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ABSTRACT

Tungbilek-Tavsanli (Kiitahya) Basin is among the most important Neogene coal deposits of Turkey.
This study aims to determine the mineralogical and geochemical properties of the rocks (coal, roof,
floor and parting) in the Tungbilek-Tavsanli coal field. The main abundant minerals in Tungbilek-
Tavsanh coals are quartz, kaolinite, illite-smectite and siderite. Dolomite, illite, smectite, mica,
feldspar, pyrite, chlorite and jarosite are less abundant minerals. The mineralogy of non-coal rocks is
similar to that of coals, but pyrite is absent. The most abundant major oxides in the studied samples
are SiO,, Al,O; and Fe,0s, respectively. The SiO,, Al,0; and MgO are the most abundant major
oxides, respectively, in the claystone samples representing partings. Trace element concentrations of
Tungbilek-Tavsanli coal samples mostly showed higher concentrations (excluding Ba, Sr, Pr, Th, Dy,
Ho, Tm, As, Cd and Bi) compared to the world low-rank coal average. According to the relative
enrichment of the elements, the concentration coefficients (CC) of the coal samples are generally in
the range of slightly enriched-normal; The CC of the non-coal samples mainly indicate the normal.
The average REY concentration in the studied samples is higher than the world low-rank coal
concentration and mostly showed L-type enrichment. Moreover, the REY concentration of the
supercritical groups constitutes a significant part of the REY , concentration in the samples taken
from the coal horizon. However, the studied samples are in the unpromising area according to the low
cut-off grade value and the relationship between cut-off grade-C,.. The high correlation coefficient
between ash content and REY concentrations also indicates a mineral substance relationship.
Al,O3/TiO, (between 12.5-31.7) ratios of Tungbilek-Tavsanl samples show intermediate and felsic
source rocks.
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1. INTRODUCTION
Coal, as an important energy source, consists of water, minerals, elements, rock fragments in addition

to organic matter. Coal is still an important resource for many countries all around the world [1, 2].
Minerals and elements found in coal are more important than other side components. According to
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numerous studies in this area, coal contains the greatest variety of minerals and elements existing in
nature. From a scientific view of point, minerals and elements in coal are important parameters for
determination of paleoenvironment-paleoclimate characteristics and geological evolution of coal, as
they may include detailed records that occurred during peatification and subsequently changed during
the coalification process [2-7].

Coal is used as an industrial raw material source in metallurgical processes, especially in electricity
generation, in gasification, in cement industries, in the biological conversion process to high-value
agricultural products. Furthermore, some coals contain Ge, Ga, U, V, Se, rare earth elements and Y
(REE+Y or REY if Y is not included), some critical base metals such as Sc, Y, Au, Ag, Al and Mg
[8]. Although the minerals and elements in coal are generally thought to have negative effects during
the production, transportation and combustion of coal [9], they also have some beneficial aspects.
Especially rare earth elements and some elements such as Y, Li, Ga, Se, Zr and Nb [8, 10-12] in coal
attract attention as a potential raw material source, as they are used in the semiconductor industry. The
concentrations of rare elements in coal ash are fairly high to make extraction in some countries [13-
18]. Coals with high Al content have also attracted much attention in China in recent years because
the coal ash has more than 50% wt. Al,O3 and has therefore been used for Al extraction [19, 20].

The Kiitahya basin is an important basin with a variety of mineral deposits. There are also important
coal deposits in the Tungbilek-Tavsanli basin. The first detailed geological study in the region was
carried out by Arni in 1942 [21]. Afterwards, various studies on geology, tectonism and
sedimentology of the basin have been carried out by many researchers [22-32]. With the
understanding of the existence of economically important mineral deposits in the basin, studies have
begun to be detailed in this direction [33-45]. This study is aimed to determine the major-trace
element geochemistry and mineralogical composition of the coals and roof, parting, and floor
associated with coal in the Tungbilek coalfield, located in the west of Turkey, and to examine the
usability as a by-product raw material in the industrial field based on these data.

2. GEOLOGICAL EVOLUTION AND STRATIGRAPHY OF THE STUDY AREA

The tectonic units forming the Anatolian plate were named by Ketin (1966) [46] for the first time as
the Pontides in the north, Anatolides, Taurides and Border Folds towards the south. In later studies, it
was distinguished from north to south as Rhodope-Istranca Zone, Istanbul Zone, Sakarya Zone,
Anatolide-Tauride block (Tavsanli Zone, Afyon Zone, Menderes Massif) Kirsehir Massif, Arabian
Platform by Okay and Tiiysiiz (1999) [47]. Figure 1 shows the location of study area that is placed in
the north of Tungbilek in Tavsanli-Kiitahya district.

Western Anatolia, in which the study area is located, contains several tectonostratigraphic units
(Sakarya Zone and Anatolide-Tauride Block) from northern to southern [47, 48]. Around the study
area, the Anatolide-Tauride Block consists of the Menderes Extensional Core Complex representing
the metamorphic massif [49], the Afyon Zone metamorphic rocks [50] and the mélange units of the
Izmir-Ankara Zone [51], together with the ophiolites and blueschist facies of the Tavsanli Zone [39,
52]. The blueschist facies of the Tavsanli Zone represent the Anatolide-Tauride Block subducting
towards the north, under the Sakarya Zone during the Cretaceous-Paleocene [53]. Eocene-Oligocene
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sedimentary units unconformably overlie these tectonic units [39]. All these units are covered by
Neogene sedimentary units. E-W trending grabens (such as Bakircay, Kiitahya, Gediz, Simav, Kiiglik
Menderes, Biiyiik Menderes) and NE-SW trending basins (such as Gordes, [54], Selendi [55], Emet
[56], Usak-Giire [57], Tungbilek-Domani¢ [22, 26, 58] and Seyitomer basins [26, 59]) in Western
Anatolia are the basins that developed due to the extensional tectonic regime. The Kiitahya Graben,
which is divided into sub-basins namely Tavsanli and Seyitomer. Tungbilek-Tavsanl coalfield is
placed in Tavsanli sub-basin [45].
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Figure 1. Tectonic setting of the Western Anatolian Neogene basin and location map of the study area
(modified from [60] and [47]).

The basement rocks of the study area consist of metamorphic and ophiolitic rocks represented by
Paleozoic and Mesozoic schist, quartzite, marble, serpentinite, peridotite, metaclastics and
metacarbonates [26, 45]. In addition to other basement rock types, Eocene aged limestones
(Ogulcaktepe Formation) exhibit a limited distribution [26, 39] (Fig. 2 and 3).

Beke Formation units (conglomerate, sandstone, claystone) are overlain on the basement rocks in
Miocene. Bas (1986) [26] determined the age of Beke Formation as Middle Miocene based on pollen
analysis. The coal-bearing Miocene Tungbilek Formation, consisting of three members (Demirbilek,
Giiragag and Yeldegirmeni, respectively) is unconformably overlain on the Beke Formation. The
Tuncbilek Formation shows lacustrine conditions. Demirbilek member of Tungbilek formation

67



Journal of Scientific Reports

Karadirek, S., Journal of Scientific Reports-A, Number 52, 65-98, March 2023.

represents the coal-bearing marl, sandstone, and claystone. The Giiraga¢ member, which is gradually
overlain by conglomerate, sandstone, and claystone intercalations, overlies the Demirbilek member,
and the Tungbilek Formation ends with the clayey-silicified limestones of the Yeldegirmeni Member
overlying the Giiraga¢c member [26, 39]. Common pyroclastic rocks in the basin are called Civanadagi
tuffs [26].
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Figure 2. Geological map of the Tungbilek-Tavsanl basin (modified from [26], [39], [58] and [61]).

The Civanadag tuffs conformably overlie the Tungbilek Formation and are interbedded with the
Oklukdag Volcanites consisting of dyke, dome and lava flows [26]. The Saruhanlar Formation include
conglomerate, sandstone, limestone and tuff layers and they are unconformably overlain on the
Tungbilek Formation during the Pliocene. Saruhanlar Formation is covered by andesitic-basaltic rocks
called Pliocene Karakdy Volcanics and is vertically transitional to Cokkdy Formation. The Cokkoy
Formation consists of conglomerate, claystone and marl. Due to the uplift and evaporation processes
of the region in the Upper Pliocene, the lacustrine environment conditions have ended. The deposits
overlying the Pliocene units are represented by Quaternary coarse-grained clastics, and travertines
[26].

3. MATERIAL AND METHOD

The field studies were carried out in the open pit FC panel of the Garp Lignites Enterprise located in
the Tungbilek coal basin. Samples (total 25 samples including coal, clayey coal, carbonaceous shale,
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and claystone) were taken from the open pit mine along the coal seam profile using the channel and
representative sampling method.
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Figure 3. a) Stratigraphic column of Tungbilek-Tavsanl basin (modified from [26] and [39] b) Coal
seam profile of FC panel open pit.
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Major and trace elements concentrations were determined using ICP-MS and ICP-AES at ACME
Analytical Labs (Canada). Some trace elements such as Ni and Sc, and major oxide elements were
determined by ICP-AES using LiBO, fusion method. Some of trace elements (Ba, Be, Co, Th, U,
Sn,V) were determined by ICP-MS. Samples were decomposed by fusion with LiBO, before
determining the total amounts of the elements. Other trace elements were also determined by ICP-MS
based on the analysis of solutions (10 ml diluted fraction) obtained from 0.5 g samples.

There are some methods for detecting and identifying minerals in whole rock. Batch chemical analysis
provides clues as to which minerals or mineral groups might be present in the sample. The
mineralogical properties of the samples were determined by X-ray diffraction (XRD) analysis at the
General Directorate of Mineral Research and Exploration (MTA) laboratory (Ankara, Turkey) using
the Rigaku Geigerflex D-MaxIl device. XRD analyzes were performed using copper [AM(CuKa) =
1.54056A] radiation at scan rates of 20=2-70° per minute and 0.01°/minute. Samples for clay analyzes
were prepared by separating the clay fraction using settling and centrifuging the suspension after
dispersing in distilled water overnight. Clay particles were dispersed using ultrasonic vibration for
about 15 minutes. Oriented samples of <2 pum fractions from each sample were prepared for analysis
with normal spinning with air drying in the range of 2-30° 26, with ethylene-glycol in the range of 2-
20 2°, with dissolving at 60 °C for 2 hours, and with heating at 550 °C for 2 hours in the range of 2-15
2°. Mineral definitions on the obtained diffractoms were made using ASTM cards.

4. RESULTS AND DISCUSSION

4.1. Mineralogical Composition

The mineralogical composition of the samples determined by XRD whole rock and clay fraction
analysis is given in Table 1. The non-clay minerals are, in order of abundance, quartz, siderite,
dolomite, mica, K-feldspar, pyrite, and jarosite (Fig. 4). Since most of the samples examined are coal,
organic materials are also present. Other samples are roof, floor and parting samples. The clay
minerals are kaolinite, illite-smectite, illite, smectite, and chlorite (Fig. 5). It has been stated that
quartz exhibits a distinct behavior at the time of coal formation as it has no significant relationship
with other minerals and is predominantly of detrital origin [62]. However, it is rarely an authigenic
(especially epigenetic) mineral in coal. [63]. Considering the previous studies, in the samples
examined, it was determined that quartz was of clastic origin; it is thought to be originated from
basement rocks (metamorphic) and volcanic materials. Epigenetic carbonate minerals (ankerite,
calcite, dolomite, siderite) are commonly found as joint infillings in coal seams [64]. Cicioglu Sutcu et
al. (2021) [45] determined that dolomite and siderite minerals in Tungbilek coals are of syngenetic and
epigenetic origin. Dolomite, siderite and calcite (only in one sample) minerals were detected in the
examined samples. (Table 1).

The most abundant mineral in altered volcanic ash in coal horizon is kaolinite. However, an important
amount of other clay minerals can exist in some cases [65]. Less stable primary minerals and
alteration of volcanic glass can lead to the formation of kaolinite, smectite, illite, illite-smectite and
chlorite [65] and may be transported into the basin by streams [24, 26, 66, 67]. The dominant clay
minerals in the studied samples are kaolinite and illite-smectite. The accumulation of volcanogenic
material in the peat bog environment of the Tungbilek basin is formed by the transformation of
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feldspar and mica group minerals into kaolinite and volcanic ash into tonsteins and overlain by coal
seams in the basin [32].

Table 1. Mineral compositions of Tungbilek-Tavsanli samples (+++ dominant (>20%), ++ abundant
(5-20%), + minor (<5%), Carb. shale : Carbonaceous shale).

P [ @ .
g g p E & g £ . & E 5 2
2 g g S g & ¢ 8 £ 8 % S 2 & g
5 g2 & 8 § 8 v 5 & &8 ¢ § E E &
Claystone TFC1  +++ ++ + + + + +  +
Clayey coal TFC2  +++ + ++ + + + ++ ++ o+
Coal TFC3 ++ ++ + + + ++ + + +
Carb. shale TFC4  +++ + + + + + ++ + +
Coal TFC5 +++ + + + ++ + +
Coal TFC6  ++ + + + + + ++ + +
Claystone TFC7  +++ + + + + + ++ + o+
Coal TFCS8 +++ + + ++ + +
Coal TFC9 +++ + + + ++ + +
Coal TFC10 +++ + + + ++ + + +
Coal TFC11 ++ + + + + + ++ + ++
Carb. shale TFC12 +++ + + + + + 4+ o+ + +
Coal TFC13 ++ + + + ++ + +
Claystone TFC14 +++ + ++ + ++ +
Coal TFC15 +++ + + + ++ ++
Coal TFC16 ++  ++ + + ++ o+ o+
Clayey coal TFC17 +++ + + + + + + + +
Coal TFC18 ++ + + + ++ + ++
Coal TFC19 ++  + + + + ++ + o+
Claystone TFC20 +++ + + + ++ + o+
Claystone TFC21  +++ + + + ++ ++ o+
Claystone TFC22  +++ + + T+t + + o+
Claystone TFC23  +++ + ++ + + +++ o+ ++ o+
Claystone TFC24 +++ + + ++ + +
Claystone TFC25 +++ ++ + + ++ + +
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Figure 4. XRD patterns of specific samples. S= smectite, 1= illite, K= kaolinite, M= mica, Q= quartz,
D= dolomite, Sd= siderite, P= pyrite.
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Figure 5. Detailed XRD patterns of specific samples. S= smectite, I= illite, K= kaolinite, Q= quartz,
C= chlorite.

4.2. Chemical Composition
4.2.1. Major oxide elements
The concentrations of major oxides in the coal seam profile (coal, roof, parting, and floor) samples
and the average values for world low-rank coals are given in Table 2. SiO,, Al,O; and Fe,O; were
found to be the most abundant major oxides in samples of coal, carbonaceous shale, and claystone
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representing the roof and floor (except TFC24 and TFC25), whereas MgO, K0, CaO, TiO,, Na,0,
P,Os and MnO were found in smaller amounts. SiO,, Al,0; and MgO are the most abundant major
oxides in the parting samples, while Fe,03, K,0, TiO,, Ca0O, P,0s, Na,0 and MnO major oxides are
present in smaller amounts. Major oxides are high in claystone and carbonaceous shale layers of
profile samples. Concentrations of SiO, and Al,O5 in coal samples are quite low compared to other
samples (Table 2).

Table 2. Major oxide and ash contents of FC panel samples of Tungbilek-Tavsanl.

Samples SiO, Al,0;3 Fe,0; MgO CaO Na,0O K,O TiO, P,0s MnO LOI  Al,Oy/TiO, Ash

%

TFC1 4743 1131 1066 513 100 0.08 125 062 012 024 217 18.2 80.0
TFC2 4188 1383 494 307 077 009 137 062 015 0.08 3238 22.3 64.0
TFC3 636 252 165 09 097 000 015 011 0.00 0.03 872 22.9 19.5
TFC4 68.16 1190 281 205 022 0.03 072 053 005 002 134 225 86.5
TFC5 3493 520 078 058 014 002 027 029 003 0.00 576 17.9 28.6
TFC6 1188 378 227 095 083 000 018 017 0.01 000 798 22.2 26.2
TFC7 48.05 2629 245 318 031 006 086 083 021 0.00 173 31.7 83.2
TFC8 3863 1525 276 173 021 003 081 060 0.03 0.02 397 254 30.8
TFC9 2734 982 286 157 038 0.02 065 044 002 002 56.6 22.3 40.9
TFC10 3991 16.18 314 230 019 002 111 0.73 0.04 0.03 359 22.2 32.9
TFC11 2583 11.00 306 150 019 002 066 041 004 0.02 57.0 26.8 15.6
TFC12 5990 2189 138 161 073 005 100 0.78 020 0.01 121 28.1 88.1
TFC13 1127 441 297 074 019 001 030 025 0.03 0.02 79.6 17.6 12.6
TFC14 5312 19.46 4.07 433 124 005 084 077 023 0.07 154 253 86.0
TFC15 4961 1763 477 327 046 003 157 090 022 0.05 209 19.6 52.8
TFC16 1277 345 238 360 535 002 021 025 002 0.06 716 13.8 35.6
TFC17 3630 13.15 381 257 031 003 110 0.65 009 0.04 414 20.2 66.8
TFC18 476 208 108 019 003 001 012 010 0.00 000 915 20.8 105
TFC19 6.37 226 068 028 012 001 0.15 012 0.00 0.00 90.0 18.8 8.2
TFC20 66.21 1346 3.76 230 067 020 208 065 019 0.16 9.9 20.7 87.4
TFC21 66.43 13.09 370 224 095 020 201 062 018 0.13 10.0 211 90.8
TFC23 3459 1153 1627 724 466 006 139 092 026 054 219 12.5 89.7
TFC24 6579 295 733 652 055 006 031 016 0.06 056 155 184 90.5
TFC25 39.64 6.89 655 812 1251 008 1.05 041 019 019 240 16.8 90.1
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Contents of SiO, vary between 49.61% and 4.76% in coal samples and 17.63% and 2.08% in other
samples. Similarly, contents of Al,O3 range from 17.63% to 2.08% in coal samples and from 26.29%
to 6.89% in other samples. Samples with high Al,O3 content are rich in kaolinite. Fe,O3 concentration
is more abundant in the other samples compared to the samples belonging to the partings (Table 2).
Siderite and pyrite minerals are relatively abundant in the mineralogical composition of these samples.
Samples with high MgO content are those abundant in dolomite minerals (Table 1). There is a positive
correlation between major oxides (Table 3). Al,O; shows high positive linear correlation with SiO,,
K0, TiO,, P,Os,and MgO exhibits high positive correlation with Fe,03, CaO and MnO and (Fig. 6)
Silicates are the most abundant mineral group in coal. Silicate group minerals are associated with
many elements found in coal, particularly SiO,, Al,Os, and to a lesser extent MgO, K,O, TiO and
clastic minerals such as major oxides, quartz, and clay, including Na,O, CaO and Fe,0s, indicating a
mixed clay assemblage [7, 68]. Other important silicates are micas, analcime and various feldspars
[69]. The origins of SiO, and Al,Os in the examined samples are kaolinite and illite-smectite mixed
bedded clays. Concentration of SiO, is partially related to quartz content (Table 1).

Table 3. Ash contents (wt.%, db) and element affinities calculated from Pearson correlation
coefficients (correlation is significant at 0.01, correlation is significant at 0.05 “*”).

Correlation with ash (0.70 <r<1.0) Ba, SiO,, MgO, P,0s

Correlation with ash (0.50 <r<0.69) | Ga, Sr, Ta, Th, U, Cu, Pb, Zn, V, Y, Eu, Gd, Th, Dy, Ho, Er,
Tm, Yb, Lu, Aleg, Fezo3, Na,O, K0, TiOZ, MnO
Correlation with ash (0.49 <r<0.20) | Ni, Sc, Co, Cs, Hf, Nb, Sn, W, Zr, Rb, La, Ce, Pr, Nd, Sm,
Cd, Bi, Sh, Cr, CaO

Negative correlation with ash Mo
(-0.90 <r< -0.4)
Correlation with SiO, Ba, Cs, Ga, Rb, Ta, V, Y, La*, Ce*, Pr*, Nd*, Sm*, Eu*,

Gd*, Tb*, Dy*, Ho*, Er, Tm, Yb, Lu, Pb*, Zn,Cd*, Bi*, Au
Correlation with Al,O3 0.5 <r<1.0 SiO,, MgO, K0, TiO,, P,0s, REE+Y (Y, La, Ce*, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), Ba, Cs*, Ga, Hf,
Rb, Sn, Sr, Ta, U, V, W, Zr, Pb, Zn, Bi, Au

Correlation with Fe,05 0.5 <r<1.0 MgO, K,0*, TiO,*, MnO

Correlation with CaO MgO (0.688)
Correlation with K,0 0.5 <r<1.0 SiO,, P,Os*
Correlation with TiO, SiO,, Al,O3, Fe,05*, K,0, P,0s, REE+Y

Correlation with MgO 0.5 <r<1.0 Fe,0,, Ca0o, P,Os5*
Correlation with Na,O 0.45 <r<1.0 | SiO,, K,0, P,Os*
Negative correlation with TOTC Al,O3, SiO,
Negative correlation with TOTS SiOy*

Samples containing abundant illite, illite-smectite and partially mica or feldspar have high K,O
concentration (Tables 1, 2). The source of MgO in low-rank coals is usually organic origin, calcite,
and silicate minerals [70]. The source of MgO in the samples examined is dolomite, smectite and
smectite-illite minerals. The source of Fe,O; and CaO is usually dolomite, siderite, smectite and
pyrite. MnO presented a positive correlation with MgO and Fe,O3 (Table 3). Therefore, MnO may be
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of siderite origin. TiO,, P,Os and NaO, which are less abundant in the samples, may be derived from
clay and mica group minerals [45, 70]. The ratio of Al,O5/TiO, is stated to be a reliable indicator for
the provenance of sedimentary rocks [71, 72, 73, 74]. The ratios of Al,O5/TiO, are 3-8, 8-21 and 21-
70 for sediments derived from mafic, intermediate and felsic igneous rocks, respectively [71]. The
ratios of Al,O3/TiO, of Tungbilek-Tavsanli samples vary between 12.5-31.7 (Table 2), showing
intermediate- felsic rocks. The tuffs in the study area have been characterized as rhyolitic-rhyodacitic

tuffs [32].
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Figure 6. Plots showing relationship between some major oxides in all samples.

4.2.2. Trace elements

In this study, trace element values determined for studied coal samples were compared with the
average values of world low-rank coals stated by Ketris and Yudovich (2009) [75] (Table 4). In the
studied coal samples, Ni, Sc, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Ta, Th, U, V, W, Zr, Y, La, Ce, Nd, Sm,
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Eu, Gd, Mo, Cu, Pb, Zn and Hg elements presented higher concentrations compared to the world low-
rank coal averages. The relative enrichment of trace elements is classified by Dai et al (2015a) [76]:
“unusually enriched (CC >100), significantly enriched (10 < CC < 100), enriched (5 < CC < 10),
slightly enriched (2 < CC < 5), normal (0.5 < CC < 2) and depleted (CC < 0.5)”, where CC stands for
concentration coefficient and is defined as the ratio of the concentration of trace elements in the
samples studied to those in world coals). The CCs of studied coal samples are generally in the slightly
enriched-normal range (Fig. 7a), whereas a normal enrichment (0.5 < CC < 2) is indicated according
to the CC values of the non-coal samples (Fig. 7b).

Concentration of Ni (190-1960 pg/g, average 840 pg/g) in the samples of the Tungbilek-Tavsanh coal
seam is much higher than the average value of world low-rank coals (9 pg/g; [75]) (Table 4) and
concentration coefficients are much higher than 10 (CC >10) (Fig. 7a). Finkelman (1981) [77] stated
that significant amounts of Ni in coal may be organically related. Inorganically bound Ni can be
largely associated with sulfides. Finkelman (1988) [78] stated that Ni in coal can also occur in clays.
Finkelman (1994) [79] noted a low level of confidence in Ni formation patterns due to the lack of
direct evidence and the contradictory available evidence. In the studied samples, Ni showed a weak
positive correlation coefficient with ash (Table 3). Therefore, considering the lithology of the source
region, which gives detritus to the coal-bearing succession, rocks such as serpentine and peridotite
found in the basement rocks may be responsible for the enrichment of Ni. Trace elements with a CC
of 5-10 include Cs, Co and Rb. The Cs concentrations in the Tungbilek-Tavsanli coal seam vary
between 1.10 and 9.20 pg/g. The weighted average of the Cs concentrations (5.25 pg/g) are higher
than the world's low-rank coals (0.98 pg/g; [75]). Cesium is predominantly associated with silicate
minerals in low-rank coals [70]. Cobalt is enriched in the Tungbilek-Tavsanli coal seam with a
concentration ranging from 4.8 to 96.7 ug/g. The average Co concentration of 41.4 pg/g in the studied
samples is much higher than the average Co concentration of the world's low-rank coals (4.2 pg/g)
[75].

Cobalt in coal deposits generally occurs worldwide in an organic association or in Co-including
minerals such as monosulfide, clay, and pyrite [70, 76]. Rubidium concentration in the studied
samples ranges from 10.2 to 104.7 pg/g, presenting higher values compared to the average of world’s
low-rank coal and is associated with clay minerals (especially illite and mixed-layer clays). There is a
weak positive correlation between Ce, Co and Rb and ash (Table 3) and shows the inorganic
association. A series of trace elements including, Sc, Be, Hf, Nb, Ta, Th, V, W, Zr, Cu, Pb and Zn, are
slightly enriched in Tungbilek-Tavsanli coals with CC values between 2 and 5. While Cd and Bi
elements with concentration coefficients lower than 0.5 show depletion, other elements with CC from
0.5 to 2 have concentrations close to the world’s low-rank coals average values.

Trace element concentrations of Tungbilek-Tavsanli coals present higher values for Ni, Co, Cs, Ga,
Nb, Rb, Th, U, V, W, Zr, Cu, Pb and Hg elements comparing to USA and China coals. Moreover, Hf,
Ta, Y and rare earth elements (REE) show higher concentrations than the USA coals. Compared to
Chinese coals, the element As presents a higher concentration.

Parting, roof and floor samples, when compared with mean values for upper continental crust (UCC),
only Ni (CC > 10) is significantly enriched element whereas Co, Th, U, Pb, As, Bi and Hg are slightly
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enriched with CC between 2 and 5) (Fig. 7b). Moreover, the rest of trace elements have values close
to the UCC averages with a concentration coefficient between 0.5 and 2.
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Table 4. Trace elements concentrations (ug/g) and the loss on ignition (LOI, %) of Tungbilek-Tavsanli samples.

R IR A I I = S N S O O I O I I O O A e S e e s
= = = = = = = = = = S S S = = = = S S = = = S =
LOI 217 | 328|872 | 134 | 576 | 798| 173 | 39.7| 56.6 [ 359 57| 121 | 796 | 154 | 209 | 716 | 414915 90 9.9 10| 219 155 24 - - - - -
Be 3 6 1 3 5 4 4 7 2 2 2 2 1 6 2 9 2 2 2 2 2 1 1 1.6 12| 21| 22 2.1
Sc 17 15 4 8 5 6 2 12 11 15 7 8 5 6 14 7 13 5 16 14 23 7 11 3.9 4.1 14| 42 4.4
\ 107 124 24 49 70 41 104 103 81 90 48 98 40 104 92 101 92 40 23 127 123 123 38 75 25 22 97 22 35
Cr| 008 0.05]0.02| 0.03]| 0.02]| 0.02 0| 0.04]| 006 | 0.07) 004 0.02| 003| 002| 0.09]| 003| 0.07]| 002|001 | 005| 0.05| 0.09] 002  0.04 17 15| 0.01 | 0.001 -
Co| 101| 649|186 132 | 48 14 3| 26.6| 67.5| 765 68| 12.6 | 124 | 242 | 967 | 488 | 641|393 | 62| 6321031 | 1267 | 20.3 | 28.1 5.1 42| 17.3| 61 7.1
Ni | 1335 | 1162 | 288 | 190 | 197 | 460 | 143 | 481 | 1064 | 1478 | 1128 | 199 | 638 | 367 | 1960 | 845 | 1923 | 477 | 309 | 914 | 1501 | 1477 | 316 | 505 13 9 47 14 13.7
Cu| 607 | 753|107 ] 29.2| 16.7| 135 9.4 | 507 33| 61.7| 422 | 227 | 296 | 225| 633 | 345 | 557|265 | 116 | 532 | 605 | 89.9 | 169 | 32.7 46 15 28 16 17.5
Zn 88 79 14 38 16 22 107 48 43 78 66 106 22 96 62 25 43 11 18 98 87 77 18 41 23 18 67 53 41.4
Ga| 134 | 155| 22| 148| 6.7 46| 259 | 153 10| 171] 99 22| 45| 201 | 189 | 45| 14.2 2| 23| 155 154 | 121 3 8 5.8 55| 175| 57 6.6
As | 476 8| 32| 08 17| 107 | 4.8 21| 41 19| 321 21 38| 41| 26| 65 18| 29| 62| 102| 186 | 291|279 107 8.3 76| 4.8 24 3.8
Rb| 669 | 781|102 | 633 | 238 | 141 | 254 | 872 | 747 | 942 | 574 | 539 | 202 | 37.3|1047 | 153 | 86.3 9.3 9.2 | 90.3| 886 | 539 | 143 | 448 14 10 84 21 9.3
Sr| 837 113 | 31.7 | 856 | 657 | 554 |8152 | 97.2 | 62.8 | 94.6 | 84.1 | 435.1 | 110.1 | 550.1 | 125.9 | 75.8 | 101.5 | 16.4 | 25.3 | 243.4 | 188.7 | 302.9 33 | 150.2 110 120 320 130 140
Zr [ 1183 [ 1541 | 29 | 153.4 | 385.9 | 141.2 | 520.8 | 151.2 | 142.1 | 136.4 | 69.6 | 245.8 | 48.7 | 356.1 | 136.9 | 103.6 | 143.7 | 73.1 | 30.5 | 115.1 | 99.6 | 137.1 | 33.5 | 64.1 36 35| 193 27 89.5
Nb | 143 129 2| 226 39| 99| 128 166 | 101 | 153 | 51| 131 | 43| 1904 | 232 | 169 | 115| 32| 31| 11.8| 113| 174| 34| 77 37 33 12| 29 9.4
Mo 1.1 3.7 2.6 0.4 2.5 35 1.4 3.1 2.9 1 4.6 0.4 1.6 2.4 1.2 6 13 3.3 1.3 0.5 0.4 0.7 0.8 0.4 2.2 2 1.1 33 3.1
Sn 1 2 1 2 1 1 6 2 1 3 2 7 1 5 3 1 2 1 1 2 2 1 1 1 1.1 079 | 21| 13 2.11
Cs| 79| 84| 19| 81| 35 19| 36 9.2 6.2 8.9 6| 6.1 34| 26| 89| 24| 73| 11| 15 91| 89| 42| 22| 103 1 098 | 49| 11 1.13
Ba| 208| 183 | 21| 114 63 31| 387 | 123 78 | 103 65| 378 | 139 | 306 | 234 34| 495 | 14| 19| 468 | 437 | 211 | 204 | 217 150 150 | 624 | 170 159
Hf 3.3 3.5 0.8 3.4 4.6 32| 151 4 3.3 4.1 2 8.8 1.2 9.7 4.6 2.2 4 1.6 0.9 3.2 2.8 3.4 0.8 1.7 1.2 1.2 5.3 0.7 3.7
Ta 0.7 0.9 0.1 0.8 0.3 0.3 2 0.9 0.5 1 0.4 1.6 0.3 1.5 1.7 0.5 0.9 0.2 0.1 0.9 0.7 1.1 0.2 0.4 0.28 0.26 0.9 | 022 0.62
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W 2.2 28| 14 3.6 2.3 17 3.7 7.8 15 2.7 19 7.2 0.6 4.1 2.9 4.3 18] 07 18 2.6 2.6 36| 13 13 11 12 19 1 11

Hg | 016 | 0.13) 0.07 | 0.05 01) 029 016 011 ] 019 | 031 05| 015| 028 | 011 | 023 | 0.16 02017012 | 011 ]| 015| 0.33 | 0.06 | 0.04 0.1 01] 005 017 0.16
Pb| 293 31| 46| 225 79 1911203 | 209 | 198 | 19.2| 301 | 782 77| 825 23 9.4 20 8| 41| 287 303 | 302 | 53| 157 7.8 6.6 17 11 15.1

Bi 04 04] 01 0.4 0.3 0.1 1.2 04 0.2 04 0.5 1 0.1 0.9 0.5 0.1 04] 01] 01 0.3 0.3 02| 01 0.1 0.97 0.84 | 0.16 <1 0.79

Th| 137| 189 | 33| 237| 131 7111006 | 226 | 166 | 243 | 187 73 71| 66.1| 26.6 74| 237 | 62| 29| 142| 127 93| 34 6.3 3.3 33| 105 3.2 5.8

U 2.6 79| 14 7 5.9 2.1 29 6.4 3.9 4.5 411 218 0.8 | 207 5.5 3.9 61| 17| 04 2.9 2.4 21) 16 15 2.4 2.9 2.7 2.1 2.4
V/Ni | 0.08| 011008 | 026| 036 | 009 | 073 | 021 | 008 | 0.06 | 0.04| 049 | 0.06 | 028| 0.05| 012 | 0.05]| 0.08 (007 | 014 | 0.08 | 008 | 0.12 | 0.15 - - - - -
V/(V+Ni) | 007 | 010 0.08| 021| 026 | 008| 042| 018 | 007 | 0.06 | 004 033 | 006 | 022| 0.04| 011 | 0.05| 0.08 007 | 012 | 0.08 | 008 | 0.11 | 0.13 - - - - -
Sr/Cu| 138 | 150296 | 293 | 393 | 4108672 192 | 190 | 153 | 1991917 | 372 |2445| 199 | 220 | 182|062 | 218 | 458 | 312 | 337 | 1.95| 459 - - - - -
Ga/Rb | 020 | 020)022| 023 | 028| 033 | 102| 018 | 013 | 018 | 017 | 041 | 022 | 054 | 018 | 029 | 016 022|025 | 0.17| 017 | 022|021 | 0.18 - - - - -
UTh| 019 | 042 | 042| 030 | 045| 030 | 0.29 | 0.28 | 0.23 019 022| 030 011] 031 | 021 ) 053 | 026 027014 | 020]| 019 | 023 | 047 | 024 - - - - -
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Figure 7. Concentration coefficients of trace elements of studied samples a) coal, b) parting, roof, and
floor.

Several elements (e.g. S, B, U, Ba, Ni) and their ratios (e.g. Th/U, V/(V+Ni), Ni/Co, Sr/Cu) can be
used as indicators (salinity, paleoredox conditions and paleoclimate) for the depositional environment
during or after peat deposition. Especially when evaluating the formation environment of coal, the
water chemistry of the sedimentation environment and the elemental chemistry of the coal may differ
due to various effects in diagenetic or epigenetic processes. Therefore, elements with similar
geochemical behavior or related element ratios should be used rather than a single element [81]. V/Ni,
V/(V+Ni), which are redox sensitive geochemical indices, are widely used in sedimentary rocks rather
than other trace element ratios [2, 82, 83]. A high V/Ni (>3) reducing environment indicates a V//Ni
suboxic environment between 1.9-3, whereas a low (<1.9) V/Ni ratio indicates oxic environments
[84]. Moreover, high (>1) V/Ni ratios indicate marine carbonates or siliciclastics, while low (<1)
values indicate lacustrine or terrestrial origin [85]. ((EI-Sabagh et al., 2018). V/(V +Ni) ratios <0.46,
0.46-0.60, 0.54-0.82 and >0.84 indicate oxic, dysoxic, suboxic-anoxic and euxinic environments,
respectively [86].. Low V/Ni and V/(V + Ni) ratios in the studied samples indicate oxidizing
conditions and lacustrine origin (Table 4) and are consistent with the sedimentation environment of
coal. U/Th ratios are other redox sensitive ratios used to determine the depositional environment of
organic matter-rich deposits [87]. U/Th ratio <0.75 indicates oxic, 0.75-1.25 indicates suboxic, >1.25
indicates suboxic-anoxic depositional environment [82]. Tungbilek-Tavsanli coal samples of roof,
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parting and floor presented low (<0.84) values. Other ratios that provide information about the
precipitation environment by using element ratios are Sr/Cu and Ga/Rb ratios. In particular, the Sr/Cu
and Ga/Rb ratios of fine-grained sediments provide information about the climatic changes of the
deposition environment. Sr/Cu ratios between 1.3-5.0 are associated with humidity, while values
greater than 5.0 are associated with drought [88]. Ga/Rb ratios offer lower values as the temperature
decreases [89]. Parting samples taken from the Tungbilek-Tavsanlh field indicate arid climate, while
other samples vary and indicate a humid climate.

4.2.3. Rare earth elements and yttrium (REE+Y or REY)

The total REE+Y concentration in the studied samples of Tungbilek-Tavsanli coal seam ranges
between 25.77 and 167.26 pg/g (Table 5), with an average of 95.04 pg/g, which is higher than the
average REE+Y concentration of world’s low-rank coals (65.27 pg/g; [75]). This average value
corresponds to 0.7 times the average REE+Y concentration (135.89 pg/g; [91, 3, 6]) of Chinese coals,
and corresponds to 1.5 times the average REE+Y concentration (62.09 pg/g; [90]) of USA coals.
REE+Y concentrations were normalized to UCC values to show the REE+Y distribution patterns of
the studied samples (Fig. 8).

Correlation coefficient between ash content and REE+Y concentrations is high (r=0.74; Table 3). The
coal sample with the highest ash content (TFC17) has the maximum REE+Y concentration (152.4
pg/g) and the minimum REE+Y value (25.8 pg/g) is the coal sample with the lowest ash content
(TFC19; 8.2 ug/g), which is an indication of mineral matter association for REE+Y in Tungbilek-
Tavsanlt coal samples. It has been stated that REYs in low rank coals in Turkey are generally
associated with tuff type, acid and alkaline volcanic ash and formed in the peat bog stage [92]
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Figure 8. REE+Y distribution patterns of FC pano samples of Tungbilek-Tavsanli basin.
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As suggested by Seredin and Dai (2012) [13], three enrichment phases of rare earth elements and
yttrium in coal are adopted in this study:

1) “Light REE (La, Ce, Pr, Nd and Sm) enrichment (L-type; Lan/Luy > 1); n: REE+Y
concentrations in the studied samples normalized by average values of UCC [93]”;

2) “Medium REE+Y (Eu, Gd, Tb, Dy and Y) enrichment (M-type; Lan/Smy < 1, Gdy/ Luy >
1)7’;

3) “Heavy REE (Ho, Er, Tm, Yb and Lu) enrichment (H-type; Lay/Luy < 1).”
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Table 5. REE+Y contents of studied samples of Tungbilek -Tavsanli coalfield.

Sample La Ce Pr Nd Sm Eu Gd Th Dy Y Ho Er Tm Yb Lu REE+Y
TFC1 23.7 46.9 5.05 18.5 3.53 0.83 3.26 0.47 2.46 14.4 0.51 1.50 0.21 1.46 0.23 123.0
TFC2 30.2 67.9 6.90 26.1 4.85 1.17 4.40 0.62 3.32 17.1 0.66 1.83 0.27 1.68 0.26 167.3
TFC3 6.6 10.7 1.05 4.0 0.63 0.21 0.61 0.10 0.54 3.3 0.13 0.34 0.05 0.32 0.06 28.6
TFC4 22.3 51.8 5.43 20.2 3.43 0.80 2.76 0.39 2.16 12.1 0.41 1.18 0.17 1.13 0.17 124.4
TFC5 19.0 41.1 4.48 16.5 2.96 0.65 2.46 0.41 2.38 14.6 0.50 1.43 0.21 1.38 0.23 108.3
TFC6 12.9 24.9 2.77 10.0 1.94 0.42 1.58 0.24 1.42 10.6 0.34 1.04 0.16 1.18 0.22 69.7
TFC7 146.1 282.4 31.92 114.0 19.17 3.79 13.78 1.68 8.38 43.9 1.49 4.30 0.63 4.04 0.59 676.2
TFC8 23.6 59.4 5.37 20.6 3.79 0.86 3.11 0.43 2.50 12.8 0.47 1.50 0.22 1.48 0.22 136.4
TFC9 17.2 43.3 3.89 14.6 2.54 0.55 1.94 0.27 1.34 6.5 0.27 0.74 0.11 0.73 0.11 94.1
TFC10 22.8 49.6 5.09 18.9 3.30 0.81 2.89 0.42 2.19 11.7 0.45 1.33 0.19 1.19 0.19 121.1
TFC11 17.8 45.9 3.93 13.9 2.52 0.55 2.02 0.28 1.48 8.3 0.29 0.83 0.13 0.86 0.13 98.9
TFC12 91.2 185.0 21.06 75.3 13.13 2.75 8.83 1.14 5.58 26.0 0.96 2.60 0.38 2.35 0.34 436.6
TFC13 7.3 17.4 1.79 7.0 1.45 0.32 1.21 0.18 0.95 5.4 0.19 0.61 0.09 0.51 0.08 445
TFC14 91.9 175.7 20.26 73.8 12.63 2.77 9.00 1.20 6.27 33.0 1.16 3.21 0.47 2.97 0.46 434.8
TFC15 26.8 64.9 6.30 23.0 4.36 1.00 3.93 0.55 3.09 17.4 0.60 1.74 0.25 1.55 0.25 151.7
TFC16 6.9 15.6 1.42 4.8 0.94 0.23 0.81 0.13 0.74 4.2 0.13 0.42 0.06 0.41 0.06 36.9
TFC17 27.9 67.8 6.10 225 4.00 0.93 3.47 0.47 2.51 13.0 0.52 1.46 0.20 1.32 0.19 152.4
TFC18 11.8 27.4 2.64 9.7 1.60 0.37 1.35 0.18 0.90 4.5 0.18 0.50 0.07 0.44 0.06 61.7
TFC19 6.2 9.9 0.91 34 0.62 0.15 0.54 0.09 0.53 2.6 0.10 0.31 0.04 0.33 0.05 25.8
TFC20 29.9 57.2 6.47 23.3 4,58 1.04 3.88 0.58 3.20 175 0.68 2.00 0.29 1.88 0.28 152.8
TFC21 26.4 49.8 5.35 19.9 3.67 0.82 3.08 0.45 2.41 135 0.51 1.60 0.23 1.61 0.26 129.6
TFC23 21.6 49.6 5.36 21.8 4.56 1.18 4.77 0.73 4.12 21.2 0.83 2.27 0.33 2.12 0.32 140.8
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TFC24 7.0 13.7 141 5.7 1.07 0.29 0.98 0.15 0.80 53 0.19 0.54 0.08 0.50 0.07 37.8
TFC25 19.8 36.1 3.88 13.7 2.71 0.69 2.71 0.42 2.33 141 0.49 1.41 0.19 1.28 0.20 100.0
World [75] 11 23 4.0 12 2.00 0.47 2.70 0.32 2.10 8.4 0.54 0.93 0.31 1.00 0.20 68.97
Lignite [75] 10 22 3.5 11 1.90 0.50 2.60 0.32 2.00 8.6 0.50 0.85 0.31 1.00 0.19 65.27
UCC [80] 31 63 7.1 27 4.70 1.00 4.00 0.70 3.90 21.0 0.83 2.30 0.30 2.00 0.31 169.14
USA [81] 12 21 2.4 9.5 1.70 0.40 1.80 0.30 1.90 8.5 0.35 1.00 0.15 0.95 0.14 62.09

China3,6,82]  22.5 46.7 6.42 22.3 4.07 0.84 4.65 0.62 3.74 18.2 0.96 1.79 0.64 2.08 0.38 135.89
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Coal is characterized by an L-type enrichment, except for TFC5, TFC6 samples with H-type
enrichment and TFC12, TFC23, TFC24 samples with M-L type enrichment in the roof, floor, and
parting samples, respectively (Table 6).

Since Ce, Eu and Gd anomalies occur only under certain geochemical conditions, they can be used as
indicators to reflect the paleoenvironmental characteristic sediment-source region, and tectonic
evolution [94]. However, Eu is inhibited by Ba concentrations in many cases, as stated by Dai et al.
(2016) [94] and Yan et al. (2018, 2019) [95, 96]. The positive correlation between Ba and Eu
concentrations in coal (Fig. 9a) and the Ba/Eu ratio, which ranged from 37.8 to 434.4 and averaged
148.6 in coal samples, was found by Yan et al. (2018) [95]. It clearly shows Ba interference on Eu,
although it is lower than the interference threshold Ba/Eu=1000. Again, the weak correlation between
Ba and Eu concentrations in non-coal samples (Fig. 9b) indicates that Ba do not interact with Eu in
these samples despite low Ba/Eu ratios (ranging from 116 to 339). Therefore, no interpretation could
be made for the samples.
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Figure 9. Relationship between Ba and Eu concentrations of studied samples a) coal samples; b) roof,
floor, and parting.

Furthermore, redox-sensitive Ce and Eu anomalies (in non-coal samples) and in some cases, non-
redox-sensitive La, Gd, and Y anomalies in coal may change under certain geochemical conditions
[94]. In this study, the Eq. 1-3 were used to measure the separation of Ce, Eu and Gd concentrations
from other REE+Y in dispersion models.

Eun/Eun = Euy /[(Smy X 0.67) + (Thy x 0.33)] (1)
Cen/Cey = Cen/[(Layx 0.5) + (Pry x 0.5)] 2
Gdn/Gdy = Gdp/[(SMy X 0.33) + (Tby X 0.67)] ©)

Respectively, in the calculations of Gdy/Gdy and Eun/Euy , Tb is used instead of Eu to avoid
confusion of Eu anomaly with Gd anomaly and in order to avoid confusion of the Gd anomaly with
the Eu anomaly, Thb is used instead of Gd concentration. The Yy/Hoy ratio in coal is used to represent
the divergence of geochemical twins Y and Ho, which produces Y anomalies in the REE+Y
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classification. Values Yy/Hoy <1 and >1 represent negative and positive anomalies, respectively [94].
While Ce in the studied coal samples generally shows weak positive anomaly; Ce in the non-coal
samples is generally characterized by negative anomaly (Table 6). Generally, groundwater or
hydrothermal leak of roof, parting and floor can cause Ce anomalies in both coals and non-coal
fractions. During non-coal leaching, Ce** can be converted to Ce**, which is preferentially precipitated
in-situ[97]. Thus, non-coal fractions show Ce-depletion relative to coals, but cause leaks richer in
REY, and it usually indicates oxidizing conditions for the leaching process [2]. In the studied samples,
the REY values are higher, while the Ce anomaly in the roof and floor samples is lower than the coals.
Eu element, another redox sensitive rare earth element, is not recommended to be used in coals[65].
Eu and Gd show weak positive anomalies in all samples (Table 6). Yttrium shows positive anomaly in
coal samples except TFC7, TFC17 and TFC18 and in non-coal samples. If peat interacts with sea
water, it generally shows positive anomalies for La, Gd and Y[98]. However, since coals are also
affected by hydrothermal fluids during peat deposition, positive anomalies for La, Gd and Y may be
under the combined influence of seawater and hydrothermal fluids [76]. Since the study area exhibits
lacustrine environment characteristics, positive anomalies of La, Gd and Y can be attributed to
hydrothermal fluids.

Table 6. Anomalies and enrichment patterns of Eu, Ce, Gd and Y of coal samples in Tungbilek-
Tavsanli coal basin.
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TFC20 112 097 111 1.07 100 1.07 1.02
TFC21 112 098 112 1.02 109 0.92 1.05
TFC23 119 1.08 117 068 0.72 116 1.01
TFC24 130 102 1.12 1.00 099 1.09 1.10
TFC25 1.18 097 114 099 111 105 1.14

0.79 47.62 44.83 60.33
0.74 38.68 3850 5241
-H 096 5130 36.29 53.20
-M 0.88 12.78 10.46 14.54
0.85 32.65 29.10 38.26

Irrr

-

Seredin and Dai (2012) [13] developed a new classification for the evaluation of REE+Y in coal as an
economic raw material, which considers REE+Y degree, element composition, resources of rare
metals, exploitable tonnage of coal, formation forms of rare metals in coal and coal burning
production, extraction methods, environmental problems, supply and demand relationship of rare
metals [65]. According to this classification, REE+Y is divided into three groups namely critical (Nd,
Eu, Th, Dy, Y and Er), non-critical (La, Pr, Sm ve Gd) and super critical (Ce, Ho, Tm, Yb and Lu). In
the studied samples, the critical and non-critical groups present close values in the total REE+Y
concentration, while the REE+Y concentration of the super critical groups constitutes a significant
portion of the total REE+Y concentration in the coal, roof, floor and parting samples (Table 6).

Dai et al. (2017) [65] stated that REE+Y content greater than 1000 pg/g is considered as the cut-off
grade for useful recovery, and the second criterion is REE+Y g, rel-Coyq graph. Where REE+Y g
stands for the percentage of critical elements in total REE+Y, C,y (outlook coefficient) is the ratio of
relative amount of critical REE+Y metal in the total REE+Y. Excessive REE+Y is calculated by Eq.
4:

Coutl=(Nd + Eu+ Tb + Dy + Er + Y / XREE+Y)/(Ce + Ho + Tm + Yb + Lu/ ZREE+Y) 4)
REE+Y sources with 0.7 < Cgy < 1.9 and Cyy > 2.4 are considered as promising and highly
promising, respectively [65]. The C,y values of Tungbilek-Tavsanli samples were calculated and

given in Table 6. According to the relationship between the cut-off grade and C,, the coal, roof, floor
and parting layers remain within the unpromising area (Fig. 10).
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Figure 10. Evaluation of REE+Y in coal and host rock samples of Tung¢bilek-Tavsanli coal field [65].
5. CONCLUSION

The minerals in the studied coal samples are, in order of abundance, quartz, kaolinite, illite-smectite
and siderite, dolomite, illite, smectite, mica, feldspar, pyrite, chlorite and jarosite. The mineral
compositions of the samples taken from the roof-floor-parting showed similarities with the coal
samples. SiO,, Al,O; and Fe,O3 are generally the most abundant major oxides in the studied samples.
The MgO, K0, Ca0, TiO,, Na,O, P,0s and MnO were also detected in lesser amounts. Only in the
parting samples, SiO,, Al,O; and MgO are the most abundant major oxides whereas Fe,0s, K,0,
TiO,, CaO, P,0s, Na,O and MnO were found to be in lesser amounts. It was observed that the major
oxide contents were high in claystone and carbonaceous shale samples. Concentration of SiO, and
Al,O3 in coal samples is quite low comparing to other samples and the main source of SiO, and Al,O3
is kaolinite and illite-smectite mixed-layer clays. Samples with high Al,O3 content are abundant in
kaolinite, however, SiO, may be partially related to the quartz content. Siderite and pyrite minerals are
relatively abundant in samples with high Fe,Os. It was observed that dolomite minerals were more
abundant in samples with high MgO.

The CC values of Tungbilek-Tavsanli coals are predominantly in the slightly enriched-normal ranges,
whereas the CC values of the roof, floor and parting samples present normal values. According to the
concentration coefficient, the Ni element in the coals is significantly enriched; Cs, Co and Rb
elements are enriched and are of inorganic origin. REE+Y concentration (average 95.04 pg/g) is
higher than the average REE+Y concentration of world’s low-rank coals and USA coals. In samples
with high ash content, REE+Y concentration is high, while relatively low concentration of REE+Y in
samples with low ash content indicates mineral matter relationship. This shows that it may be related
to the tuffy units in the coal basin. The Eu, Ce, Gd and Y values of coal seam samples of Tungbilek
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Formation show weak positive anomalies. This suggested that it may be related to hydrothermal
fluids. Based on the Al,Os/TiO; ratio and the L-type enrichment of REE+Y, it can be concluded that
the terrestrial materials around the coal basin in the early stage of peat deposition are mainly derived
from intermediate-felsic tuffs. Element ratios (V/Ni, V/(V +Ni), U/Th) indicate oxidizing conditions
and lacustrine origin. In addition, the Sr/Cu and Ga/Rb ratios of the roof, coal and floor strata samples
indicate humid conditions, whereas the Sr/Cu and Ga/Rb ratios of parting strata samples indicate
relatively arid climate. The usability of REE+Y in Tungbilek-Tavsanli coals as an industrial raw
material source does not constitute a potential source according to the cut-off grade-C,,y association,
although the extremely critical groups (Ce, Ho, Tm, Yb and Lu) are dominant.
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