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Abstract

Purpose. The purpose is to determine geological and geochemical characteristics of the Sutlegen (Antalya, Turkey)
bauxites, to identify the elements that played a major role in their formation.

Methods. X-ray diffraction (XRD) mineral phase analysis, X-ray fluorescence (XRF) elemental analysis, plasma-mass
spectrometry (ICP-MS), the petrographic and mineralogical analyses, and multivariate statistical methods were used.

Findings. The major element content of the ore was determined as AlOs; (60-35.2 wt%), SiO; (39.5-0.2 wt%), Fe.O3
(48.4-19.5 wit%), TiO; (36.9-16 wt%), and P,Os (0.5-0.1 wt%). The Sutlegen region, which shows epirogenetic action with
the uplift of the earth's crust, is generally rich in neritic carbonates. It was revealed that the bauxite ores have undergone
moderate and strong laterization as a result of the deferruginization in the environment, and they were classified into four
groups as lateritic, ferritic, kaolinitic, and bauxite. The increase in the aluminosilicate minerals, which were formed during
the formation of bauxite in the environment was found to be directly proportional to the laterization processes. In this con-
text, it was considered that the lateritic material that was firstly formed in the environment filled the cavities and pores of the
karst-type limestones and sedimentary units in the region by superficial transfer phenomena. The bivariate diagrams of Log
Cr vs. Log Ni revealed that the bauxite that formed in the region had an ultrabasic source.

Originality. In literature, no scientific studies have been found on bauxite mineralization in the Sutlegen deposits that have
been operated for a long period.

Practical implications. In this context, the geochemical characteristics of bauxites revealed that the source of the lateriza-
tion process in the region was the ultrabasic igneous rocks. The lateritic material moved by superficial transfer was accumu-
lated on sandstone, claystone, siltstone, and limestone and in karstic cavities; then, it formed karstic bauxite (kaolinitic and
bauxite) of different classifications due to the effect of metamorphism.
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The study area, the Sutlegen region, is located within the
Western Taurus belt (Fig. 1). The geochemical explanation of
the elemental relationships that play a role in the formation of
bauxites in the region can be given as a problem formulation
within the scope of the study. The trace and rare earth elements’
relationships were examined using multivariate statistical meth-
ods to determine the mineralogical and petrographic properties
of bauxite samples and paleo-climatic conditions. When the
metamorphism conditions are met, the clay layers get enriched
in metallic formations such as alumina and get depleted in silica.
In the next stage after this formation, bauxite minerals such as

B5S B3I
B49 *
.7 | | BS3« BSO BS2
11 BSsx oo :
60 B30 psoBST

B3 o it

-, |[B33*  pig B35
2 B37 B34 BI6

" B38 .
) 0 B4l
B2 B0 AL

Al.O, concentration

gibbsite, boehmite, or diaspore are enriched. Thus, the concen- mia w0 BiS B B BT k6000055000 ppm
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[7]. The chemical content of bauxite is composed of high levels . — =

of major, trace, and REE elements (Ti, P, Zr, Nb, Ni, Cr, Co, V,
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Ga, U, S¢), and particularly Al metal [1], [4], [5], [7]-[16]. igure 1. Site location map of the study area, sample numbers

and aluminum anomaly
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The behavior of maobile elements during the formation of
bauxite indicates the intensity of chemical weathering. The
physicochemical conditions (Eh-pH, paleoclimatic proper-
ties, etc.) during the formation of the ore are determined
using these mobile elements [17]-[21].

Three types of bauxite classifications have been adopted
in the international literature: lateritic bauxite, karstic bau-
xite, and Tikhvin-type (sedimentary) bauxite [22]-[24]. Alt-
hough lateritic type bauxites are rich in gibbsite minerals,
aluminosilicate rocks are the source rock in their for-
mation [3], [25]. The relationship between the karstic bau-
xites and the parent rock can be either allochthonous or au-
tochthonous [7]. Therefore, the discussions on the determina-
tion of the geological genesis of the karstic bauxite deposits
have still been going on. There are several studies on karst-
type bauxite deposits in the literature. In a study on karst-
type bauxite deposits in north-western Iran, the bauxite ore,
which was formed within the dolomitic limestones in lens
form, was investigated in terms of its mineralogical and
petrographic characteristics. The XRD and SEM-EDS anal-
yses revealed that the major minerals of bauxite were dia-
spore and hematite, while the mineralogical components of
clay lenses were kaolinite and montmorillonite. Also, the
analyses revealed that the metal content consisted of Ni, Cr,
Co, V, Fe, Nb, Ga, Ta, Th, Hf, and Zr besides Al. In the
model proposed for bauxite formation in Iran, it was consid-
ered that alkali and alkaline earth metals were depleted at the
top of the profile under acidic environment conditions; also,
with the deepening of the profile, the acidic character of the
environment changed, thus, the environment was enriched in
metallic bauxitic minerals and elements [7]. The major min-
eral composition of the karst-type clay bauxite deposit in
Semirom in the Himalaya region was found to be diaspore,
boehmite, kaolinite, and hematite [4]. The elements of Cr,
Co, Ni, Ga, and Th were found to have an increasing concen-
tration in the bauxitic material [4]. In the geochemical gene-
sis study on the bauxite deposit in the Henan region in China,
the ore formed on the karstified carbonate series was found
to be rich in Li, B, Sc, V, Ga, Zr, Nb, W, and total REE. In
the research, it was observed that the behavior of the Li, B,
V, Cr, and Ga elements increased directly proportional to
K20 and SiO»; as a result, the increase in the clay minerals in
the environment was associated with bauxite formations [6].

The objectives of the study are listed as follows; to learn the
major, trace and rare earth elemental concentrations of bauxite
in the region, to determine the connection between regional
geology and bauxite formations, to understand the bauxite
formation environment conditions, to determine the types and
geological genesis of bauxite occurrences in the region.

2. Methods

The Sutlegen region, the study area, is located 37 km
north of the Mediterranean coastline and 168 km from An-
talya between Kalkan (Kas) and Elmali districts. Sixty-eight
surface samples were taken from the Sutlegen region. The
samples were brought to Akdeniz University’s “Ore Deposits
Laboratory” and prepared for analysis.

Five samples were analyzed by optical microscopy imag-
ing methods, four samples were analyzed by X-ray diffrac-
tion (XRD), sixty-eight surface samples were analyzed by X-
ray fluorescence (XRF), and seventeen samples were ana-
lyzed by inductively coupled plasma-mass spectrometry
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(ICP-MS). The petrographic analyses were carried out in
accordance with the procedures detailed in the studies [26].
ICP-MS analysis was carried out at the Mineralogy-
Petrography Research Laboratory of the General Directorate
of Mineral Research and Exploration, XRD (BRUKER, D8
ADVANCE) and optical microscope imaging were carried
out at the Mineral Deposits Laboratory of Istanbul Technical
University, and XRF (Rigaku, NEX-CG) analyses were per-
formed at the XRF Laboratory of Akdeniz University. In the
XRF spectroscopy method, geological materials are exposed
to high-energy radiation, thus, the electrons in their internal
orbits are removed. At this stage, fluorescence radiation
occurs during electron detachment, and it reflects the charac-
teristics of each different element. The device distinguishes
the fluorescence of the elements known in the literature and
performs both qualitative and quantitative analyses according
to their intensity [27]. The REE and trace elements in rock
samples are analyzed using the ICP-MS device after a difficult
sample preparation process. Hydrofluoric acid (HF) and simi-
lar strong acids are used to dissolve geological samples [28].
The acid better penetrates the sample by heating, and the rock
is expected to show complete dissolution. The prepared sam-
ple solution is atomized using high flame technology [28].

2.1. Regional geology of the study area
and geology of the Sutlegen bauxite deposits

In the study area, there are allochthonous (Yesilbarak
nappe) and autochthonous (Elmali Formation, Quaternary
alluvium, and hillside rubble) rock units showing various
stratigraphic and structural characteristics. The Katran Moun-
tain region, where the bauxites of the study area are observed,
is represented by the Beydaglar autochthonous (Fig. 2a, b).
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Figure 2. Geological map: (a) structural units map of the study area;
(b) 1/250.000-scale geologic map, P23 sheet (edited version
of the raster map of MTA 1:250000 Fethiye P23 sheet) [29]

In the study area, the formations can be ordered from the
oldest to the youngest as the Beydaglari formation belonging
to the Upper Cretaceous period in the Mesozoic era, the
Susuzdag formation belonging to the Eocene period in the
Cenozoic era, and the Sinekci formation (Gumuce member at
the bottom and Caybogazi member at the top) belonging to
the Burdigalian period in the Miocene era. The Beydaglari
autochthonous is overlain by the Kasaba Formation belong-
ing to the Upper Burdigalian-Lower Langhian period in the
Miocene era. The EImali formation, which was formed in the
Eocene-Miocene era, is tectonically associated with the Ye-
silbarak nappe, which also includes the Upper Lutetian-
Lower Burdigalian rocks. (Fig. 3) [30]-[34].
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Figure 3. Geologic map of the study area and bauxite area [35]-
[37] (edited version of the raster map of MTA 1:100000
Fethiye M9 sheet)

Due to the transgression as a result of the epeirogenic
movement, members of the Sinekci formation (Gomuce
member, Caybogazi member) and Kasaba formation rocks
were deposited on the Beydaglari autochthonous. Man-
dirkaya formation, as a geological unit observed in the Sut-
legen region, is seen in the vicinity of Yaylacik Hill, and it
seems like a massive rich in neritic carbonates [30]-[39].

The Beydaglari formation consists of neritic limestone,
dolomite, dolomitic limestone units and forms the upper
boundary of bauxite ore. Susuzdag formation consists of
neritic limestones. The Gomuce member of the Sinekci for-
mation consists of algal limestones and the Caybogazi mem-
ber of the Sinekci formation consists of clays on the top.
Kasaba formation consists of coarse-grained clastic con-
glomerate, sandstone, claystone, and siltstones.

In the intermediate zone (Yesilbarak Nappe), Elmali for-
mation consists of limestone, intermediate-level sandstone,
mudstone, and shales. As one of the cover units, alluvium
generally consists of yellowish, poorly sorted, poorly consol-
idated conglomerates, sand, and mudstone levels. Consider-
ing the suitable paleokarstic topography of the area, which is
bounded by limestones at the top and bottom, the limestones
were formed in a discordant structure. The Elmali formation,
which is the exposure surface of the region, forms the lower
boundary of bauxite formations that occurred in the depths of
the formation in later periods (Fig. 4).

The color scale of the bauxitic profile from the bottom to
the top was observed to range from light brown to dark
brown and dark smoked. It was also observed that they
showed oolitic and pisolitic characteristics in round grained
structure as a textural feature.

Figure 4. A bauxite profile sampled in the Sutlegen Paleokarstic
valley

3. Results and discussion

3.1. Mineralogy

The spectra of the semi-quantitatively measured XRD
analysis revealed the mineralogical composition of bauxite.
The Sutlegen bauxite was found to constitute the dominant
mineral phases of boehmite (56.34-49.04 wt%), kaolinite
(12.20-9.89 wt%), hematite (15.17-7.72 wt%), gibbsite
(12.18-7.17 wt%), goethite (4.07-1.56 wt%), and anatase
(13.11-6.21 wt%). On the other hand, anorthite, quartz, and
chamosite are the minor mineral phases in the content (Ta-
ble 1 and Fig.5). According to the proportions of mineral
content, ore paragenesis can be listed as follows:

boehmite > kaolinite > hematite > gibbsite > goethite >

anatase > anorthite > quartz > chamosite.

Table 1. XRD results of bauxite samples

pauits samples_formulgs. B16 B27 B3 B3
Boehmite Al(OH) 55.76 49.04 49.16 56.34
Kaolinite Al:Si20s(OH),  10.21 10.79 12.20 9.89
Hematite a-Fe203 10.15 15.17 1464 7.72
gli%kr):lr}?m) AI(OH): 1218 974 717 7.92
Goethite Fe3*O(OH) 3.77 261 407 156
Anatase TiOz 6.21 741 1049 1311
Anorthite (Ca.Ni)(Si.Al)40g 0 3.72 0 3.42
Quartz SiO2 0 148 2.23 0
. Fe Al Mg Mne
Chamosite ((Si AI)401?(OH)3 1.67 0 0 0
Total 100 100 100 100
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Bauxite samples have high boehmite and kaolinite con-
tent. Considering the tropical climate conditions in the for-
mation environment of bauxite, the boehmite mineral was
formed as a result of the destruction of kaolinite/dehydration
reactions [4], [18], [40].
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Figure 5. XRD patterns of the Sutlegen bauxite profile: (a) B16;
(b) B27; (c) B32; (d) B34; Bo — boehmite; Ka — kaolinite;
He — hematite; Gi — Gibbsite; Go — goethite; A — ana-
tase; An — anorthite; Q — quartz; Cha — chamosite)

The bauxite matrix is composed of clay and
Fe-oxide/hydroxide minerals. While the brightest mineral
observed in the cross-sections (Fig. 6a-f) is hematite, goe-
thite is the second brightest mineral. Goethite mineral has
iron content. In the cross-sections, hematite mineral is ob-
served to be disseminated. The minerals providing cloudy
internal reflections in the cross-sections are boehmite
(Fig. 6b, ¢, d, f). The order of the minerals formed when
bauxites undergo metamorphism is as follows: gibbsite,
boehmite, and diaspore. The mineral dehydrates as it goes
from gibbsite to diaspore.

3.1.1. Major elements geochemistry

Ore content was found to be Al,O3; (60-35.2 wt%), SiO;
(39.5-0.2 wt%), Fe,O3 (48.4-19.5 wit%), TiO, (36.9-16 wt%),
P,0Os (0.5-0.1 wt%) (Table 2). The fact that SiO; and Fe;0Os
compounds have the highest concentrations following Al,O;
in the Sutlegen bauxite is associated with the mineralogical
change. Changes in the chemical composition are under the
control of the mineralogy [4], [7], [41], [42]. While the SiO;
value increases depending on the kaolinite and anorthite
minerals, the Fe,Os; value changes by the increase in the
hematite and goethite minerals.

100 pm,

Figure 6. Microphotographs of the Sutlegen bauxites: (a) sample
B07, clay with an alumo-ferruginous matrix with a piso-
litic texture of He + Go + Gi; (b) sample B07, clay with an
alumo-ferruginous matrix with an oolitic texture of Bo + Gi;
(c) sample B65 with an alumo-ferruginous matrix with an
oolitic texture of Bo + Gi, He, Go; (d) sample B65 with an
alumo-ferruginous matrix with a pisolitic texture of
Bo + Gi, He, Go; (e) sample B47 with an alumo-ferrugi-
nous matrix with a pisolitic texture of He + Go; (f) sample
B68 with He + Go matrix composition with a pisolitic tex-
ture Bo + Gi, He, Gi; PPL - single nicol; Bo — Bohmite;
Gi — Gibbsite; He — Hematite; Go — Goethite

Table 2. Descriptive statistics of major element oxides of the
Sutlegen bauxites (ppm)

Min Max Mean  Median Mode  Variance  Range
Al,O; 352000 600000 503279.41 504000 480000 1404353600 248000
SiO, 23000 395000 255852.94 259500 311000 4288425812 372000
Fe,O; 19500 484000 193730.88 189500 174000 3092524256 464500
TiO, 16000 369000 38257.35 28100 28100 2515058303 353000
MgO O 4990  1516.62 0 0 3906294.36 4990
P,Os 1230 5710 2180 1990 1350 1021262.69 4480
SO; 289 1980 5419 4935 332  62542.231 1691
K>0 0 4470  1595.18 1205 0 1634862.54 4470
CaO 978 4310 225762 2150 1730 394.255.792 3332
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The differences in SiO; and Al,O3 values in ore samples are
associated with laterization reactions during bauxite for-
mation [7]. According to the Al,Os-SiO,-Fe,Os triangular dia-
gram (after [43]) which shows the degree of lateritization, the
ferritic bauxite sample B55 (B55sio2: 23000 ppm) has the lowest
SiO; content and shows the strongest laterization among the
Sutlegen samples. The K>O, MgO, and CaO, which are classi-
fied as alkaline and alkaline earth elements, have low concentra-
tions. They show mobile element behavior during the formation
of bauxite and deplete easily in the environment [44], [45].
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3.1.2. Trace elements

The trace element contents of the Sutlegen bauxites are
listed in descending order as follows: Mn (6030-111 ppm) >
V (1500-0 ppm) > Sr (1140-107 ppm) > Co (933-247 ppm) >
Cr (913-319 ppm) > Ni (691-0 ppm) > Cu (606-51.4 ppm) >
Zn (528-168 ppm) > Y (458-57.5 ppm) > Ce (363-0 ppm) >
La (269-0 ppm) > Pb (262-65 ppm) > As (220-0 ppm) >
Ba (209-0 ppm) > Nb (169-0 ppm) > Th (106-0 ppm) >
Ga (73.5-39.4 ppm) > Sn (57.1-28.2 ppm) > Hf (59.5-0 ppm) >
Rb (51.7-0 ppm) > Sb (38.8-0 ppm) > Ta (37.2-0 ppm) >
W (29.2-0 ppm) > U (27.1-0 ppm) > Te (22.1-0 ppm) >
Hg (20.6- 0 ppm) > Au (19.7-0 ppm) > Cd (18-0 ppm) >
Pt (17.7-0 ppm) > Ir (17.5-0 ppm) > Bi (15.4-0 ppm) >
Br (12-0 ppm) > In (11.8-7.06 ppm) > TI (8.8-0 ppm) >
Se (5.9-0 ppm) > Ge (7.29-0 ppm) (Table 3). It is known that
karst-type bauxite formations around the world have a Ga
element content of about 58 ppm [6], [46]. The distribution
of the Sutlegen bauxites is similar to the Ga element behav-
ior of the karst-type bauxites in the world [47].

Table 3. Descriptive statistics of trace element concentrations of
the Sutlegen bauxites (ppm)

Min  Max Mean Median Mode Variance Range
Mn 1110 60300 9704 6300 535 12365430 59190
\ 0 15000 828.75 8255 0 1088850 15000
Sr 3190 11400 35759 2740 119 64109.1 10330
Co 2470 9330 470.68 4565 4550 12437.6 6860
Cr 1070 11400 565.79 5440 5020 12911.4 5940
Ni 0 6910 338.72 3350 245 9465.1 6910
Cu 1680 5280 1306 1050 1070  5968.37 5550
Zn 0 3630 283.34 2735 191 534148 3600
Y 580 4580 13128 1095 1030 6400.65 4010
Ce 510 6060 220.35 2280 0 5945.69 3630
La 0 1690 100.85 1140 0 72736 2690
Pb 650 2620 10142 9555 1020 6875920 1970
As 0 2690  86.83 78.35 72 194439 2200
Ba 0 2200  55.19 66.95 0 3161.95 2090
Nb 390 740 11684 1165 1350 6474080 1690
Th 0 1060  57.63 57.25 00 2589620 1060
Ga 0 2090  60.46 60.8 570 391810 340
Sn 280 570 429 42.2 40 240250 290
Hf 0 600 35.47 35.7 0 1900390 600
Zn 0 520 28334 2735 191 534148 3600
Rb 0 270 19.91 439360 12 1950470 520
Sh 0 290 418520 0 0 1038690 390
Ta 0 200 439230 0 0 742690 370
w 0 390 361300 439670 0 907980 290
U 0 180 13.84 14.25 0 294220 270
Te 0 220 165580 0 0 530450 220
Hg 0 210 187190 0 0 260890 210
Au 0 370 174110 459310 0 179480 200
Cd 0 90 0.26 0 0 47650 180
Pt 0 150 441720 265120 0 352910 180
Ir 0 120 440440 0 0 152450 180
Bi 0 180 262990 0 0 116530 150
Br 0 60 135160 0 0 56480 120
In 0 120 0.28 0 0 27440 120
TI 0 180 284910 0 0 81660 90
Se 0 70 0.64 0 0 27920 60
Ge 1110 60300 0.18 0 0 10820 70

3.1.3. REE geochemistry

Another chemical composition that contributes to the
formation of bauxite is the rare earth elements. The rare earth
element contents of a total of 17 samples were determined by
ICP-MS analysis. These elements are listed according to
their averages in descending order as follows: Ce (105.20-
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5.20 ppm) > Nd (70-3.70 ppm) > Sc (36.60-10.10 ppm) > Dy
(23.6-1.10 ppm) > La (22.50-2.70 ppm) > Gd (18.80-0.90
ppm) > Sm (18.60-1.10 ppm) > Er (13.10-0.6 ppm) >
Yb (11.6-0.6 ppm) > Pr (11.80-0.70 ppm) > Ho (5-0.20 ppm) >
Eu (3.90-0.20 ppm) > Tb (3.50-0.20 ppm) > Tm (0.3-0.1
ppm) > Lu (0.3-0.1 ppm). Descriptive statistics of the results
are given in Table 4. > REE, Y LREE (La-Sm), Y HREE (Gd-
Lu), and Y LREE/HREE values and descriptive statistics of
these results are given in Table 5.

Table 4. Descriptive statistics of rare earth elements (REE) data of
the Sutlegen bauxites (ppm)

Min Max Mean Median Mode Variance Range
Ce 439520 105.10 4060590 39.2 520 1066.89 99.9
Nd 256280 700 2683530 439090 64.1 5593210 66.3
Sc 441140 36.60 2175880 440330 10.10 414760 439770
Dy 441050 23.60 1207060 439040 1.10 534860 439730
La 256000 2250 1068240 438990 2.70 387180 440620
Gd 0.90 18.80 921760 438390 0.90 393130 440910
Sm 441050 18.60 832940 439280 1.10 382750 439680
Er 0.60 441170 683530 440810 439290 153640 439630
Yb 0.60 222210 659410 438370 7.10* 114990 110
Pr 0.70 295260 445290 439240 0.9 155880 438410
Ho 0.20 50 251760 440760 0.80 22490 440470
Eu 0.20 329330 197650 440130 0.80 18240 440150
Th 0.20 183230 440440 20 0.50 12990 438930
Tm <0.1 0.3 111180 438310 0.40 0.401 20
Lu <01 0.3 102350 438310 0.60 0.278 440130
Table 5. The results of XREE, XLREE, *HREE and XLREE/>HREE
calculations of the bauxite samples in the study area
YREE YLREE YHREE S LREE/YHREE
B3 295.9 185.6 103.4 1794.00
B8 209.9 1154 93.6 12329.00
B19 184.6 88.7 101.6 0.87303
B55 86.3 44069 71.4 0.3753501
B62 44038 43902 16.00 0.76875
B21 50.8 43967 41.9 0.3937947
B33 176.1 105 72.7 14442916
B42 54.6 4396 40.9 0.4523227
B44 142.2 82.6 63.1 13090333
B50 97.6 56.1 44.9 12494432
B49 97.4 55.2 44 12545455
B37 206 95.5 111 0.85
B64 289.1 203.4 80.1 25393258
B66 2975 197.8 93.4 2117773
B52 100.6 43980 79.3 0.372005
B30 445 440670 43944 10598291
B9 176.2 90.1 83.7 10764636
Mean 14920 82576 685117 11277575
Std. Dvd. 8981668 6347113 28885240 0.6123101

It was determined that > REE values ranged between
297.5-26.7 ppm, Y LREE values ranged between 203.4-
12.3 ppm, > HREE values ranged between 111.3-16 ppm,
and YLREE/HREE values ranged between 2.53-0.37 ppm.
The Y LREE content of the Sutlegen bauxites was observed
to be higher than YHREE content. Bauxites enriched in
>LREE are affected by the change in the content of Ce,
which is one of the HREE elements [4]. In karst-type bauxite
deposits, the > HREE concentrations show lower distribution
compared to Y LREE concentrations [4].

3.1.4. Laterization and classification of bauxites

The Al,O3-SiO,-Fe,O3 diagrams are preferred to deter-
mine the degree of laterization of bauxite ore, to control the
minerals during lateritization, and to classify the baux-
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ite [44], [48]-[54]. According to the Al,O3-SiO,-Fe;03 dia-
gram, the samples were observed to have the following four
groups: kaolinitic bauxite, laterite, bauxite, and ferritic baux-
ite. While most of the samples fell into the bauxite group, the
B55 sample was classified as ferritic bauxite; B47 and B51
samples were classified as laterite; and B31 and B38 samples
were classified as kaolinitic bauxite (Fig. 7a).

According to the triangular diagram indicating the degree
of lateritization, the samples showed medium and strong
laterization. The B55 sample, which was classified as ferritic
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bauxite, showed the strongest laterization (Fig. 7b). Other
bauxite samples in the triangular diagram fell into the range
between kaolinite and bauxite (Fig. 7c). In the diagram re-
garding the geochemical formation mechanism of bauxite,
bauxite samples revealed that they were formed as a result of
deferruginization in the environment (Fig. 7d). In the dia-
gram that revealed the environmental conditions of bauxite,
the samples were mostly seen in the range between bauxite
and clayey bauxite. However, the samples of B42 and B51
were identified as high-iron bauxite.
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Figure 7. SiO2-Al203-Fe20z3 triangle diagram of the Sutlegen bauxites: (a) Fe203-Al203-SiO: triangular diagram showing the mineralo-
gical classification [48]; (b) Al203-SiO2-Fe203 triangular diagram showing the degree of lateritization [43]; (c) Al20s-SiO2-
Fe20s triangular diagram showing the bauxite classification [51]; (d) geochemical ways of bauxite formation mechanism [53]

Normalized spider diagrams can be used to determine
whether the elements are enriched or impoverished in baux-
ite [26], [55]. The Upper Continental Crust (UCC)-normalized
trace element pattern of ferritic bauxite and kaolinitic bauxite
shows depletion in Ti, Sr, Ba, and Rb and enrichment in Hf,
Ce, and K. In bauxite samples, ferritic bauxite and kaolinitic
bauxite are similar to each other except for their Ti values. In
laterite, the elements of Sr, Nb, Th, and Ba show depletion,
while Y, La, and K show enrichment (Fig. 8a, b).

In Table 6, several properties such as major elements,
total REE content, paleoclimatic conditions, and degree of
laterization observed in the karst-type bauxite deposits in
the world literature were compared to those of the Sutlegen
bauxite deposit. The average Al,O3 content (60-35.20 wt%)
of the bauxite samples is higher than that of the bauxite
samples in the world literature. TiO,/Al,O3; values
are greater than other karst-type samples in the world
except for Jamnagar district bauxites (Gujarat, India) and
Apulian bauxites (southern Italy). In terms of total REE,
the bauxite samples show more depletion than other
karst-type samples.
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3.2. Multivariate statistical analysis

3.2.1. Cluster analysis

Cluster analysis was performed to determine the classifi-
cation of the chemical contents of bauxite samples [58]
(Fig. 9). According to the groups obtained by the dendrogram
using the chemical contents (major and trace elements), baux-
ite samples were grouped under three groups. The similar
characteristics of the geochemical behaviors of these groups
were revealed. According to the Aleva (1994) diagram, the
samples constituting Group 1, except for the sample of B33,
fall into the bauxite area. The sample of B33 showed kao-
linitic bauxite properties. The Al,Os; concentrations of the
following samples with close relationships ranged between
54-49 wt%: B34, B35, B5, B36, B20, B21, B48, B32, B33,
B12, B14, B46, B50, B9, B10, B28, B11, B13, B27, and B15.
All major and trace element concentrations were observed to
be similar except for the concentrations of the major element
of MgO and the trace elements of Br, Se, Sh, Te, Ba, Hf, Ta,
W, Pt, and Th. The geochemical behavior of the samples of
B1, B2, B3, and B41, which were externally connected to this
group, ranged between 47-43 wt% in terms of Al,Os.
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Table 6. Comparison of certain properties of the Sutlegen bauxite deposit with samples from the literature (elemental composition pro-
perties, XREE degree of weathering, mineralogical classification and source rock)

Locations of bauxite 0 . Degree Mineralogical
OCCUITENces Al2Os (Wt %) TiO2/Al203  Sm/Nd YREE (ppm) of weathering classification Parent rock
Lower Cretaceous Mafic argillaceous
(NE Spain) [21][21] 26.34-60.88  0.4-0.7 0.14-0.36 78.89-815.75 Weak to strong  BK, KB, B, L sediments
Northern Guizhou Shale and lime-
. . 27.67-76.35 0.1-0.5 0.12-051 13.50-8470 Weak to strong BK, KB, B stone derived
Province (China) [44] -
from basic rocks
Jamnagar district .
(Gujarat. India [18] 34.74-57.24  0.7-0.14 0.14-0.38 590-4280 Weak to strong FB, B, KB  Trachyte/andesite
Apulian bauxites Distal magmatic
p 39.38-58.46  0.8-0.10 0.18-0.23 152.20-1167.40 Strong B materials and
(southern Italy) [9] : .
continental clastic
The Sutlegen bauxites L aterite derivgd
60-35.2 0.70-0.3 0.57-0.24  297.5-26.7 Moderate to strong B, KB, FB, L  from ultrabasic

(SW, Turkey) [This study]

and Kkarstic

FB = ferritic bauxite, KB = kaolinitic bauxite, BK = bauxitic kaolinite, B = bauxite, L = laterite

(a)

[—

S Lateritic Bauxite (B47)

= Kaolinitic Bauxite (B33)

Ferritic Bauxite (B55)
Bauxite (B3)

—

=

S

S

S

>

=|Cs Ba U Nb La Sr Hf Sm Th Tm

=

§ Rb Th K Ta Ce Nd Zr Ti Y Yb

(b)

10° Lateritic Bauxite (B47)
Kaolinitic Bauxite (B38)
Ferritic Bauxite (B55)
Bauxite (B3)

10

10

La Ce Pr Nd PmSm EuGd Tb Dy Ho Er Tm Yb Lu

Figure 8. Spider diagrams: (a) chondrite normalized spider diagram
of samples (normalization values [56]); (b)the Upper
Continental Crust (UCC)-normalized spider diagram of
the samples (UCC values were received from [56], [57])

Their Al,O5 values are lower than that of the group they
joined. They show the characteristics of the group they join
in terms of trace element concentration. B29, B30, B31, and
B38 are the last samples that joined Group 1. Their geo-
chemical properties showed lower Al,Os concentrations
(50-47 wt%) compared to the group they joined. Their major
element contents and trace element contents showed similar
characteristics with the group they joined. Group 2 consists
of the bauxite samples of B4, B67, and B57. The Aleva
(1994) diagram revealed that the samples of B4 and B57
were classified as bauxite, and the sample of B67 was classi-
fied as lateritic bauxite.
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Figure 9. Dendrogram of the Sutlegen bauxite samples

The most important reason why these samples differ from
other groups is that they have the highest TiO, values among
bauxites (36-18 wt%). On the other hand, their Al,Os con-
centrations range between 52-47 wt%. They were observed
to have similar geochemical properties except for the major
element of MgO and the trace elements of Br, W, Hf, Cd,
and Sb. The following samples constitute Group 3: B43,
B44, B54, B52, B56, B53, B17, B59, B18, B19, B24, B16,
B60, B61, B25, B37, B58, B8, B62, B63, B22, B45, B23,
B40, B7, B26, B6, B49, and B39. According to their geo-
chemical behaviors, their Al,O3 contents range between
56-47 wt%, and their TiO; values range between 3.8-2.4 wt%.
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According to the Aleva (1994) diagram, these samples were
classified as bauxite. These samples show similar characte-
ristic elemental properties among themselves, except for the
major element of MgO, and trace elements of Br, Se, Sb, Te,
Ba, Ta, W, and Pt. The reason why this group differs from
Group 1 is that it shows relatively higher concentrations of
Al,O3 and TiO,. The codes of the samples that externally
joined to Group 3 are B42, B51, B64, B66, B65, B68, and
B55. The Aleva (1994) diagram reveals that the samples of
B42 and B51 are lateritic bauxite, the sample of B55 is ferrit-
ic bauxite, and the samples of B64, B66, and B68 are baux-
ite. The reason why they are similar to Group 3 is that most
major and trace element contents have similar properties.
While Al;Oz values range between 60-43 wt%, B65, which
has the highest Al,Os; concentration among all bauxite sam-
ples, is also listed in this group. On the other hand, this
group, which shows high concentrations of Al,Os, has the
lowest values of SiO, among bauxite samples (23-2.3 wt%).

The sample of B55, which is classified as ferritic bauxite,
has the lowest SiO, value among all the samples (2.3 wt%).
According to the Aleva (1994) diagram, the sample of B47,
which is the last sample that externally and remotely joined
to the group, is classified as lateritic bauxite. Also, the sam-
ple of B47 shows the lowest Al,Os; concentration among all
the samples (35.2 wt%).

Moreover, the sample of B47 shows the highest Fe,O3 va-
lue (48.4 wt%) among all samples. The sample of B47 joins
Group 3 because it shows similar levels of trace element con-
centrations (V, Cr, Co, Ni, Cu, Zn, Ga, Sr, Y, Nb, Sn, Te, Th,
and Pb). The following general conclusion can be drawn from
the dendrogram analysis: In terms of their geochemical con-
tent, the samples classified as kaolinitic bauxite show similar
characteristics with the samples classified as bauxite. However,
the samples classified as lateritic bauxite show similar charac-
teristics with both bauxite and ferritic bauxite samples.

3.3. Results of weathering indices of bauxites

The CaO" value in the CIA (Chemical Alteration Index),
CIW (Chemical Index of Weathering), and WIP (Weathering
Index of Parker) calculations must be calculated at first be-
cause it contains the CaO value of silicate minerals [59],
[60]. The CIA and CIW values between 80-100 indicate
intense chemical alteration [61], [62]. The CIA values of
bauxite samples were found to range between 99-100. The
values of the weathering index of Parker were found to range
between 0.36-5.84.

The WIP values of 9 samples from the Sutlegen region
range between 5.84-5.10, 4 samples’ WIP values range be-
tween 4.74-4.01, 5 samples’ WIP values range between
3.8-3.09, 13 samples” WIP values range between 2.85-2.11,
24 samples’ WIP values range between 1.83-1.04, and 13 WIP
values range between 0.86-0.36. The largest range of the
weathering index of Parker is observed to be between 1.83-1.04
(in 24 samples) in the Sutlegen bauxite samples. The average
WIP value to represent the region was calculated as 2.34.

Ruxton ratio (R) defines the silica-alumina ratio of the
bauxites [63]. The R values of the samples were observed to
be very close to the optimum weathering limit. The average
value of R was found to be 0.51. The sample of B41 was
found to have the highest value of R in the region, while the
sample of B55 showed the lowest value of R.

The WIP index and R ratio are used to understand the
weathering rate of Al,Os. They indicate through which pro-
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cesses the bauxite samples of the kaolinitic bauxite, ferritic
bauxite, and bauxite classification have formed since the later-
ization period. It was observed that the WIP index and R ratio
changed inversely proportional to the increase in Al,O3 value.

The WIP index reaches the highest values in areas where
the process of laterization begins and lateritic bauxite forms.
It declines in the areas where kaolinitic bauxite is observed.
On the other hand, it has the lowest values in the ferritic
bauxite and bauxite classification areas (Fig. 10a). Also, the
R ratio is expected to decrease in line with the laterization
and kaolinization processes. In bauxite formation processes,
the Al2Os increase in the environment will be inversely pro-
portional to the R ratio. Lateritic bauxite samples are ob-
served to show the highest R ratio. However, this ratio tends
to decrease towards the kaolinitic bauxite classification area.
Besides, the samples in the ferritic bauxite and bauxite classi-
fications have the lowest R values (Fig. 10b).
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Figure 10. Distribution maps: (@) distribution map of WIP;
(b) distribution map of R

Considering the spatial distribution maps, it can be de-
duced that Al,Os, Fe,Os and TiO, concentrations change
inversely proportional to the chemical decomposition reac-
tions of the Sutlegen bauxites. Considering the spatial distri-
bution of WIP and R index calculations, it can be said that
the increase in the Al,O3 concentration resulted in a decrease
in the ore formed in the region. The WIP and R values of
lateritic bauxite, which is the first type of bauxite formed in
the region, have the maximum value, while these values are
at minimum levels in the bauxite group.
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3.4. Distribution maps of geochemical
results of the Sutlegen bauxite samples

The spatial distribution maps of the chemical analysis re-
sults of the samples were prepared using the GIS software of
ArcMap 10.3.1 (Fig. 11a-d).
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4. Discussion

4.1. Mineral genesis

High boehmite (56.34-46.04 wt%) and kaolinite contents
(12.20-9.89 wt%) were detected in the XRD spectra of the
bauxite samples.
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Figure 11. Regional distribution: (a) Al20s; (b) SiOz; (c) Fe20s3; (d) TiO2

The dissolution of the silica and silicic acid disrupts the
chemical content of kaolinite. Bauxitic kaolinite transforms
into gibbsite, boehmite, or diaspore under the influence of
depth and temperature [22], [64], [65]. In regions with high
groundwater levels and regular precipitation conditions,
gibbsite is more stable than boehmite mineral in bauxite ore.
On the other hand, in regions with low groundwater levels
and irregular precipitation conditions, boehmite mineral is
more stable than gibbsite [66].

REEs are generally associated with Ti [6], [67], [68]. Al-
kali and alkaline earth elements are absorbed by clay miner-
als during the chemical decomposition process. The Cs, B,
Rb elements are absorbed by clay minerals. The geochemical
behavior of Hf, Nb, Ta, U, Th, Sc, Cr, and Ga depends on
anatase and bauxitophile minerals. High Cr values are gener-
ally the sign of mafic and ultramafic origin [6].

4.2. Geochemical behaviors of major
elements, trace elements, REEs

The immobile elements, major oxides, and rare earth el-
ements proposed by [17] are used to reveal the parent rock
properties of bauxite ores [17], [24], [44], [69]-[71]. The
basic geochemical properties of bauxite ores are associated
with reactions occurring in the parent rock [17], [72], [73].
The tendency of TiO concentration to decrease from lateritic
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bauxite to bauxite samples may be associated with low pH
conditions and the Ti-reducing bauxite sediments in the ana-
tase mineral observed in the samples [74].

The YREE content values in similar studies carried
out on the Taurus belt were found to range between
152.11-481.77 [9], [18], [21].[44]. The YREE contents of
bauxite samples were found to be relatively lower
(149.7 ppm). The REEs with the highest are as follows:
Ce > Nd > Sc. Al,Os, SiO,, and Fe;O3 have an insignificant
role in absorbing the REE group elements [74]. In the light
of this information, minerals transporting Al,Os, SiO,, and
Fe,O3 in bauxite ore. Minerals such as boehmite, kaolinite,
hematite, gibbsite, goethite, and quartz are not thought to have
an important role in absorbing REEs. The main chemical con-
ditions of lateritic bauxite formation begin by the weathering
of aluminosilicate minerals in the low pH environment and
filtering of alkaline elements in the environment [75], [76].

The bauxite types in the Sutlegen region can be listed
based on their Ce concentrations in descending order as fol-
lows: bauxite > kaolinitic bauxite > lateritic bauxite > ferritic
bauxite. The Ce anomalies of bauxites developing in the
paleokarstic environment are associated with their lateriza-
tion and kaolinization processes. The Ce is expected to en-
rich during the bauxite formation [77]-[79].
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4.3. The source of the parent rock of the Sutlegen bauxite
ore and chemical weathering processes of bauxites

The bivariate diagram of Log Cr vs. Log Ni proposed
by [80] provides important information on the parent source
rocks of bauxite formation (Fig. 12a). According to mass
change calculations of the Poci bauxites using the Log Cr vs.
Log Ni diagram and TiO, values, the authors argued that
these bauxites were mainly derived from felsic igneous
rocks [3]. The Log Cr vs. R accumulation plot provides an
understanding of the magmatic source, which plays a role in
the formation of bauxites [81], [82] (Fig. 12b).
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Figure 12. Charts determining the genesis of the Sutlegen bau-

xite: (a) plot of Ni versus Cr distribution diagram (after
[80]); (b) log Cr versus accumulation coefficient values
with the indication of areas of influence of various
parent rocks [81], [82]

High Cr concentrations in bauxite samples indicate mafic
or ultrabasic igneous rocks [3], [83], [84]. Karst-type bau-
xites have varying amounts of geochemical contents of Cu
and Sh elements [3], [84], [85]. The Sutlegen bauxites have
varying amounts of concentrations of Cu (606-51.4 ppm) and
Sb (38.8-0 ppm).

Aluminous minerals can form bauxite ores when the en-
vironmental conditions related to weathering are met [86].
According to the previous results, lateritic bauxites have
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been affected by the physical and structural properties of the
region’s source rock [50], [64], [87]. However, this may not
be the case for the karstic and sedimentary bauxites [26].

4.4. Formation mechanism of bauxites

Geochemical anomalies and the relationships of the baux-
ite samples taken from the region were examined. The first
stage of bauxite formation in the Sutlegen region was con-
sidered to be the laterization reaction. During laterization,
lateritic material, which was transported as a result of trans-
gressive movements by superficial events (mechanical mo-
bility), moved to Beydaglari formation, which consists of the
Upper Cretaceous limestones. This movement occurs
through Elmali formation, which covers the vast majority of
the study area and consists of the Upper Lutetian-Lower
Burdigalian sandstone, claystone, siltstone, and lime-
stone [88]-[91]. As a result of these movements, the SiO,
content in its chemical composition decreased, and it formed
ferritic bauxite. Dendrogram analysis reveals that these two
types of bauxites show the same geochemical properties. The
lateritic zone, moving over the karstic limestones and other
sedimentary units, filled the karstic cavities there. These
karstic cavities underwent metamorphism, and the weather-
ing processes began (Fig. 13).

Ferritic
Bauxite

Lateritic
Bauxite
P

E Sandstone, :l:l:\:r.m- é — Strike slip fault
[Tims] Limestone, claystone fteriie Sartind
Bi] vLimestone /.,zm,.,
Figure 13. A geological model for the formation of the Sutlegen
bauxite
5. Conclusion

According to the XRD and microscope images, the major
minerals of bauxite samples were found to be boehmite,
kaolinite, hematite, gibbsite, goethite, and anatase, while
anorthite, quartz, and chamosite were the minor minerals. It
was found that the mineralogical composition of lateritic
bauxite was mostly characterized by hematite and goethite
minerals. However, the samples were mostly characterized
by boehmite and gibbsite minerals in the bauxite classifica-
tion. Bauxite samples contain high contents of boehmite and
kaolinite. Considering the tropical climate conditions in the
bauxite formation environment, the boehmite mineral was
formed due to the kaolinite/dehydration reactions’ destruc-
tion. The formation of boehmite in the karstic cavities be-
tween the limestones of Upper Lutetian-Lower Burdigalian
age and other sedimentary formations was associated with
low-grade metamorphic tectonism. Also, the formation tem-
perature of the samples in the Bauxite classification was
considered to be between 140-200°C. The presence of hema-
tite observed in bauxite samples (15.17-7.72 wt%) played an
active role in bauxite formation. It was considered that the
kaolinite content tended to decrease with the increase of the
hematite mineral in the formation environment. The XRD
analyses revealed that Al-bearing minerals were boehmite,
kaolinite, gibbsite, anorthite, and chamosite, while Fe-
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bearing minerals were found to be hematite, goethite, and
chamosite.

Al>,03-SiO,-Fe;O3 diagrams were prepared using geo-
chemical data. It was determined that bauxite ores have un-
dergone moderate and strong laterization processes as a re-
sult of the deferruginization in the environment, and they
were classified into the following four groups: lateritic baux-
ite, ferritic bauxite, kaolinitic bauxite, and bauxite.

In general, Al,Os, Fe;0s, TiO2, and SiO, were found to
be the major geochemical components of bauxite samples
classified under four groups. The average Al,O3 and Fe;Os3
values of the classified bauxite samples are as follows: late-
ritic  (43.52wt%, 33.02 wt%), ferritic  (53.10 wt%,
19.70 wt%), kaolinitic (49.47 wt%, 8.00 wt%), and bauxite
(50.81 wt%, 19.41 wt%), respectively. The Al,Os increase in
bauxites that undergo laterization processes is directly pro-
portional to the formation mechanism. The lateritic material
was transported and filled into the cavities and pores of karst-
type limestones in the Sutlegen region. The bauxitic material
formed karst-type bauxites by accumulating in these cavities.
Karst-type bauxites have a higher SiO, concentration than
other bauxite types formed in the region (25.43 wt%). Karst-
type sediments and other carbonated rocks in the formation
environment (alkaline conditions and pH balance) were con-
sidered to be the reason for this situation. The TiO, contents
of the bauxite types are sorted in descending order as fol-
lows: lateritic bauxite (6.6 wt%), bauxite (3.7 wt%), kao-
linitic bauxite (2.8 wt%), and ferritic bauxite (2.6 wt%). The
mass change calculations prove that the lateritic bauxite,
which is the first product of the bauxite formation mecha-
nism in the Sutlegen region, contains the highest rates of
TiO,, and it depletes in the environment in laterization pro-
cesses. The data obtained from immobile element analyses
and their comparison with upper continental crust (UCC) data
reveal the enrichment in the elements of V, Ni, Zn, Sr, Co, Y,
Nb and depletion in the elements of Rb, Eu, Tbh, Hf, K, and P.

The highest Ga content is observed in the samples classi-
fied as bauxite (61.15 ppm), and it is followed by ferritic
bauxite samples (60 ppm), kaolinitic bauxite samples
(59.27 ppm), and finally the lateritic bauxite samples
(46.45 ppm). It was found that the bauxite formation started
with laterization reactions, and the first bauxite formed was
classified as the lateritic bauxite.

The bivariate plots of Log Cr vs. Log Ni prepared for
Sutlegen bauxites revealed Kkarstic and ultrabasic igneous
rock sources. The Log Cr vs. R binary diagram proves that a
magmatic source is associated with ultrabasic igneous rocks.
The mass change calculations supported the idea that they
had an ultrabasic igneous rock source. Considering the baux-
ite formation mechanism, it is seen that the behaviors of
alkaline earth elements began to decrease at the beginning of
the laterization process.

Lateritic bauxites in the region were found to have the
highest WIP values. The WIP values are observed to de-
crease in the processes in which the formation phases contin-
ue (until the formation of the samples in the bauxite classifi-
cation). Likewise, the R ratio also tended to decrease in later-
itic bauxites followed by the bauxite samples classified as
kaolinitic, ferritic, and bauxite.

Lateritic soil in the sample collection area is the first
stage product of bauxite formation. When available condi-
tions (tropical environment conditions) were provided in the
formation environment, kaolinite mineral began to form in
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the soil. The geochemical data of the Sutlegen bauxites re-
vealed that the source of laterization in the region was the
ultrabasic igneous rocks. There is no direct evidence of ultra-
basic igneous rock in the region. During the ongoing pro-
cesses of laterization, lateritic formations, which were trans-
ported by sandstone, claystone, siltstone, and limestone as a
result of transgressive movements by superficial events (me-
chanical mobility), accumulate in karstic cavities. Due to the
effect of metamorphism, they formed karst-type bauxites that
were classified as kaolinitic bauxite and bauxite.
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I'eoximiuni ocod1uBocTi ponosnma 6oxcutis y Cytiiereni, IliBnenno-3axiqna Anrasuis

0.0. Atakorny, M.I'. Smuun

Merta. BusHaunTu reosoriyni Ta reoximiuHi xapakrepucTuku 6okcuTiB y Cytinereni (Anranis, TypeuunHa) i BCTAHOBUTH 3HA4€HHS Xi-
MIYHHUX €JIEMEHTIB B iX YTBOPEHHI.
Meroauka. by BUKOpUCTaHMIl aHasi3 MiHEpaJIbHOI a3y METOJOM PEHTIreHiBChKOI AU(pPAaKIii, peHTTeHOMIYyOPECHCHTHHI eIeMEHTHHI
aHaJi3, Mac-CIIeKTPOMETPis 3 iHIYKTHBHO-3B S3aHOIO TIIa3MOI0, TIeTporpadivyHmii i MiHepaJIOTiYHHI aHai3, PI3HOMAHITHI CTATHCTHYHI METOJIH.

PesyabTaTn. BusHaueHo oCHOBHUI eneMeHTHHH ckian pyau: Al2Os (60-35.2% sar.), SiO2 (39.5-0.2% sar.), Fe203 (48.4-19.5% Bar.),
TiO2 (36.9-16% Bar.) i P20s (0.5-0.1% Bar.). BusHaueno, mo CytiereH, 1o 3’sIBUBCS B pe3yJIbTaTi eMipOreHeTHYHUX MPOLECiB i migioMy
3eMHOi KopH, Oaratuii HepiTHYHUMH KapOoHaTamu. BcTaHOBIEHO, MO0 OOKCUTOBI pyAW MiAgaBaiucs MOMIpHINA Ta CHJIBHIN JaTepUTH3aIlil
yepe3 3He3alli3HeHHs MicueBocTi. Pyan Oynu knacugikoBani i po3aineHi Ha 4 rpymu: JaTepuToBi, GEpUTOBI, KAONIHITOBI Ta OOKCHTOBI.
301IbIIEHHSI KIJTBKOCTI aTIOMOCHIIIKATHUX MiHEpaIiB, sIKi yTBOPHIINCS OJHOYACHO 3 OOKCHTaMH, BUSBHIIOCS MPSMO MPOHOPLIHHIM Mpoiecam
natepurusarii. JloBeneHo, 10 JIATEPUTHUN MaTepiall, KU yTBOPHBCS CIOYATKY, 3alOBHIOBAB IIOPH i KapCTOBI IOPOKHUHU BAIHAKY Ta
IHIIMX 0CAIOBUX YTBOPEHb 3aBISKH SBHIILY [TOBEPXHEBOTO MepeHeceHHs. 3 ABoxBapianTHux aiarpam Log Cr i Log Ni ciigye, mo 60kcuT,

1110 YTBOPHUBCS B IAHOMY PETiOHi, Ma€ yJIbTPAOCHOBHOT'O TIOXO/DKCHHS.
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HaykoBa HoBu3Ha. Briepiie st CyTiereHchbKoro poJoBHIla BHSBICHO HOT0 e0JIOriYHi Ta reoXiMidHi 0COOIMBOCTI i omucaHuil Mexa-
Hi3M HOro yTBOpeHHs. Y HayKOBiH JliTepaTypi BiICyTHI AOCIIIKEHHS 1010 MiHepani3alii 6okcuTiB CyTJIereHCbKOTO pOJOBHINA, SKE PO3PO-
ONIAETHCS IPOTATOM 0araThboX POKiB.

IIpakTnyna 3HaYnMicTh. ['€0XiMIUHI XapaKTEPUCTUKH OOKCHUTIB JO3BOJIAIOTH CTBEPXKYBATH, IO JHKEPETIOM IIPOIECy JaTepUTH3amil B
perioni Oyiu yJIbTpaOCHOBHI MarMaTH4Hi nopou. JlaTepuTHUA MaTepian 3aBIsSKH IIOBEPXHEBOMY IIEPEHOCY HAKONMYYBABCS Ha ITICKOBUKY,
aprijiTi, aleBPOJIITI, BaHAKY 1 B KAPCTOBUX MOPOKHHMHAX. [Ipomecn mMeramopdismy 3rofoM IPU3BEIHN A0 YTBOPEHHS KapCTOBOTO OOKCHUTY
(xaomiHITOBOTO Ta OOKCHTOBOTO) Pi3HHUX THIIIB.

Knrwuoei cnosa: kapcmosuii 6oxcum, ramepummuuil 60KCum, 2eoximis, Minepanozia, nempozpais, 6a2amosapianmua cmamiucmuxa

I'eoxumnyeckue 0cO0eHHOCTH MecTOPOKAeHnsA 0okcuToB B CyTiierene, FOro-3anagnas Anraaus

0.0. Atakormy, M.I'. Slmaun

Heab. OnpeaenuTs reoJIOTHYECKHE U TEOXUMUYIECKUE XapaKTepucTHKU OokcuToB B CytiereHe (AHTamus, Typius) U yCTaHOBHUTD 3Ha-
YEeHHE XUMHUYECKHX HJIEMEHTOB B HX 00pa30BaHHH.

Metoauka. Bbu1 HCIIOIB30BaH aHAM3 MUHEPAIBHON (a3sl METOIOM PEHTICHOBCKOM MH(PaKIMH, PEHTTCHO(MIIYOPECLCHTHBIN AJIEMEHT-
HBII aHAN3, MACC-CIIEKTPOMETPHS C HHIYKTHBHO-CBSI3aHHOM IL1a3MOH, neTporpaguueckiii 1 MUHEpaIOTHYECKHIl aHAIH3bI, MHOTOBapHAHT-
HBIE CTATHCTHYCCKHE METO/BI.

PesyabTatsl. OnpeienieH OCHOBHOI anmeMeHTHBIH coctaB pyasl: Al20s (60-35.2% sec.), SiOz2 (39.5-0.2% Bec.), Fe203 (48.4-19.5% Bec.),
TiO2 (36.9-16% Bec.) u P20s (0.5-0.1% Bec.). Onpexerneno, uto CyTiiereH, MOSBHUBILINHACS B PE3YJIBTATE JMHUPOTEHETHIECKUX TIPOLIECCOB H
MOABEMA 3eMHON KOPBI, H300MIyeT HEpUTHUECKMMH KapOOHaTaMHU. Y CTaHOBJICHO, YTO OOKCHUTOBBIE PY/IbI HOABEPIaIUCh YMEPEHHON U CHIIb-
HOM JIaTepUTH3AINH H3-3a 00€3KeTIe3UBaHMUsI MECTHOCTH. Py b1 ObUTH KIIacCU(HUIMPOBAHBI U pa3JeCHBl Ha 4 TPYNIIBL: JaTepPUTOBBIE, heppH-
TOBBIE, KAOJIMHUTOBBIC 1 OOKCUTOBBIE. YBEINYEHNE KOJMYECTBA aTIOMOCHIMKATHBIX MHHEPAJIOB, KOTOpbIe 00pa30BaIICh OTHOBPEMEHHO C
OOKCHTaMH, 0Ka3aJIOCh MPSIMO NPOIIOPIUOHATIBHBIM IpoLieccaM JIaTepuTH3anui. Jloka3aHo, YTO JAaTepUTHBIH MaTepHall, KOTOPBIiH 00pa3o-
BaJICS BHa4aJe, 3aIl0JIHsI MOPHI M KapCTOBBIE MOJOCTH M3BECTHSKA U IPYTHX OCAaIOYHBIX 00pa3oBaHMi Oiaronapsi sIBICHHIO OBEPXHOCTHO-
ro nepenoca. M3 nByxBapuanTHbix auarpamm Log Cr u Log Ni crneayer, 4to GOKCHT, 00pa30BaBILHiiCs B JaHHOM PErHOHE, HMEET YIIbTpa-
OCHOBHOE IIPOHCX0XKACHHUE.

Hayunas HoBu3HA. BriepBbie i CyTiIEreHCKOr0 MECTOPOXKICHHS BBISBICHBI €I0 FEOJOTHYECKHE M T€OXUMHYECKHE OCOOCHHOCTH M
OIlMCaH MEXaHW3M ero oOpa3oBaHusA. B HaydHOI juTepatype OTCYTCTBYIOT HMCCIIEJOBAHMS 10 MHHEpalIu3aluid O0KCHTOB CyTIEreHCKOro
MECTOPOK/ICHUSI, KOTOPOE pa3pabaThIBacTCs B TEYEHHE MHOTHX JIET.

IIpakTHyeckass 3HAYNMOCTD. [ COXUMHYECKHE XapaKTEPUCTHKHA OOKCHUTOB MO3BOJIIOT yTBEP)KAATh, YTO MCTOYHHKOM Mpoliecca JaTe-
PHUTH3aLMHM B PETHMOHE OBUIM yIHTPAOCHOBHBIE MarmMaTHuecKkue Mopojbl. JlaTepuTHbI Marepuan Oiaromapsi MOBEPXHOCTHOMY HepEeHOCY
HaKaIUTMBAJICSl Ha IIeCUaHUKe, apTHJUINTE, aJleBPOJINTE, M3BECTHSIKE M B KapCTOBBIX IOJIOCTSAX. [Ipomeccsl Meramop¢u3Ma BIIOCIEICTBUH
HPUBENIN K 00pa30BaHUIO KaPCTOBOTO OOKCHTA (KAOJIMHUTOBOTO U OOKCHTOBOTO) Pa3INIHBIX TUIIOB.

Knroueswie cnosa: kapcmosulii 6okcun, 1amepummsiii 60KCUm, 2e0XUMUS, MUHEPANO2USL, NEMPOPAPUSL, MHOZO8APUAHNHAS CIMAMUCTUKA
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