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ABSTRACT

The trace elements enrichments and modes of occurrence were investigated in the feed coals and
coal ashes from the thermal power plants Tungbilek (Kiitahya), Soma-Torku and Soma-Kolin
(Manisa), Can 18 Mart (Canakkale), Yatagan, Yenikoy, Kemerkoy (Mugla), Tufanbeyli (Adana),
Catalagzi (Zonguldak), Cayirhan (Ankara), and Elbistan-B (Kahramanmaras). The Ni, As, Cr and Th
concentrations are higher than the World coal averages in the feed coals of almost all power plants. On
the other hand, Ni, Cr, Rb, As, and V in the bottom ashes andNi, Cr, As, U, B, Li, V,Rb, Cd, and Zn in the
fly ashes, are higher than the World coal ash averages. The similar element enrichments were observed
in both the bottom and fly ashes related to the element enrichments in the feed coals. Siderophile and
chalcophile elements such as Ni, Zn, Pb, and Cd are generally associated with iron oxides, spinels,
or metal carbonates in coals and coal ashes. In contrast, lithophile elements such as Li, U, B, Th, Ba,
Sr, and V are typically present within carbonates, borates, sulfates, oxides, or organic matter in coals,
whereas, in ashes, they are more commonly associated with glass phases, carbonates, and sulfates.

1. Introduction

Coal is a major resource that currently provides
41% of global energy needs. It is used not only for
electricity generation, but also as a raw material in
several industries, including metallurgy, gasification,
cement, activated carbon, and industrial chemicals.
Furthermore, in recent years, coal and coal ashes have
been considered potential alternative resource for
elements such as Ge, Ga, U, V, Se, rare earth elements
(REE), Sc, Y, Nb, platinum group elements (PGE),
Au, Ag, Re, Al, and Mg. The world economy is largely
dependent on some critical elements, both in terms of
energy efficiency and in stimulating technological
advances recently. The critical elements have become

rarer and more expensive due to the depletion of ore
resources produced by traditional methods and the
rapid growth of demand for the elements due to their
wide usage areas. Since the supply of many critical
elements is related to limited sources, the search for
alternative sources such as coal and coal combustion
products in their supply has gained great global
importance. Depending on various factors such as
coal characteristics and combustion method, generally
10-15% of hard coal and 20-50% of lignite remain as
ash after combustion. The amount of fly ash emerging
in the world today is around 600 million tons per
year. The coal-fired power plants in Tiirkiye release
approximately 20 million tons of ash per year, with
about 75-80% being fly ash and 20-25% being bottom
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ash. Recently, some studies have been carried out to
explore the possibility of extracting rare earth and
other metallic elements from coal and coal ashes in
the World, especially in America, China, and Russia.
Some of these studies have yielded promising results.
Previous studies have shown that concentrations of
these elements in some coals and coal combustion
products are close to or much higher than the grades of
conventional ores (Hower et al., 1999, 2016; Mardon
and Hower, 2004; Seredin et al., 2006; Zhuang et
al., 2006; Dai et al., 2008, 2011, 2015, 2016, 2018;
Seredin and Finkelman, 2008; Du et al., 2009; Franus
et al., 2015; Taggart et al., 2016; Lin et al., 2017). Ge,
U, V, and Se elements have been recovered from coal
and used industrially for a long time. Additionally,
Au and Ag elements were obtained from Wyoming
and Utah coals (USA) during the late 19th and early
20th centuries. After World War II, coal became the
main source of U for the USA and Russia. In the early
1960s, small amounts of Ge were recovered from coal
in the Czech Republic, England, Japan, and Russia
(Dai et al., 2016). Germanium has been still produced
from such coals in Uzbekistan, Russia, and China
(Seredin et al., 2006; Holl et al., 2007). There are also
many studies in Tiirkiye about the coal characteristics,
element concentrations, and hazardous air pollutants
in coal and coal ashes (Karayigit et al., 2000a,
Kalyoncu et al., 2021; Shanmugam, 2024). The studies
fundamentally focused on the environmental effects
of elements. On the other hand, the concentration,
distribution, and origin of the elements such as
As, Sb, Ba, Ni, Cr, that have high concentrations in
some Turkish coals were reported by Querol et al.
(1997), Karayigit et al. (2000a, 20005, 2001, 2019),
Cicioglu (2001), Karayigit and Celik (2003), Palmer
et al. (2004), Vassilev et al. (2005), Giirdal (2008),
Siitcii and Karayigit (2015), Baba et al. (2016), Siitcii
(2021), Sitcii et al. (2021), Aykac et al. (2023),
Coteli et al. (2025). Karayigit et al. (2000a) studied
feed coals of the Cayirhan, Seyitomer, Tungbilek,
Orhaneli, Soma, Yatagan, Yenikdy, Elbistan, Kangal,
and Catalagzi thermal power plants for the hazardous
air pollutants (HAP). Previous studies have shown
that Turkish coals are enriched in many elements. It
has been supposed that the ashes from power plants
derived from the element enriched coals, could be
used as an alternative source of these elements. This
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study examined the elemental compositions of feed
coals, bottom ashes, and fly ashes from selected power
plants in Tiirkiye to evaluate the potential of coal and
coal ashes as a source of elements.

2. Materials and Methods

The coal-fired power plants that used indigenous
coals and fed from the basins with large coal reserves
were selected for the sampling. The feed coal,
bottom and fly ash samples were taken from the
Kiitahya-Tuncgbilek, Manisa-Soma-Torku, Manisa-
Canakkale-Can 18 Mart, Mugla-
Yatagan, Mugla-Yenikdy, Mugla-Kemerkdy, Adana-

Soma-Kolin,

Tufanbeyli, Zonguldak-Catalagzi, Ankara-Cayirhan
and Kahramanmaras-Elbistan B Power Plants (Figure
1). The detailed information about the power plants is
listed in Table 1.

In this study, thermal power plants supplying coal
from certain coalfields have been selected to ensure
uniformity in coal and ash properties. Samples were
collected from the feed coal, fly ash, and bottom ash
of the thermal power plant at each work shift over
three days, and representative feed coal, fly ash, and
bottom ash samples, with each weighing between 25
to 50 kg, were prepared from these collected samples.
These procedures were conducted for each power
plant. Nevertheless, the feed coal and coal ashes have
been collected separately from the units of the Soma-
Torku (units 1-4 and 5-6) and Tungbilek (units A and
B) thermal power plants. In total, thirteen feed coals,
thirteen fly ashes, and twelve bottom ashes (except
Cayirhan Thermal Power Plant) were sampled. The
feed coal and bottom ash samples were crushed and
ground to 1 mm grain size. The fly ash samples were
reduced to a weight of approximately 5-6 kg with a
divider. Furthermore, the fly ashes were separated into
five fractions by passing them through sieve meshes
with sizes of 106, 75, 53, and 38 um to determine the
grain size distribution of fly ashes. The fractions were
classified as +106, -106 +75, -75 +53, -53 +38 and
-38 pm (Table 2). As seen in Table 2 and Figure 2,
the particles less than 38 pm generally represent more
than 50 percent of the fly ashes. Only the Soma-Torku
and Elbistan-B samples have lower values for the -38
fraction, on the other hand these samples have higher
values for the +106 fraction which can be related to
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Figure 1- Distribution of the thermal power plants sampled.

Table 1- The properties of studied thermal power plants (Palmer et al., 2004; Tamzok, 2017; Enerji Atlasi, 2024).

Power Ash Depositional
Thermal Capacity | production Environment of | Age Combustion
Power Plants (MW) | (tones/year) Coal Supply Coal type Coals (Ma) technology
Soma-Torku 900 2.373.439 Isiklar, Eynez, Sub-bituminous Miocene | Pulverise
N-Kisrakdere
Soma-Kolin 510 - gen%si(B: Sub-bituminous | Limnic, Pliocene lgll rc(;ﬂ atzdb q
cnis continental u1dized-5¢
Kiitahya-Tungbilek 591.854 Tungbilek Sub-bituminous | with volcanic Pulverise
o intercalations . Circulated
Canakkale-Can 18 Mart | 320 453.440 Can Sub-bituminous Miocene Fluidized-bed
Ankara-Cayirhan 620 - Cayirhan Lignite Pulverise
Mugla-Yatagan 630 1.320.570 Yatagan Lignite Pulverise
y - Sekkay, Ikizkoy, . .
Mugla-Yenikoy 420 713.847 Akbelen, Karacahisar Lignite Limnic Miocene Pulverise
Mugla-Kemerkdy 630 1.585.195 | Husamlar, Galaralan- -}, ;.o Pulverise
Belentepe
; : s Fluvial, Limnic, Circulated
Adana-Tufanbeyli 450 - Tufanbeyli Lignite continental Miyosen | Fluidized-bed
. Afsin-Cogulhan- .. with volcanic Pliocene .
K.Maras-Elbistan B 1440 6.141.137 Collolar Lignite intercalations Pulverise
Catalagzi and Bituminous
Zonguldak-Catalagzi 315 803.703 Zonguldak coal coal washer - - Pulverise
washer wastes wastes

the burning yield of the thermal power plants. When
there is no complete combustion in the boiler, some
combustible materials cannot burn and remain in the
coal ashes. On the contrary, the majority of the Kolin,
Can, and Tufanbeyli samples were composed of the
-38 fraction. The co-feature of these samples is the
burning products of CFB technology which has a high
burning yield.

The inductively coupled plasma atomic emission
spectroscopy (ICP-OES), inductively coupled plasma-

mass spectrometry (ICP-MS), X-ray fluorescence
(XRF), X-ray diffraction (XRD), and scanning
electron microscopy (SEM) analyses were carried out
at the General Directorate of Mineral Research and
Exploration (MTA) laboratories in Ankara, Tiirkiye.
The samples were prepared according to the American
Society for Testing and Materials (ASTM) D2013/
D2013M-18 Standard for the analysis.

The United States Environmental Protection
Agency (EPA) Method 5050 and EPA 7473 methods
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Table 2- The percentages of grain size distributions in the fly ash samples.
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P N R - N - - - - 08| =

Sl A | 2|2 |Z|8 =2 |5|5|8|8|¢%

= = %) 1%} 1%} O M &3 = >~ M > O
Grain size interval (um) Weight %
+106 114 241 1.5 19.7| 407 58| 289 | 152 07| 166 173 | 199 9.8
-106+75 9.5 8.7 1.0 115 11.8 | 10.1 11.2 7.5 42| 105 7.9 8.9 6.0
-75+53 9.7 7.3 8.3 119| 103]| 153 116 7.14 7.0 7.3 7.9 8.3 6.1
-53+38 11.3 771 153 11.7 8.0 | 12.6 9.7 78| 155 7.4 9.4 8.5 7.4
-38 582 | 522| 740 | 452 | 292 562 | 38.6| 624| 727| 582 | 575| 544 706

TA: Tungbilek A unit, TB: Tungbilek B unit, S14: Soma-Torku 1-4 unit, S56: Soma-Torku 5-6 unit, K: Soma-Kolin, Can: Can 18 Mart, Elb:
Elbistan B, TUF: Tufanbeyli, CAY: Cayirhan, YAT: Yatagan, KEM: Kemerkdy, YEN: Yenikoy, CAT: Catalagzi.

Figure 2- The grain size distribution of the fly ash samples.

were used to determine the total chlorine and mercury
content of the samples. The XRD diffraction analysis
was carried out using Panalytical X’Pert Powder X-ray
diffractometer (Cua radiation at 40 kV. 30 mA current
and 26=4 to 70). The major oxides were determined
by XRF spectrometry (Thermo-ARL). The powdered
samples were held at 815 °C about four hours then
they were mixed with cellulose and pressed in 32 mm
diameter stainless mold to make pellets for the XRF
analysis. The trace element analyses were conducted
on Agilent ICP-OES instrument. The samples were
digested in perchloric acid (HCIO,), nitric acid
(HNO,), and hydrochloric acid (HCI) before the
analyses. The Tufanbeyli and Kolin fly ashes and
Tungbilek feed coal were analyzed in FEI Quanta 400
MK2 SEM, EDAX Genesis XM4i energy dispersive
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scanning (EDS) scanning electron microscope. The
surfaces of the fly ash samples were covered with Au-
Pd and the feed coal with carbon before the analysis.

3. Results and Discussions
3.1. Mineralogy

The mineral compositions of the feed coals are
listed in Table 3. Quartz, K-feldspar, pyrite, and clay
minerals are present in all feed coals. Although, the clay
minerals show differences in the feed coals, kaolinite
and illite are common clay minerals. Vermiculite
and smectite were detected in some of the coals.
Although not present in all samples, calcite, dolomite,
and mica are also common minerals. Some samples
contain plagioclase, goethite, sphalerite, apatite,
Zn-Ga),

gypsum, Fe-oxides, Zn-spinels (Zn-Cr,
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Table 3- Mineral composition of the feed coals.

Silicates Carbonates Oxides Sulfates | Sulfides | Phosph.
@ 2
2,12 AR 0| 2 “E 3 i:; 2
s| 2|9 Sl o o Sl | 2| = S| L] @) o f ) o Rl <
S5 |2|E|8|=|~|5|3|S|&[<|2[2]|8|8|8| & |28 =
TA-FC + |+ |+ |+ + + + + + |+ |+ |+ ]+ + +
TB-FC + + | + + + + + |+ |+ |+ |+ + +
S14-FC + + |+ |+ + |+ |+ |+ + |+ |+ |+ + +
S56-FC + + |+ |+ + |+ |+ |+ + |+ |+ | + + +
K-FC + + |+ |+ + |+ |+ |+ + |+ |+ |+ + +
CAN-FC + |+ |+ + + |+ ]|+ + + |+
ELB-FC + + + + + |+ |+ |+ + + +
TUF-FC + + + + |+ |+ |+ |+ + + + |+ +
CAY-FC + |+ |+ |+ S I T I o I o + + +
YAT-FC + + |+ |+ + | + + + + + + |+ +
KEM-FC + + |+ |+ + | + + + + + + |+ +
YEN-FC + + |+ |+ + | + + | + + + + + |+ +
CAT-FC + + |+ |+ |+ |+ + | + + + |+ +
and zeolite minerals. The feed coals from the basins oxides, sulfates, carbonates, sulfides, glass, and char

having volcanic inputs are rich in K-feldspar and
zeolite group minerals, while coals from basins with
carbonate and ophiolitic basement rocks contain
abundant carbonate and phosphate minerals, Fe-
oxides, and Zn-Cr-Ni-spinels. In addition, minor
amounts of baryte, Fe-Mg-oxides, Fe-Ti-oxides, Fe-
Ni-Cr oxides, monazite, zircon, galena, chromite
minerals were observed in Tungbilek feed coal during
the SEM analysis. Magnesioferrite, Cd-Zn-Ni ferrite
were also detected with the XRD analyses of some
feed coals (Table 3).

The bottom ash and fly ash samples contain similar
mineral compositions in the studied samples (Table
4). The mineral composition of coal ashes is primarily
influenced by the type of coal, boiler, combustion
temperature, and the method of ash storage. The
coal ashes consist of glassy (non-crystalline) and
crystalline components, depending on their types.
These constituents can be classified into three groups:
(a) the primary minerals inherited from coal such as
some stable silicates, oxides, sulfates, phosphates,
carbonates, and others (b) the secondary phases
formed during combustion such as various silicates,

(c) tertiary phases crystallizing during transport and
storage in a disposal site such as portlandite, brucite,
gypsum, Fe-sulfate, calcite, dolomite, Fe and Al
hydroxides, and amorphous material (Vassilev and
Vassileva, 1996a; Pedziwiatr et al., 2021).

In the studied ash samples, the main components
are represented by silicates, sulfates, carbonates,
oxides and glassy phases (Figure 3). Quartz and
anorthite from the silicate group were detected in
almost all ashes. Anorthite can be both primary and
secondary in the samples. The presence of anorthite in
the feed coals supports primary origin. Some feldspars,
especially basic plagioclases, may form through solid-
phase reactions between aluminosilicates and liberated
Ca, K and Na oxides during burning (Vassilev and
Vassileva, 1996b). Anorthite can also form from the
melts of Ca-rich ashes. Consequently, anorthite is
more likely to be found in the Ca-rich class C fly ashes
than in class F fly ashes (Hower, 2012). In the studied
ashes, most of the glass phases having anorthite
chemistry were commonly observed during the SEM
analysis (Figure 4a).
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Table 4- Mineral composition of the bottom and fly ashes.

Silicates

Carbonates

Sulfides
Phosph.

Oxides Sulfates

Cristobalite

Melilite
Chlorite

Magnesite

Portlandite
Periclase
Anhydride
Etringite
Sphalerite

Siderite
Lime

TA-BA

+ | Gypsum

+ | + | Mullite
+ | + | Clay Min.

+ | + | Zeolites

TB-BA

Spinel
+ | + | Hematite
+ | + | Apatite

S14-BA

+

S56-BA

+ | + | + | + | Manyetite

+ |+ | + |+ | + | Plagioclase

K-BA

+ |+ | + |+ |+ | Magnesioferrite

+ |+ |+ |+ |+ |+ | Dolomite

CAN-BA

ELB-BA

TUF-BA

YAT-BA

KEM-BA

]|+
+
+
+

YEN-BA

]
SO I R

CAT-BA

TA-FA

TB-FA

S14-FA

S56-FA

K-FA

SO I I R e

CAN-FA

+
|+ |+ |+ |+ |+ ][+ [+ |+ |+ |+ +]|+|+]|+]+]|+]Calcite

ELB-FA

o I I I

TUF-FA

CAY-FA

YAT-FA

KEM-FA

YEN-FA

R I e e I o o e e N o I

T

|||+ |+ H ][+ +]+]+]|+]+ ]|+ ] Quartz

R R R R R R

CAT-FA

R R R R N
R R

S

Mullite is a secondary mineral in coal ashes,
generated mainly due to the decomposition and
transformation of clay minerals, and to a lesser
degree mica, feldspars and other aluminosilicates, at
temperatures commonly above 1000 °C (Vassilev and
Vassileva, 1996b). The boiler temperature is important
for the formation of mullite therefore it is not observed
in ashes from fluidized bed combustion technology.
The clay minerals such as kaolinite, illite, vermiculite,
and smectite in the feed coals, generally melt at high
temperatures and pass dominantly into the glass
phases or mullite during combustion. Mullite has been
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identified in some bottom and fly ash samples (Figure
4a). The melilite series is a group of sorosilicate
minerals can be found in blast-furnace slags. In the
samples, melilite was detected in the Tufanbeyli,
Yatagan, Kemerkdy and Yenikoy ashes (Figure 4c).
Calcite and dolomite are observed mainly in the
bottom ashes of Tungbilek, Soma-Torku, Soma-Kolin,
and Can power plants whereas the other bottom ashes
contain only calcite. Calcite is the main carbonate
mineral found in fly ashes. It can be present in ashes
as a primary mineral inherited from coal, even though
relatively high temperatures (>850 °C) in boilers
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Figure 3- SEM images of the Tungbilek, Tufanbeyli and Kolin fly ashes, a) Backscatter view of Tungbilek fly ash, b) Mg-Mn bearing ilmenite,
biotite, Ca-Fe bearing NaAl-silicate, Fe-Na-Ca bearing K-feldspar, ¢) CaO alternation into CaSO, and d) Baryte, Fe-oxide and glass

phase. (Ilm: Ilmenite; Bt: Biotite; Kfs: K-feldspar)

should degrade this mineral to lime (Pedziwiatr et al.,
2021). The presence of calcite in ashes from thermal
power plants can be related to the unequal heating
of primary calcite in boilers and the reaction of lime
with atmospheric CO, (Demir et al., 2001). The oxides
in the ashes are represented by lime, portlandite,
hematite, magnetite, periclase, and spinel forms. Lime,
portlandite and hematite are commonly observed
in the fly ashes (Figure 3). Magnetite, spinel, and
periclase are observed in some bottom and fly ashes.
Pedziwiatr et al. (2021) highlighted that the ashes

from boilers using fluidized bed combustion contain

a high level of lime, contrasting with low lime content
found in ashes from conventional pulverized coal
combustion technology. This difference is associated
with the lower boiler temperatures, reaching up to
820 °C, and the addition of CaCO; (or other calcium-
rich materials) to the coal in this type of technology
(Perna et al., 2018). Lime (CaO) can also transform
into portlandite and last calcite during ash storage
(Vassilev and Vassileva, 2007). SO, released from coal
combustion reacts with lime (CaO), calcite (CaCO,),
or sometimes Mg(OH),. The reaction produces

calcium or magnesium sulfite (CaSO,), which further
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Figure 4- SEM images of the Tufanbeyli and Kolin fly ashes, a) Mullite, glassy phase with anorthite chemisrty, baryte, Fe-oxides, and quartz,
b) Glassy sphere (Ca-Mg silicate with minor amount Al and Fe), ¢) K-feldspar, Mg-Ti-Fe-S bearing melilite (Ca-Al silicate), quartz,
and Fe-oxides and d) Fe-oxide and Ca-Ti-V bearing Fe-oxide (Brt: Baryte; Kfs: K-feldspar; Qz: Quartz).

oxidizes to form CaSO,-2H,O (Figure 3c). Anhydrite
and gypsum are common minerals that occur at the end
of this reaction. If gypsum occurs as a primary mineral
in coals, low-temperature combustion allows gypsum
to undergo dehydration to bassanite and anhydrite
(Vassilev and Vassileva, 1996b). Hence, gypsum is
generally not observed in fly ash samples. As it was
stated before portlandite is the tertiary phase mineral
crystallizing during transport and storage in a disposal
site. Therefore, anhydrite and portlandite are present
in all samples and gypsum is observed generally in the

bottom ashes. Ettringite, the other sulfate mineral, was
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detected only in the Kemerkdy and Tufanbeyli ashes.
High-calcium fly ashes contain appreciable amounts
of soluble calcium, aluminum, and sulfur-bearing
minerals, and calcium aluminate glass (Figure 4)
that are favorable for ettringite formation (Tishmack
et al., 1999). The sulfide minerals such as pyrite and
sphalerite are converted into Fe- and Zn-oxides like
hematite, magnetite, and spinels. Pyrite generally
transforms into pyrrhotite at 250-850 °C and afterward
into hematite at >850 °C during the coal combustion
(Demir et al., 2001). Vasilev and Vasileva (1996b)
indicated that the coarse-grained fly and bottom



Bull. Min. Res. Exp. (2026) 179: 81-106

ashes are normally more abundant in magnetite
than fine-grained fly ash enriched in hematite.
This case demonstrates a relatively higher oxidizing
condition during the formation of finer fly ash. In the
studied ash samples hematite are present all fly ashes
and some bottom ashes whereas magnetite is only
observed in the Tungbilek, Soma-Torku, Tufanbeyli,
Yatagan, Cayirhan and Catalagzi ashes. Spinel can
be primary and secondary, when its formation is a
result of probable solid-phase reaction between Mg,
Al and Fe oxides, or recrystallization of clay and mica
minerals (Vassilev and Vassileva, 1996b).

Sphalerite is observed only in the bottom and fly
ashes of Tufanbeyli. SEM analysis of Tufanbeyli fly
ash revealed the presence of Zn-carbonates formed
from the oxidation of sphalerite minerals (Figure
5¢). These alternations were observed around the
calcite minerals. The Cd-Ni-Zn-ferrite and Zn-spinels
were detected on the XRD spectra of the samples.
Furthermore, some accessory minerals and phases
such as baryte, monazite, ilmenite, zirconium, rutile,
Fe-Mn oxides, and Fe-Ni-Cr-oxides were identified
during the SEM analysis (Figure 4a, 4c, 4d, and
Figure 5).

Figure 5- SEM images of the feed coals and fly ashes, a) Ni bearing Fe-oxides in the Kolin fly ash, b) MgAl-silicate and Ni-Cr-Fe-oxide in the
Tungbilek coal, ¢) Partially oxidized sphalerite (Sp), Zn-carbonate, and Fe-Zn bearing CaK Al-silicate in the Tufanbeyli fly ash and d)
F-apatite (Ap), Fe-V-Ti bearing CaMgAl-carbonate and Fe-Ca-K-Ti-Mg bearing glassy phase with Al-silicate chemistry in the Kolin

fly ash (Ap: Apatite; Pyr: Pyrite; Sp: Sphalerite).
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3.2. Major Oxides
3.2.1. Feed Coals

The major oxide distributions of the feed coals
are listed in Table 5. The most abundant major oxides
are Al,O, and SiO,, followed by CaO and SO,. The
concentrations of Fe,O, are slightly higher in the
Tungbilek, Can, Elbistan, and Catalagzi samples,
while MgO levels are higher in the Tungbilek samples
compared to the others.

The clay minerals such as kaolinite, illite, smectite,
mica minerals, K-feldspar and anorthite can be the
sources of AL,O,, K,O and SiO, in the feed coals. In
addition, the SiO, concentration can also be related
to quartz, cristobalite, vermiculite, mica, and zeolite
minerals. Vassilev and Vassileva (1996a) indicated
that the volcanic glass in coals predominantly has an
aluminosilicate or titanium-rich composition, with
minor Ca, Fe, Mg, K, Na, P, S, and Cl contents. In
Tiirkiye, many coal basins contain volcanic inputs
such as in the Soma, Tuncgbilek, Yatagan, Can, and
Cayrrhan coalfields. The mineral compositions
and major oxide concentrations of these feed coals
reflect the effect of volcanic inputs. CaO and PO,

can be mainly related to calcite, apatite, and gypsum

minerals. The fossil fragments in the Elbistan coals
contain a high amount of Ca and a trace amount of
Fe, Mg, Sr, and Mn (Siitcii and Karayigit, 2015).
Vassilev et al. (2005) also indicated that feed coal and
fly ash from the Soma power plant contain siderite
and ankerite [Ca(Fe,Mg,Mn)(CO,),] minerals. Siitcii
(2021) indicated that the MgO, CaO, Fe,0,, and SO,
concentrations were sourced from mainly dolomite,
ankerite, siderite, gypsum, smectite, and pyrite in the
feed coals. On the other hand, SO, can also be derived
from sulfate minerals. Iron oxides, iron carbonates
(siderite), and dolomites may serve as additional
sources of Fe O,. The Fe-bearing dolomite and Mg-
siderite were observed in the Tuncgbilek coals (Siitcii
et al., 2021). However, AL,O, and MgO can also be
related to clay and mica minerals. TiO, concentrations
can be related mainly to clay minerals, rutile, and
ilmenite minerals.

3.2.2. The Bottom Ashes

The major oxide concentrations in the bottom
ashes are similar to those in the feed coals (Table 6).
Only the CaO concentration is higher than the feed
coals. Although the SO, concentration is low in the
feed coal samples, it shows a significant increase in
the bottom ashes from Kolin, Can, and Tufanbeyli

Table 5- Major oxide concentrations (%) of the feed coal samples (adb: air-dried basis).

Sagf le SASS(})‘:é ((; dug’) ALO, | CaO | Fe,0, | KO | MgO | MnO | Na,0 | P,0, | SO, | SiO, | TiO,
TA-FC 537 | 396 | 1112 | 107 | 424 | 075 | 247 | 005 | 011 | 011 | 15 | 2977 | 043
TB-FC 628 | 323 | 1318 | 1.88 | 471 | 094 | 282 | 006 | 0.13 | 013 | 207 | 3376 | 05
S14-FC s68 | 339 | 65 | 168 | 18 | 05 | 12 0 | 02 | o1 | 34 | 145 | 03
S56-FC 638 | 271 [ 102 [ 155 | 19 | 05 | 07 | <01 | 02 | o1 | 27 | 203 | 05
K-FC 576 | 275 | 118 | 87 | 22 | 06 | 06 | <01 | 02 | 02 | 39 | 212 | 07
CAN-FC 480 | 3935 | 93 | 16 | 43 | 02 | 02 | 01 | 03 | o1 | 14 | 181 | 05
ELB-FC s64 | 2859 | 93 | 39 | 52 | 05 | 17 | <01 | 03 | 04 | 184 | 231 | 08
TUF-FC 557 | 3062 | 61 | 81 | 23 | 05 | 08 | <00 | o1 | 01 | 55 | 114 | 03
CAY-FC 510 | 2869 | 39 | 64 | 27 | 07 | 18 | <01 | 06 | 03 | 65 | 158 | 04
YAT-FC 513 | 4714 | 39 | 34 | 24 | 03 | 08 | <001 | o 0 4 73 | 02
KEM-FC 536 | 289 | 89 | 144 | 24 | 08 | 12 [ <01 | 04 | o1 | 78 | 141 | 03
YEN-FC 504 | 2697 | 10 | 137 | 2 | 08 | 14 [ <01 | 04 | o1 | 71 | 153 | 03
CAT-FC 560 | 399 | 138 | 07 | 31 | 21 | 11 | <01 | 02 | o1 | 05 | 312 | 08
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Table 6- Major oxide concentration of bottom ash samples.

Sample No ALO, CaO Fe,O, K,0 MgO MnO Na,O PO, SO, Sio, TiO,
TA-BA 20.3 32 10.2 1.4 5.2 0.2 0.2 0.2 2.0 54.4 0.8
TB-BA 19.7 33 10.4 1.6 5.6 0.2 0.2 0.2 1.1 55.6 0.8
S14-BA 9.50 46.9 4.2 0.8 33 0.1 0.3 0.2 5.8 26.0 0.6
S56-BA 16.2 29.8 4.5 1.0 1.5 0.1 0.4 0.2 6.2 36.4 0.9
K-BA 20.5 18.7 4.0 1.1 1.1 <0.1 0.3 0.2 12.3 384 1.2
CAN-BA 19.2 21.8 4.5 0.4 0.8 0.2 0.4 0.2 13.8 374 1.1
ELB-BA 13.6 28 7.4 0.8 1.9 0.1 0.4 0.4 7.5 354 1.1
TUF-BA 18.4 18.9 5.2 1.0 1.3 <0.1 0.3 0.2 13.2 31.7 1.4
YAT-BA 17.8 17.5 9.2 2.0 2.1 0.1 0.5 0.2 3.5 45.6 1.1
KEM-BA 19.2 25.8 5.7 1.8 2.3 0.1 0.6 0.4 7.1 31.9 0.7
YEN-BA 18.4 30.4 4.9 1.7 2.6 0.1 0.6 0.3 6.7 29.5 0.7
CAT-BA 23.8 1.6 6.9 3.9 2.0 0.1 0.9 0.1 0.6 58.1 1.4

power plants. These power plants have circulating
fluidized bed (CFB) technology that is a relatively
new technology with the ability to achieve lower
emission of pollutants. In this technology, sulfur-
absorbing chemicals such as limestone and dolomite
are added to the coal particles during the fluidization
phase to absorb the sulfur pollutants released during
the burning process. Therefore, the CaO and SO,
concentrations in the bottom ashes are higher than
those in the feed coals. The sulfur-absorbing chemicals
are also used in pulverized type power plants to absorb
the sulfur. However, their quantity of usage is lesser
than the CFB power plant’s. Hence, related to the
combustion technology, Kolin, Can, and Tufanbeyli
bottom ashes have higher SO, values. The source of
SiO, and ALO, can be related to glassy phase and
0]

275
can be mostly related to calcite, dolomite, anorthite,

silicate minerals. CaO, P and SO, concentrations
lime, anhydrite, portlandite, gypsum, and apatite.
However, glass spheres with Ca-Mg silicate and
Ca-Al-silicate compositions were observed in the
Tufanbeyli and Kolin fly ashes (Figure 4a and 4b).
Magnetite, hematite, Fe-oxides, and Fe-carbonates are
potential sources of Fe,O,. MgO was also detected in
the carbonates (dolomite, calcite), silicates (anorthite,
oligoclase, glassy phase, and mullite) and Fe-oxides
and siderite during the SEM analysis (Figure 4).

The bottom ash samples were classified by
using ASTM C 618-22 and Turkish Standards
Institution (TS-EN) 197-1 standards. Since the
SiO,+ALO,+Fe,O, content in the bottom ashes is
over 70% and the CaO value is less than 10%, the
Tungbilek and Catalagzi bottom ashes are classified
as F class (low lime). Although, the Soma 5-6 unit,
Kolin, Can, Elbistan, Kemerkdy, and Yenikdy bottom
ashes meet class C criteria with the SiO,+Al,0,+Fe O,
values exceeding 50% and the CaO values above
10%, but the SO, values are not in the limits
(max 5%) of ASTM C 618-22. Only the Yatagan
bottom ash meets all class C criteria of the ASTM C
618-22 Standard. The Soma 1-4 unit bottom ash is
classified as “off-specification” ash because it does
not meet the requirements for either Class C or Class
F criteria in ASTM C 618-22. On the other hand, the
bottom ashes from Soma, Kolin, Can, Tufanbeyli,
Elbistan, Yatagan, Kemerkdy, and Yenikdy power
plants, can be classified as Class W ashes under the
TS-EN 197-1 standard, as they have CaO value being
over 10% and AL O,+SiO, values being over 25%.
The Tungbilek and Catalagzi ashes meet the Class V
criteria of TS-EN 197-1 standard.

3.2.3. The Fly Ashes

The major oxide concentrations of the fly ash
samples are listed in Table 7. CaO and SiO, are the
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Table 7- Major oxide concentration of fly ash samples.

Sample No ALO, CaO Fe,O, K,0 MgO MnO Na,O PO, SO, Sio, TiO,
TA-FA 222 22 8.9 1.5 42 0.2 0.2 0.2 0.9 57.0 1.0
TB-FA 21.6 2.5 8.5 1.8 4.5 0.2 0.2 0.2 1.1 56.8 0.9
S14-FA 13.8 37.6 43 1.1 22 0.1 0.5 0.2 7.0 32.1 0.9
S56-FA 20.2 26.7 3.8 1.2 1.3 <0.1 0.4 0.2 3.8 41.0 1.1
K-FA 18.4 19.2 4.9 0.9 1.2 <0.1 0.3 0.2 12.5 31.4 1.4
CAN-FA 20.0 20.6 9.4 0.3 0.5 0.1 0.6 0.2 10.9 339 1.1
ELB-FA 11.2 37.9 5.9 0.6 1.8 <0.1 0.4 0.4 12.8 27.9 0.9
TUF-FA 20.0 20.6 9.4 0.3 0.5 0.1 0.6 0.2 10.9 33.9 1.1
CAY-FA 20.0 20.6 9.4 0.3 0.5 <0.1 0.6 0.2 10.9 33.9 1.1
YAT-FA 17.6 17.6 9.1 2.0 22 0.1 0.6 0.2 3.4 45.6 1.1
KEM-FA 19.4 25.8 5.9 22 2.0 <0.1 0.8 0.3 9.7 32.1 0.8
YEN-FA 20.5 26.2 5.1 22 2.5 0.1 0.9 0.3 8.8 322 0.8
CAT-FA 252 1.6 6.3 3.8 2.0 0.1 1.8 0.2 0.9 55.9 1.6

dominant major oxides in the samples followed by
Al O,, SO,, and Fe,0,. The SiO, and Al O, contents
are similar to those in the bottom ashes. However,
the CaO content in the fly ashes is lower than in the
bottom ashes, except for the Catalagzi and Soma5-
6 unit samples. The Fe O, concentration in the
Tufanbeyli and Tungbilek fly ashes is lower than in
their bottom ashes. The MgO, K O, MnO, Na,O, P,O
and TiO, major oxides do not show significant changes
compared to the bottom ashes. The ALO,, K,0, TiO,,
SiO, concentrations can be mainly related to the
quartz, plagioclase, K-feldspar, mullite, melilite, clay
and zeolite minerals. The glassy phase also has Ca-Al-
K-Ti silicate chemistry. During the SEM analysis of
the Tufanbeyli and Kolin fly ashes, the glassy spheres
and amorphous glassy phases with Al-silicate, Al-Ca-
silicate, Al-K-silicate chemistry with trace amounts of
Fe, Ti, V, and Mg were commonly observed (Figure 3
and 4). Fe,O, is primarily related to iron oxides. On
the other hand, Fe bearing silicate (K-feldspar, clay
minerals) and carbonate (dolomite, siderite) minerals
were also observed during the SEM analysis. The
CaO concentration can be related to the carbonate
(dolomite, calcite), silicate (anorthite, melilite), oxide
(portlandite, lime), phosphate (apatite), and sulfate
(gypsum, anhydrite) minerals. In addition, the glassy
phases have also Ca-Al, Ca-K-Al, and Ca-Mg silicate
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chemistry. Apatite and monazite minerals can be the
source of P,O, concentration in the ashes. The fly
ash samples were classified by using ASTM C 618-
22 and TS-EN 197-1 standards. The Soma-14, Kolin,
Can, Elbistan, Tufanbeyli, Cayirhan, Kemerkdy, and
Yenikdy bottom ashes meet class C criteria with the
Si0,+Al,0,+Fe,0, value being over 50% and the CaO
value being over 10%, whereas the SO, values are
not in the limits (max 5%) of ASTM C 618-22. Only
the Yatagan and Soma56 unit bottom ashes meet all
class C criteria of the ASTM C 618-22 Standard. The
Tungbilek and Catalagzi fly ashes can be classified
as F class (low lime). According to the TS-EN 197-1
Standard, the Soma, Kolin, Can, Tufanbeyli, Elbistan,
Yatagan, Kemerkdy, and Yenikdy bottom ashes can
be classified as Class W ashes. On the other hand,
Tungbilek and Catalagzi ashes meet the Class V
criteria of TS-EN 197-1 Standard.

3.3. Trace Elements
3.3.1. Feed Coals

The trace element concentrations in the feed coals
are listed in Table 8. The As, B, Ba, Cr, Co, Cu, Ga,
Li, Ni, Pb, Rb, Sr, Th, U, V, and Zn concentrations
are higher than the World coal averages (Ketris and
Yudovich, 2009). The concentration coefficients
(CC) of the feed coals were used to evaluate element
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enrichments in the feed coals. The CC value is
defined as the ratio of element concentrations in the
coals compared to the averages for World brown
coals calculated by Ketris and Yudovich (2009). The
Catalagzi feed coal on the bituminous coal stage was
evaluated according to the bituminous coal averages
stated by Ketris and Yudovich (2009). Based on the
CC values in Table 8, the Tungbilek feed coals are
significantly enriched in Co, Cr, and Ni, enriched in
Th, and slightly enriched in Cu, Pb, Rb, Hf, V, Zn, and
Hg. The Soma-Kolin feed coal is enriched in Li, Th,
U, and V, and slightly enriched in As, Ba, Cr, Ni, Pb,
Rb, Sr, and Zn. The Soma 1-4 feed coal is enriched in
As, Se, and U and slightly enriched in B, Li, Pb, Sr,
Th, and V. Whereas the Soma 5-6 feed coal is enriched
in Li and slightly enriched in As, B, Ba, Cr, Pb, Ni, Th,
U, V, and Zn. The Elbistan feed coal is significantly
enriched in Cr, Ni, Rb, and V, enriched in Co, Li, Mo,
Sr, Hf, and Th, and slightly enriched in Sc, Pb, Cu, B,
Ba, and As. The Can feed coal is significantly enriched
in As and slightly enriched in B, Co, Li, Pb, Rb, Hf,
V, and Cl. The Tufanbeyli feed coal is significantly
enriched in Zn, enriched in Rb, and slightly enriched
in As, Cr, Li, Ni, Th, and V. The Cayirhan feed coal
is significantly enriched in Ni, enriched in As, and
slightly enriched in B, Cr, Mo, and Th. The feed coals
of the Yatagan, Kemerkdy, and Yenikdy power plants
have quite similar element enrichment and As, Cr, Mo,
Ni, Sr, Th V, Zn Li are generally enriched in the feed
coals. The Catalagz1 feed coal is enriched in Mo and
Rb, and slightly enriched in Ba, Co, Cr, Li, Ni, Pb,
Th, and Zn. Despite the feed coals showing similar
element enrichments, some of them are significantly
enriched in As, Co, Cr, Ni, and Zn. Palmer et al. (2004)
indicated that the average concentrations of Ni, Cr, As,
U, Sb, Cs, and V in Turkish coals are higher than in
USA lignites and the anomalous enrichments of these
elements were linked to the widespread occurrence
of ore deposits of Tiirkiye. The Tethian ophiolite belt
is one of the longest in the World and stretches from
Spain to the Himalayas (Bozkurt and Mittwede, 2001)
that shows its maximum development in Turkey which
contains large and numerous deposits of chromite,
Ni-rich olivine, and serpentine (Palmer et al., 2004).
Although arsenic and other metals are associated with
ophiolites (Cina, 1990) and related massive sulfide
deposits (Giile¢ and Erler, 1983), Tiirkiye is also the
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site of extensive Sb—As—TI-Ba deposits. The Neogene
volcanic activities in western Anatolia developed
contemporaneously with development of NE-trending
basins giving rise to formation of thick volcano-
sedimentary successions and several mineral deposits
(Helvaci, 2019).

In the Western Anatolia and Biga Peninsula which
are metallogenic provinces of Tiirkiye, there are arc
magmatism-related skarn, hydrothermal, epithermal,
porphyry-type deposits such as Ag-As-Sb-Pb-Zn-
Au-Cu mineralizations, baryte and borate deposits
in the region (Helvaci, 2019; Sar1 et al., 2022). On
the other hand, platform carbonate rocks in the
southeastern and southern parts of Anatolia host many
Pb-Zn, baryte, bauxite, and phosphate deposits. The
mineralizations and element anomalies may have
influenced the concentration of elements in Turkish
coals. Similar element enrichments as noted by Palmer
et al. (2004) were observed in the feed coals under
study. The SEM analysis and Pearson correlation
coefficients were utilized to determine the mineral-
element associations in the study (Table 9). The
feed coals originate from different coal basins with
varying stratigraphic sequences, paleo-depositional
environmental conditions, degrees of coalification,
and geological ages. It is believed that the associations
between minerals and elements may differ based on
the characteristics of each coal basin.

As a result, the observed correlations may not
accurately represent the true relationships between
trace elements and minerals. Hence, the SEM analyses
and the geology of the coal basins were considered
primarily to interpret the mineral-element relations.
The coals from the Tungbilek and Elbistan basins that
are surrounded by ophiolitic rocks are significantly
enriched in nickel and chromium. The magnetite
minerals derived from ultramafic rocks contain trace
amounts of nickel. In environments enrich in Ni ions,
Ni can replace Fe and Mg in minerals such as pyrite,
siderite, magnetite, and trevorite (Nesse, 2000).
Palmer et al. (2004) also stated that the high nickel and
the Cr concentration in Turkish coals were linked to
the ophiolitic rocks. The positive strong and moderate
correlations between Al O,, TiO,, K,O, MgO, Co,
Cu, Cr, Ni, Mo, Th, and Hg elements also indicate
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Table 9- The Pearson correlation coefficients between major oxides and trace elements for the feed coals.

0.8<r<1 0.6<r<0.79 0.4<r<0.59 0.2<r<0.39
Very strong strong moderate weak
ALO, Co, Cu, Ni, Sc¢ Cr, Mo, Th, Hg Ga, Pb, Cl
CaO Sr,V Ba, Cr, Rb, Hf B, Cu, Li, Mo, Sc
Fe,O, U Mo, Hf Cr, Pb, Rb, Sr, Sc, V, Cl As, Ba, Co, Cu, Ga, Ni, Th, Hg
K,0 Co, Cr, Cu, Mo, Ni, Sc, Th, Hg Ga, Pb
MgO Co, Cr, Ni, Hg Hf, Sc, Th
Na,0 u B
P,0, Sr, Hf, U, V B, Ba, Cr, Pb, Rb, Th Cu, Li, Mo, Sc, Zn
SO, Sr, U A% Rb, Hf Ba, Cr, Mo, Zn
SiO, Mo, Pb, U Ba, Ga, Rb B, Co, Li, Th, V
TiO, Mo Co, Cr, Ni, Hg, Sc, Th Ga, Cl
Ash % Mo Th, Pb, Ba B, Co, Cr, Cu, Ga, Li, Ni, Sc, Hg

associations with the clay minerals, K-feldspar,
plagioclase, and oxide minerals. There are also very
strong, strong and moderate correlations between Co,
Cr, Cu, Mo, Pb, Rb, Li, Th and Ba elements. The sulfide
and oxide minerals are generally present in the clay
matrix in the samples. During the SEM analysis, Ni
and Cr-bearing Fe-oxides, Cr-oxides, Rb-bearing Pb-
oxides, Cd-bearing sphalerite and Ni and As-bearing
pyrites were commonly observed in the Tungbilek
feed coal (Figure 5). Siitcii and Karayigit (2015)
determined Fe (chromite), Mg (magnesiochromite),
Ni, and Zn (zincochromite)-bearing chromium
minerals, Cr-bearing pyrite, silicate, clay, and
phosphate minerals in the Elbistan coal. In addition,
Ni-bearing pyrites and Fe-oxides were detected in
the Tungbilek coals (Siitcii et al., 2021). Karayigit et
al. (2019) detected Co in pentlandite [(Fe,Ni),S,] in
the combustion residues of Tungbilek power plant.
The weak correlations between SO,, Cr (r=0.35),
Cu (1=0.016), and Mo (r=0.22), along with negative
correlations between SO,, Ni (1=-0.19), and Co
(r=-0.07) indicate a dominance of oxide and chloride
mineral associations. The correlations between Co, Cr,
Cu, Mo, Pb, RD, Li, Th and Ba elements also support
the previous studies.

Karayigit et al. (2000a) was determined Cr-oxide,
Cu-Zn sulfide, Cu-Zn-Pb sulfide, CuZn-chloride,
chromite, galena in the Tungbilek, Soma-5-6 unit,
and YenikOy feed coals. Karayigit et al. (2000a)

suggested that some unusual sulfide and chloride
minerals (BiPb-sulfide, CuZn-chloride, NaCl+CuZn-
sulfide, and NaCl+CuZnPb-sulfide) in the feed coals
probably were formed from pore solutions derived
from volcanic material in the Neogene coal basins or
they were all derived from a common detrital source
through diagenesis. These elements are also redox
sensitive and they are soluable in oxic conditions
and unsoluable under oxgen-poor conditions. Hill
et al. (2024) found elevated concentrations of Al, V,
Cr, Cd, U, Mn, Co, Cu, As, and Rb in the phosphate-
bearing carbonate fluorapatite mineral phase of young
phosphate rocks (Miocene to Late Cretaceous) relative
to those of older (Devonian to Precambrian) rocks.
Such phosphate formations are commonly observed
in the carbonate sequences extending from west to
east across southern and southeastern Anatolia, which
also represent the basement rocks of the Elbistan,
Tufanbeyli, and Yatagan basins.

Arsenic shows a strong correlation with Cl and
weaker correlation with Fe,O,, Hf, Cd, and B. In the
Can feed coal, the concentrations of As and Cl are
higher, while SO, is lower compared to other feed
coals. The Can coal basin is settled on the volcanic
basement rocks, with its boundaries defined by faults
that facilitate the circulation of hydrothermal fluids
rich in elements such as As, Cl, Pb, Rb, B, and Zn
in the basin. The volcanic rocks and hydrothermal

fluids are believed to significantly contribute to the
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higher concentrations of As and Cl in the Can feed
coal compared to other coals. The As concentration
can be mostly related to As-chlorides. On the
other hand, As bearing pyrites were detected in the
Elbistan coals (Siitcii and Karayigit, 2015). The Zn
concentration in the coals can be related to the sulfide
and oxide minerals. Sphalerite, Zn-oxide, and Cd-Zn-
Ni ferrite were detected in the feed coals and ashes.
The carbonate basement rocks of the Tufanbeyli
and FElbistan coal basins that are very close to each
host many of the Pb-Zn, iron, bauxite, baryte, and
phosphate deposits (Metin, 1983; Ceyhan, 2003; Tas,
2009; Hanilgi et al., 2019). These basins were probably
fed by karst waters during and after peat deposition
and coalification periods (Siitcli and Karayigit, 2015).
Consequently, the karst waters may have supplied
many elements such as Pb, Fe, Zn, and Ba into the
coal depositional environment in this region. Whereas
it is believed that in Western Anatolia, As-Sb-Pb-Zn
mineralizations resulting from volcanic activities
in the basement rocks can contribute to the high
As, Sb, Zn, and Pb concentrations in the feed coals.
Karayigit et al. (2000b) also stated that post-Miocene
hydrothermal mineralizations can cause As and Sb
enrichments in the Gokler coalfield (Kiitahya-Western
Anatolia). There are epithermal Ag-As-Pb-Zn and
porphyry type Au-Cu mineralizations related to the
arc magmatism in the Soma basin and Au, Ag, As, Sb,
Cu, Pb, Zn and Mo anomalies in the soil and stream
samples were detected during the exploration studies
for the As-Ag-Sb-Pb-Zn and Au-Cu mineralizations
in the Catalgam-Soma region (Sar1 et al., 2022).
The pyrite+chalcopyritetgalena+sphalerite bearing
quartzt+baryte vein-veinlets were observed in the
drilling cores during the exploration studies. In the
studied samples, Cl correlates very strongly to As,
moderately to Cu, Hf, and Hg, and weakly to Co and
Ni. Therefore, chlorides can be the other element
source besides sulfide and oxides.

Strontium correlates very strongly and strongly to
U, V, Ca0, SO, and PO, which indicate association
with calcite, phosphate, and sulfate minerals. It is well
known that Sr can enter the lattice of calcite, fluorite,
and baryte (Barbieri et al., 1984). The moderate and
weak correlations between Ba, Cr, Cu, Mo, Rb, Hf,
Fe O, B, Li, Sc, Th, Zn, and Ti indicate As-Cr-Cu-Zn
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mineralizations, borate, and baryte deposits. Celestine
(SrSO,) is present commonly in the borate deposits in
Western Anatolia (Helvaci, 2023). Strontium minerals
such as celestine and strontianite (SrCO,) are often
associated with baryte, Mississipi Valley-Type (MVT)
Pb-Zn deposits, and hydrothermal veins in limestones
and marls. The correlations between Sr, CaO, and P,O,
can also be related to fossil fragments and phosphate
minerals. Karayigit et al. (2000a) suggested that Sr is
mainly associated with carbonates and sulfates in the
Turkish feed coals. Strontium bearing fossil shells and
phosphate minerals were observed in the coal series
(Querol et al., 1999; Siitcii and Karayigit, 2015; Siitcii
etal., 2021). The fossil fragments in the Elbistan coals
contain a high amount of Ca and a trace amount of
Fe, Mg, Sr, and Mn (Siitcii and Karayigit, 2015). The
strontium concentrations in young coals with abundant
fossil fragments, such as those found in Elbistan,
Yatagan, Kemerkoy, and Yenikdy, are higher than in
other coal basins. In apatite minerals Sr, Ba, and Pb
can be substituted for calcium; arsenate and vanadate
for phosphate. On the other hand, Querol et al. (1997)
showed that Sr and Ba in the Cayirhan lignite have a
clear affinity for the zeolite, heulandite.

The uranium concentration of in the feed coals
is generally below the detection limit of 10 pg/g
therefore correlation coefficients cannot give true
relations. However, the U concentrations in the Soma,
Kolin, and Tungbilek feed coals are higher than the
World coal average. Uranium correlates very strongly
to V and Hg, strongly and moderately to B, Co, Cr,
Ga, Li, Ni, Se, Sc, Pb, and Cl. Querol et al. (1999)
suggested that the alkaline paleoenvironment gave
rise to a peculiar trace element trending which is
characterized by the anomalous enrichment of U,
Mo and W. These elements are typically fixed under
very alkaline conditions and are generally associated
with clay minerals, heavy minerals or sulphides. Mo
enrichments were observed in the feed coals from the
Elbistan, Yatagan, Tufanbeyli, Cayirhan coal basins
which have alkaline paleoenvironment conditions.
Zielinski and Finkelman (1997) stated that uranium is
found in coal’s mineral and organic fractions. Cicioglu
(2001) indicated that U concentration in the Elbistan
coal can be related to both organic and inorganic matter.
Geologically younger and lower-rank coals tend to be
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enriched in uranium therefore, almost all uranium-
rich coals are lignite, and uranium in these low-rank
coals is mainly associated with organic matter (Chen
et al., 2017). Arbuzov et al. (2011) suggested that
the high concentrations of U and Th in coal-bearing
deposits are related to the rocks surrounding the
basins enriched with U and Th or connected with the
occurrence of volcanism during the coal accumulation.
Chen et al. (2017) also revealed a similar opinion that
genetic factors for uranium enrichment in coal can be
related to source rocks, volcanic ashes and magmatic
intrusion, hydrothermal fluids, marine waters, ground
waters, or organic matter. The highest concentrations
of uranium in groundwater are found in areas of known
deposits and areas with silicic tuffs and tuffaceous
rocks of Oligocene and Miocene age (Denson, 1959).
The presence of strong anions such as F, CI, (SO,)*,
(CO,)*, (PO,)* increases the solubility and mobility
of uranium in groundwater (Cuney and Kyser, 2008).
Secondary uranium deposits that are found in caves,
solution channels, and fractures in carbonate rocks
of karst terrains have been reported (Bell, 1963).
Somay (2017) stated that the dominant anion of
the waters, except for surface waters, is Cl and the
remaining waters are of the Na-Cl water facies type
in the Mugla-Yatagan-Bodrum and Aydin-Germencik
regions. Additionally, the Elbistan coal basin contains
karst aquifers that are rich in carbonate and phosphate
ions. Although the feed coals from the Yatagan basin
have U concentrations lower than10 pg/g, the bottom
ashes and fly ashes from the Kemerkdy, Yenikdy, and
Yatagan power plants are enriched in uranium. As
previously stated, the karstic basement rocks (marble
and limestone) and high levels of carbonaceous and
phosphatic fossil shells in coal may result in elevated
uranium concentrations in the Yatagan and Elbistan
basins. Nolan et al. (2021) indicated that uranium
(VI) can substitute for calcium in mineral lattices such
as apatite, co-precipitate within the calcite mineral
lattice, or be contained into dolomite. On the other
hand, the concentration coefficients of the Li, Th, U,
and V are higher in the feed coals from Kolin and Soma
5-6 unit supplied their coals from the Denis coalfield
where the tuff and agglomerate layers alternate with
the coal and clastic layers. Therefore it is thought that
the volcanic inputs may also have increased Li, Th, Sr,
U, B, and V concentrations. The high U concentrations

in the Soma-Torku and Soma-Kolin feed coals
support the role of volcanics in increasing the element
concentrations. Thorium is associated with monazite
which is an accessory mineral in coal and with
minor amounts in xenotime, zircon and some clay
minerals (Finkelman, 1995). Karayigit et al. (2000a)
determined Th-bearing REE phosphates in the feed
coals. Siitcii (2021) also determined abundant thorite
[(Th,U)SiO,], zircon, and monazite minerals in the fly
ashes of Tungbilek A and B units, Soma-Kolin, Soma-
Torku 14 and 56 units. Th and Hf bearing monazite
and zircon minerals were detected during the SEM
analysis. Arbuzov et al. (2011) also noted that high
U and Th concentrations of Paleozoic, Mezosoic, and
Cenozoic coals in Siberia, Zabaikalie and Yakutia and
eastern Eurasia, are the result of volcanic activities.

Boron very strongly correlates to U, moderately to
Li, V, and P,O,, weakly to Ba, Co, Pb, Zn, CaO, Na,O,
and TiO,. The World’s largest borate reserves are
located in the Western Anatolia. The borate deposits
of Turkey were formed in the lacustrine sediments of
the Neogene age during periods of volcanic activity.
Although the sediments deposited in the borate lakes
show some differences, they are generally represented
by tuffaceousrocks, claystones, limestones, and Ca, Na,
Mg, and Sr-borates (Helvaci, 2015). Thermal springs
and hydrothermal solutions associated with volcanic
activity are regarded as the most likely source of the
boron. In the borate deposits, Na, Cl, SO,, and CO,
ions can be carried into the basin by the thermal and
mineral waters related to the active volcanism (Helvaci
and Ercan, 1993). Although lithium concentrations
in Western Anatolia are generally related to volcanic
activity, they are particularly enriched in the feed coal
from Elbistan and Tufanbeyli. Besides brines, salt
lakes, and pegmatite deposits, karst bauxite deposits
have also been considered an alternative source of
lithium in recent years (Economou-Eliopoulos and
Kanellopoulos, 2023). The carbonate basement rocks
in both basins contain karst bauxite deposits, indicating
that these deposits may be a source of lithium in the
Elbistan and Tufanbeyli basins.

3.3.2. Bottom Ashes

The trace element concentrations of the bottom
ashes are listed in Table 10. Even though the trace
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element concentrations are higher than the feed coals,
most of the trace elements are in the range of normal
or depleted levels compared to the World coal ash
averages (Ketris and Yudovich, 2009). Only Ni, As,
Cr, Rb, and U are enriched in some bottom ashes.
Nickel is significantly enriched only in the Tungbilek
A and B units. Arsenic is slightly enriched in the Can
and Yatagan bottom ashes. The Elbistan bottom ash
shown slight enrichment in Cr and Rb. Cromium
is also enriched in Tungbilek A unit. Uranium is
slightly enriched in the Yatagan, Kemerkdy, and
Yenikdy bottom ashes. The Tufanbeyli bottom ash
is slightly enriched in Li, Rb, and Zn. According to
the Pearson correlation coefficients, Ni very strongly
correlates to MgO and Co, strongly to Fe,O,, Cr, and
Cu, moderately to SiO,, U, and Rb, and weakly to
Sc (Table 11). There are also very strong and strong
correlations between Co, Cr, Cu, Ni, Mo, Th and
Fe,0,. Mg bearing siderites, Ni and Cr bearing Fe-
oxides were commonly observed in the Tufanbeyli
and Kolin fly ashes during the SEM analysis (Figure
4a). Cd-Ni-Zn-ferrites were also detected in some feed
coals with the XRD analysis. As stated before, Fe and
Mg may substitute for Ni. Hence, the very strong and
strong correlations between Ni, MgO and Fe,O, can
be related to the Mg bearing Fe-oxides and siderites,
dolomites and Cd-Ni-Zn-ferrite. These minerals
can be the sources of Ni concentrations in the ashes
(Figure 4b).

Rubidium is strongly correlated to Cr, Ga, Li, Pb,
Sc, Zn, and Cl, moderately to P,O_, Cu, and Ni, and
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weakly to As, Hf, V, Fe,O,, SO,, and TiO, as in the
feed coals. These correlations indicate the associations
with Pb-oxides, and phosphate minerals in the bottom
ashes. On the other hand, the strong correlation with
Cl indicates the presence of chlorides.

Rubidium-bearing Pb-oxides have been observed
in the feed coals and fly ashes. Lithium is very
strongly correlated to SO, and Cr, strongly to Rb, Zn,
and V, moderately to CaO, P,O,, and Ga, and weakly
to Ba, Sr, Hf, Sc, Cl, and TiO,. Therefore, Li can be
associated with carbonate, sulfate and phosphate
minerals. Cromium is very strongly correlated to Co,
Cu, and Li, strongly to Ni, Rb, Sc, Th, U, and Fe,O,,
moderately to MgO and SiO,, and weakly to Ga, Hg,
and P,O.. The Cr concentration in the bottom ashes
can be related to the chromite and Cr- and Fe-oxides
and glass phases (Figure 4a). Siitcli and Karayigit
(2015) detected Fe and Mg-bearing chromite in the
Elbistan coal. Karayigit et al. (2000a) determined
chromite and Cr-oxides in the feed coals of the
Tungbilek, Soma, and Yenikdy power plants. Arsenic
is very strongly correlated to Mo and Hf, strongly to
Th, moderately to Cu, Ga, and SiO,, and weakly to
SO,, TiO,, Fe,O,, Hg, Rb and Co. Although, arsenic
is very strongly correlated to Cl (r =0.85) in the feed
coals, there is a negative weak correlation between
As and Cl. Hence, As can be associated with the
glass phase and Fe-oxides in the bottom ashes due to
its moderate correlation with SiO,, weak correlation
with Fe O,. Querol et al. (1995) stated that elements
with sulfide and organic affinities are oxidized during

Table 11- Pearson correlations between major oxides and trace elements of the bottom ash samples.

0.8<r<1 0.6<r<0.79 0.4<r<0.59 0.2<r<0.39

Very strong strong moderate weak
ALO, Sio, TiO, Fe,0,, Na,0, Ni, Th
CaO P,0O,, 80, B, Li, Sr, V Ba
Fe,O, Mo Si0,, MgO, Co, Cr, Cu, Ni, Th | U, Hg ALO,, K,0, Rb, As, Sc,
K,0 U Sio, Fe,0,, TiO,, Co, Ga, Mo
MgO Co, Ni Fe O, SiO,, PO, Cr, Cu, Mo, U Cl, Th
Na,O U Ga AlQ,, SiO,, Mo, Sr
PO, U,V Sr CaO, MgO, Ga, Li, Rb, Sc Cr, Cu, Hf
SO, Li Ca0,V, Zn As, B, Pb, Rb, Hf
SiO, Fe,0,, AL,O,, Th K,0, MgO, As, Cu, Mo, Ni Ti
TiO, Pb Zn ALO, SiO,, K,0, NaO, SO,, As, Ga, Li, Rb
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coal combustion. Consequently, they may show
volatile behavior because of the temperature rise
accompanying oxidation or as a result of reactions
with Cl, F, Na, or S compounds which can induce
volatility in some elements such as As, Se, and Cd.
Even if these trace elements are not volatilized, they
are present in the ash mainly in oxides and sulfates.
The concentration of ClI in the bottom ashes is lower
than in the feed coals due to its volatile characteristics.
It is generally found in the ashes as water-soluble
chlorides [KCI, NaCl, and CaCl,-2H,O with the less
soluble Ca(OH)CI (Pedziwiatr et al., 2021)].

It seems that uranium was concentrated in the
bottom ashes after combustion compared to the feed
coals, which can be related to the association with
organic matter in the feed coals. Uranium is very
strongly correlated to Co, Sr, K,O, Na,O, and P,O,,
strongly correlated to SiO,, Cr, Cu, Ga, V, and Hg,

moderately to Mo, Ni, Sc, and Fe O,, and weakly to
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Hf. The very strong and strong correlations with KO,
Na O, SiO,, and P,0O, can be related to K-feldspars,
glass phases, and phosphate minerals and moderate
correlation with Fe,O, also indicate Fe-oxides and
Fe-bearing carbonate minerals such as dolomite
and siderite. The strong correlations between U, Cr,
Cu, and Ga can be related to Fe-oxide associations.
Vanadium and Sr that correlate very strongly to U
were commonly observed in the plagioclase and
glassy phases (V), and phosphate minerals (Sr) during
the SEM analysis. Uranium can also be associated
with thorite minerals which are commonly observed
in the Tungbilek, Soma-Torku and Kolin fly ashes.
Palmer et al. (2004) stated that the average uranium
concentrations of the Turkish coals generally increase
from north to south in Western Tiirkiye. This case is
observed in the studied samples. For instance, the
Yatagan, Yenikdy, and Kemerkdy bottom ashes have
higher U concentrations than the Can, Soma-Torku,
and Soma-Kolin bottom and fly ashes.

3.3.3. Fly Ashes

The trace element concentrations of the fly
ashes are listed in Table 12. The trace element
concentrations in coal ashes are generally within the
normal or depleted ranges compared to the averages
reported by Ketris and Yudovich (2009). However,
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some trace elements are enriched in the studied fly
ashes. Nickel is significantly enriched and enriched
in both the Tungbilek A and B units. Additionally, Cr
shows slight enrichment in the Tungbilek ashes. The
Soma 1-4 unit fly ash is slightly enriched in As and U.
The Kolin fly ash is slightly enriched in B, Li, U, and
V. The Can fly ash is only significantly enriched in
As. The Elbistan fly ash is slightly enriched in Cr, Ni,
and Rb. The Tufanbeyli fly ash is enriched in Cd and
slightly enriched in U and Zn. The Cayirhan fly ash
is slightly enriched in As and Ni. The Yatagan fly ash
is slightly enriched in As, Rb, U. The Kemerkoy fly
ash is only enriched in U and the Yenikdy is enriched
Rb and U. The trace element concentrations in the
Catalagzi fly ash are in the range of normal or depleted
levels. Pearson correlation coefficients between major
oxides and trace elements of the fly ashes are listed in
Table 13. Nickel can be associated with Fe-oxides, Fe-
carbonates, glass phases, mullite, and plagioclases due
to its very strong correlation with Hg, strong with U,
MgO, and SiO,, and moderate with Rb, Se, AL,O,, and
Fe,0,. Cris very strongly correlated to Se, strongly to
Hf, moderately to Ni, Rb, U, and MgO, and weakly to
Hg, Fe,0,, and SiO,. Therefore, Cr is probably present
in fly ashes as oxides such as magnesioferrite, Cr-
oxide, and Cr-Fe-oxide or within carbonate minerals
such as siderite and dolomite. Nickel and Cr bearing
Fe-oxides and glass phases were detected in the fly
ashes during the SEM analyses (Figure 4a and b).

Rubidium can be associated with phosphate
minerals and Fe-oxides related to the strong
correlations with Se, Hf, and P,O,, moderately with Co,
Cr, Ni, and Fe,0,, and weakly with Cu, Sc, MgO, and
Na,O. On the other hand, Hf bearing zircon minerals
were commonly observed in the fly ashes. Arsenic
is moderately correlated to Fe O,, weakly to Cu, Li,
Mo, Th, Na,O, and TiO, hence it can be associated
with Fe-oxides. Due to its volatile characteristics As is
enriched in fly ashes and depleted in the bottom ashes.
Cadmium and Zn are only enriched in Tufanbeyli
fly ash. The Zn concentration is also higher in the
Tufanbeyli, Elbistan, and Catalagzi feed coals. As
it was stated previously, Zn is present as sphalerite,
Zn-oxide, and Cd-Zn-Ni ferrite in the feed coals. The
SEM analysis showed that sphalerite mineral partially

transformed into Zn-carbonate after combustion in the
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Table 13- Pearson correlations between major oxides and trace elements of the fly ash samples.
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0.8<r<1 0.6<r<0.79 0.4<r<0.59 0.2<r<0.39

Very strong strong moderate weak
ALO, SiO,, Ni, Hg MgO, Fe 0, Co, Pb
CaO SO, Na,O, P,0,, Li, Mo, Sr Ba, Ga, Hf, Cl, Sc
Fe,O, Se SiO,, As, Co, Ni, Rb AlLO,, Cr, Hf
K,0 MgO, Na,0 Sr, Ga, Sc Sio,
MgO P,0,, SO, K,O, Ni Co, Cr, Hg ALO,, Rb
Na,O K,0, Sr CaO, Ga, Sc As, Li, Mo, Rb
PO, MgO Rb, Sr, Hf CaO Na,O, Sc
SO, Se Zn Ca0, Li, Mo, Sc, Cl P,0,, B, Ga, Pb, Hf, Th, U, V
SiO, Al,0,, Ni, Hg Co, Fe,0,, MgO Na,0, K0, Cr
TiO, Th B,V Cu, Cl P,0,, As, Ba, Ga, Li, Pb, Se, U

coal ashes (Figure 4c). In the ash samples, sphalerite
and Zn-oxides were detected in both XRD and SEM
analyses. Cadmium bearing sphalerites were also
observed during the SEM analyses. The elements
As, B, Cd, Pb, and Zn in the feed coals could easily
become volatile during combustion; these elements
are retained in fly ash. The CaO in the fly ash tends
to retain As, B, and Hg (Querol et al., 1995; Meij and
Te Winkel, 2006; Kostova et al., 2016). Similarly, B,
Cd, Zn, and As, which were retained by Ca, were also
enriched in the studied fly ashes as oxides or sulfates.

Uranium is more concentrated in the finer-sized
(-38u grain size) particles in the fly ashes (Siitci,
2021). Uranium is very strongly correlated to V and
Hg, strongly to B, Co, Ga, Ni, Se, Sc, moderately to Ctr,
Li, Pb, and CI, and weakly to Cu, Th, SO,, and TiO,.
The weak correlations with major oxides indicate the
associations of oxides, sulfates, and chlorides such as
thorite, B-oxides, Fe-oxides, B-chlorides for uranium
in the fly ashes. Thorite [(Th,U)SiO,] mineral was
commonly observed in the Tungbilek, Soma-Torku,
and Soma-Kolin fly ashes in the mineral liberation
analyses (MLA) analyses (Siitcii, 2021). Vanadium-
bearing anorthites, glass phases and carbonates are
also present in the Tufanbeyli and Soma-Kolin fly
ashes (Figure 5d). On the other hand, it is believed that
V is probably associated with B-oxides due to the very
strong correlation between B and V in the fly ashes.
Furthermore, the strong correlation between U, V, and
B supports the association with B-oxides. Lithium is
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strongly correlated to Mo, Pb, Sc, and V, moderately
to B, Cu, Ga, U, Th, CaO, and SO, and weakly to As,
Ti, Zn, Sr, Se, Na,O. The moderate correlations with
B, CaO and SO, indicate sulfates and boron minerals
in the fly ashes. Therefore, Li can be associated with
sulfate, oxide, and carbonate minerals. Boron is very
strongly correlated to V, strongly to Pb, Th, U, Cl,
TiO,, moderately to Li, and weakly to Cu, Ga, Se,
and SO,. These correlations indicate the B-chlorides,
B-oxides, and sulfate minerals.

4. Conclusion

The mineral compositions and element
concentrations of the feed coals show differences
related to the geological characteristics of the coal
basins from where they were supplied. The feed
coals mostly contain quartz, clay minerals (kaolinite,
vermiculite, and illite), calcite, dolomite, plagioclase,
K-feldspar,

smectite, siderite, gypsum, zeolite, sphalerite,

and pyrite minerals. Additionally,

magnesioferrite, and mica minerals are present in
some feed coals. During combustion, most of the
minerals are converted into different mineral phases.
Therefore, bottom and fly ashes have different mineral
compositions compared to the feed coals. The main
components of the ashes are generally represented
by glass phases, quartz, calcite, dolomite, anhydrite,
portlandite, magnesite, lime, gypsum, plagioclase,
hematite, magnetite, mullite, and spinels. The feed
coals from the basins having volcanic inputs are rich
in K-feldspar and zeolite group minerals, while coals



Bull. Min. Res. Exp. (2026) 179: 81-106

from basins with carbonate basement rocks contain
abundant carbonate and phosphate minerals. In the
feed coals, As, B, Ba, Co, Cr, Cu, Li, Mo, Ni, Pb, Rb,
Se, Sr, Hf, Sc, Th, U, V, and Zn are enriched related to
the ore mineralizations in the basement rocks, volcanic
inputs, hydrothermal fluids, karst and meteoric waters
in the coal basins. Many element concentrations are
depleted in the bottom and fly ashes compared to the
feed coals. However, As, Cr, Ni, Zn, Li, Rb, and U
in some bottom ashes, and As, B, Cd, Cr, Li, Ni, Rb,
U, V, and Zn in some fly ashes are enriched. It was
observed that siderophile and chalcophile elements
such as Ni, Zn, Pb, and Cd are generally associated
with iron oxides, spinels, or metal carbonates in coals
and coal ashes. In contrast, lithophile elements such
as Li, U, B, Th, Ba, Sr, and V are typically present
within carbonates, borates, sulfates, oxides, or organic
matter in coals, whereas, in the ashes, they are more
commonly associated with glass phases, carbonates,
and sulfates. It is believed that the high concentrations
of Ni, Cd, As, Rb, V, U, and Zn elements in the coal
ashes make the ashes an alternative element source.
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