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ABSTRACT

In this study, the enrichment of the major oxide, trace element/heavy metal and rare earth element contents of the
rocks outcropping in Kisacik and its vicinity (Ayvacik-Canakkale/Tiirkiye) were investigated. The rocks in the field
were handled in 5 groups, and whole rock analyses were carried out for 22 samples collected representing these rock
groups and Element Enrichment Factor (EEF) of the major oxide, trace element/heavy metal and rare earth element
contents of the rocks were calculated. As a result, it was determined that the Kisacik volcanics were enriched in SiO,,
Fe,0,, K,0, Be, Co, Cs, Th, U, W, La, Eu, Tm, Yb, Lu, Mo, As, Cd, Sb, Bi and Hg elements at a rate of >1 to >150 ac-
cording to the upper crust values, and the Fe,O;, MgO, CaO, TiO,, P,O;, MnO, Cr, Sc, Co, Nb, Sr, Mo, Cu, Ni, Cad, Sb,
Bi, V, Cu and Cd concentrations of the Ophiolitic Mélange were enriched in ratios ranging from >1 to >36 according to
the upper crust values. It has been also observed that the listvenitic rocks in the Ophiolitic Mélange are enriched in Cr,
Co, Ni, As and Hg elements compared to the upper crust. As to Kazdag Group, MgO, CaO, K,O, MnO, Cr, Co, Ta, U, W,
Mo, Cu, Ni, As and Cd were enriched. Listvenite were enriched in SiO,, Fe,0,, MgO, Mn, Cr, Co, Ni, As, Sb and Hg at
arate of >1 to >32 according to the upper crust values. When the rocks in the area were evaluated together, some oxides
(e.g., CaO, MgO, Fe,0,, TiO,) and elements (e.g., Cr, Ni, Co) were enriched due to parental rock, while some oxides (e.g.,
Si0,, K,0 and MnO) and elements (As, Sb, Hg) were enriched due to epigenic processes such as hydrothermal altera-
tion and weathering.
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1. Introduction

Rocks differ in mineral content and element concentrations,
depending on their origin and formation processes' . In addi-
tion to the genetic variation (e.g., plate setting, parental mag-
mas) in the element concentrations of the rocks, processes such
as metamorphism, metasomatism, hydrothermal alteration, and
weathering also cause differentiation, enrichment or depletion
in some elements. While the rock-forming geological processes
do not cause such a difference in the element content of rocks in
the anomaly level, factors other than the rock-forming processes
can be the source of the aforementioned enrichment or depletion.
While enrichment and depletion in rocks are important in terms of
medical geology, elemental enrichment, especially in the context
of environmental issues, gained great importance after the second
half of the 20" century due to its effects on the environment in
which the rocks are located”*"”). When element transitions from
rocks to soil and aquatic system exceed tolerable limits, it also
negatively affects the quality of soil and water. Therefore, it neg-
atively affects plants, animals and even human life indirectly and/
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or directly!'™'®. There are many studies examining
the effects of element and element toxicity on en-
vironments, living things (plants and animals) and
humans. Especially after the second half of the 20"
century, when the importance of the relationship
between geological environment and health was un-
derstood, the tendency to this issue increased'”').
In studies on tissues of penguin and seals from Ant-
arctica, copper and cadmium concentrations were
found to be higher than in uncontaminated regions.
These high concentrations in tissues have been as-
sociated with the geology of Antarctica. About 22
elements are known to be essential for living things
(especially humans and animals). 16 of them are in-
dispensable for nutrition. However, there must be a
balance between the essentiality and toxicity of the
elements. Otherwise, negative side effects will be
seen on the organisms"”. Zinc, for example, plays
an essential role in zinc-dependent enzymes, acti-
vating growth (height, weight, and bone develop-
ment), and cobalt plays an essential role in vitamin
B, regulation. But zinc toxicity has is in both acute
and chronic forms™. Lung diseases such as asthma
have been detected in people exposed to 0.005 mg
Co/cm’ while working with alloys containing Co in
the industrial sector.

Rocks are transformed into soil by the geolog-
ical and geochemical processes they are exposed
to, in relation to the physicochemical properties of
the minerals they contain (hence the elements they
contain). They leave the elements they contain to
the environment they are in (terrestrial and aquatic
systems). In this process, the mineral/element con-
tent of the rocks is one of the most important ele-
ments. While studies on heavy metal/trace element
contents of soils and their environmental effects are
dominant, studies on the evaluation of the element
contents of rocks in the context of environmental
effects are much more limited™”*"*'**'?% Various
parameters such as geoaccumulation index (Igeo),
enrichment factor (EF), pollution index (PI) and
combined pollution index (CPI) are used in the as-
sessment of heavy metal/trace element pollution/
contamination in soils. With these parameters, the
degree of soil pollution/contamination is deter-
mined™ ", In the assessment of element enrich-
ment/contamination in rocks, these parameters are
used by adapting them to the rocks, and it can be
said that there is no other commonly accepted pa-

rameter used”. In this study, the pollution index
was used by adapting it to the rocks.

West Anatolia, especially Biga peninsula is
one of Tiirkiye’s most important metallogenic belts
and has been one of the important mining areas
since ancient times"” %, There are many active
mining operations in the peninsula today. There are
also many hydrothermal alteration areas pointing to
mineralization in the region. Although hydrothermal
alteration areas are guide areas for mineralization,
such areas are also element enrichment/contamina-
tion areas. The Kisacik area (Ayvacik, Canakkale/
Tiirkiye) is an area where volcanic rocks are ex-
posed to intense hydrothermal alteration, and buried
gold mineralization was detected by the General
Directorate of Mineral Research and Exploration
in the region. In this study, the major oxides, heavy
metal/trace element and rare earth element (REE)
contents of the rocks outcropping in Kisacik and
its vicinity in the south of Biga peninsula (Canak-
kale-Tiirkiye) were compared with the upper crust
average values and investigated within the frame-
work of element enrichment/contamination in the
scope of environmental geochemistry.

1.1 Geology of the area

The subject of the study, Kisacik and its
surroundings (Ayvacik, Canakkale-Tiirkiye) are
in Western Anatolia, on the Biga peninsula. The
basement rocks of the area are Pre-Triassic Ka-
zdag Group Metamorphics and Permo-Triassic
Ayvacik-Karabiga Zone rocks™7*****] Kazdag
Group Metamorphics mainly consist of gneiss,
amphibolite, and marbles. The Ayvacik-Karabiga
Zone, on the other hand, has an Ophiolitic Mélange
character. In the field, mylonitic gneisses and meta-
serpentinites (Alakeci Mylonitic Zone) developed
due to thrusting between the Ophiolitic melange
and Kazdag Group metamorphics in the northwest
of the field (Figure 1). All these units are covered
by Tertiary volcanic rocks and sedimentary rocks
that are in lateral and vertical transition with these
rocks™. In addition, listvenites are cropped out
in the Alakeci Mylonitic zone, which is found
in the northwest of the area, in the tectonic lines
of ophiolitic/ultrabasic rocks and as a product of
hydrothermal alteration due to Tertiary magmat-
icg A TAER0AAA] The youngest units in the field

are travertine formations and alluviums observed in
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Figure 1. Geological and sampling map of the study area’

different parts (Figure 1).

Hydrothermal alteration development in the
field is common especially in volcanic rocks. Hy-
drothermal alteration in volcanic rocks is mostly in
sericitic alteration character accompanied by hema-
titization and limonitization. Listvenite developed
in the Alakeci Mylonitic zone is also a product of
hydrothermal alteration and widely contains Fe-Mg

[33,37,39]

carbonate, quartz and fuchsite (mica mineral).

2. Material and method

2.1 Sampling and analytical procedure

The rocks outcropping in the field are clas-
sified under 5 groups. Representing these rock
groups, 22 rock samples were collected from the
field. After the samples were ground in Giimiishane



University Central Laboratory, they were sent to the
ACME laboratory (Canada) and whole rock major
element, trace element (including heavy metal) and
rare earth element (REE) analyses were carried out.
Major oxide and trace element (including heavy
metals) analyses were performed by inductively
coupled plasma-atomic emission spectrometry (ICP-
AES). Rare earth element analyses were performed
by inductively coupled plasma-mass spectrometry
(ICP-MS) at ACME Analytical Laboratories (Can-
ada). The laboratory is an accredited laboratory and
analyses were carried out in accordance with inter-
national standards. So, the accuracy and sensitivity
tests of the analyses were carried out in accordance
with routine procedures, and the t-test was carried
out to ensure that the certified values used during
the analysis and the values obtained were the same,
and values were obtained within acceptable lim-
its®". The precision of the method was determined
by calculating the relative standard deviation (RSD).
For major and trace element/heavy metal analysis,
0.2 g powder sample was mixed with 1.5 g LiBO,
and analyzed after dissolving it in a liquid contain-
ing 5% HNO,, while 0.250 g powder sample was
dissolved in four different acids for rare earth ele-
ment analysis and analyzed.

2.2 Evaluation of data

Statistical studies of the data of the rocks in
the field were carried out with IBM SPSS 21 and
Excel, which is the module of Microsoft Office
Package Program. The reference values used in the
study are the upper crust values recommended by
Rudnick and Gao". In the study, besides determin-
ing the descriptive statistical parameters of the ele-
ment contents of the rocks in the area, the element
concentrations of the rocks were compared with
the upper crust averages to compare the element
enrichments in the rocks (Appendixes 1-4). While
making this comparison, first, it was decided which
statistical parameter would be used as the average
concentration of the element in the rocks. In this
context, in deciding whether the concentrations of
the investigated element in the rocks show a distri-
bution close to the normal distribution, first, it was
checked whether the mean and median values were
close to each other, and then whether the skewness
coefficient, which is one of the descriptive statistics
parameters, was close to +1 and the kurtosis param-

eter was close to 0. Based on these data, when it
was decided that the data showed a normal distribu-
tion, the average concentration was directly taken
as the mean value for the element, otherwise either
the median or the geometric mean was accepted as
the mean for the element in question. This value,
which was accepted as the average for the element,
was compared with the upper crust average.

The enrichment ratio of elements in rocks (EI-
ement Enrichment Factor, EEF) was calculated with
the following formula, inspired by the pollution
index parameter used in the determination of heavy
metal pollution in soils:

EEF = Xri/Xbi

M

where,

Xri = the concentration of element i in the
rock,

Xbi = corresponds to the reference value for
element i in question. Reference values for elements
are taken from Rudnick and Gao"™.

EEF < 1 corresponds to no element enrich-
ment, 1 < EEF < 3 corresponds to medium element
enrichment and 3 > EEF to high element enrich-

ment.

3. Results

3.1 Statistical evaluation

Considering their age and lithological differ-
ences, the rocks in the study area have been grouped
under 5 headings: Kisacik Volcanics (11 samples),
Ophiolitic Melange (5 samples), Listvenite-like
rock in Ophiolitic Melange (3 samples), Kazdag
Group rocks (2 samples) and Listvenite (only one
sample). Descriptive statistics of major oxide, trace
element (including heavy metals) and rare earth el-
ement concentrations of the rock samples belonging
to each group were calculated with IBM SPSS 21
and presented in Appendixes with the upper crust
averages of these elements (Appendixes 1—4).

When the averages of individual element con-
centrations of each of the rock groups are compared
with the upper crust averages; it has been deter-
mined that the average element concentrations of
the Kisacik volcanics exceed the upper crust values
for SiO,, Be, Co, Cs, Th, U, W, La, Nd, Sm, Eu,
Tm, Yb, Lu, Mo, As, Cd, Sb, Bi and Hg at remarka-



ble rates (Appendixes 1-4 and 5a).

When the element averages of the Ophiolitic
Meélange group rocks are considered, it is observed
that Fe,0,, MgO, CaO, TiO,, P,Os, Mn, Cr, Sc, Co,
V, Cu and Cd elements are enriched according to
the upper crust values (Appendixes 1-4 and 5b).
It is understood that the major oxides and the el-
ements exceeding the upper crust averages in the
rocks of the Ophiolitic Mélange group show high
values originating from their parental rocks, espe-
cially Fe,O,, Ca0, Cr, and Co.

It is seen that the averages of Fe,0;, MgO,
Cr, Co, Ni, As and Hg of the listvenitic rocks in the
Ophiolitic Mélange (Baharlar listvenitic rocks) are
enriched compared to the upper crust averages (Ap-
pendixes 1-4 and 5c¢). The low SiO, concentrations
in these rocks indicate the ultrabasic origin of the
rocks. It is understood that the enrichment of As and
Hg elements in the rocks is associated with hydro-
thermal alteration, while the other elements, which
are high, are high in connection with the origin of
the rocks.

It was determined that the averages of MgO,
Ca0, K,0, MnO, Cr, Co, Ta, U, W, Mo, Cu, Ni, As
and Cd of 2 samples belonging to Kazdag Group
rocks were enriched according to the upper crust
values (Appendixes 1-4 and 5d). It has been evalu-
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ical processes to which the parental rocks are ex-
posed such as, hydrothermal alteration, weathering,
and cataclastic deformation/metamorphism.

3.2 Elemental enrichment in rock
groups

Element enrichment factors of the rock groups
in the study area were calculated separately for
each group. Box and line chart diagrams of Element
Enrichment Factors in the Rock belonging to the el-
ement contents of the Kisacik Volcanic rocks were
plotted (Figure 2a—d). Since the number of samples
representing other rock groups was not sufficient to
form a box diagram, only line chart diagram was
plotted for other rock groups (Figures 3-7).

Considering the EEF box diagrams of the
Kisacik Volcanics, SiO, and K,O oxides fall in the
Medium Enrichment Class in more than half of the
samples, while Fe,0;, Al,O, and P,O; oxides fall in
the Medium Enrichment Class in more than 25%
of the samples. These data obtained are compatible
with the source rock of the Kisacik Volcanics. In
more than half of the samples, it was determined
that Cs, Rb, Sn, Ta, Th, U, W, La, Eu, Tm, Yb, Lu
and Be elements were in the Medium Enrichment
Class. It was determined that while Cd was in the
Medium Enrichment Class in more than 75% of the
samples, As was in the High Enrichment class in
more than 75% of the samples. AL,O,, Fe,O, oxides
and Cr, Ga, Hf, Nb, V, Zr, Ba, Be, Cu, Pb, Hg and
almost all rare earth elements fall into the No En-
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richment Class in more than half of the samples. Sr,
Sc, Zn, Ni and Co fall into the No Enrichment Class
in almost all of the samples. Mo and Hg in more
than 25% of the samples and Sb and Bi in more
than half of the samples fall into the High Enrich-
ment Class (Figure 2a—d).

When the line chart diagrams (EEF = Xri/
Xbi) of the rock groups are examined, the oxides
and elements of the Kisacik Volcanics show general
compatibility in all samples (Figure 2a—d). Only
one example, in this context, does not show element
enrichment, but presents an anomaly (OM_86).
Sample OM 18 shows enrichment in Cr (8 times),
Co (more than 2 times), Mo (more than 2 times),
Ni (more than 16 times), As (almost 64 times), Sb
(more than 16 times) and Hg (close to 4 times)
(Figure 3a—d). Considering the parental rock of the
Kisacik Volcanics, the Ni enrichment in the sample
is remarkable. Therefore, it is thought that it would
be useful to conduct a detailed study on Ni en-
richment. The enrichment of other elements in the
Kisacik Volcanics is mostly related to hydrothermal
alteration (mainly sericitization, pyritization, he-
matitization and argillization due to hydrothermal
alteration associated with ore-bearing fluids). The
OD_8 sample of the Kisacik Volcanics shows an
enrichment of Fe,0,, TiO,, and P,O, over 4 times.
The effect of hydrothermal processes in these en-
richments is clearly observed. When the Kisacik
Volcanics’ samples are evaluated together, there are
remarkable enrichments in Be, Cs, Hf, Sn, Ta, Th, U,

b)
4
2
1
0,5
0725
0,125
0,0625
0,03125
0,015625
0,0078125
0,0039063
Cr Ba Sc Be Co Cs Ga Hf Nb Rb sSn St Ta Th U V W 7r
—e—0D_5 —e—0D_7 oD_8 0D_9 —==0D_12 —e—0D_13
=@==(0D_14 —8—AD 01_10 —@=—0OM_19 —8—0M_86 —8—0P_17
256
d) 64
16
4
1
0,25
0,0625
0,015625
Mo Cu Pb Zn Ni As cd Sh Bi Hg
=8=0D_5 =@=0D_7 0oD_8 0D_9 =@=0D_12 =8=0D_13
—8—0D_14 —8—AD_01_10 =8=0M_19 —8—0M_86 —8—(OP_17

Figure 3. a) The major oxide line chart diagram (EEF values) of the Kisacik Volcanics according to the upper crust averages; b) EEF
line chart diagram for Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, and Zr in Kisacik Volcanics; c) EEF line chart diagram for
REEs in Kisacik Volcanics; d) EEF line chart diagram for heavy metal and associated elements in Kisacik volcanics (oxides in %,

others in ppm).
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V, W, Zr. Rare earth elements show 2 to 4 times en-
richment in sample OD_8, and some of them are in
the High Enrichment Class (EEF > 3) (Figure 3c).
In the Kisacik volcanics, remarkable enrichment has
been detected (Figure 3b—d), especially with heavy
metals and related elements, and these enrichments
are mostly associated with hydrothermal alterations.

MgO, MnO, Cr, Co, Nb, Sr, V, Cu, Ni, Cd and
Bi were enriched at varying rates (between 2 and 32
times) in the ophiolitic rock group samples (Figure
4a—d). In 3 samples of the ophiolitic group rocks,
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REE is compatible with each other and indicates the
same origin (Figure 4c¢). In these samples, positive
Eu anomaly is also observed with respect to the up-
per crust (Figure 4¢). The enrichment in Cu, Ni, Bi,
Cr, Co indicates the same parental origin>> >,
Major oxide concentrations of the listvenitic
rocks in the Ophiolitic Mélange show compatibility
with each other (Figure 5a). Low values of SiO,
and CaO in the rocks (EEF < 1) present an outlier
compared to listvenite rocks. In the rocks, an en-

richment of almost 32 times in Cr and 8 times in
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Figure 4. a) The major oxide line chart diagram (EEF values) of the Ophiolitic Mélange according to the upper crust averages; b)
EEF line chart diagram for Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, and Zr in Ophiolitic Mélange; c) EEF line chart diagram
for REEs in Ophiolitic Mélange; d) EEF line chart diagram for heavy metal and associated elements in Ophiolitic Mélange.

Co, and an enrichment in Ni more than 32 times is
observed, which indicates an originally similar pa-
rental rock. Remarkably high enrichment of Cr, Co,
Ni elements was thought to be because of weather-
ing and lateritic processes. In the rocks, while there
is no enrichment in REE, an enrichment of more
than 8 times in Sb and Hg has been detected (Figure
5c—d). The enrichment in Sb and Hg was associated
with the hydrothermal alteration to which the rocks
were exposed.

Element enrichment patterns of the 2 samples
taken representing the Kazdag Group show a clear
difference (Figure 6a, b and d). Considering the
Si0,, K,0, MnO values of the sample (Figure 6a, b
and d), it does not overlap with the general charac-
teristics of the Kazdag Group rocks. Therefore, the
sample AD 01 52 is a silicified vein rock formed
due to metamorphism in Kazdag Group rocks. The

difference in heavy metal enrichment pattern also
supports this separation (Figure 6d). When REE
patterns are considered (Figure 6c¢), it is seen that
there is a genetic bond between the two rocks.

When the line chart diagram of the listvenite
was examined, it was determined that SiO,, Fe,O;,
MnO, Cr, Co, Mo, Ni, As were enriched at varying
rates (Figure 7a, b and d). No enrichment with
rare earth elements was observed in the rock. In the
rock, the enrichment in SiO,, Fe,O; and MnO ox-
ides and the enrichment in As, Mo, Sb, Hg have de-
veloped due to hydrothermal alteration. Conversely,
enrichment of Cr, Co, Ni is related to ultrabasic
origin of the listvenite rock and is associated with
exfoliation and laterization.

4. Discussion

Rock types have elemental contents at certain
intervals depending on their formation and original
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Figure 5. a) The major oxide line chart diagram (EEF values) of the Baharlar Listvenitic Rocks according to the upper crust aver-
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chart diagram for REEs in Baharlar listvenitic rocks; d) EEF line chart diagram for heavy metal and associated elements in Baharlar
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Figure 6. a) The major oxide line chart diagram (EEF values) of the Kazdag Group Rocks according to the upper crust averages; b)
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(oxides in %, others in ppm).

characteristics. Concentrations outside these range
are accepted as anomaly (positive/negative) for
the rocks in question. While a positive anomaly is
seen as enrichment in a sense, when it reaches toxic
limits, it is considered as a contamination phenom-
enon. Rocks that have reached the level of pollution
by any element cause negative effects in terrestri-
al-aquatic environments with which they interact.

Considering the petrological features of the Kisacik
volcanics, it is seen that the Fe,O,, TiO, and P,O,
contents have higher enrichment than the felsic and
intermediate rocks. In the rock, while the maximum
Fe,0; is 21.26%, TiO, 2.31% and P,0O5 0.50%, in
felsic and intermediate rocks, the Fe,O; contents
are 3.81% and 4.28%, P,05 contents are 742 and
0.12 ppm, and TiO, contents are 0.56% and 0.43%
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(Appendix 1)"". It was observed that the Cr, Cs,
Rb, Th, U, V and W concentrations in the Kisacik
volcanics exceeded the concentrations in intermedi-
ate and felsic rocks (Appendixes 1 and 2). It is un-
derstood that hydrothermal alteration processes are
effective in the enrichment of the Kisacik volcanic
rocks for the mentioned elements rather than paren-
tal rock.

It is noteworthy that the maximum MgO con-
tent of the ophiolitic rocks is enriched according to
the averages of upper crust, felsic and intermediate
rocks (approximately 16 times compared to the up-
per crust). However, considering the parental rocks
of ophiolitic rocks, it will be seen that the MgO con-
tent is below the average of the relevant rock (MgO
content of ultramafic rocks is 38.47%). Therefore,
there is no real enrichment in the rock. Although the
MgO concentrations are high (max. value 33.31%)
in Baharlar listvenitic rocks within the ophiolitic
rocks, an enrichment with these values cannot be
mentioned when the parental rocks are considered
(Appendix 1). While the Cr and Co compositions
of the Baharlar listvenitic rocks were enriched with
respect to intermediate and felsic rocks (Appendix
2), it was observed that the Cr concentrations were
higher when compared to the ultramafic rocks",
but the Co concentrations were normal. It is thought
that the parental rock is important in the high Cr
contents in the rocks, but the hydrothermal altera-

tion and weathering processes also increase the en-
richment in Cr.

The MgO and CaO contents of the Kazdag
group rocks exceed the upper crust averages
(12.06% and 13.88%, respectively) (Appendix 1).
Considering that the Kazdag group rocks are close
to the diorite/granodiorite type rocks in general,
these values will be seen to be high. It can be said
that the high values found in the Kazdag group
rocks are related to the metamorphic and hydrother-
mal processes that the rocks are exposed to.

When listvenite is considered, although there
is not a very high enrichment in SiO, compared to
the upper crust, it is understood that listvenite has
a significant SiO, enrichment when the source rock
of listvenite (ultramafic rock) is considered. This
enrichment is directly related to the hydrothermal
alteration forming the litvenitization. Listvenite
shows an enrichment in terms of Cr and Co com-
pared to the upper crust. However, when compared
to the source rock, there is an enrichment in terms
of Cr, but a serious enrichment in terms of Co can-
not be mentioned (Appendix 2). It is understood
that the main rock of the rock is effective in the
enrichment of listvenite in terms of Cr, but the alter-
ation and weathering (lateritization) that the rock is
exposed to contribute to the enrichment.

When the field rocks are considered in terms
of rare earth elements, it is seen that the rare earth



concentrations between La-Gd of the Kisacik Vol-
canics are enriched compared to the intermediate
and felsic rocks (Appendix 3). It can be said that
hydrothermal alteration and weathering processes

B7611 in this enrichment in the Kisacik

are effective
Volcanics. There is no enrichment by REEs in ophi-
olitic rocks, Baharlar listvenitic rocks in ophiolitic
rocks, Kazdag Group rocks and listvenite when
compared with their parental rocks.

Considering the heavy metal and related ele-
ment contents (max. content) of the Kisacik Volcan-
ics, a remarkable enrichment is observed according
to the intermediate and felsic rocks, as well as the
ultramafic and mafic rocks (Appendix 4). Consid-
ering that the parental rocks of the Kisacik Volcanic
rocks are closer to intermediate and felsic charac-
ters, the mentioned enrichment is remarkable. This
enrichment was associated with the hydrothermal
and weathering processes to which the rocks were
exposed. In ophiolitic rocks, on the other hand,
heavy metal and related elements Cu, Cd, Bi con-
tents show an enrichment according to ultramafic
rock types”®
ments are taken into account in Baharlar listvenit-

. When heavy metal and related ele-

ic rocks, Ni, As, Sb, Hg contents (max. contents
of them) showed an enrichment compared to the
source rock”™ (Appendix 4). It is thought that the
enrichment in As, Sb, Hg contents of the rock is re-
lated to hydrothermal alteration, and hydrothermal
alteration and weathering are effective in the enrich-
ment of Ni.

It is observed that Ni and As contents of heavy
metal and related elements in Kazdag Group Rocks
are enriched compared to the source rock”". Hy-
drothermal alteration was effective in these enrich-
ments. However, Ni enrichment is also affected by
the mafic minerals in the rock (Appendix 4).

Listvenite showed a remarkable enrichment of
Ni, As, Sb and Hg elements compared to the source
rock””. While the Ni enrichment in listvenite is
primarily related to the source rock, the enrichment
by As, Sb and Hg elements is associated with the
hydrothermal alteration process that formed the list-
venite and the subsequent weathering.

5. Conclusions

In this study, the major oxide and trace ele-
ment/heavy metal and REE contents of the rocks
outcropping in Kisacik (Ayvacik/Canakkale-West-
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ern Tiirkiye) and its vicinity were examined, and it
was investigated whether they showed an enrich-
ment according to the upper crust average values.
The rocks in the area are discussed under 5 groups
as Kisacik volcanics, Ophiolitic Melange, listvenit-
ic rocks (Baharlar Listvenitic Rocks) in Ophiolitic
M¢élange, Kazdag Group Rocks and Lisvenite.
Considering the main oxide and element contents of
the Kisacik Volcanics, it was observed that the aver-
ages of Si0,, Fe,O, and K,O were above the upper
crust. It was determined that more than half of the
samples were in the Medium Enrichment Class in
terms of Si0,. When other elements are considered,
it has been determined that the averages of Cr, Cs,
Th, U, W, La, Nd, Sm, Eu, Tm, Yb, Lu, Be, Mo, As,
Cd, Sb, Bi and Hg elements exceed the upper crust
values. It is seen that more than half of the samples
exceed the upper crust values and fall into the Me-
dium Enrichment Class, especially by the elements
Cs, Rb, Ta, Th, U, W, La, Eu, Tm, Yb, Lu, Mo, and
Cd.

Considering the oxide and elemental contents
of the Ophiolitic Mélange, Fe,0,, MgO, CaO, TiO,,
P,0O5 and MnO oxide averages are observed to ex-
ceed the upper crust values. When the rocks are
evaluated in terms of trace element/heavy metal
and rare earth elements, although there is an enrich-
ment in Cr, Sc, Co, Nb, Sr, Mo, Cu, Ni, Cd, Sb and
Bi elements, according to EEF, only Cr, Sc, Co, V,
Cu and Ni elements fall into the High Enrichment
Class.

Considering the listvenitic rocks in the Ophi-
olitic Melange, it was determined that the averages
of Fe,0,, MgO oxides and Cr, Co, Ni, As and Hg
exceeded the upper crust averages. It was deter-
mined that the Cr, Co, Ni, Sb, As and Hg enrich-
ments were more than 3 times in some samples and
fell into the High Enrichment Class. Of these, the
enrichment by Cr, Co, Ni elements was associated
with the original rock, while the enrichment by Sb,
As, and Hg elements was due to hydrothermal alter-
ation.

When the oxide and element concentrations of
the Kazdag Group were compared with the upper
crust averages, it was determined that MgO, CaO,
K,O, and MnO exceeded the upper crust values.
High MgO and CaO values are associated with the
parental rock, while high K,O and MnO values are
associated with hydrothermal alteration and weath-



ering. It was also observed that the averages of Cr,
Co, Ta, U, W, Mo, Cu, N1, As and Cd exceeded the
upper crust values. The enrichment by Cr, Co, U,
W, Ni and As were in the High Enrichment Class
according to EEF.

As to Listvenit, SiO,, Fe,0,, MgO and MnO
concentrations exceed the upper crust values, and
fall into the Medium Enrichment Class. The high
values of these values present a significant relation-
ship in the listvenitization process. Because listven-
ites are a process of silicification and carbonation
of ultrabasic rocks and a relative enrichment with
Fe,0, and MgO. Concentrations of elements Cr, Co,
Ni, As, Sb and Hg of listvenites fall into the High
Enrichment Class according to EEF. Among these
elements, the enrichment in Cr, Co, Ni eclements is
related to the parental rock, while the enrichment
in As, Sb and Hg elements is due to hydrothermal
alteration.

When the element contents of the rocks are
evaluated together, it has been determined that the
enrichment in some elements originates from the
parental rock and that secondary, epigenic process-
es increase these enrichments to remarkable levels,
while the enrichment of some elements developed
through secondary, epigenetic processes such as hy-
drothermal alteration.

Acknowledgements

This study was supported by Giimiishane
University Scientific Research Projects Coordi-
nation Unit (GUBAP) with the Grant number of
20.F5114.01.03. The corresponding author would
like to thank Glimiishane University.

Conflict of interest

The author declares that he has no conflict of
interest.

References

1. Vural A, Gundogdu A, Akpinar I, et al. Environ-
mental impact of Giimiishane City, Turkey, waste
area in terms of heavy metal pollution. Natural Haz-
ards 2017; 88(2): 867-890. doi: 10.1007/s11069-
017-2896-1.

2. Vural A, Erdogan M. iz bulucu elementlerden yara-
rlanarak toprak jeokimyasi Ile altin cevherlesme-
sinin aragtirilmasi: Kirkpavli, Glimtigshane-Tiirkiye
(Turkish) [Investigation of gold mineralisation by
soil geochemistry using trace elements: Kirkpavli,

Gumushane-Turkey]. In: 66. Tiirkiye Jeoloji Ku-
rultayi; 2013 Apr 1-5; Ankara. Ankara: TMMOB
Jeoloji Miihendisleri Odas1; 2013.

3. Vural A. Toprak ve akasya agaci siirglinlerindeki iz/

agir metal dagilimi, Glimiishane-Tiirkiye (Turkish)
[Trace/heavy metal distribution in soil and shoots
of acacia trees, Gumushane-Turkey]. Maden Tetkik
ve Arama Dergisi 2014; 148: 85-106.

4.  Vural A, Cicek B. Cevherlesme sahasinda geligmis

topraklardaki agir metal kirliligi (Turkish) [Heavy
metal contamination in soils on mineralization
area]. Diizce Universitesi Bilim ve Teknoloji Der-
gisi 2020; 8(2): 1533-1547. doi: 10.29130/dubit-
ed.643775.

5. Vural A, Kaygusuz A. Kirlilik parametrelerine gore

farkl1 kayaclarin element Igeriklerinin arastiriimast:
Avliyana (Torul-Giimiishane/Tiirkiye) (Turkish) [In-
vestigation of elemental content of different rocks
according to pollution parameters: Avliyana (To-
rul-Gumushane/Turkey)]. In: 2. Uluslararast Hasan-
keyf Bilimsel Arastirmalar ve inovasyon Kongresi;
2022 Jun 25-26; Batman. Ankara: iksad Publishing
House; 2022. p. 251-259.

6.  Vural A. Demiroren (Giimiishane) ve Cevre

kayaclarinin element Iceriklerinin tibbi jeoloji
acisindan Incelenmesi (Turkish) [Investigation of
the elemental contents of Demiroren (Gumushane)
and its surrounding rocks in terms of edical geolo-
gy]. In: 71. Tiirkiye Jeoloji Kurultayi; 2018 Apr 23—
27; Ankara. Ankara: TMMOB Jeoloji Miihendisleri
Odast; 2018. p. 885-886.

7. Vural A. Metalojenik kusaklardaki kayaglarin

element temel degerlerinin tibbi jeoloji agisindan
Incelenmesi: Karamustafa vadisi (Giimiishane)
(Turkish) [Investigation of elemental basic values
of rocks in metallogenic belts in terms of medical
geology: Karamustafa valley (Gumushane)]. In: 71.
Tiirkiye Jeoloji Kurultayi; 2018 Apr 23-27; Anka-
ra. Ankara: TMMOB Jeoloji Miihendisleri Odast;
2018. p. 875-876.

8. Sungur A, Vural A, Gundogdu A, et al. Effect of

antimonite mineralization area on heavy metal con-
tents and geochemical fractions of agricultural soils
in Glimiishane Province, Turkey. Catena 2020; 184:
104255. doi: 10.1016/j.catena.2019.104255.

9.  Sungur A, Vural A, Giindogdu A, et al. Giimiistug

Koyt (Torul-Giimiishane) Tarim topraklarinda
manganin jeokimyasal karakterizasyonu (Turkish)
[Geochemical characterization of manganese in
agricultural soils of Gumustug Village (Torul-Gu-
mushane)]. In: International Trace Analysis Con-
gress; 2018 Jun 20-23; Sivas. Ankara: ITAC; 2018.
10. Vural A. Assessment of metal pollution associated



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

with an alteration area: Old Glimiigshane, NE Black
Sea. Environmental Science and Pollution Research
2014; 22(5): 3219-3228. d0i:10.1007/s11356-014-
2907-7.

Sahin E, Vural A. Orencik (Yenice, Canakkale/
Tiirkiye) cevherlesmesinin sivi Kapanim ve Duraylt
Izotop Verileri (Turkish) [Fluid inclusion and stable
isotope data of Orencik (Yenice, Canakkale/Turkey)
mineralization]. In: Akdeniz Zirvesi 8. Uluslararasi
Uygulamali Bilimler Kongresi; 2022 Nov 19-20;
Kyrenia. Kyrenia: Academy Congress—Publishing-
Journal and Education Society; 2022.

Sahin E, Vural A. Orencik (Yenice, Canakkale/
Tiirkiye) cevherlesme sahasi granitik kayaglarinin
jeolojik, mineralojik-petrografik ve jeokimyasal
Ozellikleri (Turkish) [Geological, mineralogical-pe-
trographic and geochemical properties of granitic
rocks of Orencik (Yenice, Canakkale/Turkey) min-
eralization area]. In: Akdeniz Zirvesi 8. Uluslararasi
Uygulamali Bilimler Kongresi; 2022 Nov 19-20;
Kyrenia. Kyrenia: Academy Congress—Publishing-
Journal and Education Society; 2022.

Vural A, Erdogan M.Eski Giimiishane kirkpavli al-
terasyon sahasinda toprak jeokimyas1 (Turkish) [Soil
geochemistry in the old Gumushane kirkpavli alter-
ation area]. Giimiishane Universitesi Fen Bilimleri
Enstitiisti Dergisi 2014; 4(1): 1-15. doi: 10.17714/
gufbed.2014.04.001.

Vural A. Relationship between the geological
environment and element accumulation capacity of
Helichrysum arenarium. Arabian Journal of Geo-
sciences 2018; 11(11): 258. doi:10.1007/s12517-
018-3609-0.

Yalcin F, Ilbeyli N, Demirbilek M, et al. Estima-
tion of natural radionuclides’ concentration of the
plutonic rocks in the Sakarya zone, Turkey using
multivariate statistical methods. Symmetry 2020;
12(6): 1048. doi: 10.3390/sym12061048.

Vural A. Contamination assessment of heavy met-
als associated with an alteration area: Demirdren
Gumushane, NE Turkey. Journal of the Geological
Society of India 2015; 86: 215-222. doi: 10.1007/
s12594-015-0301-9.

Ibaraki M, Mori H. Progress in medical geology.
England: Cambridge Scholars Publishing; 2017.
Prasad AS, Brewer GJ. Essential and toxic trace el-
ements and vitamins in human health. Amsterdam,
Netherlands: Elsevier; 2020.

Selinus O, Alloway B, Centeno JA, et al. Essentials
of medical geology. Dordrecht: Springer; 2013. doi:
10.1007/978-94-007-4375-5.

Kabata-Pendias A, Szteke B. Trace elements in abi-
otic and biotic environments. Florida: CRC Press;

12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

2015.

Cakir Z, Vural A. Nonlineer yaklasimla bitkilerin
element biriktirme potansiyelinin hesaplanmasi:
Titrek kavak (populus tremula) yapraklarimin Sr,
Ba, La, Cd biriktirme kabiliyeti Ornegiyle (Turkish)
[Calculation of element accumulation potential of
plants by nonlinear approach: Sr, Ba, La, Cd ac-
cumulation capability of aspen (Populus tremula)
leaves]. In: 2™ International Conference on Sci-
entific and Academic Research; 2023 Mar 14-16;
Konya. Konya: All Sciences Proceedings; 2023. p.
196-200.

Vural A, Albayrak M.Gordes ve civari zeolitlerinin
mineralojisi (Turkish) [Mineralogy of zeolites of
Gordes and vicinity]. In: 58. Tiirkiye Jeoloji Ku-
rultay1; 2005 Apr 11-15; Ankara. Ankara: TMMOB
Jeoloji Miihendisleri Odasi; 2005. p. 140—-141.
Vural A, Albayrak M. Geochemical and mineralogi-
cal properties of zeolites from Gordes (Manisa) and
its near vicinity. In: 2" International Conference on
Engineering and Natural Sciences (ICENS 2016);
2016 May 24-28; Sarajevo. Istanbul: ICENS; 2016.
Vural A, Albayrak M. Evaluation of Goérdes zeolites
in terms of mineralogical, geochemical and envi-
ronmental effects. Journal of Engineering Research
and Applied Science 2020; 9(2): 1503—1520.

Vural A. Heavy metal pollution from listwaenitiza-
tion: In case of Alake¢i (Bayramig-Canakkale/West
Tiirkiye). Turkish Journal of Analytical Chemistry
2020; 4(2): 94-102. doi: 10.51435/turkjac.1190831.
Vural A. Hidrotermal alterasyona bagli element
kirliligi: Canca (Giimiighane-Tiirkiye) (Turkish)
[Elemental pollution due to hydrothermal alteration:
Canca (Giimiishane-Tiirkiye)]. Journal of Investi-
gations on Engineering & Technology 2022; 5(2):
87-103.

Vural A, Gilindogdu A, Saka F, et al. The heavy
metal effects of mineralization and alteration areas
with buried ore deposits potential on the surface
waters. Journal of Investigations on Engineering &
Technology 2022; 5(1): 21-33.

Muller G. Index of geoaccumulation in sediments
of the Rhine River. Geological Journal 1969; 2:
108-118.

Buat-Menard P, Chesselet R. Variable influence of
the atmospheric flux on the trace metal chemistry
of oceanic suspended matter. Earth and Plane-

tary Science Letters 1979; 42(3): 399-411. doi:
10.1016/0012-821X(79)90049-9.

Sutherland RA. Bed sediment-associated trace met-
als in an urban stream, Oahu, Hawaii. Environmen-
tal Geology 2000; 39(6): 611-627. doi: 10.1007/
$002540050473.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Chen CW, Kao CM, Chen CF, et al. Distribution
and accumulation of heavy metals in the sedi-

ments of Kaohsiung Harbor, Taiwan. Chemosphere
2007; 66(8): 1431-1440. doi: 10.1016/

j.chemosphere.2006.09.030. 42.

Vural A, Kaya S, Basaran N, ef al. Anadolu maden-
ciliginde Ilk adimlar (Turkish) [First steps in Ana-
tolian mining]. Ankara: Maden Tetkik ve Arama
Genel Miidiirliigii; 2009.

Vural A. Bayramig¢ (Canakkale) ve Cevresindeki
altin zenginlesmelerinin aragtirilmasi (Turkish) [In-

vestigation of gold enrichment in Bayramic (Canak- 43.

kale) and its surroundings] [PhD thesis]. Ankara:
Ankara Universitesi; 2009.

Vural A. Giineykdy ve Cevresi (Esme-Usak) arseno-
pirit cevherlesmelerinin maden Jjeolojisi (Turkish)
[Mineral geology of arsenopyrite mineralization in
Glineykdy and surroundings (Egme-Usak)] [Mas-
ter’s thesis]. Ankara: Ankara Universitesi; 1998.
Vural A, Unlii T. Giineykdy ve Cevresindeki kalintt
altinli arsenopirit cevherlesmelerinin maden jeolo-

jisi agisindan Incelenmesi (Turkish) [Investigation 44,

of arsenopyrite mineralization with residual gold in
Glineykdy and its surroundings in terms of mining
geology]. In: 69. Tiirkiye Jeoloji Kurultay1; 2016
Apr 11-15; Ankara. p. 374-375. Ankara: TMMOB
Jeoloji Miithendisleri Odast; 2016.

Vural A, Unlii T. The geology and mineralogical/
petrographic features of Umurbabadag and its sur-
roundings (Esme, Usak-Turkey). Journal of Engi-

neering Research and Applied Science 2020; 9(2): 45.

1561-1587.

Vural A, Aydal D. Soil geochemistry study of the
listvenite area of Ayvacik (Canakkale, Turkey).
Caspian Journal of Environmental Sciences 2020;
18(3): 205-215. doi: 10.22124/CJES.2020.4133.

Okay Al, Siyako M, Biirkan KA. Biga yarima- 46.

dasinin jeolojisi ve tektonik evrimi (Turkish) [Geol-
ogy and tectonic evolution of the Biga Peninsula].
Tiirkiye Petrol Jeologlar1 Dernegi Biilteni 1990;
2(1): 83—-121.

Vural A, Aydal D, Akpmar 1. A low sulphur epith-
ermal gold mineralization in Kisacik-Ayvacik area
(Canakkale-Turkey). In: Goldschmidt Conference

Abstracts; 2011 Aug 11-18; Prague. Prague: The 47.

European Association of Geochemistry; 2011. p.
2105.

Vural A, Aydal D. Soil geochemical prospecting at
listvenite area, Bayramig, (Canakkale Turkey). In:

34™ National and the 2™ International Geosciences 48.

Congress; 2016 Feb 22-24; Tehran. Tehran: GSI;
2016.
Vural A, Aydal D. Using soil geochemistry for

13

gold exploration: Ayvacik (Canakkale-Northwest
Turkey). In: 34" National and the 2™ International
Geosciences Congress; 2016 Feb 22-24; Tehran.
Tehran: GSI; 2016. p. 22-24.

Aydal D, Vural A, Polat O. Definition of the base
metal and gold bearing hydrotermally altered areas
in volcanic rocks using by Landsat 7 TM imagery:
Case study from Bayramig (Canakkale). In: 57"
Geology Congress; 2004 Mar 8—12; Ankara. Anka-
ra: TMMOB Jeoloji Miihendisleri Odasi; 2004. p.
89-90.

Aydal D, Vural A, Tasdelen Uslu 1, et al.
Kuscayiri-Kartaldagi (Bayramig-Canakkale) ce-
vherlesme bolgesinin Landsat 7 ETM+ kullanilarak
Crosta teknigi ile incelenmesi (Turkish) [Investiga-
tion of Kusgayiri-Kartaldag: (Bayramig-Canakkale)
mineral enhancement region by Crosta technique
with Landsat 7 ETM+ bands]. In: Technical Uni-
versity of Istanbul, First Remote Sensing Workshop
and Panel; 2006 Nov 28; Istanbul. Istanbul: ITU;
2006.

Vural A, Kaygusuz A. Kisacik (Ayvacik/Canak-
kale-Tiirkiye) ve civarindaki kayaclarin agir metal/
iz element iceriklerinin ¢evre jeokimyasi agisindan
incelenmesi (Turkish) [Environmental geochemistry
investigation of heavy metal/trace element contents
of rocks in Kisacik (Ayvacik/Canakkale-Tiirkiye)
and its Surroundings]. In: 4" International Confer-
ence on Applied Engineering and Natural Sciences;
2022 Nov 10-13; Konya. Konya: ICAENS; 2022.
Vural A, Aydal D. Determination of lithological
differences and hydrothermal alteration areas by re-
mote sensing studies: Kisacik (Ayvacik-Canakkale,
Biga Peninsula, Turkey). Journal of Engineering
Research and Applied Science 2020; 9(1): 1341—
1357.

Vural A, Aydal D. Kisacik-Ayvacik (Canakkale)
altin cevherlesmesinin jeolojik, mineralojik,
jeokimyasal acidan incelenmesi (Turkish) [Geolog-
ical, mineralogical and geochemical investigation
of Kisacik-Ayvacik (Canakkale) gold mineraliza-
tion]. In: 8. Jeokimya Sempozyumu; 2018 May
2-6; Antalya. Ankara: Ankara University; 2018. p.
121-122.

Aydal D, Vural A, Tasdelen Uslu 1, et al. Cros-

ta technique application on Bayramig¢ (Alakegi-
Kisacik) mineralized area by using Landsat 7
Etm+data. Journal of Engineering and Architecture
Faculty of Selcuk University 2007; 22(3): 29-40.
Vural A, Aydal D. Bayramig ve Yakin Cevresindeki
Altin Zenginlesmelerinin Arastirilmasi (Turkish)
[Investigation of gold enrichment in Bayramig

and its vicinity]. In: 69. Tiirkiye Jeoloji Kurultayz;



2016 Apr 11-15; Ankara. Ankara: TMMOB Jeoloji
Miihendisleri Odast; 2016. p. 376-377.

49. Vural A, Kaygusuz A. Kusgayir1 pliitonunun pe-
trografisi, jeokimyasi ve petrolojisi (KB Tiirkiye)
(Turkish) [Petrography, geochemistry and petrology
of the Kuscayir1 pluton (NW Turkey)]. In: 4" Inter-
national European Conference on Interdisciplinary
Scientific Research; 2021 Aug 8-9; Warsaw. Istan-
bul: ISPEC Publications; 2021. p. 51-69.

50. Aydal D, Vural A, Tasdelen Uslu i, ez al. Crosta
technique application on Bayramic (Alakegi-Ki-
sacik) mineralized area by using Landsat 7 TM
data. In: 30" Anniversary Fikret Kurtman Geolo-
gy Symposium; 2006 Sep 20-23; Konya. Konya:
Selcuk University; 2006. p. 195.

51. Skoog D, West D, Holler F, ef al. Fundamentals
of analytical chemistry. 8" ed. California: Brooks/
Cole-Thomson Learning; 2003.

52. Rudnick R, Gao S. Composition of the continental
crust. 2" ed. In: Holland H, Turekian K (editors).
Treatise on geochemistry. Amsterdam: Elsevier;
2013. p. 1-64.

53. Song X, Wang Y, Chen L. Magmatic Ni-Cu-(PGE)
deposits in magma plumbing systems: Features, for-
mation and exploration. Geoscience Frontiers 2011;
2(3): 375-384. doi: 10.1016/;.gs£.2011.05.005.

54. Rollinson HR. Using geochemical data. Cam-
bridge: Cambridge University Press; 2021. doi:
10.1017/9781108777834.

55. Kaygusuz A, Vural A. Arpakdy (Kiirtiin/
Giimiishane) granitoyidi Igindeki mafik magma-
tik anklavlarin mineralojik-petrografik ve mineral
kimyas1 Ozellikleri (Turkish) [Mineralogical-petro-
graphic and mineral chemistry properties of mafic

14

56.

57.

58.

59.

60.

61.

igneous anchors in Arpakdy (Kiirtiin/Giimiishane)
Granitoid]. In: International Scientific Research
Congress Dedicated to the 30" Anniversary of Baku
Eurasia University; 2022 Apr 28; Baku. Istanbul:
Iksad Global; 2022. p. 1724-1737.

Alexandre P. Practical geochemistry. Berlin: Spring-
er; 2021.

Quinn KA, Byrne RH, Schijf J. Sorption of yttrium
and rare earth elements by amorphous ferric hy-
droxide: Influence of temperature. Environmental
Science and Technology 2006; 41(2): 541-546. doi:
10.1021/es0618191.

Dardenne K, Schifer T, Lindqvist-Reis P, ef al.
Low temperature XAFS investigation on the Lute-
tium binding changes during the 2-line ferrihydrite
alteration process. Environmental Science and
Technology 2002; 36(23): 5092-5099. doi:10.1021/
es025513f.

Bau M, Koschinsky A. Oxidative scavenging of
cerium on hydrous Fe oxide: Evidence from the dis-
tribution of rare earth elements and yttrium between
Fe oxides and Mn oxides in hydrogenetic ferroman-
ganese crusts. Geochemical Journal 2009; 43(1):
37-47. doi: 10.2343/geochemj.1.0005.

Davranche M, Pourret O, Gruau G, ef al. Impact

of humate complexation on the adsorption of REE
onto Fe oxyhydroxide. Journal of Colloid and Inter-
face Science 2004; 277(2): 271-279. doi: 10.1016/
j.jcis.2004.04.007.

Bosia C, Chabaux F, Pelt E, ef al/. U-Th—Ra varia-
tions in Himalayan river sediments (Gandak river,
India): Weathering fractionation and/or grain-size
sorting? Geochimica et Cosmochimica Acta 2016;
193: 176-196. doi: 10.1016/j.gca.2016.08.026.



Appendixes

Appendix 1

Table 1. Descriptive statistics for the major oxides + Cr element of the rock groups of the study area and their averages of upper

crust, ultramafic, mafic, intermediate, and felsic rocks (oxides in %, Cr in ppm)

Group SiO, ALO; Fe, O, MgO Ca0O Na,O K,0 TiO, PO, MnO Cr

3 Mean 70.15  11.99 -1.10 156 1.18 -0.57 013  0.05 -

E Median JOEN 1353 347 078 176 0.18 326 046 007 005 7526

i’ Geo. Mean 6843 889 355 071 0.86 033 234 037 007 004 8111

5 Minimum 4510 040 044 0.8 0.08 001 003 012 001 001 2053

v, Maximum 89.23 2020 2126 251 328 434 639 231 050  0.10 773.13
Std. Dev. 1580 6.05 578  0.88 128 1.62 191 065 0.5 003 22441
Kurtosis -153  -032 622 ~111  -159 -022 —040 7.01 3.76  —0.52 8.99
Skewness 025 -0.60 232  0.54 0.18 123 0.1 251 183 053 295

& Mean 4578 10.67 885 1193 766 132 106 062 017  0.15 789.56

= Median 46.11 13.28 _ 125 0.68 _

= Geo. Mean 4566 738 839  8.02 6.00 044 052 031 011 0.5 234.13

% Minimum 40.14  1.63 427 312 126 002 009 003 002 012 2737

) Maximum 50.80 19.76  11.69 34.61 1229 273 263 130 031 021 2353.61

°© Std. Dev. 378 7.86 279 13.08 436 129 1.1 054 012 004 1,045.02
Kurtosis 205 245 243 373 ~0.38 -2.93 —140 -2.09 -090 —0.17 -0.73
Skewness 041 -023 136 1.93 -0.80 0.09 0.75 -0.03 0.00 099 1.06

< Mean 4048 104 785 2651 070 001 005 003 002 0.8

& Median 39.13  0.57 _0.65 001 005 003 002 009 -

:§ Geo. Mean 4040 070  7.73 2607 069 001 003 003 002 008 1,506.54

2 Minimum 38.19 026 628 2174  0.60 0.0l 001 001 002 007 971.55

3 Maximum 44.12 230 957 3331 085 001 008 006 002 009 202520
Std. Dev. 319 110 1.65  6.05 0.13 0.04 0.03 000 001 544.67
Skewness 156 158 042 134 1.46 042 0.59 173 -1.21

g Mean 54.80 848  4.88 _ 1.64 - 0.09  0.02 _

o

S Median 5480 848  4.88 622 764 164 3.03 009 002  0.14 858.66

g Geo. Mean 5226 599 415 2.1 439 061 081 007 001 011 31930

§ Minimum 3830 248 231 037 139 0.2 0.1 003 00l 005 61.58
Maximum 7130 1448 745 1206 1388 3.15 594 0.5 0.02 023 1,655.74
Std. Dev. 2333 849  3.63 827 8.83 214 412 008 001  0.13 1,127.24

Listvenite ~Concentration 2.42 0.04 0.02 0.04 _

= Mean 59.53 935 676  7.56 342 120 230 043 0.1  0.10 669.20

s Median 53.18 949 652 248 1.82 0.8 209 016 004 008 9579
Geo. Mean 57.03 498 512 237 1.58 032 070 0.8 006 007 211.25
Minimum 38.19 026 044 0.8 0.08 001 001 001 00l 001 2053
Maximum 8923 2020 2126 34.61 1388 434 639 231 050 023 2353.61
Std. Dev. 1797 712 462 1090 412 148 223 056 0.13 007 847.13
Kurtosis 141 -1.62 339 157 134 —0.75 —1.02 566 329 043 -0.76
Skewness 041 000 135 166 157 092 056 218 176 072 096

Ultramafic** 4235 227 1240 3847 224 066 002 0.05 020 1,800

Mafic** 5027 15.64 11.06 7.54 10.07 252 1.00 050 023 185

Intermediate™* 6526 157 428  2.02 3.85 408 255 0.56 0.08 383

Felsic** 69.45 1473 381 183 334 356 299 043 007 562

R and G*: Rudnick and Gao"”

#%[50]
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Appendix 2

Table 2. Descriptive statistics for the Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W and Zr elements of the study area rock groups

and their averages of upper crust, and ultramafic, mafic, intermediate and felsic rocks (in ppm)

Group Co Cs Ga Hf Nb Rb Sn  Sr Ta Th U \% W Zr
i Mean 10.02 1025 12.42 453 11.28 125.05 2.43 161.55 0.87 2322 430 120.00 3.15 151.95
;§ Median 510 6.00 11.15 3.90 11.00 97.20 2.00 146.00 0.90 25.45 3.80 42.00 2.10 94.90
; Geo.Mean  4.85 -10.45 3.77 949 76.16 2.03 113.64 0.73 _65.38 -87.36
5 Minimum 040 040 290 090 1.70 0.70 1.00 2720 0.10 2.70  0.10 21.00 0.60 1.40
v Maximum 39.50 50.30 22.50 10.40 20.00 293.30 6.00 453.80 1.40 43.30 10.10 621.00 9.90 437.80
Std. Dev. 11.54 1431 694 277 548 8031 1.72 133.27 039 12.83 3.06 17631 2.78 124.54
Kurtosis 396 723 -139 120 -0.10 0.68 3.77 097 032 -0.46 —0227.88 275 1.69
Skewness 1.83 263 028 1.09 -0.17 0.63 182 1.15 -0.55-0.17 051 273 171 121
& Mean 4644 196 9.16 2.17 634 2636 1.50 306.60 0.67 2.93  1.03 150.40 1.10 47.10
§ Median -0.50 12.50 230 4.60 21.50 1.50 293.20 0.30 2.85  0.90 -1.10 61.60
5 Geo.Mean 3852 0.99 652 2.15 2.17 1097 141 15453050 2.05 091 112.07 1.10 22.41
= Minimum 16.80 030 140 1.80 030 0.80 1.00 9.60 030 040 050 28.00 1.00 2.40
g Maximum 102.50 6.60  15.40 2.40 21.00 70.40 2.00 681.60 1.40 5.60  1.70 281.00 1.20 90.40
© Std. Dev. 3341 267 634 032 854 2834 0.71 269.130.64 2.16  0.61 103.87 0.10 40.66
Kurtosis 2.83 378 282 349 0.65 -0.94 0.68 ~1.74 -2.89
Skewness 1,59 195 —0.53 -1.55 1.81 1.06 044 1.73 020 094 -0.06 0.00 —0.33
_g Mean -0.40 130 0.15 055 2.03 27.87 030  0.10 32.00 1.67 3.87
& Median 7820 040 130 0.15 0.55 1.80 27.90 030  0.10 25.00 2.00 3.30
Ié Geo.Mean  77.94 030 130 0.14 042 1.77 26.14 030  0.10 2546 1.56 3.76
g Minimum 57.60 0.10 1.30 0.10 0.0 0.90 16.20 030  0.10 11.00 0.90 3.10
= Maximum 105.10 0.70  1.30 020 0.90 3.40 39.50 030  0.10 60.00 2.10 5.20
Std. Dev. 23.82 0.30 0.07 049 1.27 11.65 2524 067 1.16
Skewness 0.39  0.00 0.80 -0.01 115 —1.69 1.67
g Mean -1.60 6.80 1.15 450 76.90 310.05-2.50 -62.00 -27.80
S Median 3025 1.60  6.80 1.15 4.50 76.90 310.05 1.10 2.50  5.05 62.00 8.50 27.80
%ﬁ Geo.Mean  13.74 1.16 438 087 2.06 24.77 218.02 1.10 1.50 141 62.00 3.60 23.08
N, Minimum 330 050 1.60 0.40 050 4.10 89.60 1.10 0.50 020 62.00 0.80 12.30
Maximum 5720 2.70  12.00 1.90 8.50 149.70 530.50 1.10 4.50  9.90 62.00 16.20 43.30
Std. Dev. 38.11 156 735 1.06 5.66 102.95 311.76 283 6.86 10.89 21.92
Listvenite Concentration -0.30 0.30 0.90 26.90 0.20 61.00 1.50 1.20
E Mean 3439 578 1027 320 7.91 75.82 222 183.67 0.84 14.66 3.38 109.10 3.07 89.79
a Median 16.65 2.65 1045 2.50 850 63.85 2.00 111.90 0.90 590 245 61.00 1.70 68.10
Geo.Mean 1439 1.89 741 195 3.64 21.66 1.88 99.11 0.70 639  1.52 64.58 2.00 30.45
Minimum 040 010 130 0.0 020 0.70 1.00 9.60 0.10 030  0.10 11.00 0.60 1.20
Maximum 112.70 50.30  22.50 10.40 21.00 293.30 6.00 681.60 1.40 43.30 10.10 621.00 16.20 437.80
Std. Dev. 36.60 10.96 6.88 272 6.90 81.40 1.56 192.11 0.42 1434 337 139.19 3.81 109.44
Kurtosis ~0.07 14.04 —097 1.99 -0.90 0.67 4.88 0.78 —1.02 -0.90 —0.359.13 7.48 3.85
Skewness 1.06 3.58 027 134 049 1.06 205 128 -0300.67 090 279 268 1.85
RandG* 173 49 175 53 12 84 21 320 09 105 27 97 19 193
Ultramafic** 175 0.1 1.8 04 9 1.1 05 55 05 00045 0.00240 05 38
Mafic** 47 11 18 15 20 38 1.5 452 08 35 0.75 225 09 120
Intermediate™* 135 23 199 48 113 724 12 490 081 8.8 19 67 04 177
Felsic** 173 3 202 47 103 1092 3 2964 09 114 248 661 2 1636
R and G*: Rudnick and Gao™
% x[56]
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Appendix 3

Table 3. Descriptive statistics of rare earth element concentrations and their averages of upper crust, and ultramafic, mafic, intermedi-
ate and felsic rocks (in ppm)

Group Y La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
8 Mean 16.11 -62.70 7.17 _3.45 0.55 3.09 065 1.75 _
;‘3 Median 14.20 31.40 52.00 556 23.45 4.05 1.05 3.19 0.55 3.08 0.64 154 030 2.10 0.35
f Geo. Mean 1093 21.77 33.55 3.70 19.88 327 0.68 199 043 252 055 1.15 027 181 029
g Minimum 0.40 0.60 0.30 0.04 420 0.73 0.16 0.06 0.10 0.56 0.11 0.03 0.05 0.34 0.06
N Maximum  35.50 103.6 203.8 26.62 102.3 18.22 3.44 1231 1.56 7.49 131 3.71 0.54 330 0.50
Std. Dev. 9.85 27.64 5423 7.18 2797 5.04 096 334 041 195 034 1.06 0.13 0.83 0.13
Kurtosis 042 338 476 603 6.76 690 482 529 394 218 029 -0.03 092 1.00 1.45
Skewness 0.24 143 184 221 244 247 195 203 1.70 1.17 039 0.07 -0.20 -0.68 —0.85
g" Mean 11.86 10.78 20.52 2.51 10.14 2.18 0.72 226 037 2.15 045 136 024 129 024
= Median 16.40 16.50 31.30 3.84 15.20 3.15 098 341 0.54 323 0.65 196 029 1.67 0.28
E, Geo. Mean 598 5.63 10.02 1.17 4.66 097 037 1.12 0.17 1.12 026 0.69 0.19 0.72 0.20
% Minimum 0.40 1.00 140 0.13 0.50 0.08 0.06 0.10 0.01 0.09 0.03 0.04 0.05 0.06 0.06
gé‘ Maximum  20.80 18.60 35.20 4.32 17.60 3.90 132 3.82 0.63 3.63 0.77 233 033 231 0.34
Std. Dev. 945 892 1724 2.12 862 186 0.61 1.85 030 1.71 035 1.04 0.13 1.00 0.13
Kurtosis -2.92 —3.27 -3.28 —3.28 —3.26 —3.17 —3.08 —3.22 -3.06 —3.09 —3.05 —2.75 328 -2.62 2.17
Skewness —-0.53 —0.57 —0.58 —0.58 —0.57 —0.52 —0.43 —0.59 -0.58 —0.61 —0.57 —0.60 —1.78 —0.45 —1.51
% Mean 083 0.70 1.17 0.12 0.53 0.11 0.04 0.14 0.02 021 0.07 0.11 0.03 0.10 0.02
a? Median 0.60 0.70 1.10 0.11 0.60 0.11 0.04 0.14 0.02 021 0.07 0.11 0.03 0.06 0.02
Ié Geo. Mean  0.66 0.65 1.09 0.11 050 0.11 0.03 0.12 0.02 0.19 0.07 0.10 0.03 0.08 0.02
é Minimum 030 040 0.70 0.07 0.30 0.09 0.03 0.05 0.01 0.12 0.07 0.06 0.03 0.05 0.01
3 Maximum 1.60 1.00 1.70 0.17 0.70 0.13 0.04 0.24 0.03 029 0.07 0.16 0.03 0.19 0.03
Std. Dev. 0.68 030 0.50 0.05 021 0.02 001 0.10 0.01 0.12 0.07 0.08 0.01
Skewness 1.36 0.00 0.59 0.59 -1.29 0.00 0.16 1.70
%‘ Mean 18.40 340 6.20 0.79 325 1.01 034 1.77 038 275 0.61 181 028 1.87 0.27
G} Median 18.40 340 6.20 0.79 325 1.01 034 1.77 038 275 061 1.81 028 187 0.27
_‘E‘D Geo.Mean 12.82 3.14 572 0.74 3.04 092 032 149 028 205 042 124 0.19 129 0.18
5‘ Minimum 520 2.10 3.80 051 2.10 0.59 023 0.82 0.13 092 0.17 049 0.07 052 0.07
Maximum 31.60 470 8.60 1.07 440 143 045 271 0.62 458 1.05 3.13 049 321 046
Std. Dev. 18.67 1.84 339 040 1.63 059 0.16 134 035 259 0.62 187 030 190 0.28
Listvenite Concentration 0.40 0.60 0.40 0.04 0.06 0.05 0.04 0.08
Tg Mean 12.55 20.64 36.75 424 1692 3.05 0.76 242 043 238 0.56 143 027 148 0.27
= Median 13.05 16.60 32.00 346 12.60 1.85 045 1.71 047 2.16 0.59 149 027 1.67 0.30

Geo. Mean  5.67 7.07 11.13 1.24 6.60 128 0.39 0.99 023 128 038 0.69 0.21 0.78 0.19
Minimum 030 040 030 0.04 030 0.08 0.03 005 0.01 005 0.03 0.03 0.03 0.05 0.01
Maximum 35.50 103.6 203.8 26.62 102.3 18.22 3.44 1231 1.56 749 131 3.71 054 330 0.50
Std. Dev. 10.80 24.95 46.97 5.92 2290 4.04 0.81 2.77 037 196 037 1.14 0.15 1.13 0.16
Kurtosis -0.74 479 7.01 9.71 10.59 1093 5.88 7.16 3.49 0.67 -0.71 —-1.05 —0.62 —1.43 —1.06
Skewness 045 191 230 277 294 298 204 224 140 0.76 0.18 024 -0.16 0.00 -0.39

Ultramafic** 1.3 35 049 19 042 0.14 054 0.12 077 0.12 03 0.041 0.38 0.036
Mafic** 21 6.1 16 2.7 14 43 15 62 1.1 59 14 36 06 32 0.55
Intermediate™** 163 325 64.6 4.1 244 423 12 33 056 12 135 06 05 14 023
Felsic** 25 3596 67.9 5.1 30 57 1.1 47 056 34 13 21 045 225 035
R and G*: Rudnick and Gao™”

sk [56]
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Appendix 4

Table 4. Descriptive swtatistics and upper crust averages of Ba, Sc, Be, Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, and Hg elements of the

rock groups of the study area and their averages of upper crust, and ultramafic, mafic, intermediate and felsic rocks (in ppm)

Group Ba Se Be Mo Cu Pb Zn Ni As Cd Sb Bi Hg
B Mean 586.55 8.18 3.50 2.80 30.63 20.26 44.55 68.85  114.89 020 2.80 0.70 0.4
§ Median 532.00 7.00 2.00 1.80 23.50 11.00 37.00 8.00 2830 020 1.80 0.60 0.03
‘z’ Geo.ean 36384 513 [BEINENENN 1375 12.88 2058 11.00 BEOSNONSINISONNEEN0N
B Minimum 2200 1.00 1.00 0.80 220 130 2.00 170 560 0.10 060 030 0.01
Vi Maximum 1,607.00 23.00 10.0 6.90 8420 60.40 201.00 64320 765.80 0.30 10.30 130 1.35
Std. Dev. 48898 7.68 334 224 2771 19.12 57.17 190.79 226.96 0.10 296 038 0.1
Kurtosis 025 021 080 —0.40 034 056 631 1091 831 389 —0.72 5.48
Skewness 088  1.13 135 1.08 1.12 126 233 330 284 000 202 076 231
5 Mean 188.40 2120 1.50 0.80 186.60 5.50 43.40 450.56 220 0.30 037 040 0.01
= Median 60.00 [BIGON 1.50 0.70 [E@BONG.10 4300 47.00 2.0 [@8OMN030 040 001
= GeoMean 9396 17.56 141 0.72 70.00 4.53 3420 96.53 2.14 030 033 039 0.01
£ Minimum 2000 500 1.00 030 17.10 140 9.0 560  1.60 030 020 030 001
£ Maximum  445.00 39.00 2.00 130 737.809.80 78.00 1,721.50 3.00 030 0.60 0.50 0.02
© Std. Dev. 206.77 1230 0.71 037 309.953.26 27.68 731.94 0.56 021 0.14 0.01
Kurtosis 299  1.28 0.09 476 —0.77 —147 3.77  —0.78
Skewness 0.64 030 005 217 003 002 195 0.6l 1.29 1.73
g Mean 1633 7.67 077 1540 173 2133 [[SO0SNSSHIN0.10 2.30 028
& Median 18.00  5.00 0.80 1430 130 22.00 1,62820 14.50 0.10  0.90 0.35
:féi Geo.Mean 1582 6.54 059 13.94 148 19.93 155223 16.18 0.10 0.81 0.12
g Minimum 11.00  4.00 020 790 0.80 12.00 1,119.50 3.30 0.10 0.10 0.01
3 Maximum  20.00  14.00 130 24.00 3.10 30.00 2,051.80 88.60 0.10  5.90 0.47
Std. Dev. 473 551 055 811 121 9.02 466.80 4635 3.14 0.24
Skewness ~139  1.67 027 0.60 141 033 —027 1.62 1.61 ~1.25
5 Mean 290.00 6.50 2.00 |INSSINEGHON 11.60 13.50 [SOSISSINIGISONONONN 0. 15 0.01
5 Median 290.00 650 2.00 1.85 4630 11.60 13.50 503.55 18.50 0.10 0.15 0.01
& Geo.Mean 159.80 548 2.00 1.73 4041 1137 1049 17449 1149 0.10 0.14 0.01
5 Minimum 48.00 3.00 2.00 120 2370 930 5.00 3120 4.00 0.10 0.10 0.01
Maximum  532.00 10.00 2.00 2.50 68.90 13.90 22.00 975.90 33.00 0.10 0.20 0.01
Std. Dev. 34224 495 0.92 3196 325 12.02 668.00 20.51 0.07
Listvenite Concentration 102.00  10.00 2360 140 1600 [IESHSONSES0 2SO 2 N
= Mean 369.32 11.00 3.00 1.92 65.10 12.74 37.00 466.89 71.57 0.18 2.02 0.63 023
S Median 221,50 9.00 2.00 130 23.85 7.95 2350 3425 1740 0.15 105 050 0.03
Geo.Mean 152.76 731 215 134 2632 676 2138 5682 1639 0.6 097 055 0.6
Minimum 1100 1.00 1.00 020 220 080 200 170  1.60 0.10 0.0 030 001
Maximum 1,607.00 39.00 10.0 6.90 737.80 60.40 201.00 2,051.80 765.80 0.30  10.30 130 1.35
Std. Dev. 42649 9.67 293 1.84 152731557 43.19 688.77 16637 0.10 2.62 036 035
Kurtosis 210 1.81 259 275 2040 406 991 001 1586 239 4.67 040 4.86
Skewness 1,50 134 1.80 1.88 445 2.10 280 122 384 046 216 115 212
RandG* 664 144 21 L1 28 17 67 47 48 009 04 016 005
Ultramafic** 0.7 100 02 03 15 05 40 2000 08 005 0.1 0.01
Mafic** 3150 27 07 15 94 7 118 145 22 021 06 016 0.09
Intermediate™* 837 104 1.6 082 227 182 707 194 13 71 021 8.7
Felsic** 614 123 25 12 181 239 636 228 17 013 02 0.08

R and G*: Rudnick and Gao™

sk k[56]
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Appendix 5
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a) Bar diagram of the maximum element concentrations of the Kisacik volcanics (SiO, in %, others in ppm).
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b) Bar diagram of maximum concentrations of enriched elements in ophiolitic mélange group rocks (oxides in %, others in ppm).
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¢) Bar diagram of maximum concentrations of enriched elements in listvenitic rocks in the Ophiolitic Melange (oxides in %, others in
ppm).
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d) Bar diagram of maximum concentrations of enriched elements in Kazdag Group Rocks (oxides in %, others in ppm).
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e) Concentrations of notable oxides and elements in listvenite (oxides in %, others in ppm).
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