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ABSTRACT

Sile Neogene Basin (SNB) is one of the world’s crucial sedimentary clay-sand-coal basins, where
approximately 3 million tons of clay and 20 million tons of sand are produced annually. The SNB,
with a thickness of <54 m, lies unconformably on partly Paleozoic and partly Mesozoic basement
units. Clay levels with a total thickness of <21 m comprise mainly kaolinite, quartz and illite, and
small amounts of Ca-smectite, mixed-layered phase (I/S), feldspar, siderite, chlorite, muscovite
(+/- sericite), anatase, iron oxides/hydroxides, alunite and pyrite. Geochemically, most of the major
oxides and SiO2/A1203 ratios do not show significant changes on the vertical or lateral scale. On
the other hand, K20, trace elements, REE contents and Th/U ratios of the clay levels overlaying the
Paleozoic sandstones are higher than the clays overlaying the Mesozoic volcanics. REEs are higher
in the lower part of the Neogene sequence than in the upper part. The mineralogical and geochemical
data show that the existing material of SNB is an accumulation of different basement rock groups,
the mineral type and size of the transported fragments varied at short intervals and carried the effects
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of various environmental conditions and alteration types.

1. Introduction

Clayification, in general, and kaolinitization,
in particular have essential clues in interpreting
sedimentary basins. Kaolin and kaolinitic clays are
the type-lithology of the near-surface continental
environments (Dill, 2016). One of the types of
kaolinization is  secondary/sedimentary  kaolin
formation, as transported and deposited levels within
the sedimentary rocks (Prasad et al., 1991; Murray
and Keller, 1993; Dill, 2016). Primary kaolinization
in residual weathering or hydrothermal alteration
is common worldwide. In contrast, sedimentary
kaolinite formation is rare due to the deposition and
preservation of secondary kaolin deposits requiring
special geological conditions (Murray and Keller,
1993). Some kaolin deposits commonly occur in
swamp environments rich in organic matter (Spears
and Kanaris-Sotiriou, 1979; Zhou et al., 1982; Senkayi

et al., 1984). On the other hand, kaolinite is much more
common than other members of the group (dickite,
nacrite, and halloysite) because it can form at low
temperatures lower than 150 °C in sedimentary rocks
(Zotovetal., 1998). Kaolinite in sedimentary sequences
is generally of authigenic origin (Huggett, 2005).

Economically mineable numerous kaolin
deposits formed as hydrothermal and weathering types
have been reported from Tiirkiye (Omeroglu Sayit et
al., 2018; Yanik et al., 2018; Ciflikli, 2020; Lagin et
al., 2021; Celik Karakaya et al., 2021; Unal Ercan et
al., 2022; Kadir et al., 2022 and references therein).
However, Sile kaolinitic clay deposit, also known as
Sile ceramic clay, is the only sedimentary deposit in
Tirkiye and has been a significant very important
industrial raw materials production place for over a
century. Within the framework of clay formations in
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clays have special importance (Esenli and Ekinci Sans,
2023). The SNB is located on the Black Sea coast in
the north of Istanbul (NW Tiirkiye) and consists of
industrial clay levels (kaolinitic clays), thin coal seams
(lignite) and industrial sand levels (quartz-rich). These
clay-coal-sand levels are associated with the Oligo-
Miocene sedimentary sequence deposited in stream,
lake and swamp environments. Some researchers have
reported the clay reserves between 53-250 million
tons and sand reserves between 100-560 million tons
in the basin (Erdogan et al., 2023; Esenli et al., 2024
and references therein). More than 3 million tons of
clay and 20 million tons of sand are produced annually
from the quarries of fifteen companies in the basin. The
clay raw material of the SNB supports the ceramic and
refractory industry of Tiirkiye and various European
countries. On the other hand, the sand material in
SNB is used in construction, casting, ceramics, and
chemical industries. Essentially, levels of the basin
other than those rich in kaolinite or quartz sand are also
important. For example, the presence of kaolinite, illite,
quartz and feldspar minerals in different percentages
in kaolin deposits may be suitable for different
usage areas (Omang et al.,, 2019). In recent years,
special uses of kaolinite-based products have become
widespread (Cao et al., 2020; Gianni et al., 2021).

Geological setting, mineralogy, geochemistry
and genesis of the sedimentary kaolin deposits in the
Sile region have been described by some researchers
(Ercan, 1979; Yeniyol, 1984; Yeniyol and Ercan, 1989;
Ozdamar, 1998; Coban et al., 2002; Ece et al., 2003;
Ozdamar et al., 2007; Esenli et al., 2024). Yeniyol
(1984) explained the sedimentary kaolin formation of
the SNB, and Coban et al. (2002) and Ozdamar et al.
(2007) studied the mineralogy of underclay in some
locations of the region. Esenli et al. (2024) reported
general mineralogical and chemical summaries of the
sand and clay in the basin. The occurrence, mineralogy
and major oxides geochemistry of kaolin deposits,
which are representative of some area of the basin,
were discussed by Ece et al. (2003) and Ece and
Nakagawa (2003). According to Yeniyol (1984) there
are two types of kaolinization in the Sile Region. The
first was formed in situ by weathering alteration of
Upper Cretaceous volcanics (mostly andesite), which
are currently buried under Miocene sediments. The
second, sedimentary kaolin deposits, were formed due
to post-depositional alteration by humic and fulvic
acids (Ece et al., 2003). Yeniyol and Ercan (1989)
reported that intercalated levels of kaolinitic clay-coal-

sand formed during Oligocene-Miocene in swamp and
lake environments in response to cyclic paleoclimatic
conditions and variable regional tectonic uplift rates.
The researchers mentioned above significantly
contributed to our understanding of the environmental
conditions of ceramic clays in the SNB. Nevertheless,
both its formation and the Paleozoic-Mesozoic
relationship are still controversial. This paper is a
comprehensive study to compare and interpret the
horizontal and vertical modal-mineralogically and
geochemically (major oxides, trace and rare earth
elements) of samples from seven vertical sections
(i.e. seven open pits), representing a large part of the
basin. In addition to the general interpration of the
basin, the paper aims to reveal the mineralogical and
geochemical differences of clay levels overlaying
Paleozoic sediments and Mesozoic volcanic rocks.

2. Geological Setting

East Istanbul, which includes the Sile region, is
tectonically located within the Istanbul Zone between
Strandja Zone in the west and Sakarya Zone in the
east (Okay et al., 1994; Yilmaz et al., 1997; Okay
and Kylander-Clark, 2023) (Figure 1). The points of
the vertical sections (S1 to S7) sampled in this study
are shown on geological map of the region (Figure
1). In the region, the pre-Tertiary basement consists
of Paleozoic and Mesozoic-aged units. Paleozoic-
aged non-metamorphic sedimentary units are mostly
Ordovician quartzite, Silurian conglomerate- arkose-
limestone, shale-
greywacke-limestone. This group also includes
trachy-andesite dykes. Mesozoic (Triassic and Upper
Cretaceous) aged units are siliceous sedimentaries,
granodiorite and volcanic units (Abdiisselamoglu,
1963; Baykal and Kaya, 1965; Kaya, 1973; Akyiiz,
2010; Ozgiil, 2011; MTA, 2017; Ayanoglu, 2018).
These basement rocks are unconformable overlain
by Tertiary sedimentary successions deposited in a
continental margin basin (Tiysiliz, 1999). The Tertiary
group consists of Eocene (or Paleocene-Eocene) aged
limestones, marls, conglomerates and sandstone, and
Neogene aged clay, coal and unconsolidated sand
(+gravel) (Baykal, 1943; Baykal and Onalan, 1979;
Gedik et al., 2005; Ozgiil, 2011; Ozsahin ve Ekinci,
2013; MTA, 2017) (Figure 1). Upper Cretaceous
volcanics are silicified and kaolinized andesite, quartz
andesite, dacite-type lavas, and pyroclastics (Yeniyol
and Ercan, 1989; Keskin et al., 2003). These volcanics
are the products of Turonian volcanic activity that

and Devonian-Carboniferous
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developed due to the first arc magmatism related to the
north subduction of the Neotethys Ocean during the
Late Cretaceous-Early Tertiary period (Baykal, 1943;
Sengor and Yilmaz, 1981; Tiiysiiz, 1999).

Neogene sequence overlaid the Mesozoic
volcanic rocks (mainly andesites) in some areas of the
Sile region and the Paleozoic Istanbul Zone (mainly
arkosic sandstone) in some areas of the region.
This sequence was named the Mesetepe Formation
by Gedik et al. (2005) and the Istanbul Formation
(Late Oligocene-Middle Miocene) by Ozgiil (2011).
Sekmen (2019) explained that Neogene sand, gravel
and clay levels are products of land erosion. Gilingér
et al. (2015) reported a clay-sand-coal sequence at the
bottom of the basin and a thick sand layer above it and
noted that the uppermost sand-clay sand levels of the
basin are Pliocene in age. Some clays gained refractory
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properties due to the effect of humic acid entering the
environment (Sipahi and Kuzum, 2011). Arkun (1985)
reported the thickness of the Sile Neogene sequence as
approximately 14-38 m. According to the researcher,
the lower zone of 11-18 m (Hamamyatagi Formation)
contains refractory clay, coal, clayey sand and binding
clay levels, and the upper zone of 13-18 m (Domali
Formation) contains white and red sand layers.
Recently, the thickness of the Oligo-Miocene sequence
was reported as 10-35 m by Geng (2019). According to
the researcher, there is:a 7-31 m thick clay-rich zone
containing one or two thin coal layers at the bottom,
and a sand zone approximately 3-15 m thick at the
top. Ozdamar et al. (2007)teported that three thin coal
seams were found in the middle and upper layers of the
stratigraphic section in the Sile Region.

‘ (-1 istanbul Zone

l:l Pleistocene
Undifferentiated Continental Clastic Rocks
I:I Oligocene - Miocene
Clastic Rocks

D Upper Cretaceous - Eocene
Clastic and Carbonate Rocks

Figure 1- The location of the Sile Region in the tectonic units of northwestern Tiirkiye (Okay, and Kylander- Clark,
2023) and geology of the Sile Neogene Basin (SNB) and its surroundings (modified from the 1:250,000

scale geological map prepared by MTA, 2017).
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3. Analytical Methods

In this study, 25 samples belonging to seven
vertical sections (S1 to S7) in the SNB were analyzed
mineralogically and chemically. Each vertical section
also represents an open pit area where clay and sand
production is actively occurring. Samples collected
from each vertical section were numbered from bottom
to top. Sample numbers based on sections are as follows:
S1:2,S2:5;S3:4,54:2,S5:4,S6:4,and S7: 4 samples.

The mineralogical compositions of the clay
samples and their clay fractions were identified by
X-ray diffraction (XRD) at the Istanbul Technical
University using a Bruker D8 Advance instrument. The
XRD analyses were performed with Ni-filtered CuKa
radiation at a scanning speed of 1°26/min, atube voltage
of 40 kV, and current of 40 mA. Clay fractions of the
samples (<2 um) were prepared by using sedimentation
and centrifuging. Oriented specimens on slides were
analyzed after drying in air, solvated with ethylene
glycol at 60°C for 16 h, and treated thermally at 350
°C and 550 °C for 2 h. Semi-quantitative mineralogical
compositions of the samples were estimated by the
XRD-reference intensity method (Chung, 1975) using
the reference intensity constants of each component
given by Ekinci-Sans et al. (2015). Furthermore,
the mineral contents analyzed through XRD modal
analyses of the clay samples were compared to their
chemical compositions. Chemical analyses (X-ray
fluorescence, XRF, and inductively coupled plasma-
mass spectroscopy, ICP-MS) were performed at the
Istanbul Technical University (ITU-JAL Laboratory).
Pressed discs prepared using a wax binder and boric
acid were analyzed by a Bruker S8 Tiger model
XRF instrument. Trace-element concentrations were
determined by using a Perkin Elmer Elan DRC-e 6100
ICP-MS instrument.

4. Results
4.1. Lithostratigraphy

SNB contains light-dark grey, beige, green, light
brown, pink, and burgundy-colored clay levels, white,
beige, grey, yellow, orange, and brick-colored sand
levels and coal (lignite) levels and their transitional
lithologies (Figures 2a-g). Seven vertical sections
(S1 to S7) described lithostratigrapically in the
basin (Figure 3). Figure 3 also shows sample points
and numbers in each vertical section. Lithological
thicknesses of the basin are presented in Table 1. In
the south of the basin, S5 over the Paleozoic units

is 6-12 km away from all other section points over
the Mesozoic units. Compared to the others, S5 is at
the highest topographic point (196 m), while other
sections are at elevations between 114-164 m. The total
apparent thickness of the sequence (sand, clay, clayey
sand, sandy clay, clay with coal, clayey coal, coal)
for all sections is between 8-44 m, and the average
thickness is 25 m (Table 1). Thus, according to data
from both the sections and some drilling, it is thought
that the Neogene sediment thickness in the basin is <
54 m, and the average could be considered as 33 m.

The sand-clay transitions of the Neogene
sequence show lateral differences. There is sand-rich
lithology in some sections, while in others, there is
clay-rich lithology (Figure 2a-f and Figure 3). Neogene
deposits overlie on Paleozoic-aged arkoses in the
south-southeast of the basin and have a total thickness
of more than 20 m containing regularly recurring clay
and sand levels with thicknesses of 2-4 m (Figure 2e
and Figure 3). In the Neogene sequence located on
Mesozoic-aged volcanics (andesite) in the center and
east and northeast of the basin, there is a 15-20 m thick
clay zone at the bottom and a 10-20 m thick sand zone
at the top (Figures 2a, b, d and Figure 3). In some
locations, clayey sand or sandy clay levels are within
the lower clay zone (for example S2, S3 and S6). From
south to north of the basin, the thickness of the Neogene
sequence decreases and there is a transition from clay-
rich lithology to sand-rich lithology. The upper sand
zone reaches 25 m thick towards the basin’s north.

The total clay and sand thicknesses that can be
produced economically in the basin are between 0-21
m (average 12 m) and 4.5-17 m (average 9.5 m),
respectively (Table 1). There is aminimum of 10 million
m3 of clay reserves in 1 km2 in the basin. Conversely,
the thicknesses of the clayey sand and sandy clay
layers, typically not utilized in clay production, range
from 0 to 11.5 meters, with an average thickness of
2 meters. While most sections contain two or three
economically viable coal bands, some do not have any
coal deposits. The total coal thickness varies from 0 to
1.2 meters, with an average of 0.3 meters. Additionally,
the thickness of the unproduced clay coal or clayey
coal ranges from 0 to 3.5 meters, averaging 0.6 meters.

4.2. Mineralogy

Modal-mineralogical compositions (XRD) of the
clay samples from SNB is given in Table 2 (abbreviation
for minerals after Whitney and Evans, 2010). Clay-mica
minerals in the samples are kaolinite (15-60 %), illite
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Table 1- Lithological thicknesses (m) obtained from field sections and maximum and average thicknesses (m) from
field sections and drilling core data in the SNB (Total: sand + clay + clayey sand + sandy clay + clayey
coal / clay with coal + coal).

Lithology Range of thickness ~ Average thickness Maximum thick-  Average thick-
ness ness
(field sections) (field sections)
(basin general)  (basin general)
Sand 4.5-17 9.5 <22 11
Clay 0-21 12 <30 11.5
Clayey sand+sandy clay 0-11.5 2 <16 2.5
Clayey coal/clay with coal 0-3.5 0.6 <3.5 1.3
Coal 0-1.2 0.3 <4 0.4
Total 8-44 25 <54 31

sand

clayi i

sand

clay..

Figure 2- Field views of Sile Neogene Basin (SNB). a) Clay-sand alternation in the S1 pit area, b) Thick clay, fine
coal and thick sand levels from bottom to top in the S2 pit area, c)Very thin irregular coal bands in the
thick clay zone in the S3 pit area, d) Sand, light and dark gray colored clay and sand levels from bottom
to top in the S6 pit area, ¢) White and gray clay levels with local iron oxide/hydroxide at the bottom and
sand levels at the top in the S5 pit area, f) Close view of the clay level in the same quarry, g) Clay stocks
in the S7 pit area.
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(<25 %), Ca-smectite (<15 %), mixed layer phase (I/S;
<5 %), chlorite (<5 %) and trace amount of muscovite
(+/- sericite). Kaolinite is the only mineral found in all
studied samples. Non-clay (- mica) minerals are quartz
(<70 %), feldspar (<10 %), siderite (<10 %), anatase
(<2 %), iron oxides/hydroxides (<4%), alunite (<2%)
and pyrite (<3%). Other non-clay minerals, except for
quartz, were found in minor or trace amounts in a few
samples. Gypsum was detected in coal clay/clay coal
and coal levels. Kaolinite, illite, Ca-smectite, mixed
layer phase, quartz, gypsum and pyrite were detected
in coal levels with very high amorphous components.

The whole-rock (WR) XRD traces of the studied
samples are quite similar to each other. WR-XRD
traces of three clay samples (S2-5, S5-1 and S6-1)

with different mineral ratios and clay fraction-air dried
(AD) and -high temperature (HT-550 °C) traces of the
S2-5 are given in Figure 4. Kaolinite is evident in the
XRD patterns with basal peaks of 7.1 A and 3.56 A,
and collapsed after heating at 550 °C. Based on clay
fraction data, the 10 A phase in the samples is almost
entirely illite, with muscovite (+/- sericite) rare. While
Ca-smectite was found in all clay levels of some
vertical sections, it was not detected in any level of
some sections. The basal spacing of smectite (14-15 A)
in AD trace increases to 16-17 A after ethylene glycol
treatment and decreases to 9-10 A after heating at 550
°C (and at 350 °C) and overlaps with illite (d001).
The mixed layer phase detected in trace amounts
in a few samples is the illite/smectite (I/S) phase.

2 km 5 km 1 km 1 km 3 km
S1 T
7-12 m| S4 7
S2 S6
5m
- 6-8 m S3 7-9 m
—~ 4-5m .
B A1 23m
11-19 m 5-10 m| -4 20-34 m| -4 2-3m| )
- - 2-3 _
3.4 36-13m .
— 5 m 3 .
5 5 5
15-20 m
B 21-34 m 25m 13-17 m| -
1 - T 2
_____ |, 56m o clay
Purple N —
clay | 13-20 m
Organic- >
rich zone -
-1
6 km
LEGEND
S5
Sand 3-4
Clayed sand / 2 1om
Sandy clay
2-3 m|
Clay -3 2-6m|
Coal —| Sample Nr, 2.3 m|
Andesite :% 3'_5_ m
Red clay

Figure 3- Measured stratigraphic sections (S1 to S7) of the SNB (not to scale; distances are approximate).
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Table 2- Modal-mineralogical compositions of the clay samples from the SNB (by XRD, %; wt) (Kao: Kaolinite,
[t-Mic: Illite-Mica, Sme: Smectite, Chl: Chlorite, ML: Mixed-Layer, (I/S: Illite/Smectite, Qz: Quartz,
Fsp: Feldspar, Sd: Siderite, Ant: Anatase, Oxi/Hyd: Oxides/Hydroxides, Py: Pyrite, Alu: Alunite, abbre-

viations after Whitney and Evans, 2010).

Sample Kao Ilt-Mic Ca- Chl ML Qz Fsp Sd Ant Fe-Oxi/ Py Alu
Sme (I/S) Hyd

S1-1 55-60  15-20 - - - 1520 <5 5-10 <2 - - -
S1-2 50-55  15-20 - - - 20-25 <5 <2 <2 <2 - -
S2-1 50-55  15-20 - - - 20-25 5-10 <5 <2 - - -
S2-2 45-50  15-20 - - - 25-30 5-10 <2 <2 <2 - -
S2-3 50-55  15-20 <5 - - 15-20 5-10 <5 <2 - - -
S2-4 50-55  15-20 - - - 20-25 5-107 <5 <2 - - -
S2-5 45-50 10-15 - - - 30-35. <§ <2 <2 <4 - <2
S3-1 30-35  20-25 <5 - <5 30-35 <5 <5 <2 - - -
S3-2 15-20 <5 5-10 <5 - 65-70 - <5 <2 - - -
S3-3 30-35  10-15  10-15 <5 - 35-40 <3 - <2 - - -
S3-4 50-55  5-10 5-10 - - 30-35 - - - - - -
S4-1 40-45 15-20 5-10 <5 - 25-30 <2 - <2 - - -
S4-2 45-50  15-20 <5 - - 25-30 <3 - <2 - - -
S5-1 45-50  15-20 - - - 25-30 <5 - <2 - -

S5-2 45-50 <5 - - - 50-55 - - <2 - - -
S5-3 35-40 - - - - 60-65 <5 = <2 - - -
S5-4 35-40 - - - - 55-60 <5 - <2 - - -
S6-1 55-60 10-15 ~ 5=10 - <5 1520 =<2 <2 - - <2 <2
S6-2 45-50 ©15-20 <5 - - - <5 510 - - <3 -
S6-3 15-20. 10-15 <5 - - 60-65 - <s <2 - - -
S6-4 30-35 " 10-15 - - - 50-55 <5 - <2 - - -
S7-1 50-55 . 20-25 - - - 20-257 <5 - <2 - - -
S7-2 50-55  20-25 <5 - - 20-25 <2 <2 <2 - - -
S7-3 50-55  15-20 - - - 20-25 <2 <2 <2 <2 - -
S7-4 50-55  20-25 - - - 1520 <5 <2 <2 <4 - -
General 15-60  0-25 0-15 05 05 070 0-10 0-10 0-2 0-4 0-3 0-2

4.3. Geochemistry

Geochemical analysis results (major oxides,
trace, and rare earth elements) of the clay levels
of SNB are presented in Tables 3, 4, and 5, and the
average of some chemical values based on the sections
are given in Tables 6 and 7. The ranges of major oxides
are as follows; SiO,: 49.90-71.30%, ALO,: 16.63-
30.57%, FeO,: 1.69-7.62%, TiO,:1.04-1.72%, MgO:
0.39-1.04% and K,O: 1.13-3.32%. SNB has low CaO
(<0.37%) and Na,O (<0.13%) content (Table 3). LOIs
are between 5.58 and 11.45%. For most major oxides

and SiO,/Al O, ratios, there is no significant vertical
or lateral change in the basin. K O is relatively low
in S5 (Tables 3 and 6). Fe,0, and sum of Fe,0,+MgO
regularly decreases from the lower part to the middle—
upper parts in the Neogene sequence for S2, S3, and
S4. In contrast, it regularly increases for S7 and is
variable for the other sections. The total trace elements
in clay levels are 969-1662 ppm, and the Th/U ratio is
1.50-4.92 (Table 4). Total REE values range as follows.
YREE: 50-443 ppm, XLREE: 14-331 ppm, XMREE:
2.8-31 ppm and ZHREE: 29.1-80.8 ppm (Table 5).
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Figure 5- Normalized REE diagrams for the clay samples from the SNB. a) Upper continental crust (UCC) nor-
malized (Taylor and McLennan 1995), b) Chondrite normalized (Boynton, 1984).
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The whole-rock trace and REE contents of clay
samples from the SNB were normalized to upper
continental crust (UCC) (Taylor and McLennan, 1995)
and to chondrite (Boynton, 1984). The trace-element
profile of the SNB’s clay levels illustrates homogeneity
and is compatible with the average UCC except for the
Ba, Th, Sr, P and Zr contents (Figure 5). Th/U ratios of
the SNB’s clay samples (1.50-4.92) are similar to the
average Th/U ratio of the UCC of 3.8 (Condie, 1993;
Taylor and McLennan, 1995). On the other hand, there
is a significant chemical difference between the lower
and the upper clay levels in the SNB. S1-1, S1-2, S2-
1, S3-2, and S7-1 are the samples from the bottom
levels, and S2-6, S3-5, S6-5, and S7-5 are from the
upper levels. Only As, Cs, and Sr are relatively high
in the upper clay levels. In contrast, Cu, Nb, Pb, Th,
Y, Zr, Th/U, XREE, XLREE, XMREE, and THREE
are significantly higher in lower clay levels (Tables 4
and 5). The Th/U ratio is highest in the lowest clay
levels close to the bedrock (Samples S1-1, S2-1, S5-1,
and S7-1 in Table 4). In some areas, the lowest clay
levels in the basin most likely formed because of in-
situ alteration of andesite. Therefore, the clay levels’
relatively high Th/U ratio indicates volcanic effect.

In S1, there is an increase in REE
lithostratigrapically from bottom to top (samples S1-1
and S1-2) (Table 5). There is no significant difference
in the total trace element value. In S2, there is an
increase in REE from the lowest clay level (sample
S2-1) to the middle level (samples S2-2 and S2-3).
However, it decreases relatively at the upper levels
(samples S2-4 and S2-5). This section has the highest
LREE (La-Sm) values in the basin. There is a decrease

in trace elements from bottom to top in S2. In S3, REE
values decrease from bottom to top. The top clay level
(sample S3-4) has very low REE values. The uppermost
clay levels of S2 and S3 have the lowest HREE (Eu-
Lu) values in the basin. There is no significant change
in trace elements in S3. In S4, sample S4-1 is at the
bottom, a gray clay sample under coal, and sample
S4-2 is a dark gray clay sample above coal. REE
values increase from bottom to top. This section has
the highest values for Eu-Lu in the entire basin (REE-
chondrite diagram; Boynton, 1984). There is a decrease
in total trace element value from bottom to top.

YREE in clay samples of S5, a Neogene section
over the Paleozoic aged sandstones (arkose), is
between 202-443 ppm and the average is 325 ppm.
In S5, ZREE, XLREE (145-331 ppm; with average of
240 ppm), EMREE (13.5-31.0 ppm; with average of
22.4 ppm), XHREE (43.1-80.8 ppm; with average of
62.6 ppm) and LaN/YbN ratio are higher than those
of clay samples from the Neogene section are over
the Mesozoic aged andesitic volcanic rocks (Tables
6 and 7). Only the Eu/Eu* ratio is relatively low in
Neogene clays over the Paleozoic (Table 7). On the
other hand, in S5, REE values are highest in the lowest
clay level (sample S5-1). This clay level is above a
sand level overlying the Paleozoic arkoses. The sand
level at the bottom (2-3 m) is laterally transitional and
sometimes appears limonitized. The upper clay level
has the lowest ZREE of the section. It concluded that
there is a decrease in REE values from bottom to top
for S5 (from sample S5-1 to S5-4) and the total trace
elements.

Table 6- The average values (ppm) of some chemical parameters based on lithostratigraphic sections in the SNB.

Chemistry S1 S2 S3 S4 S5 S6 S7

K,0 (%) 272 268 236 292 1.65 228 299
XTrace Elements 1347 1318 1340 1607 1092 1196 1294
Th/U 383 3.09 222 280 425 290 3.72
YXREE 194 201 147 151 325 140 240
YXLREE 117 127 93 89 240 84 167
XMREE 1.5 113 103 138 224 92 156
>HREE 663 63.0 438 478 62.6 468 57.7
Eu/Eu* 1.07 1.06 1.19 156 1.04 1.15 1.01
Ce/Ce* 0.19 021 021 0.18 021 020 0.21
Yb/Yb* 125 1.12 1.05 1.06 1.00 097 1.09
LaN/YbN 1.63 165 1.07 059 1.71 086 1.32
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Table 7- Comparison of range and average values (ppm) for some chemical parameters of Neogene lithostrati-
graphic sections over the Paleozoic and Mesozoic in the SNB.

Chemistry Neogene over Paleozoic Neogene over Meso-
zoic
(S5) (S1-S4,S6,S7
Range Average Range Average
K,0 (%) 1.13-2.54 1.65 1.77-3.32 2.66
XTrace Elements 969-1218 1092 1007-1662 1350
Th/U 3.68-4.75 4.25 1.50-4.92 3.09
>REE 202443 325 50-382 179
>LREE 145-331 240 14-292 113
>MREE 13.5-31.0 22.4 2.8-23.8 12.0
YHREE 43.1-80.8 62.6 29.1-77.2 54.2
Eu/Eu* 1.00-1.10 1.04 0.98-1.76 1.17
Ce/Ce* 0.20-0.21 0.21 0.17-0.22 0.20
Yb/Yb* 0.99-1.01 1.00 0.93-1.37 1.09
LaN/YbN 1.51-2.04 1.71 0.25-2.50 1.19

In S6, REE increases from bottom to top (samples
S6-1 to S6-4; Table 5) (REE-chondrite diagram;
Boynton, 1984). Interestingly, the lowest clay level
of the section with high kaolinite content (sub-coal
gray clay) has very low REE values. S6 has the basin’s
lowest trace element and REE values (UCC diagram;
Taylor and McLennan, 1995 and REE-chondrite
diagram; Boynton, 1984). The lowest clay level of
S7 (sample S7-1) has very high REE values. This
whitish-gray-colored level is an in-situ level formed
by the in-situ weathering of Mesozoic-aged volcanics
(andesite) at the bottom of the Neogene Basin. In the
section, REE values decreased towards the middle
level (sample S7-2), increased at the top (sample S7-
3), and decreased above that (sample S7-4) (Table 5).
There is no significant change in trace elements on a
vertical scale.

5. Discussion

From a geochemical perspective, significant
variations in clay levels within the SNB are reflected
in the REE values (Tables 5, 6, and 7). Two key
findings emerged from this context: 1) The clay levels
associated with the Neogene sequence over Paleozoic-
aged units exhibit considerably higher REE values than
those found in the Neogene over Mesozoic-aged units.
This finding also highlights a geographical distinction.
While no significant variation in chemical values is

observed in the east-west direction of the basin, there
is a partial difference in the north-south direction. The
highest REE values are in the south; 2) Whether on
Paleozoic (arkoses) or Mesozoic (andesites), the REE
values of the lower clay levels of the Neogene sequence
are significantly higher than the upper-level clays.

Trace elements and REE values are relatively
high in the west and northwest (S1 and S2) and
easternmost (S7) of the basin, whereas they are lowest
in an area of approximately 4 km? in the center (S3,
S4 and S6). REEs show lateral and vertical differences
throughout the basin. Canberk (2002) explained that
Hf, Zr and Nb are mobile during the alteration process
of andesitic volcanic rocks, whereas Ho, Er and Yb are
immobile in the Sile region. Also, Norouzi et al. (2021)
explained Hf enrichment and, on the other hand, partial
depletion in many elements during the kaolinization
process of andesitic rocks (NE Iran). However, element
enrichment in sedimentary kaolin formations may not
be directly related to kaolinite. For example, the REE
(especially LREE) enrichment in in a heavy mineral
subfraction from sedimantary kaolin deposit reported
from Georgia (USA) (Boxleiter and Elliott, 2023). Our
geochemical results show no significant differences
in Hf, Zr, and Nb values, while there are lateral and
vertical differences in Ho, Er, and Yb. Moreover,
while the average sum of Ho+Er+Yb in Neogene
clays over the Paleozoic is 9.56 ppm, it is 5.18 ppm
on average in the Neogene clays over the Mesozoic.
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Trace element and REE values of the SNB are
considerably higherin clay than in sand levels. Although
not the subject of this study, chemical analyses of
samples taken from some sand levels in the basin were
also performed. The sum of the trace element and REE
of sand samples with SiO, values between 74-96% are
between 200-1000 ppm and 20-120 ppm, respectively.
The increase in REE is related mainly to the clay ratio
in the sand. Kog et al. (2013) stated that the source of
quartz sands in the Sile region are mostly quartz-rich
sandstones. According to the authors, there are two
groups of samples; in one group; Rb, Sr, Ba, and Ni are
high, Zr is low, and in the other group, the opposite is
true. The authors also stated that the group with higher
Ni may be derived from ultrabasic-basic rocks, and
the second group with high Zr may be derived from
granitic rocks. On the other hand, major oxide and
trace element values of coal bands (+ coal clay and
clayey coal) in SNB are partially different from clay
samples. The total of trace elements in coal bands is
slightly higher than that in clay samples (Z: 1501 ppm),
but some are very high (As: 26 ppm, Cs: 24.73 ppm,
Ni: 93 ppm, Sc: 42 ppm, V: 334 ppm, Tl: 93.87 ppm).
The REE (except La) values of coal belts are very high
compared to clay samples (XREE: 310 ppm, XLREE:
166 ppm, XMREE: 27.1 ppm and XHREE: 117 ppm).

Clay formation in SNB is the result of different
alteration  processes. Some researchers have
emphasized the formation of Sile kaolin deposits in
two stages (Ozdamar, 1998; Canberk, 2002; Ece et al.,
2003). According to Ece et al. (2003), in the first stage,
halloysite-kaolinite formation occurred with the in-situ
decomposition of andesitic volcanics (agglomerates,
tuff). Our field studies and drilling data revealed an in-
situ alteration zone of Mesozoic-aged andesitic rocks
at the bottom of some open-quarry within the Neogene
sequence. On the other hand, weathering alteration
zones of Paleozoic sandstones may also exist in the
pre-deposition period. It is possible clay transformation
from the feldspars and cement of the sandstones. Finally,
another issue is that it is possible to have alteration
zones in the granitic pluton geographically close to
the SNB. For example, likely, the exposition area of
the Upper Cretaceous aged Cavusbasi granodiorite
(Ayanoglu, 2018) in the near west of SNB was much
more expansive in the Neogene time. Material may be
transported from the granitic rocks to the SNB. The
second alteration process is the post-deposition period,
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which results in sedimentary clay formation. The
field observations show that the Neogene sequence’s
clay and coal-rich lower zone was deposited in a
shallow lake, lagoon and swamp environment. Ece
and Nakagawa (2003) and Ece et al. (2003) explained
the kaolinization at this stage. It is possible that the
material remained in the water and land environment
for short periods. Although they have no lateral
continuity in the basin, there are three coals and some
organic-rich (clay coal, coal clay) levels. On the other
hand, gypsum was only found in the coal levels in the
SNB. The presence of gypsum and high sulfur content
probably indicates bacterial sulfur production. During
the geological process, the fragments transported to the
basin varied mineralogically and dimensionally, and
the physicochemical conditions of the environment
probably changed in short intervals. The most
distinctive feature of the SNB is that it is a Ca-poor
sedimentary sequence. This result is evident from the
mineralogical and chemical composition of the basin.

The source of the materials deposited in the SNB
are various rock units of Paleozoic and Mesozoic age
around the basin. In other words, it would not be correct
to consider the sediment source in the basin as a single
geological unit because the clay levels of the basin
have variable geochemical character both laterally and
vertically. In addition, there are clay and sand levels
in the basin that are repetitive on a vertical scale and
transitional to each other on a lateral scale. Moreover,
the general mineralogical composition of the clay
levels in the basin does not exactly resemble that of the
surrounding basement rock units. For these reasons,
we cannot explain the formation of the current clay
and sand levels in the SNB by alterations of Paleozoic
sandstones, Mesozoic volcanics, or granitic rocks
alone. Paleozoic sandstones are rich in mica, but mica
is almost absent in the clays of the SNB. We can mainly
think of the presence of smectite in clay levels in this
sense (mica-smectite transformation). The presence
of smectite in the basin varies laterally and vertically.
While some clay levels contain significant amounts of
smectite, others have none. Just as we cannot associate
the quartz abundance in the SNB with only andesitic
volcanics, we cannot associate it with the very fine-
grained quartz of Paleozoic sandstones containing high
amounts of feldspar. This large volume of quartz sand
also suggests the existence of a basement of granitic
origin.
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6. Conclusions

There are no significant vertical and lateral
differences in the clay levels of the SNB for the major
oxides except for KO, MgO and Fe O,. SNB is a
basin poor in Ca and Na. K,O in the SNB indicates
a significant geological basement difference. The clay
levels over the Paleozoic sandstones contain K ,O
much higher than the clays over the Mesozoic andesite
rocks. Fe O, and Fe, O, + MgO differ geographically.
These values are higher in the eastern part of the basin.
Trace elements and REEs in the clay levels of the SNB
showed differences in lateral and vertical transitions
depending on the bedrock group of the basin. 1) REEs
are high in the west, northwest, and east of the basin,
and low in the center. 2) XREE XZLREE, EMREE,
YHREE, SHREE/EMREE+ZLREE, Ce/Ce*, Eu/Eu*,
Yb/Yb* and LaN/YbN values in clay layers overlying
Paleozoic aged sandstones are higher than those
in clays overlying Mesozoic aged andesites. 3) All
REE groups of the lower clay levels in the Neogene
sequence are higher than those of the upper clays.
4) There are clay levels in the basin that have been
exposed to different alteration processes. The lowest
clay level in some sections is most likely formed due to
in-situ alteration of the Mesozoic andesites. These are
probably the uppermost kaolinitic levels of volcanic
rocks that should not be included in the Neogene.

On the other hand, the clay levels of SNB,
which have the composition of kaolinite + illite + Ca-
smectite + mixed layered phase (I/S) as clay minerals,
have much higher trace element and REE values than
the sand levels. This result from the clay minerals’
primary material character, ion exchange, and
adsorption capabilities. Interpretation of SNB from
lithostratigraphic, mineralogical and geochemical
perspectives, both based on clay levels only and
also taking into account sand levels, we reached the
following conclusions: 1) Origin of the SNB cannot
be explained by the influence of a single basement
rock group. The material must have come to the basin
from Paleozoic sandstones, Mesozoic volcanic rocks,
and even granodiorite. 2) The mineral type and size
of the material coming into the basin have changed
frequently, and, the alteration types and sedimentary
environmental conditions of the basin have changed
frequently.
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