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Abstract

Organic matter-rich deposits of the Oligocene Hayrettin Formation, Denizli, West of Turkey, may considered as a
carbonaceous interval within a succession dominated by mudstone and sandstone. Samples were investigated to
determine the source rock composition and provenance, and redox conditions of the depositional environment.
Carbonaceous rocks are characterized by high organic carbon (2.12-34.35 wt. %) contents and by significant enrichments
of several trace elements (Co, Cr, Mo, Ni, Pb, S, Th, U and V) relative to average shale. According to La/Th versus Hf
diagram, Al,O3/TiO; ratios, and Cr/Ni, Th/Co, Th/Cr, and Cr/Th ratios indicate that the sediment was derived from
intermediate source rocks in addition to being an important contribution of detritus. Average CIA, PIA and CIW values
imply intense weathering of the source terrane. K.O/Na;O, SiO./Al,O3z and K>O/Na,O ratios and bivariate discriminant
functions diagram indicate that most samples in the active continental margin. Ni/Co, V/Cr, and U/Th ratios of the

studied samples suggest that the redox conditions of depositional environment are oxic.

Keywords: Carbonaceous Rock; Hayrettin Formation; provenance; weathering; redox condition.

1. Introduction

The study area is located 70 km northeast of the
Denizli province (southwest of the Turkey) (Figure
1). Study materials consist of carbonaceous rocks
that are sedimentary rocks, enriched with organic
carbon. The average amount of organic matter in
mudrock is about 2.1 weight percent, in limestone is
about 0.29 percent, and in sandstone is about 0.05
percent, and other organic-rich rocks typically
contain 3 to 10 or more percent by weight of organic
matter [1-3]. General properties of carbonaceous
sediments which are rich in organic matter can be
black colored, opaque, solid, and compact. Even
though carbonaceous rocks make only a small part of
sedimentary rocks, they are important hydrocarbon
sources and can also enriched certain trace elements
(Co, Cr, Cu, Mo, Ni, and V) as well as enriched
organic matter [4-6].

2. Field observations

Study area contains rock assemblages, which are
organic matter-rich claystone, mudstone, sandstone
and coaly carbonaceous shales, and it is located to
the east of Denizli province in the Aegean region
(Western Anatolia, Turkey) (Figure 1). Basement
rocks of the study area, which include Middle
Triassic metamorphic  rocks such as meta
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Detailed studies which are purposes of geology,
petrography, morphological features and tectonic
setting, and prospective were carried out around the
study area [7-12]. Although research on organic and
inorganic geochemistry of organic matter rich rocks
and Tertiary coals in Turkey [6, 13, 14]. There are no
studies in the literature on elemental characterization
and redox conditions of the carbonaceous rocks from
Oligocene  Hayrettin  Formation. This  paper
investigated organic-rich samples collected from the
Hayrettin  Formation (Denizli/Western Anatolia,
Turkey) to determine the redox conditions of their
depositional environment. Additionally, weathering
effects, source rock composition and provenance
characteristics, and trace element enrichments of the
carbonaceous rocks are addressed.

conglomerates, quartzite, quartzite schist and schist,
are overlain by Late Triassic dolomites and dolomitic
limestones. The Oligocene Hayrettin Formation of
the Denizli Basin (Western Anatolia, Turkey) is
interpreted to have accumulated as lagoon/tidal flat
deposits, reef deposits, and fine grained shelf
deposition [9]. The reef deposits that comprise the
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lower part of the formation are referred to as the
Sarikavak Reef Member and the southeastern shelf
transition zones and shelf deposits are named as the
Dazkiri Member. These rocks accumulated in
shallow shelf environment [9]. The dominant rock
type of the Hayrettin Formation is sandstone
containing intercalated conglomerate and lignite-
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bearing mudstone. Sandstones are generally
yellowish-brown, and grain size ranging from fine
sand to coarse sand, and medium to thick bedded.
Sandstone layers contain calcite-filled vertical
(relative to layering) fractures. Carbonaceous rocks
are laterally discontinuous and their lateral thickness
is variable.
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Figure 1. (a) Geological map of Hayrettin region (Denizli/Western Anatolia, Turkey) (Modified from [9]).

3. Sampling and analytical procedures

Total fifty-one carbonaceous rock samples were
collected from fresh outcrops of the Hayrettin
Formation. Seventeen of these samples belong to two
sections of the Hayrettin Formation. Trace elements
for these samples were analyzed by Spectro XLAB-
2000 Polarized Energy  Dispersive  X-ray
fluorescence (PEDXRF) spectrometer (Ankara
University). The mineralogical composition of the
four samples was determined by XRD, using an Inel
Equinox 1000 analyzer with Co-Ka radiation
(Ankara University). The instrument was operated at
the following settings; 60 mA, 60 kV (Option :30

4. Results

kV) generator and Co radiation X-ray tube was used
as X-ray source. Quanta 250 FEG series from FEI
instrument was used to obtain SEM photomicrograph
and EDS spot analysis datas to investigate the surface
images and compositional features of the minerals
(Aksaray University). Analysis of total organic
carbon (TOC, wt.%) was carried out on a Rock Eval-
6 (RE-6) instrument equipped with a TOC module
using the IFP 160000 (Institut Francais du Petrole)
standard in the Research Centre Laboratories of
Turkish Petroleum Corporation (TPAO).

4.1. Elementel and mineralogical composition of carbonaceous rocks

The strong positive correlation (r = 0.83) of Al.O;
and TiO. suggests that Ti is contained mainly in
phyllosilicates [15] (Table 1). This correlation also

reflect the sympathetic relationship of clay flux
(reflected by Al) with coarser clastic sediment
(reflected in Ti abundance).
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Figure 2. (a) X-ray diffraction patterns and mineralogical composition of carbonaceous rocks, (b) SEM photomicrograph
and EDS spot analyse of framboidal pyrite from Hayrettin carbonaceous rocks.

The positive correlations of K,O (r =0.93), TiO: (r =
0.83) with Al>Os and a moderate correlation of Na,O
with Al,O; (r = 0.55) suggest that these elements
may be associated with detrital phases. Relatively
low concentrations of Na,O (0.06 - 0.84%, on
average 0.34%) may probably be related to its
mobility at the depositional area or to its depletion in
the source area by weathering [17]. Clear positive
correlation of Al,Os (r = 0.93), Th (r = 0.76) and Rb
(r = 0.95) with KyO suggesting that the
concentrations of these elements are controlled by
the abundance of illite [18]. Clay mineralogy of an
analyzed sample can be revealed by K>O/Al;Os [16].
It is possible to make inferences regarding changes in
the relative abundances of kaolinite (Al) and illite
(K). K20/Al>,O3 of the studied samples varies from
0.02 to 0.21 wt. %, which indicate that illite is the
dominant clay mineral in these carbonaceous rocks
(Figure 2a). Very low correlations of Fe,O3 and MgO
with Al,Os3 (r? = 0.04 and 0.17, respectively) suggest
that the abundances of Mg are not controlled by
aluminous phases. The poor correlation of Fe and Al
may reflect the fact that the Fe was taken up by
sulfate reduction (and consequent generation of

hydrogen sulfide) in the early diagenetic history of
these deposits. The index of compositional variability
(ICV = (Fe:03 + KO + Na,O + CaO + MgO +
MnQO)/AI;0s) is a measure of the quantity of clay
minerals relative to the silicate minerals in a rock.
ICV values of carbonaceous rocks range from 0.50 to
3.11 (Table 1) suggesting that most samples may also
compositionally containing rock forming minerals in
addition to clay minerals [16]. Ba, Sr and Th show
positive correlations with Al,Oz (r = 0.87, r = 0.43
and r = 0.75, respectively) indicating the
concentrations of these large-ion lithophile elements
(LILE) are controlled by clay flux. High field-
strength elements (HFSE) are enriched in felsic rocks
and reflect provenance compositions [19]. Co, Ni and
V concentrations against Al,O; (r= -0.12, r = -0.11,
and r = 0.09, respectively) suggesting that the
concentrations of these elements reflect contributions
from more than one mineral in addition to clay
minerals [15]. Quartz, illite, montmorillonite,
gypsum, and pyrite dominate the mineralogy of the
studied samples (Figure 2a). Quartz is the dominant
constituent of all studied samples (31.9 - 58.6 wt.%).
Gypsum (2.7 - 6.5 wt.%) occurs as a crack-filling
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mineral in the Hayrettin Formation carbonaceous
rocks and it was probably precipitated primarily as a
metal sulfide by sulfate reducing bacteria under
relatively reducing conditions. Pyrite varies from 1.6
to 7.1 % in three analyzed samples. SEM analysis of
Hayrettin samples reveals the presence of pyrite

Volume 7 (1), June 2018, pp 711-721

framboids (Figure 2b). The pyrite might be produced
as a result of bacterial sulfate reduction in the
Hayrettin Formation. According to the XRD graphics
the presence of illite and montmorillonite may be
related to mica minerals derived from the source
area.

Table 1. Minimum and maximum values of total organic carbon (TOC.wt.%). trace and major element composition and
some ratios of the arbonaceous rocks from Hayrettin Formation. Western Anatolia.

Element (n=51) Min Max Average Element (n=51) Min Max Average
TOC (wt.%) 0.21 39.61 9.73 Rb (ppm) 3.20 178.4 117.34
SiO, 18.59 | 56.44 41.85 | S (%) 0.20 6.54 2.13
TiO; 0.04 1.13 0.79 Sr (ppm) 67.00 271.0 146.98
Al;O3 3.19 21.30 14.28 | Ta(ppm) 3.80 9.10 5.97
Fe20s 1.69 8.61 5.64 Th (ppm) 1.00 16.90 10.68
MgO 0.31 3.73 1.68 U (ppm) 6.10 61.40 15.82
CaO 0.20 22.59 3.75 V (%) 38.00 234.0 164.61
Na.0O 0.06 0.84 0.34 Zn (ppm) 9.00 102.0 45.89
K20 0.07 3.91 2.59 Zr (ppm) 8.30 280.0 178.37
AlO5/TiO; 13.33  83.95 19.26 | Cr/Ni 0.62 12.01 4.29
Al;03+K;0+Na,O 3.32 26.05 1721 | Cr/Th 14.19 118.98 28.25
K>0/Al;,03 0.02 0.21 0.18 La/Th 1.93 31.40 4.02
K>0/Na,0 1.08 29.51 1291 | Ni/Co 0.97 8.42 2.92
SiO2/Al,03 2.19 13.09 3.11 Rb/Sr 0.03 1.94 0.88
ICV 0.50 3.81 1.12 Th/Co 0.04 0.71 0.38
Al (%) 1.69 11.27 7.56 Th/Cr 0.01 0.07 0.04
Ba (ppm) 20.50 728.70 @ 426.75 | Th/U 0.02 2.09 0.97
Co (ppm) 18.60 = 64.90 3143 | U/Th 0.48 45.3 2.43
Cr (%) 119.0 442.0 272.69  VICr 0.29 1.18 0.64
Cu (ppm) 10.90  97.40 32.32 molAl,O3 0.03 0.21 0.14
Fe (%) 1.18 6.02 3.94 molCaO* 0.001 0.026 0.00
Hf (ppm) 3.00 8.70 5.30 mol(CaO* + 0.00 0.04 0.01
Naz0)
La (ppm) 24.70  57.80 36.16 | molK;0 0.01 0.04 0.03
Mg (%) 0.18 2.25 1.02 molNa,O 0.001 0.014 0.01
Mo (ppm) 2.60 72.30 18.71 | CIA (%) 72.01 92.02 79.33
Nb (ppm) 2.10 27.30 18.69 | PIA (%) 80.91 98.34 92.09
Ni (ppm) 24.00 255.1 91.62 CIW (%) 84.12 98.70 93.53
Pb (ppm) 7.60 36.40 23.51

Note: Major elements in oxide: %. n: sample number. min: minimum values. max: maximum values. ICV (Fe203 + K20 + Na20 +
CaO + MgO + TiO2)/Al203 [16], mol: Major element composition of studied samples in molar proportions, CIA = Chemical Index of
Alteration [22]; PIA = Plagioclase Index of Alteration [(Al203 - K20)/((Al20s - K20) + CaO* + Na20)) x 100] [24]; CIW = Chemical
Index of Weathering [(Al203/(Al203 + CaO* + Na20)) x 100] [25], CaO* = CaO in silicate fraction.

4.2. Weathering effects

The Th/U versus Th plot for the Hayrettin Formation
carbonaceous rocks plots in the field of depleted
mantle rocks (Figure 3). In addition, samples also
show limited degree of weathering trend [20]. The
positive correlations between Al;Osz and TiO,, K20 (r
= 0.83, r = 0.93, respectively) suggest that Al and Ti
and Al and K behaved similarly as might be expected
of two detrital components and also positive
correlation between the K;O-Ba (r = 0.96) in studied
samples indicated that effect of chemical weathering
[21]. The chemical index of alteration (CIA) is used
to characterize the degree of weathering in

provenance areas. CIA is calculated as follows; CIA
= (AlOs/(Al,O; + CaO* + Na,0O + K;0)) x 100
[22]). The CIA value of the studied samples varies
from 72.01 to 92.02, suggesting relatively intensive
chemical weathering in the source area (Table 1).
Due to the intensive chemical weathering, Na,O and
CaO in samples are almost leached out. In Al;Os,
Na,O, CaO* (CaO in silicate fraction) and K>O in A-
CN-K (A = Al;03, CN = CaO* + Na;0, K = K;0)
ternary diagram [23], samples are showed almost
parallel to the weathering trend (Figure 4).
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Figure 3. Plots of Th/U versus Th of the studied samples (modified from [20]).
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Figure 4. A-CN-K ternary diagram showing weathering trend. A = Al,O3, CN = CaO* + Na;0, K = KO (all in molar
proportions). CaO* = CaO content of silicate fraction (after [23]).

Plagioclase index of alteration (PIA) values, which
indicate the intensity of alteration of source material
[24], varies from 80.91 to 98.39 % and chemical
index of weathering (CIW) values, which indicate the
degree of source weathering [25] varies from 84.12
to 98.70 % in samples (Table 1). Average PIA and

5. Discussion

5.1. Source rock composition and provenance

In the studied samples, the Al,O3/TiO; ratio ranges
from 13.33 to 22.36 suggesting derivation from
intermediate rocks [27]. According to the La/Th
versus Hf diagram [28] (Figure 5a), most of the
samples display nearly vertical orientation which is
pointing mixed felsic-basic source, which include
metamorphic rocks in addition to being an important
contribution of detritus. On the discrimination

CIW values indicate relatively higher degree of
weathering than calculate from CIA values. Average
Rb/Sr ratio (0.88) (Table 1) is very close to the
average Post Archean Australian Shale composition
(0.80) and this may indicate that the degree of source
area weathering was relatively intense [26].

diagram for sedimentary provenance [29], studied
samples plot on the quartzose sedimentary
provenance and mafic igneous provenance fields
(Figure 5b). In ultramafic rocks, Cr/Ni ratio is about
1.6, and the Cr/Ni ratios of the studied samples range
from 0.74 to 12.01 (average = 4.29) (Table 1), which
are indicate that these samples may derived from
intermediate source rocks [30]. The Th/Co, Th/Cr
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and Cr/Th ratios of the studied carbonaceous rocks
range from 0.07 — 0.71, 0.02 — 0.07 and 14.19 —
118.98, respectively. These ratios are compared with
those of sediments derived from felsic and mafic
rocks which indicate that studied samples are

Volume 7 (1), June 2018, pp 711-721

between both rock types [16, 31]. On the K>O/Na,O
versus SiO, and SiO2/Al,O3 versus K;O/Na,O
diagrams most samples from the Hayrettin Formation
plot in the active continental margin field [32, 33],
(Figure 5¢ and 5d).
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Figure 5. Discrimination diagrams for composition and provenance signature of studied samples using (a) La/Th versus
Hf plot for discriminating source rocks sedimentary rocks (compositional fields of the source rock after [28]), (b) major
elements (after [29]). The discriminant function is as follows: Discriminan Function 1 = (-1.773 x TiO) + (0.607 x
Al;O3) + (0.76 x Fe;03) + (-1.5 x MgO) + (0.616 x CaO) + (0.509 x Na20) + (-1.22 x K;0) + (-9.09). Discriminant
Function 2 = (0.445 x TiO,) + (0.07 x Al,03) + (-0.25 x Fe;03) + (-1.142 x MgO) + (0.438 x Ca0) + (0.432 x Na20) +
(1.426 x K0) + (-6.861), (c) Tectonic discrimination diagrams for sedimentary rocks, (d) K>O/Na;O versus SiO..
Tectonic lines are after [33] and (b) SiO2/Al,03 versus K.O/Na;O. Tectonic lines are after [32].

5.2. Geochemical approach to depositional environment

Total organic carbon (TOC, %) contents of Hayrettin
Formation carbonaceous rocks on average 9.73 wt.%.
All the samples have rich source rock quality (Table
1). Ni/Co ratios of the carbonaceous samples range
from 0.97 to 8.42, and it usually indicates deposition
under oxic conditions [34], (Figure 6a). V/Cr ratios
of the studied samples range from 0.29 to 1.18
suggesting deposition under oxic conditions [35],
(Figure 6b). U/Th ratios less than 1.25 indicate well-
oxygenated conditions, whereas values above 1.25
indicate suboxic and anoxic conditions [34]. U/Th
ratios of the studied samples generally less than 1.25

pointing to oxic depositional conditions (Figure 6c).

The authigenic uranium content is also taken into
account as a redox indicator of the depositional
environment and calculated as; authigenic U = (Total
U) — Th/3 [36]. Some major element contents of
sedimentary rocks provide useful information on
climatic conditions in the source area. On the binary
SiO; versus (AlOs + KO + Na,O) diagram [37]
studied samples plot in the semiarid climate field
(Figure. 7).
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5.3. Chemical components and trace element enrichments of carbonaceous rocks

Trace element enrichments in carbonaceous rocks
have been compared to trace element contents of the
certain reducing environments and the enrichment
factors (EF) have been calculated using; EFeiement =
(element/Al)sampie/ (element/Al)average shale  [38] (Table
2). Considering the Al;Os; (clay minerals), SiO,
(silicate minerals) and CaO (carbonate minerals)
contents, these three of the major chemical
components indicate that the analyzed carbonaceous
rocks are compositionally similar to the average
shale [39]. Compared to average shale, Hayrettin
carbonaceous rocks are characterized by more
pronounced TOC (EFroc = 80.48), sulfur (EFs =
15.10), Co (EFc, = 2.11), Cr (EFc, = 3.67), Mo (EFwmo
= 23.50), Ni (EFni = 1.85), Pb (EFe, = 1.27), Th
(EFm = 1.04), U (EFy = 6.24) and finally V (EFv =
1.52) enrichments. Total sulfur (TS) contents of the
studied samples range from 0.68 to 6.54 %. The
amount of S in a sedimentary deposits can be

affected by the amount of available reactive Fe in
that environment. Sulfur and organic carbon in
studied samples show a strong positive correlation (r?
= 0.81, n = 11). One could argue that enhanced C
abundances increase the rate of bacterial sulfate
reduction that produces large amounts of H,S, which,
in the presence of reactive Fe, yields pyrite. Higher
supply of organic matter, higher sulfur concentration
result in relatively anoxic conditions which formation
of pyrite mineral and XRD characteristics of the
samples were supported these results (Figure 2a). As
stated above, high amounts of organic matter
preserved under anoxic pore water conditions favor
bacterial sulfate reduction and the consequent
generation of hydrogen sulfide. If enough reactive Fe
is present, pyrite will form. On the other hand, under
Fe-limited conditions, very little pyrite may form in
the samples from Hayrettin Formation.
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Table 2. Enrichment factors (EF) for total organic carbon (TOC), sulfur and several trace element contents of Hayrettin carbonaceous rocks in comparison to average shale,
Mediterranean sapropels, Monterey Formation, Namibian mud lens, Gulf of California and Peru margin.

Element Hayrettin Average EF Mediterranean EF Monterey EF  Namibian EF Gulf of EF Peru EF
Carbonaceous  Shale” Sapropels™ Formation™ Mud California™ Margin™
Rocks Lens™
TOC 9,73 020 80,48 6.91 1,07 5.02 1.62 5.37 0,43 435 6,16 8.33 1,03
S 2,13 0.20 15,10 3.26 0,43 nd nd 1.20 0,36 0.56 8,98 1.43 1,13
Ba \ 426,75 ~ 580.00 0,84 228.00 099  363.00 0,68 324.00 022  566.00 1,44 314.00 0,83
Co 31,43 19.00 2,11 68.00 0,27 6.00 3,39 3.50 1,63 6.60 10,12 6.10 3,50
Cr \ 273 ~90.00 3,67 110.00 1,38 139.00 1,20 83 057  44.00 12,49 98.00 1,79
Cu 32,32 45.00 0,97 127.00 0,16 45.00 0,49 37.00 0,17 27.00 2,70 49.00 0,48
Mo \ 18,71 - 1.00 23,50 105.00 010  20.00 0,60 40.00 0,08 12.00 3,26 42.00 0,30
Ni 91,62 68.00 1,85 208.00 0,28 104.00 0,61 46.00 0,39 38.00 5,52 74.00 0,91
Pb \ 23,51 - 22.00 1,27 11.30 1,14 6.00 2,36 4.50 0,89 17.00 2,74 18.00 0,83
Th 10,68 12.00 1,04 nd nd nd nd nd nd nd nd nd nd
U \ 15,82 - 3.70 6,24 15.50 0,69 nd nd 30.00 011 5.70 6,75 10.50 1,17
Vv 165 130.00 1,52 518.00 0,18 265.00 0,38 138.00 0,20 101.00 3,26 152.00 0,69
Zn \ 45,89 ~95.00 0,61 96.00 028  145.00 0,20 35.00 024  88.00 1,09 106.00 0,29

Note: TOC and S in percent (%); minor elements in ppm; nd = not detected. *Average shale data from [39]. **Mediterranean sapropels, Namibian Mud Lens and Gulf of California data from
[5]. ***Monterey Formation data from [40].
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6. Conclusions

Average CIA, PIA and CIW values of the samples
indicate intensive weathering in the source area.
According to ICV values and major and certain trace
elements of carbonaceous rocks suggest that these
samples are derived from the intermediate rocks.
This paper has also presented successful applications
of the XRD, XRF and total organic carbon analysis
to the determination of redox conditions of
carbonaceous rocks. One of the principal results of
this conclusion is that Ni/Co, V/Cr, and U/Th ratios
can allow us to identify oxic depositional conditions.
The presence of pyrite and a strong positive
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