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1. Introduction
The mineralogical and chemical compositions of lake 
sediments are mainly controlled by the properties of the 
sedimentary environment. They are also preferentially 
affected by several factors such as source rock, catchment 
weathering, tectonic setting of the source rocks, and 
paleoclimate of the region (Yuretich et al., 1999; Condie et 
al., 2001; Wanas and Abdel-Maguid, 2006; Hseu et al., 2007; 
Alizai et al., 2012; Armstrong-Altrin et al., 2013; Tao et al., 
2013; Song et al., 2014; Armstrong-Altrin, 2015; Garzanti 
et al., 2016; Huvaj and Huff, 2016; Şengün and Koralay, 
2019). Although sedimentological and tectonic records are 
available for several sedimentary basins in Eastern Turkey, 
studies regarding geochemical characteristics of these 
basins are very limited (Eker and Korkmaz, 2011; Tetiker, 
2014; Akkoca and Işık, 2018).

Lake Hazar is situated on the Eastern Anatolian Fault 
Zone (EAFZ) (Figures 1a and 1b), having a maximum 

depth of 220 m (Eriş, 2013). The lake covers an area of 78.44 
km2 and has a volume of 7.5 × 109 m3. The lake has a closed 
drainage system that is mainly discharged by the Kürkçayı 
and Zıkkım rivers from the western and eastern margins. 
On the other hand, there are several permanent inlets and 
ephemeral creeks that drain the northern and southern 
catchments, providing water and clastic sediments to the 
lake (Figure 1b).

Different models have been proposed for the evolution 
of the Hazar Basin and its current relationship to the 
EAFZ (Hempton et al., 1983; Aksoy et al., 2007; Khalifa 
et al., 2018). However, the recent interpretation of Garcia-
Moreno et al. (2010) based on the relationships of various 
morphotectonic structures along the lake floor proposed 
that Lake Hazar Basin is a pull-apart basin. In their study, 
the structure of the basin was examined by utilizing a 
bathymetric map and seismic profiles together with the 
sediment core. 
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Eriş (2013) and Eriş et al. (2018a) studied high-
resolution seismic reflection profiles and sediment cores 
from Lake Hazar and documented a detailed record of lake-
level fluctuations and a robust chronology of paleoclimatic 
changes in the Eastern Anatolia during the late Pleistocene 
to Holocene. A different approach for extracting 
paleoclimate proxies, namely independent component 
analysis, was proposed by Ön et al. (2017) and provided a 
high-resolution paleoclimate record of Lake Hazar through 
the late Pleistocene to Holocene. Eriş et al. (2018b) studied 
the effects of climate and tectonic interactions in the lake 
sediments spanning the middle to late Holocene and 
documented remarkable tectonic markers that controlled 
the depositional conditions. High-resolution seismic 
data, magnetic susceptibility, total organic carbon, and 
Ca, Fe, K, Mn, Sr, and Ti element contents were used in 
these previous studies. The paleoclimate reconstruction 
was also supported by a high-resolution pollen analysis 
by Biltekin et al. (2018), who presented the evolution of 
paleovegetation with respect to climate changes. On the 
other hand, rather than the elemental profiles investigated 
in previous studies, other major oxide, trace, and rare 

earth element (REE) contents of Lake Hazar sediments 
have not yet been studied. For this purpose, we examined 
piston core HZ11-P01 recovered from a well close to the 
mouth of the Kürkçayı River and alluvial fans that flow 
into the western depression of the lake. Our main objective 
is to discuss chemical weathering in the catchment area, 
the paleoclimate of the region, redox conditions at the 
sediment/water interface of the lake, the provenance of the 
lake sediments, and the tectonic setting of the source rocks 
in the catchment by using mineralogical and geochemical 
composition of the lake sediments during the last ~2 ka BP.

2. Geological setting
Lake Hazar is a 25-km-long, 7-km-wide strike-slip 
sedimentary basin with a north-eastern trending elongated-
shape on the EAFZ (Figures 1a and 1b). The basin has 
been described as an active pull-apart basin (Şengör et al., 
1985;  Çetin et  al., 2003). In the Quaternary, the western 
part of the lake was discharged by the Kürkçayı River and 
alluvial fans of diverse size extending parallel to the fault 
(Aksoy et al., 2007; Eriş et al., 2018a) (Figure 1b). The main 
geological units in the studied area are upper Jurassic-
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lower Cretaceous Guleman ophiolites, upper Cretaceous 
Elazığ magmatics, the Maastrichtian-upper Paleocene 
Hazar Group, the middle Eocene Maden Group, and Plio-
Quaternary and Quaternary alluviums. Outcrops of the 
Elazığ magmatics and the Maden Group can be observed 
around the Kürkçayı River and in the vicinity of alluvial 
fans at the western part of the lake (Figures 1c and 2).

The Guleman ophiolites, consisting of harzburgite, 
dunite lenses, and podiform chromitites, are located at the 
eastern part of the lake (Figure 2). Bingöl (1986) suggested 
that this unit was formed in a midoceanic ridge. The 
Elazığ magmatics are located at the western part of the 
lake (Figure 2) and comprise basaltic, andesitic lava flows 
(Ural et al., 2015). The Elazığ magmatics belong to a calc-
alkaline series of island-arc magmatism and arc-continent 
collision (Yazgan and Chessex, 1991; Robertson et al., 
2007). The Hazar Group is located at the eastern part of 
the lake (Figure 2) and consists of conglomerates changing 
laterally and vertically to limestone and shales. According 
to Çelik (2003), this formation was deposited in a shallow 
marine environment. The Maden Group is exposed west 
of the Kürkçayı River and to the northeast of Lake Hazar. 
It contains basalts, basaltic andesites, andesitic volcanics, 
and volcanosediments around the lake (Erdem, 1987). 

Bozkaya et al. (2006) proposed that the Maden Group 
rocks are products of a back-arc volcanism. Ertürk et al. 
(2018) found new evidence to suggest a postcollisional 
magmatism for the tectonic setting of these rocks.

3. Materials and methods
The studied core, HZ11-PO1, was recovered at a water 
depth of 48 m at 38°27ʹ54″N, 39°18ʹ59″E by a percussion 
piston corer of 7.5 cm in diameter. The core, 2.2 m in length, 
was transported to the refrigerated (4 °C) core repository in 
the Geology Department of Fırat University. 14C dating of 
core material was carried out at the Woods Hole NOSAMS 
on selected mollusk shells that had been carefully cleaned 
and examined under a microscope to ensure that they 
were diagenetically unaltered. The radiocarbon ages (14C 
ka BP) are reported without reservoir correction (Siani et 
al., 2000) and without calibration according to Stuiver and 
Reimer (1993).

X-ray studies of the lake samples were carried out 
with the Rigaku DMAXIII diffractometer using Ni-
filtered Cu Kα at 15 kV-40 mA instrumental settings. 
Bulk mineral compositions of 40 lake samples and clay 
mineral compositions of 20 lake samples were determined. 
The bulk mineralogy was determined by X-ray powder 
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diffraction (XRD). The clay fraction was separated 
according to the principles of Stoke’s law (Folk, 1974). 
Clay mineralogy was determined by XRD using oriented 
samples after air-drying, saturation with ethylene glycol 
for 12 h, and heating at 490 °C for 4 h. The whole-rock and 
clay mineral percentages were determined following the 
intensity constants of Temel and Gündoğdu (1996) after 
Brindley (1980). In this method, all samples were mounted 
in random and oriented mounts. The characteristic peak 
intensities (I) of minerals were normalized to that of the 
(104) reflection of dolomite. Accordingly, the areas of the 
air-dried 3.04-Å peak were multiplied by 0.74 to yield 
calcite, the area of the 3.34-Å peak was multiplied by 0.34 
to obtain quartz, the 3.20-Å peak areas were multiplied by 
1.62 to estimate feldspar, and the 4.48-Å peak areas were 
multiplied by 14.63 to yield clay minerals. Clay minerals 
were estimated by weighting the integrated peak areas of 
characteristic basal reflections in the glycolated state with 
the empirical factors of Temel and Gündoğdu (1996) after 
Brindley (1980). Characteristic peak intensities (I) of the 
minerals were normalized to that of the (104) reflection 
of dolomite. Accordingly, the areas of the glycolated 5.7-
Å peak were multiplied by 0.51 to obtain illite, the 7.8-
Å peak areas were multiplied by 0.83 to yield smectite/
chlorite (S-C), and the 5.4-Å peak areas were multiplied 
by 0.83 to yield chlorite (C) contents. The relative accuracy 
of this method is within 15%. As a consequence of these 
mineralogical studies, the types of bedrock and clay 
mineral assemblage of core sediments were determined, 
and the results are discussed with respect to geochemical 
findings. 

Scanning electron microscopy (SEM) was used for three 
lake samples to observe the morphology and shape of the 
clay minerals in different levels of the piston core. A Zeiss 
EVO MA10 scanning electron microscope instrument 
with energy-dispersive X-ray (EDX) capabilities was used.

In order to compare geochemical characteristics of 
bedrocks and piston core samples, 5 samples were collected 
from the Elazığ magmatics (labeled ELM1) at the west 
side of the lake and another 5 samples were taken from 
the Maden Group (labeled MDG1). These samples and 
20 samples from the HZ11-P01 piston core were analyzed 
at Acme Analytical Laboratories Ltd. (Canada) for major, 
trace, and REE contents. Elements were measured on glass 
pellets that were produced in a platinum-gold crucible 
by adding a 1/5 ratio of sample and lithium tetraborate 
(Li2B4O7) at 1150 °C. Moreover, the average of 15 samples 
from the Elazığ magmatics outcropping at the northeast 
of Lake Hazar was labeled ELM2, which were compiled 
from the study of Dönmez (2006). Likewise, the average of 
8 samples from the Maden Group rocks to the southeast of 
Lake Hazar was labeled MDG2, which were compiled by 
Ertürk et al. (2018).

4. Results 
4.1. Sedimentology and stratigraphy of the core
The HZ11-P01 piston core, 2 m in length, covers the 
last ~2 ka 14C ka BP on the basis of uncalibrated 14C ages 
(Figure 3). AMS 14C analysis of a mollusk shell close to the 
lowermost part of the core suggested an age of 1730 14C ka 
BP. The core begins at its lowermost part with alternations 
of dark and light gray homogeneous clays that terminate 
at 1.72 m with a yellowish green silty clay layer. Upward 
in the core, between 1.72 and 1 m, light gray silty clay 
and green gray homogeneous clay are intercalated by thin 
layers of silty clay. The most remarkable change in the 
core occurs at 0.76 m, where the homogeneous clay passes 
upward into alternations of dark and light gray mud with 
silty clay layers and homogeneous clay intercalation. AMS 
14C ka BP analysis of an ostracod shell from the upper part 
of the unit indicates an age of 885 14C ka BP (Figure 3). 
In the upper part of the core, between 0.38 m and 0.21 
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m, moderately sorted, very fine sand layers alternate with 
dark gray homogeneous clay. The core sequence in the 
uppermost 0.21 m consists of yellowish green clay with 
some disturbed silty laminations. 
4.2. Mineralogical composition
Whole-rock XRD patterns of samples P0105 and P0160 
from different levels are shown in Figure 4a. In whole-rock 
XRD analysis, mean peaks of clay 4.47 Å (2θ = 19°), quartz 
3.34 Å (2θ = 26°), feldspar 3.20 Å (2θ = 28°), dolomite 2.90 
Å (2θ = 31°), and calcite 3.03 Å (2θ = 30°) were identified 
(Figures 4a and 4b). The whole-rock mineral assemblage 
of lake sediments consists of 45% to 79% clay, 10% to 32% 
feldspars, 7% to 16% quartz, 1% to 10% dolomite, and 1% 
to 7% calcite (Table 1). 

In clay fraction XRD patterns, illite peaks of 10.13, 
5.03, and 3.35 Å did not change with glycolation and 
heating. The characteristic peaks of chlorite are 14.2, 7.01, 
and 4.7 Å and these remain similar in the air-dried and 
glycolated XRD patterns shown in Figure 4b. The intensity 
of the 7.01-Å peak decreases in heated samples. The peak 

at 7.8 Å in air-dried patterns of smectite/chlorite mixed-
layer clay is wider and broader than those of chlorite. 
The characteristic peaks of S-C are 14.01, 9.3, and 7.8 
Å. Specifically, a characteristic peak of S-C shifted from 
14.01 to 15.5 Å after ethylene glycol saturation and then 
collapsed to 12.04 Å with heating (Figures 4c and 4d). The 
clay minerals in these samples from core HZ11-P01 range 
from 24% to 55% smectite/chlorite mixed-layer clay, 22% 
to 42% chlorite, and 17% to 38% illite (Table 1).
4.3. SEM analyses
Results of SEM and EDX analyses of samples P05, P0175, 
and P0195 that represent different depths and lithological 
levels of lake sediments are shown in Figures 5a–5c. In 
sample P05 the most abundant clay mineral is chlorite 
(Figure 5a). Chlorite is characterized by lath-shaped plates 
with crystal thickness of 2–6 µm (Figure 5a). Smectite-
chlorite flakes coat the surface of glassy volcanic fragments 
and appear in the form of flake-shaped spongy hyaloclasts 
in sample P0175 (Figure 5b). Illites are observed as stick-
like particles in sample P0195 (Figure 5c). The morphology 
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of clays displayed thick plates and rounded outlines and 
they did not show a significant change in these three 
samples (Figure 5). EDX data from these samples indicate 
that all clays mainly contain O, Mg, Al, Si, and K elements; 
however, Fe and Mg contents are high in chlorite and 
differently from other minerals S-C contains Ti (Figures 
5a and 5b). Illite is represented by low Fe and Mg and high 
K concentrations (Figure 5c). 
4.4. Geochemistry
4.4.1. Major and trace elements
Major and trace element concentrations of bedrocks (Elazığ 
magmatics, ELM1–2; Maden Group, MDG1–2) and lake 
samples are shown in Tables 2a and 2b. Average data of 
the Post-Archean Australian shales (PAAS) of Taylor and 
McLennan (1985), which are considered to represent the 
upper continental crust composition, are included as a 
reference. Compositional variations of the lake samples 
are comparatively low. The average concentrations of SiO2, 
Al2O3, Fe2O3, and MgO in the lake samples are 46.83 wt.%, 
15.35 wt.%, 8.58 wt.%, and 5.40 wt.%, respectively.

The correlation between the major elements and Al2O3 
is shown in Figure 6a. The lack of a significant positive 
correlation between SiO2 and Al2O3 is due to the fact that 
most of the silica is sequestered in quartz (Rahman and 
Suzuki, 2007). Positive correlation of TiO2 with Al2O3 
suggests that TiO2 is probably associated with silicates and 
phyllosilicates, especially with illite (Dabard, 1990). The 
positive correlation of Fe2O3, MgO, P2O5, and MnO with 
Al2O3 suggests that their distribution is mainly controlled 
by silicates and phyllosilicates (Dabard, 1990; Rahman and 
Suzuki, 2007; Descourvieres et al., 2011).

Major oxides are normalized with PAAS values (Taylor 
and McLennan, 1985) (Figure 6b). CaO and MgO show 
5.44- and 2.46-fold enrichments with respect to PAAS, 
which is attributed to the presence of diagenetic calcite 
and dolomite cements. The results of XRD analysis 
revealed the presence of calcite and dolomite (Figures 4a 
and 4b; Table 1). Felsic rocks contain a high amount of K 

(Wedepohl, 1978). K2O shows depletion with respect to 
PAAS (0.42 × PAAS), indicating that the source rock of the 
studied samples is not felsic continental source rock, like 
PAAS (Figure 6b).

In the Herron (1988) diagram, the lake samples are 
classified as Fe-shale and their geochemical composition 
is not consistent with upper continental crust (UCC), 
PAAS, or North American shale composite (NASC) 
(Figure 6c). The Fe-shale character of samples might 
indicate that source rocks have a composition that varies 
from intermediate to mafic (Roser and Korch, 1986). 
The geochemical characteristics of lake samples are quite 
similar to those of surrounding rocks (ELM1–2 and 
MDG1–2) along the Kürkçayı River route and alluvial fans 
at the western margin of Lake Hazar. Na2O contents of 
lake samples are lower than those of samples ELM1–2 and 
MDG1–2 (average in lake samples, 1.66; in ELM1–2, 3.95–
4.26; in MDG, 3.25, 3.85) (Tables 2a and 2b; Figure 6b). Na 
is easily removed during chemical weathering (Ling et al., 
2013). Therefore, lower contents of Na2O must be due to 
the weathering of lake sediments. 

Figure 7a illustrates the correlation of Al2O3 with 
trace elements. The high correlation of trace elements 
(e.g., Ni, V, Rb, Ba, Pb, Zr, Nb, Th, U, Cu, Sc, Zn, Co) with 
Al2O3 (Pearson correlation coefficients between 0.58 and 
0.91) suggests that these elements may be bound in clay 
minerals and feldspar during weathering (Fedo et al., 1996; 
Nagarajan et al., 2007). Slightly lower positive correlations 
of Cr, Y, and Hf with Al2O3 (with respective r values of 0.45, 
0.31, and 0.39) may result from different source regions 
for these elements. Cr may be linked with clinopyroxenes 
and opaque minerals, while Y and Hf might be associated 
with heavy minerals (Craigie, 2018). Sr is significantly 
negatively correlated with Al2O3 (r = –0.92) since Sr is 
generally bound to carbonate minerals (Dix, 2006).

Selected trace elements are normalized with PAAS 
(Taylor and McLennan, 1985) (Figure 7b). As shown 
Figure 7, lake samples are depleted in Th, Ba, Rb, and U 

Table 1. Mean, standard deviation, and coefficient of variation (CV = standard deviation / mean × 100) of the semiquantitative relative 
whole-rock (n = 40) mineral fraction and clay mineral fraction (n = 20) abundance (%) of the lake samples. S-C: Smectite-chlorite 
mixed-layer clays.

Whole-rock mineral (%) (n = 40) Clay minerals (%) (n = 20)

Clay Feldspar Quartz Dolomite Calcite Chlorite S-C Illite

Mean 65 18.85 9.125 3.6 2.5 33.05 41.85 24.6
Maximum 79 32 16 10 7.0 42 55 38
Minimum 45 10 7.0 1.0 1.0 22 24 17
Standard deviation 7.37 5.09 1.77 1.66 1.46 5.87 7.56 5.66
Coefficient of variation 11.19 27.03 19.41 46.13 58.7 13.9 13.7 14.8
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but enriched in transition elements of Ni, Cr, Sc, V, Co, and 
Cu, and this might indicate that all samples are less acidic 
with respect to PAAS of crustal origin. Concentrations 
of immobile elements (e.g., Sc, Zr, Hf, Y) of lake samples 
are similar to those of ELM1–2 and MDG1–2. The fact 
that concentrations of Ba, Rb, and Pb in lake sediments 
are higher than those of ELM1–2 and MDG1–2 bedrock 
samples is attributed to adsorption of these elements on 
the clay surface (Uddin, 2017). Variations of U contents 

in lake samples relative to ELM1–2 and MDG1–2 can be 
related to redox conditions in the lake as U is a redox-
sensitive element (Martinez-Ruiz et al., 2015). The Sr 
content of lake samples is higher than that of ELM1–2 and 
MDG1–2, which could be due to its retention within the 
carbonate minerals (Figure 7b).
4.4.2. Rare earth elements (REEs)
The concentrations of REEs in samples ELM1–2 MDG1–2 
and lake samples are listed in Tables 3a and 3b. The PAAS 
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Table 2. Major trace elements and some element ratios of (a) surrounding rocks, Elazığ magmatics (ELM1: this study), Maden Group 
(MDG1: this study), ELM2 (from Dönmez, 2006, n = 15), MDG2 (from Ertürk et al., 2018, n = 8). (b) Lake samples, Post-Archean 
Australian shales (PAAS) (from Taylor and McLennan, 1985). Fe2O3*: Total Fe; LOI: loss of ignition at 1050 °C; CIA* = 10 × [Al2O3 / 
(Al2O3 + CaO* + Na2O + K2O)]. (CIW = Al2O3 / (Al2O3 + CaO* + Na2O) × 100). The molar proportion of Na2O is taken as the molar 
proportion of CaO from the silicate fraction according to the indirect method of McLennan et al. (1993). Authigenic (U) = (totalU) – Th 
/ 3 (Martinez-Ruiz et al., 2015). ICV = [Fe2O3 + K2O + Na2O + CaO + MgO + TiO2 / Al2O3]; C-value = [∑(Fe + Mn + Cr + Ni + V + Co) 
/ ∑ (Ca + Mg + Sr + Ba + K + Na)] (Zhao et al., 2007).

Table 2a.

Surrounding rocks

Elements
(%)

ELM1 MDG1

HE1 HE2 HE3 HE4 HE5 Average HM1 HM2 HM3 HM4 HM5 Average ELM2 MDG2

SiO2 58.3 59.42 64.7 59.15 59.8 60.27 51.79 51.36 43.63 51.24 51.99 50.0 55.9 51.17
Al2O3 16.52 15.89 15.84 16.99 16.14 16.27 20.23 22.12 17.28 17.14 17.07 18.76 14.86 16.96
Fe2O3 6.32 6.2 4.63 6.31 5.85 5.86 10.96 10.22 9.88 8.99 8.31 9.67 7.43 8.78
MgO 3.48 3.38 1.78 2.67 3.08 2.87 2.29 2.13 6.28 4.35 3.04 3.61 4.51 5.83
CaO 4.52 4.75 2.64 3.73 6.26 4.38 4.37 3.43 9.56 8.16 9.62 7.02 5.92 7.3
Na2O 3.61 3.58 5.02 4.66 2.91 3.95 3.05 3.09 4.24 3.12 2.77 3.25 4.26 3.85
K2O 0.95 0.83 1.96 1.28 1.10 1.22 1.5 2.12 0.5 0.67 0.59 1.07 1.04 1.05
TiO2 0.62 0.61 0.54 0.69 0.47 0.58 1.07 1.06 1.17 1.04 1.15 1.09 0.85 1.01
P2O5 0.13 0.13 0.21 0.14 0.11 0.14 0.28 0.16 0.13 0.18 0.21 0.19 0.11 0.18
MnO 0.12 0.12 0.12 0.12 0.11 0.11 0.24 0.13 0.22 0.18 0.19 0.19 0.14 0.14
Cr2O3 0.009 0.009 0.002 0.002 0.007 0.005 0.031 0.036 0.021 0.022 0.021 0.026 0.017 0.02
LOI 5.3 4.9 2.4 4.1 4.2 4.18 3.9 3.8 6.9 4.7 4.9 4.84 4.88 4.06
Total 99.85 99.86 99.88 99.86 99.86 99.862 99.86 99.88 99.79 99.81 99.84 99.836 99.97 100.38
Ba 126 116 268 150 104 152.8 71 87 40 54 64 63.2 130.125 103.32
Co 13.7 13 4.6 12.7 10.6 10.92 17.5 14 10.3 17.2 14.9 14.78 25.81 23.2
Cs 0.4 0.2 0.1 0.2 0.2 0.22 0.9 0.8 0.1 0.4 0.4 0.52 0.36 0.16
Ga 14.2 13.9 14 14.2 14.5 14.16 14.8 16.7 15.2 14.3 16 15.4 17 14.62
Ni 77 81 94 68 20 68 185 134 70 95 57 108.2 87.09 88.36
Sc 19 19 11 19 17 17 42 41 36 30 33 36.4 33.55 28
Sr 197.2 180.1 171.3 189.7 183 184.26 191.7 170.7 145.2 274.3 390.9 234.56 340.62 193.2
Ta 0.2 0.2 0.1 0.2 0.2 0.18 0.1 0.1 0.1 0.1 0.1 0.1 0.24 0.18
Th 1.6 0.9 0.8 0.9 1.2 1.08 0.5 0.3 0.2 2.8 2.3 1.22 1.19 1.7
U 0.6 0.4 0.3 0.2 0.5 0.4 0.3 0.2 0.1 0.6 0.7 0.38 0.48 0.3
V 131 130 61 177 138 127.4 178 117 268 184 191 187.6 226.3 229
Zr 99.5 89.6 101.6 76.8 92.6 92.02 77.1 70.2 65.1 86 90.2 77.72 81.5 76.8
Y 27.1 25.2 26.3 21 25.3 24.98 29.8 24.4 26.9 26.2 29.9 27.44 22.5 28.8
Mo 0.1 0.2 0.1 0.1 0.2 0.14 0.2 0.2 0.2 0.2 0.2 0.2 … 0.86
Cu 25.1 22.9 3.1 26.1 18 19.04 32 10.4 4.4 67.2 71.2 37.04 60.3 36.78
Pb 1.1 1.6 0.2 0.4 0.6 0.78 1.5 1.4 1.3 2 2.5 1.74 2.87 0.8
Zn 72 72 64 61 59 65.6 74 62 100 69 63 73.6 54.3 54.3
As 0.5 0.5 0.5 0.5 0.5 0.5 9.2 4.1 5.1 2.8 4.3 5.1 … 1.37
Hf 2.8 2.4 2.9 2.1 2.6 2.56 2.1 1.8 1.7 2.6 2.5 2.14 2.07 2.4
Nb 2.4 2 2.1 1.7 2 2.04 1.2 0.9 0.5 1.9 2.4 1.38 3.87 1.6
Rb 14.6 10.6 16.9 14.8 17.5 14.88 27.7 40.1 8.6 12.6 12.2 20.24 13.18 28.8
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Table 2b.

Elements
(%)

                                      Lake samples

P05 P025 P030 P035 P045 P055 P065 P075 P085 P095 P0105 P0115

SiO2 45.6 46.14 46.45 46.33 47.86 50.86 47.05 49.54 48.24 47.71 53.06 44.69
Al2O3 16.87 16.57 16.81 16.04 14.56 15.55 14.8 14.36 17.02 16.58 13.22 14.91
Fe2O3 9.48 9.42 9.61 9.41 8.29 8.45 8.71 7.89 8.6 8.83 7.29 8.9
MgO 5.48 5.51 5.58 5.51 5.36 4.95 5.54 5.23 5.35 5.62 4.62 5.79
CaO 5.18 5.2 4.83 5.92 7.8 5.71 7.24 7.15 4.61 4.79 9.14 8.01
Na2O 1.3 1.34 1.36 1.63 1.97 2.1 1.86 1.73 1.16 1.18 1.81 1.77
K2O 1.92 1.88 1.96 1.65 1.22 1.14 1.27 1.69 2.58 2.35 1.3 1.33
TiO2 0.99 1.04 1.04 1.07 1.04 1.04 1.07 0.99 1.0 0.97 0.9 0.98
P2O5 0.18 0.18 0.18 0.17 0.16 0.14 0.15 0.17 0.17 0.16 0.14 0.17
MnO 0.19 0.18 0.19 0.18 0.17 0.14 0.17 0.15 0.14 0.17 0.15 0.18
Cr2O3 0.032 0.031 0.031 0.03 0.028 0.031 0.028 0.027 0.027 0.029 0.019 0.031
LOI 12.6 12.3 11.7 11.9 11.4 9.7 11.9 10.9 10.9 11.4 8.2 13.0
Total 99.81 99.81 99.81 99.82 99.83 99.85 99.82 99.82 99.8 99.8 99.83 99.82
Ba 311 319 344 291 225 159 240 295 417 391 260 220
Co 34.8 33.4 38.5 39 33 33 33.7 34.7 29.7 35.2 24.3 35.7
Cs 5.3 5.2 4.2 3.7 2.1 1.9 2.3 4 6.5 6.6 2.5 2.6
Ga 17.7 17.3 18.7 17.3 15.8 15.9 14.7 14.2 18.3 18.5 14 14.9
Ni 3.6 3.6 3 3.8 3.2 2.9 3.8 3.9 3.8 3.9 58.9 91.8
Sc 8.8 8.8 9 7.7 6.9 5.4 6.7 7.1 9.6 9.6 23 28
Sr 180.3 180.7 181.2 211.3 247.6 199.9 235.9 218.9 177.1 186.4 297 263.4

Th 5.6 5.6 6
.3 5.1 4.6 3.1 3.9 5.2 7.3 6.2 3.7 3.5

U 1.4 1.5 1.8 1.4 1.1 0.8 1.2 1.3 2 1.7 1.1 1.3
V 199 196 203 202 188 211 191 173 192 189 176 217
Zr 127.7 128.3 133.5 139.2 135.8 105.6 132.7 136.9 143.9 146.6 146.6 104.6
Y 23.6 25.8 27.9 28.3 28 28 27 27 24.1 28.6 28.6 25
Cu 77.4 72.3 74.8 67.2 49.6 50.7 58.8 51.4 63.1 64.6 29.1 54.6
Pb 27.1 23 24.6 19.2 12.9 11.8 16.3 21.2 23.4 16.3 12.3 15
Zn 103 99 98 86 68 72 77 82 91 91 59 74
As 17.9 18.8 17.5 17.4 18.7 18.1 18.1 18.2 18.2 18.2 20.7 12.9
Hf 3.6 3.6 3 3.8 3.2 2.9 3.8 3.9 3.8 3.9 3.1 3.2
Nb 8.8 8.8 9 7.7 6.9 5.4 6.7 7.1 9.6 9.6 4 6.1
Rb 56.7 54 58.1 48 35.2 30 39.4 49.6 76.4 68.1 37.1 37.8
Na2O/TiO2 1.31 1.29 1.31 1.52 1.89 2.02 1.74 1.75 1.16 1.22 2.01 1.81
Rb/Sr 0.31 0.3 0.32 0.23 0.14 0.15 0.17 0.23 0.43 0.37 0.12 0.14
Th/U 4 3.7 3.4 3.7 4.2 3.8 3.2 4 3.7 3.7 4 3.7
Th/Co 0.16 0.17 0.16 0.13 0.14 0.09 0.12 0.15 0.25 0.18 0.15 0.10
Ni/Co 3.76 3.83 3.3 3.13 2.82 2.82 3.12 2.56 3.7 3.47 2.55 2.97
Cu/Zn 0.75 0.73 0.76 0.78 0.73 0.7 0.76 0.63 0.69 0.71 0.49 0.74
V/Cr 0.91 0.93 0.96 0.99 0.99 1 1 0.94 1.05 0.96 1.36 1.03
U(A) –0.5 –0.4 –0.3 –0.3 –0.4 –0.2 –0.1 –0.4 –0.4 –0.4 –0.1 0.1
CIA 66.86 66.57 67.35 63.55 62.33 63.47 66.76 62.6 67.09 66.77 64.77 61.57
CIW 78.93 78.12 78.11 73.97 68.09 68.13 69.67 70.56 80.9 80.22 67.83 82.24
CIW/CIA 1.18 1.17 1.15 1.16 1.09 1.07 1.04 1.12 1.2 1.2 1.04 1.33
ICV 1.44 1.47 1.45 1.57 1.76 1.5 1.74 1.72 1.37 1.43 1.9 1.8
C-Value 0.7 0.7 0.72 0.66 0.52 0.63 0.57 0.51 0.64 0.65 0.44 0.55
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Table 2b. (Continued).

Elements
(%)

Lake samples

P0125 P0135 P0145 P0155 P0160 P0165 P0175 P195 Average St. dev. PAAS

SiO2 45.3 46.37 45.63 44.21 45.89 45.46 44.62 45.64 46.83 2.21 62.4
Al2O3 14.3 15.53 14.38 13.87 15.07 15.54 14.22 16.76 15.35 1.15 18.78
Fe2O3 8.09 8.72 8.03 7.7 8.23 8.8 7.93 9.19 8.58 0.65 7.18
MgO 5.46 5.49 5.3 5.3 5.48 5.48 5.22 5.63 5.4 0.26 2.19
CaO 8.8 7.25 8.86 10.14 7.86 6.97 9.42 5.53 7.02 1.72 1.29
Na2O 1.81 1.81 1.96 1.85 1.77 1.63 1.78 1.38 1.66 0.28 1.19
K2O 1.28 1.29 1.23 1.26 1.41 1.57 1.33 1.83 1.57 0.4 3.68
TiO2 0.89 0.96 0.91 0.88 0.93 0.97 0.91 0.97 0.98 0.06 0.99
P2O5 0.14 0.14 0.13 0.14 0.14 0.14 0.13 0.15 0.15 0.02 0.16
MnO 0.17 0.19 0.18 0.17 0.17 0.18 0.17 0.2 0.17 0.02 0.11
Cr2O3 0.029 0.032 0.032 0.031 0.034 0.031 0.029 0.034 0.03 0 0.01
LOI 13.5 12 13.2 14.2 12.8 13 14 12.4 12.05 1.43 …
Total 99.83 99.84 99.8 99.79 99.8 99.79 99.8 99.77 99.81 0.02 …
Ba 211 221 188 215 218 246 220 289 264 6.19 650
Co 30.9 34.6 31 31.6 31.9 33.5 30.4 36.2 33.26 3.26 23
Cs 2.3 3 2.2 2.2 2.9 3.3 2.6 4.5 3.5 1.46 15
Ga 13.2 17 13.4 12.6 13.6 15.1 13.1 17.1 15.62 2 15
Ni 92.7 98.5 85.9 83.4 104.1 93.5 91.3 108.7 47.22 45.77 55
Sc 26 28 27 25 27 28 26 29 17.33 9.74 16
Sr 276.1 238.6 268.1 303.6 246.5 222.4 294.8 193.4 231.16 42.44 200
Th 3.4 4.1 3.3 3.7 3.8 4.5 3.8 4.8 4.58 1.16 14.6
U 1.2 1.4 1.3 1.2 1.1 1.3 1.1 1.6 1.34 0.28 3.1
V 180 193 183 172 176 190 173 192 189.8 12.7 150
Zr 114.4 105.8 110.6 98.2 102.2 108.3 113.6 105.5 122 16.59 210
Y 23.4 23.8 24.2 20.5 22.2 22.1 23.2 21.7 25.15 2.61 27
Cu 53.1 62.2 46.7 41.5 53.5 55.8 49.3 71.9 57.38 12.05 50
Pb 13.7 13.8 11.9 12.3 16.4 16.4 14.9 24.6 17.36 4.92 20
Zn 67 73 66 56 72 74 71 92 78.55 13.5 85
As 13.1 10.9 10.9 11.4 12.5 13.1 14.6 15.8 15.85 3.09 55
Hf 2.7 3 2.8 2.8 3.2 3.1 2.9 3.5 3.29 0.41 5
Nb 6 6.4 8.2 7.9 7.8 7.8 7 8.4 7.46 1.44 1.9
Rb 34.1 35.9 29.5 31.7 36.1 41.5 33.5 51.4 44.21 13.13 160
Na2O/TiO2 2.03 1.89 2.15 2.1 1.9 1.68 1.96 1.42 1.7 0.22 1.2
Rb/Sr 0.12 0.15 0.11 0.1 0.15 0.19 0.11 0.27 0.2 0.05 0.8
Th/U 4 3.7 3.5 3.6 4.2 3.9 3.3 4 3.7 3.6 4.7
Ni/Co 2.55 2.97 3.3 3.27 3.52 3.92 4.23 3.97 3.28 3.98 2.39
Cu/Zn 0.49 0.74 0.79 0.85 0.71 0.74 0.74 0.75 0.71 0.78 0.58
V/Cr 0.91 0.89 0.84 0.82 0.76 0.99 0.88 0.83 0.95 0.12 1.36
U (A) –0.1 0.1 0.1 0.1 0.2 0.1 –0.2 –0.2 –0.16 0.1 …
CIA 64.77 64.44 67.85 63.83 62.7 62.51 65.54 62.51 65.69 1.98 …
CIW 69.52 71.24 67.93 68.4 68.4 71.08 73.36 69.76 77.82 4.88 …
CIW/CIA 1.07 1.1 1 1.07 1.13 1.17 1.06 1.24 1.12 0.07 …
ICV 1.9 1.8 1.84 1.64 1.83 1.96 1.7 1.64 1.867 1.46 …
C-value 0.48 0.57 0.48 0.43 0.51 0.58 0.59 0.66 0.58 0.07 …
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values of Taylor and McLennan (1985) are included as 
a reference. As shown in Figure 7a, Th, Ga, Cs, Pb, and 
Zn, which are positively correlated with Al2O3, also have 
high positive correlations with total REEs, indicating 
that REEs are associated with clay minerals (Figure 8). 
REEs are absorbed by clay minerals (Milodowsky and 
Zalasiewicz, 1991; Coppin et al., 2002). Cu, Pb, and Zn are 
chalcophile elements that are bounded to sulfide minerals 
(Kiseeva et al., 2017). However, the positive correlation of 
these elements with ∑REEs might be due to their strong 
association with clays rather than sulfides (Figure 8).

Chondrite-normalized REE patterns of lake 
samples ELM and MDG were compared with the PAAS 
normalized patterns (Taylor and McLennan, 1985). The 

average chondrite normalized REE patterns of the lake 
samples and surrounding rocks ELM1–2 and MDG1–2 
are different from the PAAS (Tables 3a and 3b; Figure 
9). These patterns show that lake samples are enriched 
in light rare earth elements (LREEs) [average (La/Sm)
CN is 2.76], have relatively flat heavy rare earth elements 
(HREEs) [average (Gd/Yb)CN is 1.38], and have a low 
negative Eu anomaly (average Eu/Eu* = 0.90) (Table 3b). 
The chondrite-normalized Elazığ magmatics show slightly 
enriched LREEs with (La/Sm)N = ELM1: 1.67 and ELM2: 
1.32 and HREEs with (Gd/Yb)N = ELM1: 1.11 and ELM2: 
1.37 patterns, and a low negative Eu anomaly of Eu/Eu* 
(ELM1: 0.93–ELM2: 0.64). The Maden Group shows slight 
enrichment of LREEs with (La/Sm)N = MDG1: 1.83 and 
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of log (Fe2O3/K2O) vs. log (SiO2/Al2O3) from Herron (1988) for lake samples. UCC: Upper continental crust (McLennan, 2001); PAAS: 
Post-Archean Australian shales (Taylor and McLennan, 1985); NASC: North American shale composite (Gromet et al., 1984). 
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MDG2: 1.87 and flat HREEs with (Gd/Yb)N = MDG1: 
1.25 and MDG2: 1.14 patterns with Eu/Eu* = MDG1: 
0.82 and MDG2: 0.94 (Table 3b). The average chondrite-
normalized REE patterns of lake sediments are similar to 
those of bedrock. The average shales have a Ce/Ce* value 
of 1.0 (Cullers and Berendsen, 1998). The average Ce/
Ce* value of lake samples is 0.94, which is consistent with 
average shale values (Table 3b). This is also supported by 
the geochemical classification diagram in Figure 6c.

5. Discussion
5.1. Source rock weathering
The chemical index of alteration (CIA) is widely used to 
find out the degree of chemical weathering. The intensity 
is calculated with the chemical index of alteration: CIA 
= [Al2O3 / (Al2O3 + Na2O + K2O + CaO*) × 100], where 
CaO* is the CaO associated with the silicate fraction 
(Nesbitt and Young, 1982). Total CO2 content was not 
determined. Therefore, we cannot introduce correction 
for the carbonates to obtain true CaO*. In this study, CaO 

was initially corrected for phosphate using available P2O5 
data (CaO* mol CaO mol P2O5 × 10 / 3) (Maynard, 1992; 
Fedo et al., 1995). If the remaining mole number is less 
than that of Na2O, then the CaO value is accepted as the 
CaO*. Otherwise, the CaO* is assumed to be equivalent 
to Na2O (McLennan, 1993; Bock et al., 1998; Vital and 
Stattegger, 2000; Roddaz et al., 2006; Mourabet et al., 
2018). Following the phosphate correction, CaO values are 
found to be higher than Na2O. Thus, the molar proportion 
of Na2O is used as the molar proportion of CaO according 
to the indirect method of McLennan et al. (1993). In this 
index, the CIA values of the igneous rocks and feldspars 
are around 50, and shales have values of about 70–75; on 
the other hand, in residual clays it may reach almost 100 
(Nesbitt and Young, 1982; Fedo et al., 1995) (Figure 10a; 
Table 2b). The CIA provides semiquantitative information 
on the paleoclimate of the source rock. Low CIA values 
(50 or less) might also reflect cool and/or arid conditions 
without abundant rainfall (Fedo et al., 1995; Tang et al., 
2012). For humid climates, CIA values of >80 indicate 
high-degree alteration of source rocks (Mourabet et al., 
2018). CIA values of lake samples varying from 61.57 to 
67.85 (average: 65.98) show a low to moderate degree of 
alteration of the source rocks and indicate that humid 
conditions did not reign. This was also reflected in the type 
of clay minerals. A clay mineral assemblage dominated by 
chlorite and illite is typical of soils and sediments produced 
in high latitudes or by cold-climate weathering because 
chemical weathering in such settings is weak (Bockheim 
et al., 1998). Chlorite does not generally survive under 
cool, moist temperature and its presence in sediments 
as a detrital clay is a good indicator of cool/dry climates 
(Chamley, 1989), whereas smectites and smectite/chlorite 
mixed-layer clays are products of warm and wet climate 
conditions (Chamley, 1989). Hseu et al. (2007) stated that 
under more humid conditions, concentrations of Fe, Mg, 
and hydroxyl ions within chlorite decrease and as a result 
chlorite is transformed into an expanding clay mineral 
such as smectite. The presence of chlorite in studied 
samples is consistent with a cold-climate regime and the 
existence of S-C is indicative of very humid conditions. 
The coexistence of both minerals reflects a semidry and 
semihumid climate. No kaolinite was recorded. Kaolinite 
is formed during advanced stages of chemical weathering 
(Liu et al., 2005). Lack of kaolinite in core sediments can 
be interpreted as a sign of low to moderate alteration in 
the lake sediments. It is predicted that the weathering did 
not advance up to the formation of kaolinite even under 
wet climates.

Weathering effects can also be evaluated with the 
formula of chemical index of weathering (CIW) = Al2O3 / 
(Al2O3 + CaO* + Na2O) × 100 (Harnois, 1988). This index is 
more suitable for the carbonate-bearing siliciclastic rocks. 
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Table 3. REE concentrations and some elemental ratios of (a) surrounding rocks, Elazığ magmatics (ELM1: this study), Maden Group 
(MDG1: this study), ELM2 (from Dönmez, 2006, n = 15), MDG2 (from Ertürk et al., 2018, n = 8). (b) Lake samples. The cerium anomaly 
(Ce/Ce*) was estimated by the equation Ce/Ce* = 2Ce N / (La N + Pr N ), Eu / Eu* = EuN / (SmN· × GdN)1/2, where subscript  N   indicates the 
normalized abundance with chondrites after Taylor and McLennan (1985), same as in (La/Lu)N, (La/Yb)N, (La/Sm)N, (Gd/Yb)N.

Table 3a. 

Surrounding rocks

Elements
(ppm)

ELM1 MDG1

Sample 
no. HE1 HE2 HE3 HE4 HE5 Average HM1 HM2 HM3 HM4 HM5 Average ELM2 MDG2

La 9.1 8 8.5 6.7 7.4 7.9 7.93 5 2.9 12.8 12.1 8.1 8.18 38 9.29

Ce 20.2 17.2 19.8 14.5 17.3 17.8 17.80 10.2 6.8 23.8 22.2 15 15.6 80 20.99

Pr 3.06 2.65 3.07 2.37 2.66 2.8 2.77 1.86 1.41 3.33 3.29 2.5 2.47 8.83 2.86

Nd 13.8 13 14.6 10.5 12.3 12.8 12.83 9.3 7.4 15.2 15.1 11.9 11.7 33.9 12.98

Sm 3.37 3.16 3.44 2.62 3.0 3.1 3.12 2.77 2.78 3.5 3.69 3.2 3.18 5.6 3.23

Eu 1.04 1.01 1.11 0.93 1.06 1.0 1.03 0.93 1.0 1.14 1.34 1.1 1.10 1.1 1.08

Gd 3.88 3.72 3.89 3.12 3.7 3.7 3.67 3.6 3.92 4.37 4.43 4.2 4.10 4.66 3.62

Tb 0.7 0.65 0.71 0.55 0.67 0.7 0.66 0.66 0.69 0.73 0.8 0.7 0.71 0.77 0.6

Dy 4.5 4.17 4.33 3.47 4.05 4.1 4.10 4.05 4.43 4.39 4.91 4.5 4.45 4.68 3.79

Ho 1.02 0.9 0.93 0.79 0.98 0.9 0.92 0.93 1.05 0.96 1.18 1.0 1.02 0.99 0.79

Er 2.98 2.57 2.77 2.3 2.8 2.7 2.69 2.71 2.84 2.72 3.5 3.0 2.95 2.85 2.31

Tm 0.45 0.41 0.44 0.37 0.44 0.4 0.42 0.38 0.42 0.42 0.52 0.4 0.42 0.4 0.35

Yb 3.1 2.84 2.89 2.32 2.88 2.8 2.81 2.5 2.74 2.67 3.27 2.8 2.79 2.8 2.25

Lu 0.52 0.43 0.48 0.39 0.46 0.5 0.46 0.39 0.44 0.44 0.53 0.5 0.46 0.43 0.34

∑REE 67.7 60.7 66.96 50.9 59.7 61.2 61.19 45.3 38.8 76.5 76.9 59.1 59.3 185 50.4

Ce/Ce* 0.93 0.91 0.94 0.89 0.95 0.9 0.92 0.81 0.82 0.87 0.84 0.8 0.82 0.84 0.80

Eu/Eu* 0.93 0.94 0.92 0.95 0.96 0.9 0.93 0.99 1.03 0.97 0.95 0.99 0.98 0.64 0.94

(La/Lu)N 1.93 2.05 1.96 1.9 1.78 1.9 1.92 1.42 0.73 3.21 2.52 2.4 2.05 7.68 2.37

(La/Yb)N 2.17 2.08 2.17 2.13 1.9 2.1 2.09 1.48 0.78 3.54 2.74 1.3 1.96 10.03 3.06

(La/Sm)N 1.76 1.65 1.61 1.67 1.61 1.7 1.67 1.18 1.68 2.39 2.14 1.8 1.83 1.32 1.87

(Gd/Yb)N 1.06 1.11 1.14 1.14 1.09 1.1 1.11 1.22 1.21 1.39 1.15 1.3 1.25 1.37 1.14

Table 3b.

Elements
(ppm)

Lake samples

P05 P025 P030 P035 P045 P055 P065 P075 P085 P095 P0105 P0115 P0125

La 19.8 20.1 20.9 18.4 16.9 17.2 19 25.2 23.1 23.1 14.7 14.4 14.2
Ce 40.9 41.8 44.5 36.6 32.8 32.5 35.4 38.6 47.2 50.2 30.3 29.5 27.3
Pr 4.73 4.97 4.98 4.66 4.27 4.04 4.77 5.7 5.7 5.7 3.84 3.66 3.79
Nd 20.4 19.1 19.9 18.5 18.3 17.7 20.7 20.9 24.4 24.4 15.9 16.1 16.7
Sm 4.33 4.38 4.48 4.51 4.4 4.2 4.35 4.81 4.95 4.95 3.91 3.84 3.62
Eu 1.04 1.16 1.2 1.26 1.26 1.17 1.19 1.17 1.28 1.28 1.31 1.09 1.07
Gd 4.67 4.77 4.99 4.81 4.58 4.62 4.77 4.92 4.94 4.94 4.75 4.21 3.92
Tb 0.78 0.8 0.81 0.8 0.82 0.81 0.74 0.82 0.82 0.82 0.76 0.74 0.63
Dy 4.36 4.91 4.73 4.77 4.74 5.16 4.92 4.32 5.18 5.18 4.56 4.21 3.59
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Ho 0.96 1.06 1.07 1.1 1.1 0.93 0.89 0.92 0.93 0.93 0.88 0.9 0.75

Er 2.54 3.24 3.16 3.09 3.47 2.94 2.62 3.1 2.95 2.95 2.78 2.85 2.5

Tm 0.42 0.45 0.46 0.48 0.41 0.4 0.41 0.44 0.41 0.41 0.37 0.38 0.38

Yb 2.93 2.91 3.11 3.08 3.1 2.95 2.4 2.88 2.94 2.94 2.5 2.47 2.57

Lu 0.4 0.43 0.51 0.49 0.47 0.42 0.39 0.41 0.43 0.43 0.38 0.36 0.32

ΣREE 108.3 110.1 114.8 102.6 96.6 89.5 97.9 105.8 122.8 128.2 86.9 84.7 81.3

Ce/Ce* 1..01 0.99 1.03 0.93 0.91 1.02 1.01 0.96 0.93 1.03 0.95 0.96 0.88

Eu/Eu* 0.9 0.9 0.9 0.89 0.87 0.91 0.91 0.88 0.87 0.95 0.91 0.90 0.97

(La/Lu)N 5.47 5.16 4.53 4.15 3.66 4.52 5.38 6.79 5.93 4.27 4.42 4.90 4.09

(La/Yb)N 4.99 5.11 4.97 4.42 3.94 4.31 5.85 6.47 5.81 4.35 4.31 4.08 4.32

(La/Sm)N 2.98 2.99 3.04 2.66 2.5 2.12 2.67 2.85 3.42 3.04 2.45 2.45 2.56

(Gd/Yb)N 1.35 1.39 1.36 1.33 1.26 1.42 1.33 1.26 1.42 1.43 1.62 1.45 1.30

Table 3b. (Continued).

Elements
(ppm) 

Lake samples

P0135 P0145 P0155 P0160 P0165 P0175 P0195 Average PAAS

La 15.2 14.6 14.1 15.3 15.3 16.9 14.4 17.64 38.0

Ce 28.8 26.1 27.2 28.8 32.2 27.6 35.2 34.68 80.0

Pr 3.68 3.36 3.44 3.74 3.74 3.99 3.63 4.32 8.8

Nd 14.9 14.4 14.2 15.2 15.2 16.5 14.8 17.91 33.9

Sm 3.48 3.2 3.44 3.76 3.9 3.76 4.11 4.12 5.6

Eu 1.03 0.9 0.98 1.01 1.08 0.98 1.03 1.12 1.1

Gd 4.4 3.57 3.63 3.85 4.1 3.77 4.3 4.43 4.7

Tb 0.75 0.62 0.62 0.65 0.7 0.64 0.75 0.74 0.8

Dy 4.2 3.84 3.85 3.86 4.34 3.79 4.5 4.45 4.7

Ho 0.96 0.79 0.8 0.81 0.91 0.82 0.96 0.92 1.0

Er 2.74 2.45 2.32 2.31 2.65 2.59 2.82 2.8 2.9

Tm 0.42 0.32 0.37 0.36 0.39 0.36 0.4 0.4 0.4

Yb 2.6 2.28 2.23 2.37 2.42 2.28 2.66 2.68 2.8

Lu 0.41 0.34 0.35 0.36 0.4 0.37 0.42 0.4 0.4

ΣREE 83.6 76.8 77.5 82.4 90.5 79.8 99.7 95.99 185

Ce/Ce* 0.92 0.91 0.88 0.92 0.9 0.92 0.9 0.94 -0.01

Eu/Eu* 0.91 0.89 0.88 0.89 0.87 0.89 0.89 0.9 0.64

(La/Lu)N 4.74 4.45 4.69 4.67 4.3 5.1 5.1 4.82 7.68

(La/Yb)N 4.73 4.67 4.77 5.16 4.67 5.39 5.39 4.89 10.03

(La/Sm)N 2.85 2.98 2.67 2.65 2.83 2.5 3.08 2.76 4.42

(Gd/Yb)N 1.44 1.33 1.38 1.38 1.44 1.41 1.37 1.38 1.37

Table 3b. (Continued).
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This equation is more appropriate for understanding the 
extent of plagioclase alteration alone (Malick and Ishiga, 
2016). CIW is interpreted in a similar way with a CIA 
value of 50 for unweathered upper continental crust and 
about 100 for highly weathered materials with complete 
removal of alkali and alkaline-earth elements (McLennan, 
1993; Mongelli et al., 1996). A low CIW/CIA ratio is 
characteristic of immature crustal material from local 
sources. This material has experienced a short distance of 
transport until final deposition (Gao and Wedepohl, 1995; 
Eker, 2012). CIW/CIA values are low in the lake samples, 

showing that the studied sediments are transported to the 
lake basin from the surrounding rocks nearby (Table 2b; 
averages: 1.11%). This is also supported by the evidence 
of clay morphology. In SEM examinations, the shape of 
clays displayed thicker plates and rounded outlines. Such 
textures of clays point to physical weathering triggered by 
rapid erosion (Song et al., 2014). 

Na can be easily removed during chemical weathering. 
The Na2O/TiO2 ratio may also be reduced by chemical 
weathering (Ling et al., 2013). Na2O/TiO2 ratios are 
negatively correlated with CIA in lake samples (r = –0.69) 
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(Figure 10b). Sr has a stronger chemical mobility relative 
to Rb during alteration, and this gives rise to an increase 
in Rb/Sr ratio and alteration degree (Nesbitt and Young, 
1982). Rb/Sr is positively correlated with CIA in lake 
samples (r = 0.65), which might be related to weathering 
(Figure 10c).

The LREE pattern of lake samples is enriched with 
respect to the bedrock of Elazığ magmatics and the Maden 
Group (Figure 9). This LREE enrichment in the  lake 
samples is probably related to the low to moderate degree 
of chemical weathering of the source rocks because 
HREEs are preferentially mobilized during weathering 
(Sholkovitz, 1988). This explains the high value of (La/Sm)
CN with respect to source rock (Tables 3a and 3b). In fact, 
(La/Sm)CN shows a positive correlation with CIA in lake 
samples (r = 0.50) (Figure 10d). 

Index of compositional variability (ICV) = (Fe2O3 
+ K2O + Na2O + CaO + MgO + TiO2) / Al2O3) is used 
to calculate the quantity of primary source relative to 
weathered minerals (Cox et al., 1995; Hernández-Hinojosa 
et al., 2018). Immature shales with a high percentage of 
nonclay silicate minerals have values >1, whereas mature 
sediments have values of <1 (Johnsson, 2000; Cullers, 
2002). These values of the lake samples vary between 1.37 
and 1.96, characteristic of immature material from local 
sources (Table 2b). This may indicate that coarse clastics 

are derived from nearby source rocks and these clastics are 
slightly dissolved, since limited transportation took place 
until final deposition (Toulkeridis et al., 1999; Eker and 
Korkmaz, 2011; Mourabet et al., 2018).

Zhao et al. (2007) used the ratio of ∑ (Fe + Mn + Cr + 
Ni + V + Co) / ∑ (Ca + Mg + Sr + Ba + K + Na) (C-value) 
to study the paleoclimate of China’s Junggar Basin and 
suggested that this ratio is between 0.2 and 0.8 for semiarid 
to semihumid climates. The C-values of Lake Hazar samples 
range between 0.44 and 0.72, which mainly shows semiarid 
to semimoist climatic conditions over the last 2000 years 
(Figure 10; Table 2b). Considering the variations in C-value, 
lower levels of the studied piston are represented by 
semiarid to semihumid climate conditions, whereas upper 
parts with increasing C-values correspond to a semihumid 
regime. This is also supported by Ca/Ti ratios that increase 
with increasing C-values (Figure 11). Ca is most likely 
derived from endogenic calcite; Ti is an immobile element 
related to detritic input. In areas where Ca/Ti ratios are 
decreased, the detrital contribution increases (Fischer and 
Wefer, 1999). These findings are consistent with the results 
of Biltekin et al. (2018), who proposed arid to cold climate 
conditions during the late Holocene (1.4 ka BP) on the basis 
of pollen records. Eriş et al. (2018b) documented a similar 
result based on the µ-XRF Ca/Ti and Sr/Ca data from the 
sediment core, implying a rising lake level due to wetter 
climate conditions during the last 1.4 ka. According to Eriş 
(2013), the youngest transgressive deltaic deposition took 
place at the mouth of the Kürkçayı River during the same 
time interval, attesting to a progressive rise in the lake level.
5.2. Redox conditions 
U, Th, V, Cr, Ni, Co, Cu, and Zn elements are redox-
sensitive and provide reconstructions of oxygen conditions 
in sedimentary environments (Martinez-Ruiz et al., 2015). 
Geochemical parameters such as authigenic U, Th/U, Ni/
Co, V/Cr, and Cu/Zn are very helpful for determining 
paleoredox conditions during sediment deposition (Wignall 
and Myers, 1988; Tribovillard et al., 2006; Yang et al., 
2011; Rimmer, 2004; Mir, 2015). The authigenic uranium 
content (UA) is regarded as an index of bottom water 
condition and is calculated as authigenic U = (total U) – Th 
/ 3. An authigenic U concentration below 2 suggests oxic 
conditions of deposition, whereas values above 2 indicate 
dysoxic conditions (Wignall and Twitchett, 1996). Similarly, 
the Th/U ratio is utilized for redox conditions of the 
depositional environment (Kimura and Watanabe, 2001). 
These ratios vary from 0 to 2 in anoxic environments and 
from 2 to 7 in oxic environments (Wignall and Twitchett, 
1996; Hara et al., 2010). In the lake sediments, authigenic 
uranium content is low (changing from –0.5 to 0.1) and 
(U)A contents are less than one; Th/U ratios vary between 
3.2 and 4.2, displaying an oxygen-enriched depositional 
environment (Table 2b).
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The Ni/Co ratio is also used as a redox indicator 
(Dypvik, 1984). It is proposed that Ni/Co ratios of <5 
indicate oxic environments, while a ratio of >5 proposes 
suboxic and anoxic environments (Jones and Manning, 
1994). The V/Cr ratio is another sensitive indicator for 
determination of paleoredox conditions. High V/Cr 
values are accepted as an indicator of anoxic conditions 
(Dill, 1986; Jones and Manning, 1994). While high Cu/Zn 
ratios show reducing depositional conditions, low ratios 
propose oxidizing conditions (Hallberg, 1976; Nagarajan 
et al., 2007). Ni/Co and V/Cr ratios of the studied samples 
suggest oxic conditions for the lake environment (Figure 
12). Lake Hazar sediments have Cu/Zn ratios between 0.49 

and 0.85, indicating oxic conditions for the depositional 
environment (Table 2b).

Eu and Ce anomalies in REE patterns are generally used 
to expose the redox conditions (Guo et al., 2007). Average 
Eu/Eu* and Ce/Ce* values of the lake sediments are 
0.90–0.94, respectively, showing an enhanced Eu and Ce 
abundance in an oxic depositional environment (Shields 
and Stille, 2001) (Table 3b). Similarly, Möller and  Bau 
(1993) studied the aerobic alkaline (pH 9.6) waters of Lake 
Van in Eastern Turkey and reported positive Ce anomalies 
in REE  patterns of alkaline aerobic lake waters. Lack of 
Ce anomaly in lake waters also results from the alkaline 
character of Lake Hazar in the last 2000 years (Figure 9). 
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5.3. Provenance 
Several investigations have demonstrated that the chemical 
compositions of siliciclastic sedimentary rocks are related 
to those of their source rocks (Cullers, 1995; McLennan, 
2001; Armstrong-Altrin et al., 2004, 2012, 2013). Several 
major-, trace-, and REE-based discrimination diagrams 
have been proposed by various authors (e.g., Roser and 
Korsch, 1986; Floyd et al., 1989; McLennan at al., 1993). 
On the major element-based provenance discriminant 
function diagram of Roser and Korsch (1986), lake samples 
fall into the mafic (three samples in intermediate) igneous 
provenance (Figure 13a).

Ratios of some elements are used for discriminating 
felsic from mafic source components in sedimentary rocks 
(Taylor and McLennan, 1985). Felsic rocks have higher La, 
Zr, and Th amounts than mafic rocks, while the amounts 
of Co, Sc, and Cr are higher in mafic rocks (Mishra and 
Sen, 2012). La/Sc, Th/Sc, Th/Co, and Cr/Th ratios have 
been used to differentiate sediments derived from different 
source rocks (Cullers et al., 1988; Cullers and Podkovyrov, 
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Figure 12. Ni/Co vs. V/Cr plot of lake samples (after Rimmer, 
2004).
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Table 4. Range of elemental ratios in lake samples compared to ratios in similar 
fractions derived from mafic rocks (Cullers, 2002). Sediments derived from mafic 
rocks, sediments from felsic rocks from Cullers (1994).

Elemental ratio Average of 
lake samples

Range of sediments

PAASMafic rocks Felsic rocks

La/Sc 0.64 0.4–1.1 1.6–2.5 2.40
Th/Sc 0.16 0.04–0.05 0.83–20 0.90
Co/Th 7.69 7.1–8.3 0.22–1.5 1.57
Cr/Th 46.87 22–100 0.5–7.7 7.53
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2000). La/Sc and Cr/Th element ratios in lake samples are 
representative of sediments derived from mainly mafic 
source rocks (Table 4). Th/Sc ratios are between the values 
of sediments derived from mafic source rocks and felsic 
rocks. The diagrams based on Zr/Sc vs. Th/Sc and La/Sc 
vs. Th/Co ratios also show that the composition of source 
rocks varies from mafic to felsic but is mostly dominated 
by a mafic contribution (Figures 13b and 13c).

REEs have also been utilized to show the chemical 
composition of the source rocks since felsic rocks contain 
high LREE/HREE ratios and negative Eu anomalies, 
whereas mafic rocks have low LREE/HREE ratios and no 
Eu anomalies (Cullers and Graf, 1983). The absence of 
distinct Eu anomalies indicates that they originated from 
undifferentiated to slightly differentiated mafic (basalt-
andesite) units (McLennan et al., 1993) (Table 2b; Figure 
9). Lower LREE abundances with respect to PAAS also 
reflect the mafic nature of Lake Hazar sediments (Figure 
9). This finding is consistent with the results of previous 
studies. According to Aksoy et al. (2007), Eriş et al. (2013), 
and Eriş et al. (2018b), Lake Hazar deposits are contributed 
by the Kürkçayı River and alluvial fans and the Elazığ 
magmatics and Maden Group rocks at the western part of 
the lake. These rocks are mostly of mafic composition (Ural 
et al., 2015; Ertürk et al., 2018), which is also reflected in 
clay mineralogy. Chlorite is formed by the weathering of 
intermediate and basic crystalline rocks with degradation 
of preexisting ferromagnesian minerals (Millot, 1970). 
Alt et al. (1986) found phyllosilicates, such as chlorites, 
within low-degree metamorphosed metabasites. Yang et 
al. (2016) mentioned illite occurrences in basaltic rocks 
on the seafloor. Hempton and Savcı (1982) stated that 
low-degree metabasites of green schist facies are widely 
exposed around Lake Hazar. The presence of illite and 
chlorite in core sediments suggests that the lake sediments 
are derived from the weathering of volcanic rocks exposed 
in the source area. In fact, illite-chlorite occurrences are 
recorded in both Maden Group rocks (Daş, 2016) and the 
Elazığ magmatics (Akkoca et al., 2018) around Lake Hazar.
5.4. Tectonic setting
The major and trace element compositions of clastic 
sedimentary rocks have been broadly used to identify 
tectonic settings of the source rocks in a catchment 
area (Bhatia and Crook, 1986; Roser and Korsch, 1986; 
Armstrong-Altrin, 2015). Tectonic setting interpretations 
were carried out using the SiO2 vs. K2O/Na2O diagram of 
Roser and Korsch (1986). In the SiO2-K2O/Na2O diagram, 
the lake samples plot within the ARC (volcanic island arc) 
field (Figure 14a). 

Ratios between relatively immobile elements such 
as Ti, Sc, La, and Zr are considered good indicators of 
provenance (McLennan et al., 1993). On  the La/Sc  vs. 
Ti/Zr  diagram (after  Bhatia  and Crook,  1986) the lake 

samples plot  mainly in the field of oceanic island rocks 
(Figure  14b). In the La-Sc-Th and Th-Sc-Zr/10 ternary 
diagrams proposed by Bhatia and Crook (1986), lake 
samples fall into the oceanic island arc (OIA) field, 
indicating that source rocks of sediments were formed in 
an oceanic island setting (Figures 14c and 14d).

Verma and Armstrong-Altrin (2013) suggested 
two new discriminant diagrams for the tectonic setting 
of source rocks. These discrimination diagrams were 
successfully used in recent studies to discriminate the 
tectonic setting of a source region based on clastic sediment 
geochemistry (Tawfik et al., 2015; Hernández-Hinojosa et 
al., 2018). Based on this diagram, the source of four lake 
samples plots in the collision field, and the remaining 
samples fall into the arc field (Figure 15). Findings 
from this diagram are in concordance with the Eastern 
Tauride subduction model recommended by Robertson 
et al. (2007). They suggested that arc-related units of 
the Upper Cretaceous are Elazığ magmatics. According 
to Yazgan and Chessex (1991), oceanic arc-continent 
collision occurred during the late Maastrichtian and the 
Elazığ magmatics (ELM) completed their formation in the 
Middle Eocene; as a result of arc-related extension, the 
rocks of the Maden Group (MDG) were formed. A recent 
study by Ertürk et al. (2018) suggested that Eocene Maden 
volcanism occurred as a postcollisional product during the 
extensional collapse of the Southeast Anatolian orogenic 
belt. Geochemical compositions of lake samples represent 
the Elazığ magmatic (ELM) and Maden Group (MDG) 
rocks outcropping in the Kürkçayı River drainage basin 
and alluvial fans (Figure 16). In the diagram of Bhatia 
and Crook (1986), Elazığ magmatics and Maden Group 
samples, which are the source rocks of lake sediments, 
correspond to an oceanic back arc setting rather than arc-
continent collision. However, in the diagram of Verma 
and Armstrong-Altrin (2013), some samples plot in the 
collision field. 

6. Conclusions
The investigation of the mineralogical and geochemical 
composition of piston core HZ11-P01 samples from the 
western margin of Lake Hazar (Eastern Turkey) led to the 
following findings.

Lake samples are composed of clay minerals (smectite/
chlorite mixed-layer clay, chlorite, illite), feldspar, quartz, 
dolomite, and calcite. The low CIA values of the lake 
samples indicate a low to moderate degree of alteration 
of the source rocks. CIW/CIA ratios and ICV values 
indicate immature detrital material input from bedrocks 
around the lake area. The C-values suggest mainly 
semiarid to semihumid climatic conditions over the last 
2 14C ka BP. This is also supported by smectite-chlorite, 
illite, and chlorite mineral association of clays. Th/U, Ni/
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Co, Cu/Zn, V/Cr, Eu/Eu*, and Ce/Ce* values reveal the 
oxic depositional environment in Lake Hazar. The REE 
patterns, as well as other geochemical parameters such 
as Eu/Eu*, La/Lu, La/Sc, Th/Sc, La/Co, Th/Co, and Cr/
Th elemental ratios of lake samples, support basic to 
intermediate material in their source rocks. According to 
the tectonic discrimination diagram, the source rocks of 
lake samples correspond to arc setting and arc-continent 
collision fields, consistent with findings of previous studies 
about the Elazığ magmatics (ELM) and Maden Group 
(MDG).

Results of whole-rock and clay mineralogical 
analyses and whole-rock major, trace, and REE analyses 
of this study are consistent with findings from previous 
studies. Results of previous mineralogical-petrographic 
studies showed that the Elazığ magmatics and Maden 
Group rocks transported to the lake basin have mafic to 
intermediate composition and formed as a result of arc-
continent collision and collision-related extension. Our 
geochemical data also imply similar results. Previous 
sedimentological works in the region proposed a cold and 
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arid climate regime during 1.4 14C ka BP, which agrees well 
with geochemical, whole-rock, and clay mineralogy data 
on the lake samples of the present study.
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