics.

element composite is assessed (Table 1) (Figure 5a).
It was evaluated that this diagram gave confusing
result, due to SiO, content (60.18%), which was
oxidised by quartz xenocrytstals that had been
gained by the magma mixing. In Winchester and
Floyd 1977 nomenclature diagram based on stable
elements (Zr: 650.0, Nb: 29.6, Y:20.2 ppm; TiO,:
%1.28), Korucuk volcanic plotted on trachyandesite
region (Figure 5b) is ultrapotassic (K,0>3%,

Mg0>3%, K 0O/Na,0>2%; Foley et al.,1987)
and could be named as latite.

4. Geochronology

K/Ar ages of Yukarikizilca and Korucuk volcanics
were detected as 15,6£0.6 Ma and 15,0+0,4 Ma
(Table 2). Radiometric ages reflect that the intrabasin
volcanism which is in similar ages activated in middle
Miocene though they have different characters.

Table 2- Results of radiometric analyses of the samples taken from Yukarikizilca and Korucuk volcanics.

Sample Material (%)K LN (%) Ar Age (Ma)

Yukarikizilca %30 K-spar, %70 plagioclase 1.48 0.886 89.4 15.6+0.6

Korucuk Biotite 7.63 4.380 62.0 15.0+£0.4
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where the Proceedings Book is published, numbers
of the first and last pages of the abstract in the
Proceedings Book.

For example:

— Yilmaz, Y. 2001. Some striking features of the
Anatolian geology. 4. International Turkish
Geology Symposiums, 24-28 September 2001,
London, 13-14.

— Oztunali, O., Yeniyol, M. 1980. Yunak (Konya)
yoresi kayaglarinin petrojenezi. Turkiye Jeoloji
Kurumu 34. Bilim Teknik Kurultay:, 1980,
Ankara, 36

If the document is unpublished documents as
report, lecture notes, and so on., information
about the document must be given by writing
the word “unpublished” in parentheses to the
end of information about the document after it is
specifiedin accordance with usual order which is
implemented for a document included in a periodic
publication.

For example:

— Ozdemir, C. Bicen, C. 1971. Erzincan ili, flic
ilgesi ve civar1 demir etiitleri raporu. General
Directorate of Mineral Research and Exploration
Report No: 4461, 21 p. Ankara (unpublished).
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— Akyol, E. 1978. Palinoloji ders notlar1. EU Fen
Fakiiltesi Yerbilimleri Béliimii, 45 p., <zmir
(unpublished).

* The followings must be specified 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.

For example:

— Walker, G. R. Mutti, E. 1973.Turbidite faciesand
facies associations. Pacific Section Society for
Sedimentary Geology Short Course. Annaheim.
Turbitides and Deep Water Sedimantation, 119-
157.

o If the document is a thesis, the following are
written: surname of the author, initial letter of the
author’s first 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:

— Seymen, <. 1982. Kaman dolayinda Kirflehir
Masifi’nin jeolojisi. Dogentlik Tezi, <TU Maden
Fakiiltesi, 145 s.<stanbul (unpublished).

* Anonymous works must be regulated according to
publishing organization.

For example:

— MTA. 1964. 1/500.000 &lgekli Tiirkiye Jeoloji
Haritasi, «stanbul Paftasi. Maden Tetkik ve
Arama Genel Miidiirliigii, 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 specified, volume and page number must
not be given.

For example:

— 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 with Turkish characters.
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For example:

— ERD (Earthquake Research Department of
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. lllustrations

» All drawings, photographs, plates and tables of the
article are called “illustration”.

e Illustrations must be used when using them is
inevitable or they facilitate the understanding of
the subject.

e While selecting and arranging the illustrations’
form and dimensions, page size and layout of the
Bulletin must be considered, unnecessary loss of
space must be prevented as much as possible.

* The pictures must have high quality, high resolution
suitable for printing.

e The number of illustrations must be proportional
to the size of the text.

e All illustrations must be sent as separate files
independent from the text.

e While describing illustrations in the text,
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
files containing EPS, TIFF, or JPEG files in 600
dpi and higher resolutions (1200 dpi is preferred)
so that all details can be seen in the stage of
examination of writing.

6.1. Figures

* Drawings and photos together but not the plate in
the text can be evaluated as “Figure” and they must
be numbered in the order they are mentioned in the
text.

* The figures published in the Bulletin of Mineral
Research and Exploration must be prepared in
computing environment  considering  the
dimensions of single-column width 7.4 cm or
double-columnwidth 15.8 cm. Figure area together
with the writing at the bottom should not exceed a
maximum 15.8x21.



* Figures must not be prepared in unnecessary
details or care must be taken not to use a lot of
space for information transfer.

* Figures must be arranged to be printed in black-
and-white or colored. The figure explanations
being justified in two margins must be as follows:
Figure 1 -Sand>kl> Town (Afyon); a) Geological
map of thesouth-west, b) general columnar
section of the study area (Seymen 1981), ¢) major
neotectonic structures in Turkey (modified from
Kogyigit 1994 ).

* Drawings must be drawn by well-known computer
programs painstakingly, neatly and cleanly.

» Using fine lines which can disappear when figures
shrinks must be avoided. Symbols or letters used
in all drawings must be Times New Roman and not
be less than 2 mm in size when shrink.

e All the standardized icons used in the drawings
must be explained preferably in the drawing or
with figure caption if they are very long.

e Linear scale must be used for all drawings.
Author’s name, figure description, figure number
must not be included into the drawing.

* Photos must have the quality and quantity that will
reflect 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 pagespace.

» 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 final copy
which will be submitted if the article is accepted.

e Figures and plates must be independently
numbered. Figures must be numbered with Latin
numerals and plates with Roman numerals (e.g.,
Figurel, Plate I).

* There must be no description text on Figures.
6.3.Tables

e Tables must be numbered consecutively in
accordance with their appearence in the text.

* 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 size.

* The table explanations being justified in two
margins must be as follows:

e Table 1- Hydrogeochemical analysis results of
geothermal waters in the study area.

7. Nomenclature and Abbreviations

e Non-standard and uncommon nomenclature
abbreviations should be avoided in the text. But if
essential, they must be described as below: In cases
where unusual nomenclatures and unstandardized
abbreviations are considered to be compulsory, the
followed way 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 first time used abbreviations in the text are
presented in parenthesis, the parenthesis is not
used for subsequent uses.

e The metric system must be used as units of
measure.

* Figure, plate, and table names in the article must
not be abbreviated. For example, “as shown in
generalized stratigraphic cross-section of the
region (Figure 1.............. ”

7.1. Stratigraphic Terminology

Stratigraphic classifications and nomenclatures must be
appropriate with the rules of International Commision
on Stratigraphy and/or Turkey Stratigraphy Committee.
The formation names which has 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:

— For the use authentic fossil names:

— When the authentic fossil name is not used.

— Other examples of use;

e.g. The type and species of Alveolina/
Alveolina type and species

* Taxonomic ranks must be made according to
following examples:
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Super family: Alveolina Ehrenberg, 1939

Family: Borelidae Schmarda, 1871

Type genus: Borelis de Montfort, 1808

Type species: Borelis melenoides de Montfort, 1808;
Nautilus melo Fitchel and Moll, 1789

Not reference, Not stated in the Reference section

Borelis vonderschmitti (Schweighauser, 1951) (Plate,
Figure, Figure in Body Text)

Schweighauser, 1951 not reference

1951 Neoalveolina vonderschmitti Schweighauser,
page 468, figure 1-4

Cited Scweighauser (1951), stated in the Reference
section.

1974 Borelis vonderschmitti (Schweighauser),
Hottinger, page, 67, plate 98, figure 1.7

Cited Hottinger (1974), stated in the Reference
section.

* The names of the fossils should be stated according
to the rules mentioned below:

— For the first use of the fossil names, the type,
spieces and the author names must be fully
indicated

Alveolina aragoensis Hottinger
Alveolina cf. Aragoensis Hottinger

— When a species is mentioned for the second
time in the text:

A.aragoensis
A.cf.aragoensis
A.aff.aragoensis

— It is accepted as citiation if stated as Alveolina
aragoensis Hottinger (1966)

* The statment of plates and figures (especially for
articles of paleontology):

— for statment of the species mentioned in the
body text

Borelis  vonderschmitti  (Schweighauser,
(plate, figure, figure in the body text).

1951).

— When citing from other articles

1951 Neoalveolina vonderschmitti
Schweighauser, page 468, figure 1-4, figure in
body text

1974 Borelis vonderschmitti (Schweighauser),
Hottinger, page 67, plate 98, figure 1-7
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¢ For the citiation in the text

* (Schweighauser, 1951, page, plate, figure, figure in
the body text) (Hottinger, 1974, page, plate, figure
67, plate 98, figure 1-7, figure in the bodytext.)

8. Citations

All the citiations 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:

— Itis known that fold axial plain of Devonian and
Carboniferious aged units around Istanbul is NS
oriented (Ketin, 1953, 1956; Altinli, 1999).

— Altinli (1972, 1976) defined the general
characteristics of Bilecik sandstone

» For publications written by two authors:

— The upper parts of the unit contain llerdian
fossils (Sirel and Giindlz, 1976; Keskin and
Turhan, 1987, 1989).

» For publications written by three or more authors:

According to Caner et al. (1975) Alici formation
reflects the fluvial conditions.

The unit disappears wedging out in the East direction
(Tokay et al., 1984).

o If reference is not directly obtained but can be
found in another reference, cross-reference should
be given as follows:



— It is known that Lebling has mentioned the * All copyright of the accepted manuscripts belong

existance of Lias around Cakraz (Lebling, 1932: to MTA. The author or corresponding author on
from Charles, 1933). behalf of all authors (for papers with multiple
9. Reprints authors) must sign and give the agreement

under the terms indicated by the Regulations of
The author(s) will receive 5 free reprints and two hard y g

copies of the related issues Executive Publication Committee. Upon

acceptance of an article, MTA can pay royalty

10. Copyright and Conditions of Publication to the authors upon their request according to

+ Itis a condition of publication that work submitted the terms under the “Regulations of Executive
for publication must be original, previously Publication Committe” and the “Regulations
unpublished in whole or in part. of Royalty Payment of Public Office and

Institutions”

e It is a condition of publication that the authors
who send their publications to the Bulletin of . . .
Mineral Research and Exploration hereby accept All the information and forms about the Bulletin of
the conditions of publication of the Bulletin in Mineral Research and Explorations can be obtained

advance. from http://bulletin.mta.gov.tr
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