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1. Introduction
Geochemical analyses of sedimentary rocks are commonly 
used to determine the relationships between provenance 
and tectonic setting (e.g., Dickinson, 1970; Dickinson and 
Suczek, 1979; Bhatia, 1983; Critelli et al., 2003; Tetiker, 
2010; Saydam Eker and Korkmaz, 2011; Hara et al., 2012; 
Saydam Eker, 2012; von Eynatten et al., 2012; Basu et al., 
2016). The composition of sedimentary rocks reflects 
the erosional unroofing, tectonic uplift, and changes in 
climate and environment. The chemical composition of 
clastic sedimentary rocks is controlled by the composition 
of source rocks, hydraulic sorting, chemical weathering 
during diagenesis, and transport, which are affected by 
tectonic setting, climate, and the nature of the depositional 
environment (McCann, 1991; Morton and Hallsworth, 
1994; Cox et al., 1995; Ghosh and Sarkar, 2010; Garzanti 
et al., 2013). 

The whole-rock geochemical data in sandstones 
give more insights about tectonic setting in the sense 
of discrimination diagrams if the whole-rock chemical 

composition of a sedimentary rock is not changed 
(e.g., Nesbitt and Young, 1984; Roser and Korsch, 1986; 
Periasamy and Venkateshwarlu, 2017). Zr, Hf, Th, Sc, 
Nb, and Y are the most convenient trace elements for 
provenance studies owing to the relatively low mobility of 
these elements and short residence time in sea water during 
the weathering and sedimentary processes (Cullers, 2000; 
Young et al., 2013). Therefore, La or Th to Co, Sc, or Cr 
ratios are sensitive markers for the composition of source 
rocks (Cullers, 2000).

Several provenance studies have been completed 
in the Sakarya Zone so far and mostly deal with U-Pb 
detrital zircon and rutile geochronology, which forms 
one piece of the sediment provenance puzzle (Ustaömer 
et al., 2012b; Ustaömer et al., 2016; Akdoğan et al., 
2017, 2018). Geochemical and petrographic analyses 
are a powerful tool to reveal sedimentary processes and 
provide detailed information about lithological and 
mineralogical composition of source rocks and tectonic 
settings. Different tectonic settings with their own rock 
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types give rise to clastic rocks with certain compositions 
when they are eroded. Therefore, the purpose of this paper 
is to combine sandstone petrography with geochemical 
analyses to unravel the origin, source rocks, and tectonic 
setting of Jurassic sandstones from the western part of the 
Sakarya Zone, which is crucial for the Mesozoic evolution 
of the Sakarya Zone.

2. Geological setting
The Jurassic sandstones of the Bayırköy Formation form 
the cover units of the Sakarya Zone. The E-W trending 
Sakarya Zone is a continental sliver with different oceanic 
and continental units of different ages. The Sakarya Zone 
expands from the Biga Peninsula in the west through the 
Eastern Pontides (Figure 1a), which is bounded by the 
İstanbul Zone and the Black Sea in the northeast and the 
Strandja Massif to the north. The Sakarya Zone is separated 
from the Anatolide-Tauride Block by the İzmir-Ankara-
Erzincan suture zone in the south. The Sakarya Zone has a 
pre-Jurassic basement composed of three distinct tectonic 
units: (i) medium to high-grade metamorphic basement 
rocks of the Uludağ Massif, Çamlıca metamorphics, 
Kazdağ Massif, Kurtoğlu metamorphic complex, and Pulur 
Massif dated by monazite and zircon minerals, which yield 
310–334 Ma (Carboniferous, Okay et al., 2006; Topuz et al., 
2007; Ustaömer and Robertson, 2010; Şengün and Koralay, 
2017); (ii) granitoids with crystallization ages of Devonian, 
Carboniferous, and Permian (Okay et al., 1996, 2006; 
Topuz et al., 2004, 2010; Dokuz, 2011; Aysal et al., 2012a, 
2012b; Sunal, 2012; Ustaömer et al., 2012b; Kaygusuz et 
al., 2016); and (iii) the Permo-Triassic Karakaya Complex, 
consisting of the lower Karakaya Complex and upper 
Karakaya Complex (Okay and Göncüoğlu, 2004). The 
lower Karakaya Complex chiefly consists of greenschist-
facies metamorphic rocks with Late Triassic eclogites and 
blueschist, which forms part of the Paleotethys oceanic 
crust. The upper Karakaya Complex is chiefly composed of 
successions of highly deformed clastic and volcanic rocks 
comprising Carboniferous and Permian limestone exotic 
blocks and Permian to Late Triassic radiolarian cherts 
tectonically overlying low-grade metamorphic rocks. 
Lower Jurassic volcanic and sedimentary successions 
unconformably overlie the basement rocks of the Sakarya 
Zone. They are composed of conglomerate, sandstone, 
shale of fluvial to shallow marine character, and shale 
(Altıner et al., 1991).
2.1. Stratigraphy of the Bayırköy Formation 
Jurassic sandstones of the Bayırköy Formation are exposed 
in four different regions in the western part of the Sakarya 
Zone (Figure 1b). These areas are Gönen, Karacabey, 
Mustafa Kemal Paşa, and Bilecik. The Bayırköy Formation 
generally consists of conglomerate, sandstone, shale, 
and claystone, and it is unconformably overlain by the 
Bilecik limestone (Figures 2a–2d). The age of Bayırköy 

Formation is Sinemurian-Early Pliensbachian according 
to fossils from red nodular ammonitico rosso limestones 
intercalated within the clastic rocks (Altıner et al., 1991). 

Jurassic sequences unconformably overlie the 
Karakaya Complex with greenschist-facies metamorphic 
rocks in the Gönen area (Figure 2a). The sedimentary 
succession (~150 m thick) is transgressive and mainly 
consists of sandstone with alternations of conglomerate, 
siltstone, and marl. It starts with coarse-grained 
conglomerate at the bottom and passes up to medium to 
coarse-grained sandstone. Fine-grained marl occurs on 
top of the Bayırköy Formation. Clast- to matrix-supported 
conglomerates are characterized by reddish yellow color, 
coarse grain size, cross-bedding, and well-sorted pebbles 
consisting of limestone, quartzite, sandstone, granite, and 
basalt. Predominant sandstone layers appear light brown, 
medium to coarse-grained, and well-bedded in the field 
(Figure 3a). Shale layers of 2–4 cm in thickness occur 
among sandstone layers 10–20 cm thick (Figure 3b).  

The Bayırköy Formation has a thickness of ~100 m 
in the Karacabey region and unconformably overlies 
Devonian granite (Figure 2b). The lower part of the 
formation is characterized by gray-colored, coarse-
grained, well-sorted, and clast-supported conglomerates 
with thicknesses of 1–2 m (Figure 3c). These pebbles 
mainly comprise sandstone, claystone, limestone, and 
schist and their sizes range between 0.4 cm and 10 cm. 
The conglomerates pass gradually upward into yellowish 
brown-colored, medium to coarse-grained, and thick-
bedded sandstones. The best outcrops of these sandstones 
are observed in the Akçakoyunlu and Kıranlar villages. 
Fine-grained, greenish gray-colored claystone occurs in 
the uppermost part of the Jurassic clastic succession. 

The clastic units of the Bayırköy Formation chiefly 
consist of conglomerate, sandstone, shale, and marl in 
the Mustafa Kemal Paşa region (Figure 2c). The Bayırköy 
Formation has thickness of ~200 m and unconformably 
overlies the unmetamorphosed clastic rocks with limestone 
blocks of the Karakaya Complex in the studied region. 
A thickness of ~15 m of reddish brown-colored, coarse 
-grained, clast-supported conglomerates occurs in the 
lowest part of the formation and gradually changes upward 
into sandstone and shale intercalations with a thickness of 
~150 m. The sandstones are observed as yellowish brown-
colored, medium to coarse-grained, thick-bedded, and 
cross-stratified. The grain size of the sandstone decreases 
upward and gradually passes into green, yellow-colored, 
fine-grained, and thin-bedded shale. The uppermost part 
of the formation is represented by ~40 m of whitish, gray-
colored, fine-grained, thin-bedded marl.

The Bayırköy Formation consists predominantly of 
sandstone and shale intercalations in the Bilecik area 
with a thickness of up to 250 m (Figure 2d). This unit 
rests unconformably over granitic basement and starts 
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Figure 1. (a) Simplified geotectonic map of the Eastern Mediterranean region (after Okay and Tüysüz, 1999; Meinhold et al., 2010). (b) 
Geological map of northwest Turkey showing the distribution of Mesozoic rocks with the sample locations (modified from Okay et al., 
2006). 
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Figure 2. Generalized stratigraphic sections of Mesozoic sedimentary sequences in western Turkey. Mesozoic sequences were modified 
from Yiğitbaş et al. (2009) (a, b), Kandemir et al. (2013) (c), and Duru et al. (2002) (d). U-Pb zircon geochronology: 1, Şengün (2019); 
2, Aysal et al. (2012a), Sunal (2012); 3, Ustaömer et al. (2012a).
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with yellowish brown, medium-bedded, fine to medium-
grained sandstone. It continues upward with metric 
alternations of greenish yellow-colored, fine-bedded, and 
fine-grained shale. The lower part of this unit represents 
a terrestrial environment and the upper parts reflect a 
shallow marine environment (Duru et al., 2002).

The Bayırköy Formation is unconformably overlain 
by the Bilecik limestone in the four studied areas in the 
western Sakarya Zone. Fossil assemblages of gastropods, 
ammonites, belemnites, bivalves, crinoids, brachiopods, 
and foraminifera were identified and assigned Sinemurian-
Pliensbachian age for this unit (Altınlı, 1973; Altıner et al., 
1991; Akyürek et al., 1996). 

3. Sampling and analytical methods
3.1. Sampling
Forty-two sandstone samples were collected from the 
Gönen (13), Karacabey (11), Mustafa Kemal Paşa (9), and 
Bilecik (9) areas for petrographic studies and major, trace, 
and rare earth element analyses. Table 1 shows the sample 
list and corresponding GPS coordinates. 

Nineteen sandstone samples were prepared for thin 
sections and analyzed by using a polarized microscope 
with a point-counting stage. Sandstone composition was 
evaluated by point-counting 350 grains for each sandstone 
using the Gazzi–Dickinson counting method (Ingersoll 

Figure 3. Field photographs from the Bayırköy Formation. (a) Close-up view of brown-colored, medium to coarse-grained sandstone 
(35S 0545872N–4447840E); (b) thick-bedded sandstone and thin-bedded shale alternation (35S 0545484N–4447377E); (c) conglomer-
ate from the lowest part of the Bayırköy Formation (35S 0616117N–4456924E). Pebbles are usually well-sorted limestone and sand-
stone. (d) View of contact between the Bayırköy Formation and Bilecik Limestone (35S 0245621N–4464865E). The contact relationship 
between them is unconformable. 
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et al., 1984; Stunner and Basu, 1985). Cement and matrix 
were estimated with visual percentage estimation.
3.2. Analytical methods
Twenty-three representative sandstone samples (7 samples 
from the Gönen area, 6 samples from the Karacabey 
area, 5 samples from the Mustafa Kemal Paşa area, and 5 
samples from the Bilecik area) were analyzed for whole-
rock geochemical data. The sample locations are presented 
in Figure 1b. Geochemical analyses of major, trace, and 
rare earth elements were obtained from ALS Chemex 
Laboratory in Canada. Major element concentrations 
were determined by inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES). Trace element and 
REE concentrations were analyzed by inductively coupled 
plasma-mass spectroscopy (ICP-MS). The prepared sample 
(0.200 g) was added to lithium metaborate/lithium tetra 
borate flux (0.90 g), mixed well, and fused in a furnace at 
1000 °C. The resulting melt was then cooled and dissolved 
in 100 mL of 4% nitric acid and 2% hydrochloric acid. This 
solution was then analyzed by ICP-AES and the results 

were corrected for spectral interelement interference. The 
oxide concentration was calculated from the determined 
elemental concentrations. 

4. Results
4.1. Sandstone petrography
The Jurassic sandstones from the Bayırköy Formation are 
predominantly yellowish to brown-colored, moderate 
to well-sorted, medium to coarse-grained, and grain-
supported. Sandstone clasts are chiefly composed of 
quartz, K-feldspars, and rock fragments. Zircon, rutile, 
and apatite minerals occur as accessory mineral phases. 
Mineralogical composition of the sandstones is given in 
Table 2. Sandstones are classified as mostly litharenite, 
subarkose, and arkose according to quartz, feldspar, and 
rock fragment proportions (Figure 4a). The geochemical 
classification diagram provides the same results based 
on major element ratios for SiO2/Al2O3 vs. Na2O/K2O 
(Pettijohn et al., 1972) (Figure 4b).

Quartz is a dominant framework grain in most 
sandstone samples and occurs as both monocrystalline 

Table 1. Sample locations and corresponding coordinates (WGS84).

Sample no. Lithology Location N E
1 Subarkose Gönen (Balıkesir) 35S 0546666 35S 4445380
2A Arkose Gönen (Balıkesir) 35S 0545943 35S 4447847
2B Subarkose Gönen (Balıkesir) 35S 0545943 35S 4447847
3 Litharenite Gönen (Balıkesir) 35S 0446968 35S 4747370
6 Litharenite Gönen (Balıkesir) 35S 0547496 35S 4447712
7 Litharenite Gönen (Balıkesir) 35S 0544735 35S 4447551
708 Litharenite Gönen (Balıkesir) 35S 0544816 35S 4447836
5 Subarkose Karacabey (Bursa) 35S 0612111 35S 4458686
8A Litharenite Karacabey (Bursa) 35S 0614035 35S 4458344
8B Litharenite Karacabey (Bursa) 35S 0614035 35S 4458344
9 Subarkose Karacabey (Bursa) 35S 0616210 35S 4456975
11 Subarkose Karacabey (Bursa) 35S 0616222 35S 4457048
12 Litharenite Karacabey (Bursa) 35S 0616588 35S 4457656
10 Subarkose Mustafa Kemal Paşa (Bursa) 35S 0634635 35S 4438956
701 Litharenite Mustafa Kemal Paşa (Bursa) 35S 0637268 35S 4436511
702 Litharenite Mustafa Kemal Paşa (Bursa) 35S 0634982 35S 4436041
703 Litharenite Mustafa Kemal Paşa (Bursa) 35S 0634923 35S 4437936
704 Litharenite Mustafa Kemal Paşa (Bursa) 35S 0635100 35S 4437845
14 Litharenite Bilecik 35S 0246374 35S 4464310
15 Litharenite Bilecik 35S 0245732 35S 4464768
16 Arkose Bilecik 35S 0245621 35S 4464865
17 Litharenite Bilecik 35S 0244978 35S 4463389
18 Litharenite Bilecik 35S 0246720 35S 4463610
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grains (Qm) and polycrystalline grains (Qp). Subangular 
monocrystalline quartz is the most abundant component 
(44%) of sandstone samples and exhibits straight to slightly 
undulose extinction (Figure 5a). Polycrystalline quartz 
(7%) includes 2–3 subgrains with uniform extinction 
showing volcanic source (Tucker, 1991, Figure 5b). 
Polycrystalline grains with 2–3 subgrains have straight 
to slightly curved intercrystalline boundaries. However, 
the polycrystalline grains with more than 5 crystals 
have elongated shape and display undulose extinction 
with irregular to crenulated intercrystalline boundaries. 
Polycrystalline quartz with more than 3 subgrains and 
undulose extinction shows derivation from metamorphic 
source rocks (Lewis and McConchie, 1994). K-feldspar 
and plagioclase grains generally have subrounded to 
subangular shape and constitute 12% of the sandstones, 
and they are widely replaced by sericite (Figure 5c). 
Petrographic studies indicate that plagioclase grains occur 
less abundantly than K-feldspar, which is attributed to 
either durability of K-feldspar or the lack of plagioclase-
bearing source rocks (Zaid et al., 2015). K-feldspar has 
Carlsbad twinning, whereas plagioclase is characterized 
by polysynthetic twinning. Rock fragments (22%) are 
mainly composed of a mix of volcanic (Lv), metamorphic 
(Lm), and sedimentary rock fragments (Lc). Volcanic rock 
fragments are composed of fine-grained basaltic/andesitic 
rock fragments with oriented fine plagioclase laths (Figure 
5d). Metamorphic rock fragments are generally composed 
of polycrystalline quartz grains originating from high-
grade metamorphic sources (Figure 5e). Metamorphic 
polycrystalline quartz with recrystallized subgrains is 

oriented and exhibits undulose extinction. Sedimentary 
rock fragments, especially chert, are very common in the 
sandstone samples (Figure 5f). The Jurassic sandstones are 
cemented by silica and carbonate with amounts varying 
from 4% to 10%. 
4.2. Major and trace elements
Sandstones from the four areas have changeable 
geochemical compositions, especially in major element 
concentrations (Gönen, Karacabey, Mustafa Kemal Paşa, 
and Bilecik). Table 3 shows major oxides and trace element 
contents of the sandstones. Samples are characterized by 
moderate to high K2O (0.49%–3.99%), low to high SiO2 
(56%–86%), low to moderate Al2O3 (2%–12%) and Na2O 
(0.3%–2.99%), and low Fe2O3 (0.96%–5%). A sample (15) 
from the Bilecik area has the highest SiO2 content (86%) 
and the lowest Fe2O3 content (0.96%). Samples (2A, 2B 
from Gönen area and 18 from Bilecik area) are enriched 
in K2O (3.29%–3.99%), which suggests that K-rich 
feldspar is abundant in their mineralogical composition. 
The combination of high Al2O3 and Na2O concentrations 
documents abundant albite components for sample no. 
03 (Gönen) and sample no. 704 (Mustafa Kemal Paşa), as 
confirmed by petrographic observations. In other words, 
high Al2O3 values could result from K-feldspar and mica 
content in sandstones. High values of CaO (10.1%–17%) 
and LOI (6.7%–13%) for sandstone samples (1, 6, 7, and 
708 from Gönen; 13 from Karacabey; and 17 from Bilecik) 
show the presence of carbonate-bearing phases.

Harker variation diagrams exhibit clear correlations 
for major and trace elements (Figure 6). Al2O3 and Fe2O3 
contents indicate negative correlations on the SiO2 variation 

Figure 4. (a) Triangular QFL diagram for sandstone classification (after McBride, 1963). Q: Quartz, F: feldspar, L: lithic fragments. (b) 
Chemical classification diagram for the sandstone samples (after Pettijohn et al., 1972).
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Figure 5. Photomicrographs of selected Jurassic sandstones in cross-polarized light. (a) Subarkosic sandstone with subrounded mono-
crystalline quartz grains with straight extinction (sample no. 14 from Bilecik). (b) Polycrystalline quartz grain showing a number of 
subgrains with straight to slightly curved intercrystalline boundaries (sample no. 702 from Mustafa Kemal Paşa). (c) Arkosic sandstone 
with subrounded to subangular feldspar grains cemented by carbonate matrix (sample no. 8B from Karacabey). (d) Volcanic rock frag-
ments with basaltic/andesitic origin (sample no. 2A from Gönen). (e) Metamorphic fragments represented by quartz grains (sample no. 
10 from Mustafa Kemal Paşa). (f) Subangular chert grains forming the most common rock fragments (sample no. 703 from Mustafa 
Kemal Paşa). Qm: Monocrystalline quartz, Qp: polycrystalline quartz, Kfs: potassium feldspar, Pl: plagioclase, Bt: biotite, Cal: calcite, Lv: 
volcanic fragment, Lm: metamorphic fragment, Lc: sedimentary fragment; mineral abbreviations after Kretz (1983).



612

ŞENGÜN and KORALAY / Turkish J Earth Sci
Ta

bl
e 

3.
 C

he
m

ic
al

 co
m

po
sit

io
n 

of
 m

aj
or

 el
em

en
ts

 (w
t.%

) a
nd

 tr
ac

e 
el

em
en

ts
 (p

pm
) o

f s
an

ds
to

ne
s f

ro
m

 th
e 

Ba
yı

rk
öy

 F
or

m
at

io
n.

Lo
ca

tio
n

G
ön

en
K

ar
ac

ab
ey

M
us

ta
fa

 K
em

al
 P

aş
a

Bi
le

ci
k

Sa
m

pl
e 

no
.

1
2A

2B
3

6
7

70
8

5
8A

8B
9

11
13

10
70

1
70

2
70

3
70

4
14

15
16

17
18

M
aj

or
 el

em
en

ts
 (w

t.%
) 

Si
O

2
62

.6
0

81
.0

0
79

.2
0

79
.7

0
61

.5
0

64
.6

0
65

.2
0

75
.1

0
65

.8
0

74
.4

0
79

.0
0

75
.6

0
69

.1
0

74
.7

0
73

.9
0

62
.1

0
78

.7
0

74
.7

0
73

.6
0

86
.0

0
74

.6
0

56
.1

0
71

.0
0

A
l 2O

3
8.

09
11

.2
0

11
.2

5
12

.0
5

9.
18

5.
32

7.
28

5.
50

8.
76

6.
26

10
.6

0
10

.9
0

5.
08

11
.3

0
11

.5
0

4.
09

9.
62

12
.2

0
11

.8
5

2.
71

10
.1

0
9.

27
12

.2
0

tF
e 2O

3
1.

94
1.

44
1.

92
1.

62
2.

86
2.

25
2.

49
2.

12
2.

59
2.

24
2.

80
3.

03
1.

29
4.

46
5.

00
1.

18
4.

62
4.

79
4.

15
0.

96
3.

98
4.

22
4.

18

C
aO

11
.3

0
0.

29
0.

45
0.

43
16

.8
0

15
.6

0
10

.1
0

8.
90

9.
37

7.
24

0.
44

1.
51

12
.0

0
0.

41
0.

30
17

.0
0

0.
21

0.
34

1.
30

3.
20

4.
10

14
.2

5
1.

97
M

gO
0.

16
0.

16
0.

34
0.

18
0.

24
0.

81
0.

88
0.

43
0.

71
0.

58
0.

87
1.

01
0.

32
1.

38
1.

54
0.

33
1.

23
1.

44
0.

45
0.

35
1.

27
1.

23
1.

04
N

a 2O
1.

12
2.

91
2.

22
2.

99
1.

11
0.

26
0.

30
0.

86
1.

14
0.

98
1.

86
1.

89
0.

77
2.

24
2.

48
0.

71
2.

02
2.

28
1.

00
0.

43
0.

72
2.

08
1.

73

K
2O

1.
87

3.
56

3.
99

2.
27

0.
49

1.
58

2.
32

1.
31

2.
12

1.
41

2.
79

2.
79

1.
83

1.
50

1.
44

1.
35

1.
23

1.
77

2.
97

1.
12

1.
64

1.
59

3.
29

C
r 2O

3
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

01
0.

02
0.

01
0.

01

Ti
O

2
0.

26
0.

28
0.

20
0.

12
0.

25
0.

26
0.

36
0.

18
0.

36
0.

32
0.

38
0.

47
0.

12
0.

64
0.

65
0.

07
0.

59
0.

71
0.

45
0.

05
0.

48
0.

34
0.

38

M
nO

0.
10

0.
02

0.
03

0.
03

0.
24

0.
15

0.
13

0.
33

0.
18

0.
13

0.
05

0.
07

0.
13

0.
05

0.
07

0.
05

0.
06

0.
07

0.
05

0.
04

0.
31

0.
13

0.
04

P 2O
5

0.
03

0.
01

0.
05

0.
07

0.
04

0.
09

0.
09

0.
07

0.
06

0.
05

0.
08

0.
10

0.
06

0.
14

0.
12

0.
04

0.
14

0.
15

0.
07

0.
03

0.
12

0.
07

0.
03

Sr
O

0.
05

0.
01

0.
02

0.
03

0.
01

0.
01

0.
01

0.
01

0.
03

0.
01

0.
01

0.
01

0.
01

0.
02

<.
01

0.
01

0.
01

0.
01

0.
01

0.
03

0.
01

0.
02

0.
01

Ba
O

0.
10

0.
02

0.
08

0.
03

0.
02

0.
02

0.
02

0.
04

0.
05

0.
04

0.
05

0.
05

0.
19

0.
03

0.
03

0.
04

0.
03

0.
04

0.
07

0.
02

0.
04

0.
04

0.
08

LO
I

10
.8

5
1.

11
1.

79
1.

76
6.

70
9.

80
12

.0
0

6.
30

9.
75

7.
95

2.
52

3.
54

8.
10

2.
51

2.
44

13
.0

0
2.

17
2.

95
4.

56
6.

00
3.

10
10

.3
0

5.
62

To
ta

l
98

.4
7

10
1.

80
10

1.
54

10
1.

28
99

.4
4

10
0.

76
10

1.
18

10
1.

15
10

0.
93

10
1.

62
10

1.
46

10
0.

97
98

.9
9

99
.3

9
99

.4
8

99
.9

7
10

0.
63

10
1.

45
10

0.
53

10
0.

94
10

0.
48

99
.6

5
10

1.
57

C
aO

*
1.

12
0.

29
0.

45
0.

43
1.

11
0.

26
0.

30
0.

86
1.

14
0.

98
0.

44
1.

51
0.

77
0.

41
0.

30
0.

71
0.

21
0.

34
1.

00
0.

43
0.

72
2.

08
1.

73

Si
O

2/A
l 2O

3
7.

74
7.

23
7.

04
6.

61
6.

70
12

.1
4

8.
96

13
.6

5
7.

51
11

.8
8

7.
45

6.
94

13
.6

0
6.

61
6.

43
15

.1
8

8.
18

6.
12

6.
21

31
.7

3
7.

39
6.

05
5.

82

tF
e 2O

3/A
l 2O

3
0.

24
0.

13
0.

17
0.

13
0.

31
0.

42
0.

34
0.

39
0.

30
0.

36
0.

26
0.

28
0.

25
0.

39
0.

43
0.

29
0.

48
0.

39
0.

35
0.

35
0.

39
0.

46
0.

34

C
IA

66
.3

1
62

.3
6

62
.8

1
67

.9
3

77
.2

1
71

.7
0

71
.3

7
64

.4
8

66
.5

7
65

.0
1

67
.5

6
63

.7
8

60
.1

2
73

.1
4

73
.1

6
59

.6
2

73
.5

5
73

.5
4

70
.4

5
57

.7
8

76
.6

3
61

.7
2

64
.3

8
C

IW
87

.8
4

79
.3

8
83

.5
2

80
.1

2
89

.2
1

95
.3

4
96

.0
4

88
.4

8
86

.4
6

85
.0

7
86

.4
8

85
.2

2
86

.8
4

83
.4

6
82

.2
6

85
.2

1
82

.6
5

84
.2

5
92

.2
2

86
.3

1
93

.3
5

81
.6

7
87

.5
8

To
ta

l i
ro

n 
ex

pr
es

se
d 

as
 tF

e 2O
3. C

he
m

ic
al

 in
de

x 
of

 al
te

ra
tio

n 
(C

IA
) =

 (A
l 2O

3/(
A

l 2O
3+C

aO
*+

N
a 2O

+K
2O

) ×
 1

00
 (N

es
bi

tt 
an

d 
Yo

un
g,

 1
98

2)
; C

IW
 =

 (A
l 2O

3/A
l 2O

3+C
aO

*+
N

a 2O
) ×

 1
00

 
(H

ar
no

is,
 1

98
8)

. C
aO

* =
 C

aO
 in

 si
lic

at
e 

fr
ac

tio
n.



613

ŞENGÜN and KORALAY / Turkish J Earth Sci

diagram (Figures 6a and 6b). These negative correlations 
probably reflect changing illite-rich clay minerals, quartz, 
and muscovite ratios in the primary source rocks. Na2O 
and K2O show slightly positive correlations (Figures 6c and 
6d), which can reflect the abundance of sodic plagioclase 
and K-feldspar with quartz in high Si-content sandstones. 

Trace element concentrations of the sandstones are 
heterogeneous and distributed in wide ranges (Table 3). 
The concentrations of trace elements from sandstones 
are presented on a multielement diagram (Figure 7a) and 
are indistinctly below the upper continental crust (UCC) 
level. The large-ion lithophile elements (LILEs) (Rb, Ba, Sr, 
Th, U) are compared to the UCC, in which Sr (61.4–375 
ppm) and Rb (22.3–108.5 ppm) are depleted with minor 
enrichment of Th (2.12–12.65 ppm) in sandstone samples 
(Figure 7a). Incompatible and easily mobilized LILE 
concentrations are usually controlled by the existence/
lack of feldspar, and LILEs show enrichment in the UCC 
compared with the mantle (Löwen et al., 2018). The 

incompatible high field-strength elements (HFSEs) are 
considered to be relatively immobile elements and thus 
could give additional information for the provenance of 
the sedimentary rocks (Taylor and McLennan, 1985). Zr, 
Hf, and Y (HFSEs) concentrations are relatively similar 
to those of the UCC. Sandstone samples show depletion 
in Nb and lower Nb content (2.6–10.9 ppm) than in the 
UCC. 
4.3. Rare earth elements (REEs)
Chondrite-normalized REE patterns illustrate that the 
Jurassic sandstones generally exhibit slight light rare earth 
element (LREE) enrichment with respect to heavy rare 
earth elements (HREEs) (Figure 7b). Rare earth element 
(REE) contents for sandstones are given in Table 4. Most of 
the sandstone samples display slightly flat HREE plots. The 
REE pattern is characteristic of sedimentary rocks derived 
from the UCC (McLennan, 1993). Chondrite-normalized 
LaN/YbN ranges between 6.08 and 11.32 (average: 8.84). 
These sandstone samples have Eu/Eu* values of less than 

Figure 6. Correlation diagrams of Al2O3, Fe2O3, K2O, and Na2O versus SiO2.
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0.85, which is typical for sedimentary rocks derived from 
the UCC. Negative Eu anomalies (0.5–0.8, average: 0.72) 
and GdN/YbN ratios (1.13–2.02) show that these sandstones 
were formed in post-Archean time (Taylor and McLennan, 
1985). Moreover, these negative Europium anomalies 
could be attributed to the presence or partial weathering 
of plagioclase. Therefore, crystal fractionation or partial 
melting of rock causes the removal of feldspar and results 
in a negative Eu anomaly in melt, which affected the source 
rocks. Plagioclase fractionation is confirmed by the slight 
development of negative Eu anomalies (Figure 7b).

5. Discussion
5.1. Source rock and provenance of the Jurassic 
sandstones
Petrographic and geochemical studies were completed to 
reveal source rocks and provenance of sandstones from 
the Bayırköy Formation. Petrographic studies show that 
sandstone samples comprise two distinct types of quartz 
grains. The first type consists of monocrystalline quartz 
grains, which are dominant and have straight undulose 
extinction. This indicates derivation from a plutonic 
source (Figure 5a). The second type is composed of 
polycrystalline quartz grains, which are divided into 2 
subgrains. The first subgrain includes 2–3 crystals and 
has straight to slightly curved intercrystalline boundaries. 
However, polycrystalline grains comprise more than 3 
elongate crystals in one grain with irregular intercrystalline 
boundaries (Figure 5b). The first one is derived from 
plutonic source rocks but the second type suggests a 
metamorphic source origin (Asiedu et al., 2000; Zaid et al., 
2015). Higher abundance of K-feldspar than plagioclase, 
muscovite, and biotite indicates a plutonic source.

The composition of the source rock was identified by 
a discrimination diagram (Roser and Korsch 1988, Figure 
8a). This discrimination diagram distinguishes 4 different 
lithological source areas consisting of mafic, intermediate, 
felsic igneous, and quartzose sedimentary provenance, 
which is applied for samples with high CaO content 
owing to rich carbonate cement in sandstones (Roser and 
Korsch, 1988). Thus, discrimination functions according 
to the contents of variable mobile and immobile major 
elements were normalized to Al2O3. The sandstones fall in 
the intermediate igneous and felsic igneous fields (Figure 
8a). This suggests that sediments from the Bilecik and 
Mustafa Kemal Paşa areas originated from intermediate 
source rocks and the rest were derived from felsic source 
rocks. 

Ratios of trace elements were used for the potential 
sources of sandstones (Figures 8b and 8c). The Zr/
Sc ratio is a fruitful marker for zircon enrichment and 
fractionation during sedimentary recycling processes 
(McLennan and Taylor, 1991). However, the Th/Sc ratio 
refers to the chemical differentiation in igneous rock 
processes so that Sc is a compatible element, whereas Th 
is an incompatible element in igneous rocks and records 
the provenance of REEs (McLennan, 1989; Borges et al., 
2008). Th/Sc and Zr/Sc ratios show trends consistent with 
igneous differentiation and all samples are near felsic 
volcanic rocks and average UCC on the Th/Sc vs. Zr/Sc 
diagram (Figure 8b). This may suggest that the provenance 
of sandstones is chiefly from felsic volcanic rocks. This 
is supported by the La/Th against Hf plot (Figure 8c), 
showing the types of source area. Sandstone samples fall 
in the acidic arc source field with some intermediate arc 
sources. The TiO2 against Ni diagram (Floyd et al., 1991) 
shows that sandstones originated from acidic source rocks 

Figure 7. (a) Upper continental crust (UCC)-normalized trace element diagram for sandstone samples. (b) Chondrite-normalized rare 
earth element (REE) diagram for sandstone samples (normalizing values from Taylor and McLennan, 1985).
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(Figure 8d). Two sandstone samples from the Karacabey 
and Bilecik areas are inside the mature sediments area, 
which is interpreted as the influence of cycling.

Elemental ratios like Eu/Eu*, Th/Sc, La/Sc, La/Co, 
and Th/Co for sandstones are crucially distinct in mafic 
and felsic rocks (Cullers, 2000). Thus, they give important 
insights into the provenance of sedimentary rocks (Taylor 
and McLennan, 1985). These elemental ratios can be 
compared to sedimentary rocks derived from felsic and 
mafic sources, which suggests that all elemental ratios in 

the Jurassic sandstones occur in the range of sedimentary 
rocks originating from felsic sources (Table 5). Most 
samples (9 from the Karacabey area, 17 from the Bilecik 
area), except for 2 sandstones, plot in the post-Archean 
field on the Eu/Eu* vs. (Gd/Yb)N diagram (Figure 9). 
Moreover, the average value of Eu/Eu* (0.71) falls within 
the characteristic range of post-Archean sedimentary rocks 
(Taylor and McLennan, 1985). It could be meaningful for 
felsic rocks of the post-Archean, which can act like source 
rock.

Figure 8. (a) Major element provenance discrimination diagram for sandstones (after Roser and Korsch, 1988). (b) Th/Sc vs. Zr/Sc plot 
for sandstone samples (after McLennan et al., 1993). (c) Source and composition discrimination diagram for sandstones using La/Th 
ratio and Hf concentrations (after Floyd and Leveridge, 1987). (d) TiO2-Ni discrimination diagram showing the source and composition 
of sandstone samples (after Floyd et al., 1991).
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Felsic igneous rocks and metamorphic basement rocks 
are common within the western Sakarya Zone, which 
could be potential source rocks for sandstone samples 
from the Bayırköy Formation. All the plutonic rocks 
occurring on the basement of the Sakarya Zone have 
Carboniferous ages varying from 303 to 356 Ma (e.g., 
Okay et al., 2006; Topuz et al., 2010; Ustaömer et al., 2012b; 
Şengün and Koralay, 2017). This can be followed from the 
Biga Peninsula through the Central Sakarya Zone to the 
Eastern Sakarya Zone. The ages of plutonic rocks in the 
west of the Biga Peninsula vary between 334 Ma and 308 
Ma (Carboniferous, Okay et al., 2006; Şengün and Koralay, 
2017). The Central Sakarya basement is cut by the Söğüt 
granodiorite with Early Carboniferous age (319–327 
Ma, Ustaömer et al., 2012a). Carboniferous magmatism 
(325–356 Ma) was documented from the eastern part of 
the Pontides (Ustaömer et al., 2012b). Permian granitoids 
are exposed commonly in the Central Sakarya Zone and 

dated as 275–298 Ma (Okay et al., 2006). In contrast 
to widespread Carboniferous magmatism, Devonian 
granitoids are rare and only occur in the Biga Peninsula. 
U-Pb zircon ages yield Early to Middle Devonian age for 
the Çamlık granodiorite (Aysal et al., 2012b). The age of 
another Devonian granitoid, the Karacabey Pluton, ranges 
from 393 Ma to 400 Ma (Sunal, 2012; Aysal et al., 2012a). 
These granitoids are often associated with medium to 
high-grade metamorphic basement rocks occurring in 
the Uludağ Massif, Kazdağ Massif, Kurtoğlu metamorphic 
complex, and Pulur Massif within the Sakarya Zone. The 
age of high-grade metamorphism in the western Sakarya 
Zone was determined as 310 Ma and 330 Ma based on 
U-Pb monazite and zircon ages (Okay et al., 1996; Topuz 
et al., 2010).
5.2. Tectonic setting
Chemical composition of clastic sedimentary rocks 
gives valuable information about the tectonic setting of 
depositional basins and is considerably controlled by the 
tectonic setting of their provenance. Therefore, major 
and trace element discrimination diagrams were used to 
discriminate tectonic settings of the sedimentary basin. 
Sandstone samples were plotted on the major element 
tectonic setting discrimination function diagram (Figure 
10a). Most of the Jurassic sandstones, except those from 
the Gönen area, were deposited in a passive margin field 
(Figure 10a). Sandstones from the Gönen area plot on the 
active continental margin field. Sandstones falling within 
the passive continental margin could mainly have resulted 
from exposed areas and/or uplifted areas. La, Y, Th, Sc, 
and Zr are immobile trace elements that are widely used 
to reveal the tectonic setting of sedimentary rocks. The Sc/
Cr vs. La/Y diagram shows that the sandstones fall into the 
passive and active continental field (Figure 10b). This is in 
accordance with the diagram proposed by Bhatia (1983) 
in Figure 10a. The Th-Co-Zr/10 triangular diagram plot 

Table 5. Selected elemental ratios of Jurassic sandstones from the Bayırköy Formation correlated with those of sediments derived from 
silicic and basic sources, UCC, and PAAS.

Location Gönena Karacabeya M. Kemal Paşaa Bilecika Range of sediment 
from silicic sourcesb

Range of sediment 
from basic sourcesb UCCc PAASc

Elemental ratio

Eu/Eu* 0.61–0.77 0.69–0.90 0.59–0.76 0.50–0.86 0.40–0.94 0.71–0.95 0.63 0.60

La/Sc 3.0–4.63 2.17–4.60 2.52–5.50 2.0–11.0 2.50–16.30 0.43–0.86 2.21 2.50

Th/Sc 0.73–2.32 0.77–1.39 0.73–1.16 0.57–2.12 0.84–20.50 0.05–0.22 0.79 0.91

La/Co 2.77–18.50 2.70–7.03 1.98–3.67 0.75–11.00 1.80–13.80 0.14–0.38 1.76 1.65

Th/Co 0.73–8.11 0.85–1.79 0.65–0.84 0.21–2.12 0.67–19.40 0.04–1.40 0.63 0.63

a This study.
b Cullers (2000).
c Taylor and McLennan (1985).

Figure 9. (Gd/Yb)N vs. Eu/Eu* plot of sandstone samples from 
the Bayırköy Formation (after McLennan and Taylor, 1991).
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is commonly used to distinguish sandstones derived from 
distinct tectonic settings and source areas (Figure 10c). 
The plot of Th-Co-Zr/10 shows that some sandstones from 
the Gönen area fell in the field of the passive continental 
margin, whereas the rest were deposited in continental 
island arc settings. New multidimensional diagrams 
(Verma and Armstrong-Altrin, 2013) were used for the 
tectonic discrimination of siliciclastic sedimentary rocks 
based on integrated major and trace elements. Three 
main tectonic settings were produced on these diagrams, 
which comprise continental and/or island arc, continental 
collision, and rift. A new major element discrimination 
diagram (Figure 10d) was used to decipher the tectonic 
setting of the Jurassic sandstones from the Bayırköy 

Formation. The Jurassic sandstones mostly fell in the rift 
field based on the tectonic discriminant high-silica [(SiO2) 
adj ≥ 63% to ≤ 95%] diagram. However, a few samples fell 
in the collision field. 

All tectonic discrimination diagrams indicate that 
the Jurassic sandstones from the Bayırköy Formation fall 
in the fields of 2 different tectonic settings rather than 
plotting in a certain tectonic setting field. However, the 
field of marginal basin opening behind overlying crust 
during subduction of the oceanic crust is not included 
in these diagrams. Subduction-related marginal basins 
are structurally similar to passive marginal basins but are 
separated by magmatism occurring on one of the margins. 
Therefore, marginal basins are a kind of transitional 

Figure 10. (a) Discriminant function diagram for Jurassic sandstones (after Bhatia, 1983). (b) The plot of Sc/Cr vs. La/Y (after Bhatia 
and Crook, 1986). (c) Th-Co-Zr/10 triangular diagram (after Bhatia and Crook, 1986; A: Oceanic island arc, B: Continental island arc, 
C: Active continental margin, D: Passive margin). (d) New discriminant function multidimensional diagram for high-silica clastic sedi-
ments (after Verma and Armstrong-Altrin, 2013).
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basin between continental marginal basins and passive 
marginal basins from this aspect, which naturally affects 
the sedimentation. The Jurassic sandstones exposed in 
the western part of the Sakarya Zone, except those in the 
Gönen area, have the characteristic features of passive 
continental margin basins. Some samples have high felsic 
constituents, like K2O, Th, Zr, and La, indicating a passive 
continental margin. The Early Jurassic basins formed on 
passive continental margins located south of a subduction-
related magmatic arc. Sediments derived from the rifting 
basement rocks (metamorphic and granitic rocks) were 
transferred into the back-arc basin and define the tectonic 
setting as having the characteristics of a passive continental 
margin.
5.3. Weathering in source area and climate
Chemical weathering intensity of source rocks influences 
the geochemistry of major elements and the mineralogical 
composition, and is monitored by physical sorting and 
climatic conditions (McLennan, 1993). The chemical index 
of weathering (CIW) and chemical index of alteration 
(CIA) are the most commonly used chemical indices for 
evaluating chemical weathering degree in source areas. 
CIW and CIA values are given in Table 3. The high CaO-
content samples may cause misleading results when 
CIA and CIW are used to infer the degree of weathering 
(Cullers, 2000). The CaO content of the Jurassic sandstone 
samples ranges between 0.21 and 16.80 wt.%. Thus, the 
high CaO concentration was corrected following the 
method of McLennan (1993) to separate CaO content in 
silicate composition (CaO*) and nonsilicate composition. 
The degree of chemical weathering is classified as low (CIA 

values between 50 and 60), moderate (CIA values between 
60 and 80), and intense (CIA values above 80) (Nesbitt 
and Young, 1982). However, CIA values for the Jurassic 
sandstones vary from 58 to 77 (average: 68) and indicate 
that chemical weathering has low to moderate intensity 
in the source regions (Figure 11a). However, CIW values 
vary between 79 and 96 (average: 86). These high values 
could suggest that unstable plagioclase disintegrated 
during diagenesis or transportation rather than by intense 
chemical weathering in the source area (Tawfik et al., 
2017).

The compositional changes during chemical 
weathering processes and source rock composition can 
be revealed by the Al2O3-(CaO*+Na2O)-K2O (A-CN-K) 
triangular diagram. On the A-CN-K ternary diagram 
(Figure 11a), sandstones mostly plot in the intermediate 
field, which shows removal of Ca and Na because of 
plagioclase destruction (Buggle et al., 2008; Ahmad and 
Chandra, 2013). Moreover, weathering trends can state the 
average chemical composition of the source rocks. These 
trends result from distinct element mobilities during 
surface weathering. Fe and Mg elements together with Ca 
and Na elements are the least resistant and most mobile 
elements in silicates. However, K is less mobile but Al is 
rather immobile (Nesbitt and Young, 1984). The ternary 
diagram of A-CN-K shows that the Jurassic sandstones 
originated from a dioritic to granitic source (Figure 11a).

Climate influences sandstone composition through 
its destructive effect on source rocks. The SiO2 vs. total 
Al2O3+K2O+Na2O diagram indicates different climate 
heritages for sandstone samples (Figure 11b). The major-

Figure 11. (a) A-CN-K ternary diagram for Jurassic sandstones of the Bayırköy Formation (after Nesbitt and Young, 1984). The average 
chemical composition of the source area is shown by weathering trends for magmatic source rocks. (b) Chemical maturity of the Jurassic 
sandstones (after Suttner and Dutta, 1986).
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element concentrations demonstrate that the Jurassic 
sandstones formed under mostly semihumid and semiarid 
climatic conditions.

6. Conclusions
The Jurassic clastic rocks from the Bayırköy Formation 
occur widely in the western part of the Sakarya Zone. 
Integrated geochemical (major, trace, REE elements) and 
petrographic studies of the Jurassic sandstones provided 
significant information about the provenance, source 
terrains, tectonic setting, intensity of weathering, and 
climatic conditions in the Sakarya Zone. The Bayırköy 
Formation is dominantly composed of sandstones with 
shale, claystone interbeds, and rarely conglomerate. The 
Jurassic sandstones are mainly classified as litharenite, 
subarkose, and arkose according to petrographic analyses 
and major element geochemistry. Various tectonic 
discrimination diagrams for major and trace elements 
suggest that the Jurassic sandstones, except those within 
the Gönen area, could have been deposited in a passive 
continental margin. It can be noted that sandstones may 
have been deposited in a marginal basin that began to 

open in Early Jurassic time. Felsic igneous rocks and 
metamorphic basement rocks commonly occur in the 
western Sakarya Zone, which could be the potential 
source rocks for Jurassic sandstones from the Bayırköy 
Formation. These felsic rocks have ages ranging from 
Devonian to Permian in the Sakarya Zone. The Jurassic 
sandstones chiefly originated from felsic to intermediate 
source rocks (i.e. granite to diorite). The enrichment of 
Zr and the negative Eu anomaly suggest that mafic input 
was not transferred into the depositional area. CIW and 
CIA values reveal that the source area experienced low 
to moderate chemical weathering under semihumid to 
semiarid climate conditions.
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