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Abstract: Pliocene-aged carbonaceous rocks of varying
thicknesses, alternating with siliciclastic and carbonate
rock units, are located on the northern border of the
Cameli-Acipayam basin (in southwestern Turkey), which
is filled with thick Neogene sediments. Organic and inor-
ganic geochemical properties of carbonaceous rocks were
examined to evaluate their hydrocarbon production poten-
tial and paleo-depositional conditions (provenance, paleo-
climate, paleosalinity, paleoredox, weathering, heavy metal
contents, etc.). Based on organic geochemical analysis, car-
bonaceous rocks show good to excellent source rock poten-
tial and have gas production potential. Organic substances
are mostly of allochthonous origin, and their thermal
maturity degree is quite low. Carbonaceous rocks have a
high amount of inorganic substance (minerals) composed
of quartz, clay + mica minerals (mostly illite and a lesser
amount of smectite, chlorite, and kaolinite), feldspar, and
opaque minerals (pyrite and ilmenite). Although carbonac-
eous rocks have similar major oxide and trace element con-
centrations, they show clear differences in terms of Fe,0s,
MgO, and some heavy metals (such as Ni, Cr, Co, V, and Sc).
The major oxide, trace element concentrations, various ele-
ment ratios of carbonaceous rocks bear the characteristics
of mafic/ultramafic magmatic rocks formed on the active
continental margin. In addition, carbonaceous rocks were
precipitated in a brackish water environment under oxic con-
ditions. The sediments, which were rapidly stored without
recycling in the deposition environment where hot/humid
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climatic conditions are effective, did not undergo intense
decomposition in the source area.
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1 Introduction

Carbonaceous rocks are a type of sedimentary rocks con-
taining significant enrichment in organic matter over
average sediments (most sediments comprise a small
amount of organic matter as follows: 2% mudstone,
0.3% limestone, and 0.05% sandstone) [1]. Coal, bitumi-
nous shale, clayey coal, coaly claystone, peat, and other
sediments, which contain total organic carbon (TOC) con-
tent ranging from 6 to 40% are generally referred to as
carbonaceous rocks. The abovementioned carbonaceous
rock types are mostly used synonymously in the literature
and there is no clear distinction between them [2,3].
Organic substances in carbonaceous rocks have a wide
variety as they are derived from the disintegration of
many plant (herbaceous, tree, and fern) and animal
organisms. Inorganic substances of carbonaceous rocks
are divided into detrital and authigenic origin. Detrital
components are represented by rock/mineral particles that
are transported to depositional environment by wind, river,
and glacier effects and are directly related to the rock lithol-
ogies of the source area. On the other hand, authigenic
components are characterized by new minerals formed
during and/or after deposition processes [1-3].

There are numerous scientific papers related to the
petrographic and geochemical properties of the organic
components of carbonaceous rocks in the last 50 decades.
In these studies, remarkable information was obtained
about the organic matter types, amounts, compositions,
maturation degrees, and hydrocarbon potentials of the
carbonaceous rocks in different regions [4-15]. Although
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carbonaceous rocks contain more than 100 minerals and
almost all elements, research on the elemental character-
ization of carbonaceous rocks and their depositional con-
ditions are limited in the literature. By using instrumental
analysis techniques developed in the last few decades, inor-
ganic components in carbonaceous rocks have become
easily detectable. The investigations on organic compo-
nents and results obtained from inorganic components
are assessed together, and significant information (geo-
chemical characteristic, provenance, paleoclimate, paleor-
edox, weathering, tectonic setting, etc.) about conditions of
the deposition environment is available [16-27].

On the other hand, the share of carbonaceous rocks
in electricity production in the world is 41.5%, while this
ratio is 29% in Turkey, and carbonaceous rocks still con-
stitute one of the critical energy sources in the world.
Carbonaceous rocks have an important potential to cause
environmental pollution according to their heavy metal
content. It is known that when the limit values determined by
international organizations are exceeded, heavy metal con-
centrations can cause serious health problems. Therefore, it
is important to determine and evaluate the existing heavy
metal contents of carbonaceous rocks [28-33].

The main aim of the present study is to comprehend
the depositional conditions of carbonaceous rocks in
Pliocene siliciclastic rock sequence from the southeast
of Denizli (SW Anatolia-Turkey) based on their mineralo-
gical, and organic-inorganic geochemical characteristics.
Additionally, this study also presents data about heavy
metal concentrations in the carbonaceous rocks. No similar
research has been conducted in the region before. This is
the first research on the provenance, paleoclimate, paleo-
salinity, paleoredox conditions, and weathering degree of
carbonaceous rocks and its subject has been simplified to be
quite understandable.

2 Field characteristics of
carbonaceous rocks

Carbonaceous rocks were studied from the Yesilyuva-
Yiiregil region, about 50 km southeast of Denizli in western
Turkey (Figure 1). The stratigraphy of the Yesilyuva-Yiiregil
region can be summarized as follows. The Mesozoic aged
carbonate rocks (Catalca Tepe limestone and Biiyiiksivri
Tepe limestone), upper Jurassic-lower Cretaceous aged
ophiolitic rocks (Honaz ophiolite), and lower Cretaceous-
lower Eocene aged Karatepe Mélange are found at the base-
ment of the study area. Boundaries between the basement
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rocks are tectonic and have a very fractured and crushed
structure. All these formations at the basement are overlain
with unconformity by Oligocene aged Bayiralan formation,
middle-upper Miocene Kizilburun formation, Pliocene
aged Yatagan formation, and Denizli volcanics, respec-
tively. The boundaries between the Bayiralan, Kizilburun,
and Yatagan formations are transitive. Oligocene aged
Bayiralan formation is composed of conglomerate, sand-
stone, siltstone, and mudstone derived from ophiolitic
origin. Kizilburun formation is represented by the con-
glomerate, sandstone, siltstone, and claystone. Pliocene
aged Yatagan formation consists of two lithologies (silici-
clastic dominant and carbonate dominant rock units).
Siliciclastic rock sequence is characterized by the conglom-
erate, sandstone, siltstone, and claystone. The carbonate
rock sequence consists of limestone, clayey limestone,
marl, and claystone. Carbonaceous rocks (bituminous shale,
coal, clayey coal, coaly claystone, etc.) are observed at dif-
ferent thicknesses inside both the lithologies of Yatagan
formation (Figure 1). Denizli volcanics consist mainly of pho-
nolite tephrite, basaltic trachyandesite, and trachyandesite.
All the units in the investigated area are overlain with an
unconformity by Quaternary alluvium deposits [34-41].

During the field investigations, seven different carbo-
naceous rock localities were determined. Carbonaceous
rocks were bedded/laminated or lens-shaped formations
at a variable thickness (<3-15 cm) among claystone, sand-
stone, and conglomerate alternations. While systematic
sampling was carried out along the measured stratigraphic
section (MSS) in localities 1 and 3, point samples were
collected from other localities (nos. 2, 4, 5, 6, and 7)
because the outcrops were covered. A detailed MSS
belonging to locality 1 is presented in Figure 2. Fresh sur-
faces of carbonaceous rocks are black, grayish black,
brownish black to reddish brown in color and character-
istically show cleat fractures on the bedding surfaces
(Figure 3a and b). Oxidation surfaces in yellowish orange
color are common in laminated structure carbonaceous
rocks (Figure 3c). Partially preserved gastropod shells
and wood chips can be identified in bedded carbonaceous
rocks (thickness of 10-15 cm) (Figure 3d and e). The lens-
shaped carbonaceous rocks are generally brown in color,
have an earthy structure, and contain abundant plant
roots (Figure 3f).

3 Analytical techniques

TOC and Rock-Eval pyrolysis analyses were performed to
determine the organic geochemical properties of a total of
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Figure 1: Geographic position, geologic map (modified from [35]), and field views of carbonaceous rocks.

21 carbonaceous samples. The sampling strategy has
been given in detail in ref. [15]. These analyses were car-
ried out at Applied Petroleum Technology AS (Norway).
Leco SC-632 device is used for TOC measurement. Diluted
HCI is added to the crushed rock sample to remove car-
bonate. The sample is then introduced into the Leco com-
bustion oven, and the amount of carbon in the sample is
measured as carbon dioxide by an IR-detector. A HAWK
device is used for Rock-Eval pyrolysis analysis. Jet-Rock 1
was run for every ten samples and the measurements
were checked according to NIGOGA standards.

To identify the mineral matter components and clay
mineral compositions of the carbonaceous rock samples,
a Rigaku D/Max-2200 Powder X-ray Diffractometer (XRD)

was used. For the whole rock XRD analyses, four carbo-
naceous rock samples were crushed in a tungsten carbide
crushing vessel. After that, samples were subjected to 3
different XRD clay mineral analyses by saturating them
with ethylene glycol vapor for 8 h and firing at 550°C for
2.5h. X-ray diffraction patterns were obtained with a
40kV and 20 mA X-ray detector consisting of a copper
anode (A = 1.54059 A). The diffracted radiation was obtained
between 0° and 70°, with an acquisition time of 60 s/step
for whole rock and 30 s/step for clay analysis.

Major oxides and trace elements including rare earth
elements were analyzed by using ICP-ES/MS at the ACME
Laboratories in Canada. For analyses, 21 carbonaceous
rock samples were crushed in a tungsten carbide crushing
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Figure 2: MSS and field photographs of carbonaceous rocks in locality 1.
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Figure 3: (a) Carbonaceous rocks with a layered structure in siliciclastic rock sequence. (b) Cleat structures typically seen in carbonaceous
rocks. (c) Yellowish orange oxidation surfaces on bedding surfaces. (d and e) Partially preserved gastropod shells and wood chips. (f) Close

view of lens-shaped carbonaceous rocks.

vessel and pulverized to 85% passing 200 meshes. After
that, the 0.5 g powdered sample and 1.5 g LiBO, were melted
in an oven under 1050°C temperature, and the melt was
then added to 100 mL, 5% HNOs.

4 Organic geochemical properties

Totally 21 carbonaceous rock samples have been ana-
lyzed by the TOC/Rock-Eval method and results are pre-
sented in Table 1. Organic geochemical parameters derived
from the TOC/Rock-Eval analyses of carbonaceous rocks
have been evaluated based on the quantity (richness),
quality (types of organic matter), and thermal maturity

of organic matter. The plots of hydrogen index (HI) vs
Tmax» HI vs TOC, HI vs S2/S3, and finally S2 vs TOC dia-
grams are useful in evaluating the hydrocarbon generative
potential and organic matter type of source rocks [42-45].
These diagrams classify carbonaceous rocks as containing
mainly type III, gas prone organic matter and very good—
excellent source rock potential (Figure 4a—d). The thermal
maturity of the organic matter rich samples was evaluated
by production index (PI) vs Tp,.x diagram. Carbonaceous
rocks have immature character in this diagram (Figure 4d).
S1and S2 values for the studied rocks are high. The high S1
(0.12-4.0 mg HC/g rock) and S2 (0.37-63.41 mg HC/g rock)
and low HI (12-171 mg HC/g TOC) and T, Values (390-440°C)
for the carbonaceous rocks may indicate presence of pre
and syn-depositional organic matter degradation [46].
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Table 1: TOC/Rock-Eval pyrolysis results of carbonaceous rocks
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Localities Sample code TOC (%) S; S, Ss3 Tmax (°C) PY Pl HI ol S,/Ss S,/TOC
1 KHA-3 36.60 1.80 37.57 21.33 420 39.37 0.05 103 58 1.76 0.05
KHA-4 43.80 1.73 47.69 25.05 433 49.42 0.04 109 57 1.90 0.04
KHA-6 13.20 0.52 5.67 8.89 425 6.19 0.08 43 67 0.64 0.04
KHA-8 39.00 2.89 57.40 20.29 410 60.29 0.05 147 52 2.83 0.07
KHA-9 37.00 3.92 63.41 33.31 428 67.33 0.06 171 90 1.90 0.11
KHA-10 21.40 1.42 18.43 7.69 415 19.85 0.07 86 36 2.40 0.07
KHA-12 19.00 1.28 19.75 10.01 427 21.03 0.06 104 53 1.97 0.07
KHA-14 8.82 0.55 7.38 3.72 421 7.93 0.07 84 42 1.98 0.06
KHA-15 40.30 4.00 46.38 16.52 421 50.38 0.08 115 41 2.81 0.10
KHA-16 32.00 2.64 40.76 21.84 421 43.40 0.06 127 68 1.87 0.08
KHA-21 38.90 3.67 55.11 25.62 411 58.78 0.06 142 66 2.15 0.09
2 MD-1 20.60 1.06 18.79 8.23 420 19.85 0.05 91 40 2.28 0.05
3 TRY 2 14.50 0.62 5.13 10.97 400 5.75 0.11 35 76 0.47 0.04
TRY 3 18.70 1.67 9.67 15.83 390 11.34 0.15 52 85 0.61 0.09
TRY 5 10.60 0.46 7.12 8.02 429 7.58 0.06 67 76 0.89 0.04
YRG 3 3.01 0.12 0.37 2.12 434 0.49 0.24 12 70 0.17 0.04
4 KRC-2 5.02 0.41 1.92 1.94 440 2.33 0.18 38 39 0.99 0.08
5 KKLP-2 16.8 1,38 11.79 10.2 435 13.17 0,1 70 61 1,16 0,08
KKLP-3 17.7 1 11.4 8.69 428 12.4 0.08 64 49 1,31 0,06
6 KINC-2 25.3 3.56 30.16 15.45 427 33.72 0.11 119 61 1.95 0.14
7 BDR-1 8.58 0.73 7.74 1.52 401 8.47 0.09 90 18 5.09 0.09

TOC: total organic carbon (wt%); S1: volatile hydrocarbon (HC) content, mg HC/g rock; S2: remaining HC generative potential, mg HC/g
rock; S3: carbon dioxide yield, mg CO2/g rock; HI: hydrogen index = S2 100/T0C, mg HC/g rock; Ol: oxygen index = S3 100/T0C, mg CO,/g
TOC; PI: production index = S1/(S1 + S2); PY: potential yield = S1 + S2; T, temperature at maximum generation.

On the other hand, the plot of S1 vs TOC can be used to
discriminate between allochthonous (non-indigenous)
and autochthonous (indigenous) organic matter. The
carbonaceous rock samples fall into the allochthonous
area in the diagram (Figure 4e).

5 Mineral contents of
carbonaceous rocks

According to whole rock XRD analysis, carbonaceous
rocks are chiefly composed of quartz, clay and mica
minerals, feldspar, opaque minerals, and a lesser amount
of calcite and gypsum. The main opaque minerals were
mainly pyrite with a minor quantity of ilmenite. In addi-
tion, carbonaceous rocks have partially complex XRD
patterns because of clay mineral contents. The dominant
clay mineral in carbonaceous rocks is illite which is
formed by the weathering of Fe, Mg-rich silicates (olivine,
pyroxene, amphibole, etc.), alteration of other clay minerals,
and muscovite. Furthermore, smectite, mixed layer illite/
smectite, kaolinite, and chlorite peaks were detected in
clay fraction X-ray diffractograms, respectively [15].

6 Geochemical characteristic of
carbonaceous rocks

The source of elements in carbonaceous rocks can be
related to siliciclastic materials carried by water to the
sedimentation environment, organic matter, atmospheric
dust (volcanic ash and cosmic dust), epigenetic minera-
lization, and solutions [2]. On the other hand, the inor-
ganic/mineral components of sedimentary rocks are directly
related to the mineralogical and petrographic properties of
the basement rocks in their region. The major, trace, and
rare earch element’s (REE) composition of the carbonaceous
rocks are presented in Table 2. Major oxide compositions of
carbonaceous rocks are as follows: SiO, from 3.32 to 47.16 wt%,
TiO, from 0.05 to 0.75 wt%, Al,O; from 0.91 to 12.72 wt%,
Fe,0s (as total iron) from 0.99 to 10.49 wt%, MgO from 2.40
t0 19.96 wt%, CaO from 0.31 to 1.44 wt%, Na,O from 0.02 to
0.66 wt%, and K,0 from 0.08 to 2.20 wt%. The major oxide
values for all localities are shown in the box-plot diagrams
(Figure 5). While all localities display similar compositional
distribution in terms of CaO, NaO,, and K,O contents, they
vary in terms of SiO,, TiO,, Al,Os, Fe,03, and MgO contents.
This can be explained that the terrestrial clastic materials
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transported to the depositional environment of carbonac-
eous rocks are of various origins and amounts.

All carbonaceous rock samples have slight differ-
ences and limited compositional spread in terms of trace
elements (Figure 5). They have a higher content of Ni
(average 1956.9 ppm), Cr (average 934.3 ppm), Co (average
101.1 ppm), and V (average 107.5 ppm) elements than other

Geochemical properties of carbonaceous rocks from southeastern Denizli-Turkey = 1331

trace elements. The Post Archean Australian Shale (PAAS;
[47]), the North American Shale Composition (NASC; [48]),
and the Average Shale Composition (ASC; [49]) normal-
ized trace element patterns of the carbonaceous rock sam-
ples are shown in Figure 6a—c. It is clear from Figure 6a—c
that the carbonaceous rocks display slight depletions in
trace element contents. Depletions in trace elements reflect

Table 2: Major oxide (wt%), trace (ppm), and REE analyses results of carbonaceous rocks

Localities  Sample code  SiO, Al,0; Fe,0; MgO Ca0 Na,0 K,0 TiO, P,0s MnO LOI* Total
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

1 KHA-3 9.11 1.81 2.84 5.42 1.22 0.09 0.11 0.09 0.01 - 78.60 99.30

KHA-4 3.32 0.91 0.99 4.09 1.44 0.05 0.08 0.05 — - 88.20 99.13

KHA-6 33.58 4.70 6.51 13.09 0.80 0.15 0.16 0.18 - 0.03 40.00 99.20

KHA-8 10.70 1.63 2.21 4.53 0.91 0.07 0.10 0.08 - - 79.30 99.53

KHA-9 9.17 1.92 2.00 5.04 1.26 0.08 0.10 0.09 — — 79.90 99.56

KHA-10 27.68 4.41 5.72 9.76 0.73 0.17 0.17 0.18 0.01 0.02 50.40 99.25

KHA-12 29.49 2.66 4.65 15.14 0.75 0.16 0.13 0.15 0.02 0.03 46.10 99.28

KHA-14 41.10 3.16 6.09 19.96 0.64 0.21 0.11 0.17 0.02 0.03 27.60 99.09

KHA-15 10.17 2.08 3.15 3.49 0.76 0.09 0.14 0.10 0.01 - 79.70 99.69

KHA-16 17.19 2.44 6.42 4.29 0.56 0.09 0.20 0.11 — — 68.30 99.60

KHA-21 10.12 1.46 2.32 3.81 1.18 0.09 0.12 0.08 0.01 — 80.30 99.49

2 MD-1 27.45 4.60 5.43 13.28 1.14 0.07 0.36 0.24 0.02 0.03 46.70 99.32

3 TRY-2 33.86 6.69 9.22 4.98 0.54 0.04 0.37 0.36 0.03 0.03 43.50 99.62

TRY-3 24.44 5.49 7.53 4.25 0.31 0.02 0.33 0.26 0.02 0.03 57.00 99.68

YRG-3 45.77 9.50 10.49 6.49 1.31 0.05 0.49 0.50 0.02 0.04 24.80 99.46

KRC-2 47.16 10.29 8.47 6.30 0.79 0.04 0.49 0.58 0.02 0.03 25.30 99.47

5 KKLP-2 25.05 4.52 5.67 8.48 0.60 0.03 0.34 0.21 — 0.01 54.30 99.21

KKLP-3 28.81 5.41 6.43 8.20 0.64 0.05 0.48 0.27 — 0.02 48.90 99.21

6 KINC-2 24.31 4.24 9.18 3.74 0.94 0.14 0.37 0.21 — 0.02 56.40 99.55

7 BDR-1 46.38 12.72 9.45 2.40 0.63 0.66 2.20 0.75 0.06 0.03 24.40 99.68
Localities  Sample code  Ni Cr Sc Ba Co Cs Ga Hf Nb Rb Sr Ir
ppm pPpm ppm  ppm ppm ppm ppm  ppm  ppm  ppm Ppm Ppm

1 KHA-3 2859.3 1361.6 5.0 22.0 182.0 1.4 2.8 0.5 1.4 5.4 72.8 15.7
KHA-4 479.3 225.8 2.0 15.0 24.6 0.4 0.3 1.1 3.4 76.6 11.4

KHA-6 3132.8 855.3 17.0 29.0 138.3 2.0 5.7 0.6 2.2 9.9 34.1 22.9

KHA-8 1993.3 725.3 5.0 20.0 61.6 1.1 2.5 0.4 1.2 5.6 41.3 14.9

KHA-9 2005.0 355.8 6.0 21.0 99.2 1.2 2.8 0.4 1.7 5.2 56.8 15.6

KHA-10 3097.9 998.9 16.0 35.0 167.5 2.1 5.9 0.7 2.1 10.1 27.4 25.0

KHA-12 2291.9 1361.6 9.0 22.0 104.3 1.8 4.1 0.5 1.7 7.5 27.9 18.4

KHA-14 2452.9 1525.8 12.0 23.0 122.1 1.4 4.2 0.6 1.6 5.8 18.2 221

KHA-15 1365.0 478.9 5.0 27.0 38.8 1.9 2.8 0.5 1.8 7.7 31.5 17.8

KHA-16 1501.4 451.6 7.0 27.0 65.7 3.9 3.3 0.7 2.0 12.6 28.9 20.4

KHA-21 2951.3 424.2 4.0 21.0 123.0 1.8 2.3 0.4 1.6 6.2 63.2 15.4

2 MD-1 2015.0 1341.0 11.0 48.0 165.7 3.9 5.2 1.2 7.3 20.8 31.3 53.6
3 TRY-2 1247.7 773.1 16.0 60.0 90.1 6.0 8.4 1.3 6.2 28.6 34.2 55.8
TRY-3 1156.6 492.6 13.0 41.0 84.4 4.2 6.1 0.9 4.5 24.2 26.7 38.0

YRG-3 1475.0 1176.8 23.0 88.0 143.1 7.1 10.2 1.8 8.2 37.5 51.5 72.1

KRC-2 900.6 1341.0 16.0 98.0 55.3 1.7 11.7 2.5 11.4 20.6 47.3 101.1

5 KKLP-2 3599.4 1190.5 15.0 32.0 140.2 3.8 4.4 1.3 5.5 21.6 46.5 58.5
KKLP-3 2918.0 1922.6 14.0 45.0 131.1 5.7 4.6 1.5 6.2 28.8 37.8 71.5

6 KINC-2 1311.9 738.9 11.0 47.0 54.0 44.9 3.2 1.0 3.1 41.3 58.5 36.4

7 BDR-1 383.4 944.2 15.0 375.0 31.6 6.9 14.8 6.0 16.1 97.5 86.3 225.2

(Continued)
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Table 2: Continued
Localities sample code Th u " Y Mo Cu Pb Zn cd Hg Se
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
1 KHA-3 0.9 0.3 224.0 13.7 2.3 21.8 1.4 41.0 0.1 0.06 6.6
KHA-4 0.7 0.3 69.0 6.6 0.8 6.4 1.1 18.0 0.04 1.5
KHA-6 1.6 0.3 66.0 3.9 29.6 2.0 50.0 0.1 0.03 1.6
KHA-8 0.9 0.3 102.0 7.4 1.9 17.9 1.4 21.0 0.1 0.03 5.7
KHA-9 1.1 0.3 68.0 8.1 1.7 13.7 1.3 14.0 - 0.04 1.7
KHA-10 1.6 0.4 75.0 4.8 0.8 29.3 2.1 41.0 - 0.04 0.7
KHA-12 1.0 0.2 71.0 3.9 0.5 26.3 1.4 32.0 - 0.03 1.6
KHA-14 0.9 0.3 71.0 2.7 0.5 24.2 1.4 41.0 0.1 0.02 0.9
KHA-15 1.2 0.4 62.0 7.3 3.1 13.1 1.7 17.0 0.1 0.05 1.8
KHA-16 1.4 0.6 59.0 5.8 3.3 17.2 2.4 29.0 - 0.04 2.0
KHA-21 0.9 0.2 50.0 3.4 1.7 17.4 1.6 25.0 0.1 0.06 2.1
2 MD-1 4.6 1.7 126.0 20.1 2.8 25.0 5.7 46.0 0.2 0.03 2.6
3 TRY-2 3.0 17.8 89.0 9.8 18.3 54.6 4.1 58.0 0.2 0.04 3.0
TRY-3 2.6 22.3 89.0 10.8 14.4 54.5 3.4 79.0 0.2 0.04 5.8
YRG-3 4.0 3.6 109.0 14.6 0.7 51.7 5.4 94.0 0.2 0.03 0.9
4 KRC-2 6.3 1.0 183.0 17.8 - 36.7 9.7 45.0 0.1 0.07 0.9
5 KKLP-2 4.5 0.5 196.0 17.0 0.2 24.6 4.2 45.0 0.2 0.05 8.2
KKLP-3 4.3 1.6 214.0 19.3 0.8 37.5 5.2 47.0 0.3 0.04 10.9
6 KINC-2 2.0 5.2 96.0 10.6 7.6 35.9 3.0 30.0 0.1 0.04 3.7
7 BDR-1 11.6 9.2 131.0 28.5 14.9 29.3 15.7 50.0 0.6 0.12 1.2
Localities Sample code La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
ppm ppm ppm  ppm ppm Ppm ppm ppm ppm ppm ppm ppm ppm ppm
1 KHA-3 3.90 7.80 118 5.70 1.46 0.42 196 0.29 186 0.47 128 0.16 117 0.18
KHA-4 4.30 8.60 1.07 4.70 091 0.25 109 0.12 0.82 0.18 053 0.06 0.39 0.06
KHA-6 2.80 4.40 0.64 2.50 0.43 0.09 0.54 0.09 0.68 0.14 0.47 0.06 0.41 0.07
KHA-8 3.10 6.00 0.89 3.80 1.01 0.30 111 0.19 113 0.23 0.81 0.11 0.68 0.10
KHA-9 3.90 9.00 1.12 4.90 1.03 032 117 0.20 115 0.28 0.71 0.11 0.67 0.09
KHA-10 3.40 6.10 0.84 3.50 0.68 0.19 0.75 0.12 0.90 0.18 0.56 0.08 0.48 0.08
KHA-12 2.20 4.00 0.55 2.10 0.42 0.13 0.53 0.09 0.61 0.14 0.41 0.07 0.45 0.07
KHA-14 2.40 4.00 0.52 2.00 0.34 0.10 0.54 0.08 055 0.11 037 0.05 0.35 0.05
KHA-15 3.90 8.00 1.05 4.30 0.97 0.26 117 0.18 0.95 0.25 0.71 0.10 0.56 0.09
KHA-16 3.70 7.10 0.99 3.70 0.84 0.21 096 0.16 092 0.21 0.51 0.08 0.46 0.09
KHA-21 2.90 4.70 0.68 2.60 0.50 0.13 0.61 0.09 059 0.1 0.28 0.05 0.31 0.05
2 MD-1 11.70 22,60 3.02 11.30 2.42 0.65 3.22 0.48 2.72 0.60 174 0.25 153 0.26
3 TRY-2 9.30 18.20 2.31 8.60 1.99 0,53 2.05 030 183 037 098 0.14 0.98 0.15
TRY-3 9.40 19.10 2.66 10.80 2.69 0.75 266 0.43 230 0.42 133 016 137 0.18
YRG-3 13.40 26.10 3.24 12.60 274 072 298 0.45 264 053 157 020 142 0.28
4 KRC-2 2150 41.20 4.95 19.00 3.61 0.88 3.57 051 3.27 0.59 189 0.25 171 0.25
5 KKLP-2 8.40 18.20 2.33 9.30 216 0.58 241 037 246 053 162 0.22 134 0.22
KKLP-3 8.40 16.30 2.18 9.00 217 058 256 0.41 297 0.65 194 0.26 178 0.25
6 KINC-2 9.10 17.60 2.03 7.80 1.47 0.47 199 0.29 177 039 093 0.14 094 0.15
7 BDR-1 35.40 73.00 8.17 3190 6.02 125 562 0.79 495 093 2389 0.43 281 0.43

the characteristics of mafic-ultramafic rocks. In addition,
the carbonaceous rocks from locality 1 are more depleted
than the other localities. This can be associated with the
position of locality 1 which is in a close area to the mafic/
ultramafic basement rocks (Honaz Ophiolite and Karatepe

Melange).

The total REE concentration of carbonaceous rocks ranges
from 11.46 to 174.59 ppm (average 43.06 ppm). This value is pro-
minently lower than the PAAS (184.77 ppm), NASC (159.13 ppm),
and ASC (193.60 ppm) values and is similar to the average coal
value (50.40 ppm) [47-50]. The PAAS, NASC, and ASC normal-
ized REE pattem of carbonaceous samples are illustrated in
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Figure 5: Selected major oxide and trace element boxplots of carbonaceous rocks from different localities.

Figure 6d—f. In PAAS, NASC, and ASC normalized REE diagrams,
carbonaceous rocks show similar and flat patterns ((La/Lu)paas =
0.25-0.97; (La/Lu)yasc = 0.32-1.26; (La/Lu)asc = 0.21-0.84).
In addition, the REE patterns of carbonaceous rocks have a
negligible amount of depletion in light rare earth element
(LREE) ((La/Sm)paas = 0.39-1.03; (La/Sm)yasc = 0.51-1.36;
(La/Sm)asc = 0.39-1.02) relative to heavy rare earth element
((Sm/Lu)ppas = 0.47-1.18; (Sm/Lu)yasc = 0.46-1.16; (Sm/Lu)agc =
0.41-1.03). Moreover, carbonaceous rock samples have slightly posi-
tive Europium (Eu/Eu*) anomalies ((Eu/Eu*)paas = 0.88-1.37;

(Eu/Eu*)yasc = 0.90-1.40; (Eu/Eu*)asc = 0.88-1.37)
(Figure 6d-f). Eu enrichment is normally interpreted as
the result of plagioclase enrichment, the presence of mafic
detritus, or a concentration of Eu-rich phases (e.g., epi-
dote). However, presence of such components should be
supported by additional information (e.g., XRD analysis,
petrography, etc.). An alternative explanation that could
be considered is the diagenetic mobilization and reconcen-
tration of Eu under anoxic conditions as the cause of the
positive Eu anomaly [51].
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Figure 6: (a and d) PAAS normalized [47], (b and e) NASC normalized
carbonaceous rocks.

7 Chemical nomenclature

The detritic/authigenic index (DAI) is useful for deter-
mining whether components in sedimentary rocks are
of detrital or authigenic origin. While Si, Al, K, Ti, and
Na oxide elements are found in the chemical composition
of detrital minerals such as quartz, feldspar, clay (except
kaolinite and illite) and mica minerals, volcanic glass, Al
oxide/hydroxide, rutile-anatase-brookite, Fe, Ca, Mg, S,
P, and Mn oxide elements are found in the chemical
composition of authigenic minerals such as Fe—Mn sulfides,
Ca-Fe-Mg sulfates, Ca—Mg—Fe—Mn carbonates, and Ca—Fe
phosphates [52]. The DAI values of the carbonaceous rock
samples vary between 0.68 and 5.02 (average 2.12), pointing
to detrital origin.

The (SiO, + AlLO; + K0 + TiO,)—(CaO + MgO + SO5 +
Na,0) - (Fe,0s) triangular diagram can be used to determine
inorganic/mineral constituents in carbonaceous rocks [53].
While the carbonaceous rocks from 1, 2, and 5 localities
are plotted in the CS field, the samples from 3, 4, and 7
localities fall in the S field. Moreover, the sample from
locality 6 falls in the FS field. All carbonaceous rock

Pr Sm Gd
Ce Nb Eu Tb

[48], and (c and f) ASC normalized [49] trace and REE patterns of

samples were formed under low to moderate acidic con-
ditions (Figure 7a).

The (Al,05/Ti0,)-Si0,(%), log(Fe,03/K,0)-10g(Si0,/
Al,05), and K,0(%)-Rb (ppm) diagrams can be utilized to
determine the origin of inorganic/mineral components in
carbonaceous rock samples. In the (Al,05/Ti0,)-Si0,(%)
diagram proposed by Le Bas et al. [54], the carbonaceous
rock samples fall into the ultramafic-mafic field (Figure 7b).
In the log(Fe,05/K,0)-10g(Si0,/Al,05) diagram advised by
Herron [55], the samples are mostly concentrated in Fe-sand
and Fe-shale areas (Figure 7¢). The distinction between basic
and acidic-intermediate constituents can be more easily
recognized by using the K,0(%)-Rb (ppm) diagram. While
the K/Rb ratio in acidic and intermediate rocks is higher than
230, it is lower than 230 in basic rocks [56]. The K/Rb ratios
of the carbonaceous rocks vary between 74.4 and 197.5
(average 144.6), and the samples were mostly plotted in
the basic field (Figure 7d). Considering the geological back-
ground of the region, the presence of Honaz ophiolite and
Bayiralan formation consisting of ultramafic-mafic rocks
support the enrichment of Ca, Mg, and Fe components in
the carbonaceous rock samples.
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Figure 7: Classification of inorganic/mineral constituents on (a) (SiO, + Al,O3 + K,0 + TiO,)-(Ca0 + MgO + SO5 + Na,0)-(Fe,053) triangular
diagram [53], (b) (AL,O3/TiO,) vs Si05(%) [54], (c) log(Fe,05/K,0) vs log (Si0,/Al,05) [55], and (d) K,0(%) vs Rb (ppm) binary diagrams [56].

8 Provenance and depositional
characteristics of carbonaceous
rocks

The major oxide and trace element chemistry of sedimen-
tary rocks is closely related to the lithology of the source
area from which they are derived. While the major oxide
elements are easily mobilized during the transportation
and depositional processes, trace elements such as Ba,
Nb, La, Th, Zr, Ni, Cr, Co, V, and Sc are relatively immo-
bile. Therefore, trace elements are commonly utilized to
define the source area characteristics of sedimentary

rocks [57-60]. Ba, Nb, La, Zr, and Th elements are mostly
concentrated in feldspar, biotite, amphibole, monazite,
zircon, apatite, and sphene minerals, which are diag-
nostic of felsic rocks. On the other hand, Ni, Cr, Co, V,
and Sc elements are very high concentrations in olivine,
pyroxene, spinel, chromite, and rutile minerals which are
characteristic components of mafic-ultramafic igneous
rocks. The Hf vs La/Th, Co/Th vs La/Sc, and Th vs Sc
diagrams are commonly utilized for provenance charac-
teristics (Figure 8a—c). Average basalt, granite, and ultra-
mafic rock compositions [50] are also included in these
diagrams. Most of the carbonaceous rocks are chemically
closer to that of mafic-ultramafic rock composition in
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Figure 8: Chemical differentiation diagrams of carbonaceous rocks: (a) La/Th vs Hf diagram, (b) Co/Th vs La/Sc binary plot, (c) Th vs Sc
diagram for provenance characteristics, (d) 15*Al,05-Zr-300*TiO, ternary diagram, (e) Th/Sc vs Zr/Sc for sediment sorting and deposi-

tion rate.

these diagrams. Moreover, high Fe,05, MgO, Cr, Co, and
Ni contents of carbonaceous rocks are indicative of a
significant contribution from mafic-ultramafic rocks in
the source region. The Ni/Co, Cr/V, Cr/Th, Co/Th, Sc/
Th, Ba/Nb, La/Th, La/Sc, Eu/Eu*, Ce/Ce*, and Pr/Pr*
ratios are presented in Table 3. The average coal, NASC,
PAAS, UCC, ASC, average granite, basalt, and ultramafic
rock values are also given in Table 3 for comparison.
Carbonaceous rocks are similar to average basalt/ultra-
mafic rock values. It indicates that the dominant rock
lithologies in the source area consist of mafic-ultramafic
rocks.

Al, Ti, and Zr elements are relatively more stable than
other elements during the weathering processes in the
source area. A ternary diagram based on Al,0s, TiO,,
and Zr was proposed to monitor sediment sorting and
deposition rate, ignoring the weathering effect in the
source area [60,61]. While the TiO,/Zr ratio shows a
wide distribution in mature sediments (sandstone and
shale), this value shows a very limited distribution for

immature sediments. The carbonaceous rocks were clus-
tered at the center of 15*Al,05-Zr-300*TiO, ternary dia-
gram. They also show a limited distribution in terms of
TiO,/Zr ratio, indicating poor sorting and rapid deposi-
tion (Figure 8d).

To evaluate the effect of sedimentary recycling of the
studied carbonaceous rocks, Th/Sc vs Zr/Sc binary dia-
gram can be utilized. In this diagram, positive trends
indicate the compositional changes and no or minor sedi-
mentary recycling in the source area, while flat to negative
orientations indicate that the siliciclastic have continu-
ously undergone sedimentary recycling [25,60,62,63]. The
carbonaceous rocks were derived from mafic/ultramafic
basement rocks and were deposited without sedimentary
recycling in the source area. It can also be stated that lim-
ited compositional changes occur over time (Figure 8e).

Paleosalinity is an important indicator to decide the
marine or terrestrial environment. The CaO/(Fe,03; + Ca0)
ratio can give an idea about paleosalinity of the deposi-
tional environment. If the depositional environment is
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Table 3: Calculated Ni/Co, Cr/V, Cr/Th, Co/Th, Sc/Th, Ba/Nb, La/Th, La/Sc, Eu/Eu*, Ce/Ce*, and Pr/Pr* ratios of carbonaceous rocks

Cr/V Cr/Th Co/Th Sc/Th Ba/Nb La/Th

Ni/Co

0.2-8.9
5.0
2.5

5.8-23.3
125.0
48.9

1.3-13.3

2.5

2.7-202.2
5.0
2.1

81.4-1695.3

10.0

3.3-21.5

0.5

10.3-35.2
2.0

2.3

2.4

2.7

2.6

1.3

2.9

18.2

The carbonaceous rocks

Average coal [50]
NASC [48]

0.16
0.16
0.16
0.17
0.14
0.21

4.3

0.2

2.1

1.2
1.1

10.2
7.5

1.0
0.7

4.3

0.2

2.4
2.2
3.3
10

0.2

2.6
3.0
3.6
3.3
2.7

1.6 34.2

1.7
1.6

0.3

PAAS [47]

4.2

0.2

52.0

1.3
1.1

8.8

1.0
0.7

Upper continental crust [99]

4.0
4.4
3.7

0.2

52.7

7.5

Average shale composition [49]

Average granite [50]

0.2

33.3

0.3

0.7

0.1

0.3

33.0
5.0

15.9

20.5

113.6

Average basalt [50]

0.1

20.0

200

46,000 2,200

.8

28

Average ultramafic rocks [50]
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2*Pr/(Ce + Nd).

Eu/(Sm*Gd)°>; Ce/Ce* = Ce/(La*Pr)°; Pr/Pr*

Eu/Eu*

fresh water (river, lake, etc.), Fe-phosphate minerals are
formed, and if it is salt water (evaporitic lake, marine,
etc.) Ca-phosphate minerals are precipitated [19]. The
CaO/(Fe,03 + CaO) ratios of the carbonaceous rocks range
from 0.04 to 0.59 (average 0.17), indicating that the
depositional environment is weakly saline (brackish water).
The Sr/Ba ratio can be utilized to judge the paleosalinity.
Based on the Sr/Ba ratio, the paleosalinity conditions are
separated into three categories. The Sr/Ba ratio < 0.5 repre-
sent freshwater (terrestrial) environment, 0.5 < Sr/Ba < 1
represents brackish water (transitional) environment, and
Sr/Ba ratio > 1.0 represent salt water (marine) environment
[21,26]. The Sr/Ba ratio of carbonaceous rocks is in the range
between 0.20 and 4.35 (average 1.16). This shows brackish
water in a terrestrial environment. This result is also com-
patible with field observations and XRD analysis.

8.1 Weathering in source rocks

Rocks and minerals are deteriorated by physical and che-
mical weathering. Significant changes in rock and/or
mineral chemistry occur during weathering processes.
Elements such as Na, Ca, K, Mg, Si, Al, and Fe in the
rock and/or mineral change depending on the weathering
degree. Some diagrams and weathering indices (provide
numerical data regarding the weathering degree) have
been developed by researchers to determine the weathering
degree [64,65 and references therein]. A K;0-Fe,05-Al,0;
triangular diagram can be applied to determine the weath-
ering degree in source area [56]. In the K,0-Fe,05-Al,05
triangular diagram, carbonaceous rocks are clustered in
an area close to the Fe,O3 corner, away from the residual
clays and shale fields, which are indicators of intense
weathering (Figure 9a). In addition, the carbonaceous rocks
contain chlorite-type weathering products which indicates
that the rocks in source area have not yet undergone intense
weathering. The Th/U ratio is a significant parameter for
monitoring weathering degrees of rocks. Due to the increase
in the weathering degree, the U content decreases signifi-
cantly, while the Th/U ratio increases [25,47,66]. The Th/U
ratios of carbonaceous rocks ranges from 0.12 to 9.00
(average 3.15). In Th/U vs U diagram, most of the carbonac-
eous rocks (except a few samples) are clustered in the area
below the PAAS (4.7) and UCC (3.9) values (Figure 9b). Low
Th/U ratios suggest weathering processes are slightly effec-
tive in the source area. The K/Cs ratio is another indicator
that is commonly used to assess weathering degree in the
source area. Cs is accumulated in clay minerals throughout
the weathering process. As weathering degree increases, the
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Figure 9: Diagrams for monitoring weathering degrees of carbonaceous rocks: (a) K,0-Fe,05—Al,05 triangular diagram, (b) Th/U vs U binary
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amount of clay minerals in the environment will increase,
while the K/Cs ratio will decrease [67]. The K/Cs ratio of
carbonaceous rocks are between 68.4 and 2646.9 (average
849.6). When the K/Cs ratio of carbonaceous rocks and
PAAS value (2.048) are compared, weak to moderate weath-
ering can be mentioned in the source area.

The chemical index of alteration (CIA) has been
widely utilized as an indicator for determining weath-
ering degree in rocks. The CIA was suggested by [64]
for assessing the measure of the extent of conversion of
feldspars to clay minerals such as kaolinite. The CIA
values increase with increase in the clay minerals in the
source rock. The CIA values of carbonaceous rocks range
from 24.6 to 85.8 (average 63.3), indicating moderate
weathering. In addition, most of the carbonaceous rocks
fall in weak to moderately weathered regions except for a
few samples which plot in the intense weathered field
in Al/Na vs CIA diagram (Figure 9c). The Al/Na ratios of
carbonaceous rocks (except for 5 samples) are similar and
vary between 10.7 and 195.8 (average 53.7). The high Al/Na
ratio could be caused by the diagenetic loss of Na* in that
sample [17].

Significant information can be obtained about weath-
ering degree in the source area and the maturation of sedi-
ments by calculating the index of compositional variability
(ICV) [68,69]. ICV value is high in silicate minerals (biotite:
8; amphibole-pyroxene: 10-100; alkaline feldspar: 0.8-1;
plagioclase: 0.6), whereas in minerals formed as a result
of weathering (kaolinite: 0.03-0.05; montmorillonite:
0.15-0.3; illite-muscovite: 0.3) is low. ICV value >1 indi-
cates that the rocks in source area have not yet undergone
intense weathering [25,60]. ICV values in carbonaceous
rocks vary between 1.26-8.60 (average 4.22), supporting
weak to moderate weathering in the source area.

9 Paleoredox and paleoclimatic
conditions

Some trace elements (such as Ni, V, Cr, U, Sr, Cu, Ga) and
their ratios (such as Ni/Co, V/Cr, Sr/Cu, Ga/Rb, U/Th) in
sedimentary rocks can be utilized to determine the paleoredox
and paleoclimatic conditions since they are relatively immo-
bile during depositional processes [18,20,23,25,31,47,70-73].
The V/(V + Ni) ratio is suited to define the oxidation state
in the depositional environments. The V/(V + Ni) ratio <0.5
indicates an oxidizing environment, while the V/(V + Ni) ratio
>0.5 indicates a reducing environment [74]. The V/(V + Ni)
ratio of the carbonaceous rocks are variable, ranging from
0.02 to 0.25 (average 0.007). Low V/(V + Ni) ratios of carbo-
naceous rocks indicate oxidizing environment conditions
during the sedimentation processes (Figure 10a). U/Th ratio
is another parameter that reveals whether the depositional
environment is oxic or anoxic. Based on the U/Th ratio, the
paleoredox conditions are divided into three categories [70].
U/Th ratio <0.7 is considered as oxic condition; 0.7-1.2 dys-
oxic, and >1.25 anoxic. U/Th ratios of carbonaceous rocks
range between 0.11 and 8.58 (average 1.16), reflecting the
oxic conditions (Figure 10b). To avoid possible analytical
errors of single element concentrations, Ce* has been used
as an indicator of paleoredox conditions during the deposition
of carbonaceous rocks. While high Ce* (>-0.1) is the most
typical feature of oxic environments, Ce* (<—0.1) indicates
anoxic environment, during the depositional processes [75].
The Ce* ranges between 0.06 and 0.96 (average 0.22), indi-
cating oxic depositional environment (Figure 10c).

Suttner and Dutta [76] suggested SiO, vs (Al,O5 + K,0
+ Na,0) binary diagram to evaluate paleoclimatic condi-
tion during the accumulation of sedimentary rocks. The
studied carbonaceous rock samples plot in the warm/
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Figure 10: Paleoredox and paleoclimate conditions assessment diagrams of carbonaceous rocks.

humid field on SiO, vs (Al,O; + K;O + Na,0O) diagram
(Figure 10d). The Rb/Sr, Ga/Rb, and Sr/Cu ratios of
fine-grained sedimentary rocks can be applied to get
information about paleoclimatic conditions during sedi-
mentation. Rb and Ga do not occur in mineral forms in
the Earth’s crust, but they are present in significant
amounts in other minerals such as feldspar, mica, and
clay. On the other hand, Rb and Ga elements become
enriched and adsorbed in clay minerals (illite, kaolinite,
etc.) during weathering processes. Rocks in humid and

rainfall regions decompose much faster than rocks in hot
and dry regions. High Rb/Sr, Ga/Rb, and low Sr/Cu con-
tents indicate warm and humid climatic conditions, while
low Rb/Sr, Ga/Rb, and high Sr/Cu ratios indicate hot and
arid climatic conditions [18,24,25,27]. The Rb/Sr, Ga/Rb,
and Sr/Cu ratios of carbonaceous rocks range from 0.04 to
1.13 (average 0.45), 0.08 to 0.72 (average 0.36), and 0.49 to
11.97 (average 2.28), respectively, reflect the warm/humid
climate condition during the sedimentation processes
(Figure 10e and f).
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10 Tectonic setting

While the behavior of major oxide elements gives little informa-
tion about the tectonic setting of rocks, trace elements such as
Sc, Ti, Co, Zr, La, and Th are widely used by many researchers
because of immobility during alteration, metamorphism,
and sedimentation processes [16,23,25,62,60,77—79]. While
the SiO,/Al,O; ratios of carbonaceous rocks are in the
range between 3.65 and 13.01 (average 6.08), the K,0/
Na,O ratios vary between 0.52 and 16.50 (average 4.69).
These values indicate that they were formed in an active
margin environment on the SiO,/Al,0; vs K;0/Na,O dia-
gram (Figure 11a). The La-Th-Sc and Th-Sc-Zr/10 discrimi-
nation diagrams recommended by Bhatia and Crook [80]
are commonly utilized for the determination of the tectonic
background of sedimentary rocks. The carbonaceous rocks
mostly fall within the oceanic island arc field in these dia-
grams (Figure 11b and c).

11 Depositional environment

Depositional environments can be varied ranging from
terrestrial (alluvial, lake, swamp, desert, etc.) to marine
and transitional (delta, barrier-coastal, lakes-lagoons,
etc.) environments. In all depositional environments, ero-
sion, transportation, and deposition processes develop
simultaneously both spatially and temporally. Most of
the deposition models proposed for carbonaceous rocks
suggest that carbonaceous rocks form in swamps on
coastal deltas, alluvial plains, and lake-lagoon areas.
As is known, the swamps are low-lying tracts of land
which are periodically inundated by water [1,81-83]. Aci-
payam-Cameli basin, in which the study area is located, is
one of the tectonically active basins formed during the
Neotectonic period in western Anatolia. It was filled by

Oligocene-Upper Pliocene sedimentary rock units which
are derived from the terrestrial environment (alluvial fan,
braided and meandering stream, lacustrine) [37,38,84,85
and the references therein]. Following the opening of the
Acipayam-Cameli basin, the Oligocene-aged Bayiralan forma-
tion first started to fill the basin. Bayiralan formation was
deposited in the transitional environment (coastal-shallow
marine) according to the fossil contents in its sandstone-clays-
tone levels and coral fauna in reef levels. In addition, thin
carbonaceous rock layers with limited lateral and vertical dis-
tribution are also observed in the Bayiralan formation. Later,
the middle-upper Miocene aged Kizilburun formation accumu-
lated in the basin. Kizilburun formation starts with alluvial fan
deposits at the bottom, continues with braided fluvial deposits
at the upper levels, and ends with shallow lake sediments. The
middle-upper Pliocene aged Yatagan formation consists of
siliciclastic and carbonate rock units that alternate and show
lateral transition with each other. Carbonaceous rocks are
observed in both lithologies of the Yatagan formation. The
Yatagan formation was deposited in a stream-shallow lake
transition environment. It has been evaluated that the terres-
trial plants and siliciclastic sediments, which are carried from
the high areas to the plains of the basin by the rivers, are
accumulated in the swamp environments near the river-lake
coast, and then formed in an oxic environment where hot/humid
climatic conditions are effective (Figure 12). The proposed
deposition model is also compatible with organic petro-
graphy, gas chromatography (GC, GC-MS), biomarker, and
carbon-oxygen isotope results given in ref. [15,41,86,87].

12 Heavy metal concentrations of
carbonaceous rocks

The rapidly increasing social and economic requirements
on the world scale have brought more energy production.
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This situation has led to an increase in the demand for
energy raw materials originating from the earth. While
increasing energy production causes an increase in envir-
onmental problems, it requires a detailed investigation of
the geochemical properties of the energy raw materials
used. Carbonaceous rocks are a significant raw material
for generating energy in power plants, and the geochem-
ical properties and production processes of the carbonac-
eous rocks can cause environmental pollution. In energy
production, the determination of heavy metal concentra-
tions of carbonaceous rocks is important for the planning
of raw material and waste management processes. The
term heavy metal describes any metallic chemical ele-
ment that has a relatively high density (>5 g/cm’) and
is toxic or poisonous even at low concentrations. Heavy
metals are naturally found in the rocks and minerals that
make up the earth’s crust, in the tissues of living organ-
isms, and in the composition of various substances in the
environments. Heavy metals classified as potentially toxic
to life forms by organizations such as the World Health
Organization and the Arctic Monitoring and Assessment
Program include Fe, As, Cd, Co, Cu, Hg, Ni, Pb, Sh, Se,
V, Zn, and their metalloids. These elements are minor
components in rock-forming minerals [88]. The heavy
metal pollution potential of rocks can be determined by
calculating different indexes. For this purpose, enrichment
factor (Ef) and geo-accumulation index (Ig,) are fre-
quently utilized [29,89-95].

13 Enrichment factors

The Ef is one of the indicators that is commonly used to
evaluate the presence and concentration of heavy metal
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contents in rock samples. The Ef is calculated from the
following equation [95]:

Enrichment factor(Ef) = (Metal /RE)sample
/(Metal/ RE)Background’

where Metal is the concentration of the selected element,
RE is the value of reference element. The average coal
composition is considered as background value [50]. Alu-
minum is commonly used by researchers as RE in carbo-
naceous rocks consisting of fine-grained sediments (shale,
clay) due to its stable structure in weathering processes
and as one of the main components of clay minerals. The
classification suggested by [29] was used in the interpreta-
tion of the calculated Ef values. According to Chen et al.
classification scheme, Ef <1 indicates no enrichment, Ef =
1-3 is minor enrichment, Ef = 3-5 is moderate enrichment,
Ef = 5-10 is moderately severe enrichment, Ef = 10-25 is
severe enrichment, Ef = 25-50 is very severe enrichment,
and Ef >50 is extremely severe enrichment. The Ef values of
Ni and Cr are the highest among the heavy metals and they
have extremely severe enrichment. The Ef values of Cr
(average 53.1) are lower than Ni (average 133.2). While the
average Ef value of the Co element is 12.9, indicating mod-
erately severe enrichment, the Ef values of Fe and V ele-
ments are 3.9 and 3.3, respectively, indicating moderate
enrichment. The average Ef values in Cu, Se, and Mo ele-
ments are 1.5, 1.4, and 1.3, respectively, and exhibit minimal
enrichments. In addition, there are no enrichments in As,
Cd, Hg, Pb, and Zn elements. The Ef values of As, Cd, Hg,
Pb, and Zn elements in carbonaceous rocks were similar to
those found in background concentrations. Al-normalized Ef
values of carbonaceous rocks are illustrated in Figure 13.
Extreme to moderately severe enrichments in Ni, Cr, Co,
Fe, and V elements are not thought to be of anthropogenic

EXPLANATIONS
Quaternary [ [T Aluvium/Aluvium fan deposit

Unconformity
Limestone, argillaceous limestone, marl, claystone "
Yatagan

Middle - Upper Pliocene Formation

Conglomerate, sandstone, siltstone, claystone
(carbonaceous rock lenses)

Middle - Upper Miocene D Kizilburun Formation

(Conglomerate, sandstone, siltstone, claystone)

Oligocene - Bayralan Formation

(Conglomerate, sandstone, siltstone, mudstone)
Unconformity
Basement Rocks

Mesozoic (Limestone, dolomitic limestone, mafic-ulramafic rocks)

High water level of lake
Low water level of ke

" Carbonaceous rocks

Figure 12: Model showing the depositional environment of the carbonaceous rocks (modified from [83]).
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origin. On the other hand, such enrichments are of litholo-
gical origin. With the presence of mafic/ultramafic basement
rocks (Honaz Ophiolite and Karatepe Melange) in the source
area, mineralogic and geochemical data indicate that such
enrichments are of lithological origin. On the other hand,
Efvalues between 0.5 and 1.5 (no enrichment to minor
enrichment) indicate that the metal is entirely from back-
ground materials and natural processes.

14 Geoaccumulation index

Miiller [96] proposed the geoaccumulation index (ge,) to eval-
uate the current concentration of heavy metal elements in the
sediment by comparing the current concentration with the
geochemical background level. The I, for studied carbonac-
eous rocks was calculated using as the following equation:

Geoaccumulation index (Igeo) = 10gx(Cpn/1.5%By),

where C, is the measured concentration of the heavy
metal element in carbonaceous rocks, and B, is the geo-
chemical background value. The 1.5 is an empirical con-
stant suggested to eliminate natural fluctuations that
may occur due to lithology-induced effects and minimize
their effects. The upper crust or average shale values
suggested by different researchers are commonly used
for geochemical background values. In this study, the
average coal values [50] were utilized for geochemical
background values [95,97,98]. Based on the Igeo values,
the contamination/enrichment levels of elements are divided
into six categories [95]. Ise, < O is considered as no con-
tamination/no element enrichment; 0 < Ige, < 1 is no or
slight element enrichment, 1 < Iy, < 2 is moderate element

enrichment, 2 < Iz, < 3 is moderate to high element
enrichment, 3 < Iy, < 4 is high element enrichment,
4 < Igeo < 5 is high to extreme element enrichment, and
Iseo = 5 values indicate extreme element enrichment. The
average Igo, values of Ni (4.0) and Cr (3.3) exhibit high
element enrichment among the 13 heavy metals studied.
While the average I, value of the Co element is 1.8,
pointing to moderate element enrichment, the average
I¢eo values of Fe and V elements are 0.8 and 0.5, respec-
tively, implying slight element enrichment. On the other
hand, the average I, values of As (-1.9), Cd (-2.3), Cu
(-0.2), Hg (-1.3), Pb (-2.4), Se (-0.7), Zn (-1.4), and Mo
(-0.8) elements show no element enrichment within the
13 heavy metals studied (Figure 13). The I, index results
support the fact that the enrichments in Ni, Cr, Co, Fe, and
V elements originate from the basement rock lithologies
(Honaz Ophiolite and Karatepe Melange).

15 Conclusion

Field observations, mineralogical, organic, and inorganic
geochemical properties of carbonaceous rocks in Pliocene
siliciclastic rock sequence from the southeast of Denizli
(SW Anatolia-Turkey) were characterized for the first time.
Quantitative data were obtained to determine the character-
istics of depositional environment with the results of ele-
mental geochemistry. All findings and recommendations
for future work can be summarized as follows.

i) Carbonaceous rocks among the siliciclastic layers of
the Yatagan formation are observed as layered/lami-
nated or lenticular-shaped with thicknesses varying
between <3 and 15cm. Based on organic chemical
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investigations, TOC (%), Tmax (°C), and HI values
range from 3.01 to 43.80 wt% (average 22.42 wt%),
390 to 440°C (average 421°C), and 12-171 mg HC/g TOC
(average 89 mg HC/g TOC), respectively. Carbonaceous
rocks indicate good to excellent source rock potential
and contain type III kerogen. Moreover, they have gas
hydrocarbon potential, and their thermal maturity is an
immature—early mature stage.

Quartz, feldspar, pyrite, clay minerals (illite, smec-
tite, kaolinite, and chlorite), and gypsum were iden-
tified as mineral matters in whole rock powdered
XRD analyses of carbonaceous rocks. On the other
hand, smectite, mixed-layer illite/smectite, kaoli-
nite, and chlorite were determined as clay minerals
in clay fraction XRD.

Carbonaceous rocks exhibit close distribution in terms
of Ca0, NaO,, and K,0 elements, whereas they display
clear differences in terms of SiO,, TiO,, Al,O3, Fe,03,
and MgO elements. Although carbonaceous rocks
have similar trace element concentrations, Ni (average
1956.9 ppm), Cr (average 934.3 ppm), Co (average
101.1ppm), and V (average 107.5ppm) elements
are seen in remarkably high concentrations. This
has been associated with detrital materials derived
from mafic/ultramafic origins and transported to the
depositional environment in different quantities.
Major oxides, trace elements, and Ni/Co, Cr/V, Cr/
Th, Co/Th, Sc/Th, Ba/Nb, La/Th, La/Sc, Eu/Eu*, Ce/
Ce*, and Pr/Pr* ratios of carbonaceous rocks show
similarities to mafic/ultramafic igneous rocks formed
on the active continental margin.

In PAAS, NASC, and ASC normalized spider dia-
grams, carbonaceous rocks were depleted 5-80 times
according to PAAS, NASC, and ASC values. Depletions
in K,0, Ba, Ta, Ce, and P,0; elements are quite clear in
these diagrams. In PAAS, NASC, and ASC normalized
REE diagrams, carbonaceous rocks display nearly
flat patterns ((La/Lu)paas = 0.25-0.97; (La/Lu)nasc =
0.32-1.26; (La/Lu)asc = 0.21-0.84). In addition, carbo-
naceous rocks have slightly positive Europium (Eu/Eu*)
anomalies ((Eu/Eu*)paas = 0.88-1.37; (Eu/Eu*)yasc =
0.90-1.40; (Eu/Eu*)asc = 0.88-1.37) indicating the
abundance of plagioclase and mafic mineral phases.
In the various chemical diagrams, carbonaceous rocks
are composed of inorganic components that are mafic-
ultramafic composition, detrital origin, and precipi-
tated in a brackish water environment under oxic
conditions. Carbonaceous rocks were rapidly stored
without recycling in the deposition environment
where hot/humid climatic conditions were effec-
tive. Besides, Th/U and K/Cs ratio, CIA (24.6-85.8
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with an average of 63.3), and ICV (1.26—8.60 with an
average of 4.22) values of carbonaceous rocks indi-
cate that the rocks in the source area have not yet
undergone intense weathering. On the other hand,
more quantitative geochemical parameters such as
organic carbon isotopes can also be used in later
studies to investigate the sedimentation processes.
In terms of heavy metal concentrations, carbonac-
eous rocks were enriched in Ni, Cr, Co, Fe, and V,
respectively. Extreme to moderately severe enrich-
ments in Ni, Cr, Co, Fe, and V elements are thought
to be of lithological origin. If carbonaceous rocks are
utilized for electricity generation in power plants,
their wastes may have the potential to create envir-
onmental pollution. Furthermore, Ni, Co, and Cr can
be enriched by using several beneficiation methods
(flotation, magnetic separation, etc.) to obtain metal
nickel, cobalt, and chromium.
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