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Abstract

The Sticiilli (Yalvag-Isparta, SW Tiirkiye) lateritic bauxite horizon lies directly on the alkali basaltic lavas (e.g. doleritic basalt)
occurring on the carbonate platform of Jurassic age. This horizon is associated with thickness in the range of 5-30 m (average of
15 m) in the NW-SE direction. Lateritic bauxite occurrences have dominant mineral assemblages of clay (kaolinite, smectite),
Fe-oxy-hydroxides (hematite, goethite), Al-rich minerals (boehmite, gibbsite), feldspar, cristobalite, anatase, quartz, calcite
and dolomite. From bottom to top, lateritic profile is divided into 4 zones as (1) weathered basaltic rock, (2) clayey laterite
zone, (3) ferrigenous laterite zone, (4) bauxite zone. Geochemically, lateritic bauxites have average values of 26.04 wt%
AlLO3, 19.77 wt% Fe;0O3 and 29.48 wt% SiO;. Chemical analyses of whole rock samples and the mineral assemblage
suggest that coexisting minerals of lateritic bauxite are highly aluminous and ferrigenous. Laterite and bauxite zones are
typical with weak-to-moderate lateritisation. High CIA values (~ 85.7), IOL values (up to 89.62), strong depletion of major
elements (Si, Mg, Ca, Na, K) and concentration of immobile elements such as Ti, Cr, Zr, Ga and REEs reflect that the studied
samples can be classified as lateritic bauxite, and formed through intense chemical weathering of alkali basalt parent rocks,
similar to the Payas and Cariksaraylar bauxites in southern Taurides (Tiirkiye), and in the Darai-Daldali region of India.
In respect of tectonic setting, these lateritic bauxites occurred under hot-humid tropical climate dominated during upper
Cretaceous. Afterwards, formed lateritic bauxite materials were transported into the sea on dolomitic limestones with erosion
from a terrestrial environment, and thin-bedded dolomitic limestones were deposited again on these transported laterites in
the marine environment.
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1 Introduction

Bauxite was defined by Berthier [1] as a rock consisting
mainly of Al oxyhydroxides (gibbsite, boehmite) and Fe
oxyhydroxides (goethite, hematite) and has long been a sub-
ject of study worldwide both for its importance in global
industry due to its being the only source for exploitable alu-
mina [2], other metal contents (Ga, Sc, Nb, REY) and the
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understanding of elemental mobility in chemical weather-
ing of underlying bedrock lithology [3]. It is a residual rock
comprising mixture of aluminium oxide minerals (diaspore,
a-AlOOH; boehmite, y-AlIOOH), clay minerals (kaolinite,
illite) and iron oxide minerals (hematite) occurring mostly in
humid tropical to subtropical climates, in conditions where
precipitation exceeds 1,2 m and the mean annual temperature
is above 22 °C in particular periods of their geological history
[3-7]. Based on the lithology of the underlying rock, bauxite
is divided into two main categories: karstic and lateritic types
[8—15]. Bauxite that lies on aluminosilicate rocks is termed
laterite bauxite, and that lies on carbonate rocks is known as
karst bauxite [10, 11, 3, 8, 12, 16—18]. Their ore minerals
comprise several forms of gibbsite, boehmite and diaspore
(hydrated aluminium oxide) [19, 20]. Of these minerals,
gibbsite dominates in lateritic bauxite, whereas boehmite and
diaspore are the most abundant minerals in karstic bauxite

@ Springer



http://crossmark.crossref.org/dialog/?doi=10.1007/s13369-025-10791-w&domain=pdf
http://orcid.org/0000-0003-1363-4638
http://orcid.org/0000-0003-2478-8632
http://orcid.org/0000-0002-6573-393X

Arabian Journal for Science and Engineering

[13, 14, 3, 15, 21, 22]. In addition, a mixture of goethite,
hematite, kaolinite, illite and pyrophyllite and a small amount
of anatase are also found in a typical bauxite rock [3, 23].
The Tauride belt has been the focus of much research
because of its special tectonic and geological characteristics
and various metallic and non-metallic mineral deposits such
as Al, Cr, carbonate-hosted Pb—Zn deposits, sedimentary
and hydrothermal barite deposits, commercial marble areas
[24-31] and references therein. In land, bauxite deposits con-
sist mainly of alumina, iron and rare earth minerals. Recently,
red mud (bauxite residue), a waste by-product from the refin-
ery during the exploitation of bauxite ores in aluminium
production, has been found to contain significant concentra-
tions of rare earth elements such as Sc, Y, La, Ce, Nd and Sm
[32, 33]. ETI Aluminium in the Seydisehir region has the
capacity to produce around 260,000 tonnes of red mud [34].
The Tethyan lateritisation regime of the Late Creta-
ceous encompasses extensive bauxite deposits in composite
terranes from south-eastern France to Iran, including the
Mediterranean region along the Alpine-Himalayan orogenic
belt. It has long been recognised that the climate during
this period was warm and humid compared to today. Many
Al-rich rocks on land were lateritised to form bauxite
deposits in a hot and humid tropical climate. The most
important karst bauxites, known Fe-Ti bauxites and lateritic
bauxite horizons of different ages and formation types, are
hosted in the Tauride belt of Anatolia [30, 35]. E-W trending
bauxite horizons in this belt can be considered as the eastern
extension of the Alpin bauxite deposits ([36], Fig. 1A).
The stratigraphic position of the giant bauxite deposits is
preserved from the Tauride belt in Turkey to Iran [16, 37, 38].
This belt is generally documented as representing of a conti-
nental fragment that had rifted from a part of northern Africa
called Gondwana during the Triassic period [39-42]. The
bauxite deposits along Tauride belt are non-metamorphosed
diasporitic and metamorphosed bauxitic Selg¢uk-Yatagan
(Mugla), Ulubey (Usak), Akhisar (Manisa) and diasporitic
(Milas, Mugla), (Mihali¢¢ik, Eskisehir) and mostly dias-
poritic Ti-rich bauxite Payas-Islahiye (Hatay), Fe-rich
lateritic bauxite Sarkikaraagac-Yalvac (Isparta), boehmitic
bauxite Seydisehir-Akseki (Konya), boehmitic—diasporitic
bauxite (Bolkardagi, Karaman), diasporitic bauxite (Alanya,
Antalya), boehmitic bauxite (Anamur, Mersin), diasporitic
and boehmitic bauxite (Tufanbeyli-Saimbeyli-Kadirli,
Adana) and boehmitic bauxite (Kokaksu, Zonguldak) in the
Istanbul zone of northern Turkey ([36], Fig. 1A). Karstic
bauxite deposits in the Tauride Anatolide platform and
the Menderes metamorphic massif further west have been
the subject of numerous studies [27, 43-51]. There have
been relatively few studies of lateritic bauxite deposits in
the northern part of the Isparta region and its surrounding
area. Among these studies, Bozkir [52] stated that formation
of lateritic bauxites between Cariksaraylar and Kozlucay
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(Sarkikaraagag, Isparta) regions occurred under the tropical
climatic conditions of the Late Jurassic time. According
to Cogkun [53], the terrestrial conditions formed after the
shallow lagoon environment in the Late Jurassic, which
were transformed from basic rocks, provided a favourable
environment for the lateritisation process. The bauxites in
the Yalvac-Sarkikaraaga¢ region (Isparta) were formed on
lateritised mafic volcanic rocks (dolerite-basalt) of Jurassic
age [25, 30, 54]. These comprehensive studies have made an
important contribution to the understanding of the origin of
the bauxite deposits occurred in the Tauride and Anatolian
continents, and in the Tethyan Metallogenic Belt.

Here, we conducted a geological, mineralogical and
geochemical data of the Siiciillii lateritic bauxite deposit
of the Tauride belt in eastern Mediterranean region to gain
insight into its formation history. These data will contribute
to the geochemical and geological knowledge of lateritic
bauxite deposits derived from basaltic precursors.

2 Geological Setting

The eastern Mediterranean is characterised as a tectonically
active region between the Afro-Arabian and Eurasian plates,
exhibiting a wide variety of tectonic processes in a relatively
small area [55]. In this terrane, a stack of interbedded
allochthonous nappes forms the Taurid orogenic belt with
autochthonous basement series [56—66]. Autochthonous
basement rock units of the Tauride region are represented
by Sultandag (Sultandede) and Seydisehir metamorphic
lithologies. In the Tauride region, allochthonous ocean-
derived series can be divided into two main systems, i.e.
the Antalya nappes (derived from southern Neotethys)
to the south and the Lycian and Hoyran-Beysehir-Hadim
nappes (derived from northern Neotethys) to the north of
the continental blocks, which were rifted away from the
northern margin of the Gondwana plate in the Late Permian
and Early Triassic [67-72]. These nappe systems converged
towards the continental blocks onto which they were thrust.
Among these, Mesozoic-Paleogene carbonate and clastic
sediments underlie the Hoyran-Beysehir-Hadim nappes
(Fig. 1B). Both autochthonous and allochthonous series
are unconformably overlain by Mesozoic to Lower Tertiary
carbonate and pelagic flysch-type clastic sedimentary rocks
in the eastern part of the Isparta region (Geyikdag unit
of Ozgiil [56]). Allochthonous units consist mainly of
ophiolitic melange, sub-ophiolitic metamorphic rocks in the
Sarkikaraagac region (eastern Isparta) [73, 74].

The area of known as the Isparta Angle in SW Anatolia
is one of the best known complex regions in western part
of the Tauride orogenic belt. This area consists of metamor-
phic basement units, ophiolitic remnants (Beysehir-Hoyran-
Hadim Nappes), thick-bedded platform-type and flysch-type
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clastic carbonates and sedimentary and volcanic units of Plio-
Miocene age (Fig. 2A) and has played an important role
in understanding the palaeotectonic evolution of the east-
ern Mediterranean region [75]. This complex area was first
defined by Blumental [76], and its origin was later the subject
of a study by Dumont [77]. In tectonic terms, it is a palaeotec-
tonic structure resulting from the northward curvature of the

~NW-SE Taurid belt caused by clockwise and anticlockwise
rotation in the Late Palaecocene-Early Messinian [78-81].
The Siiciillii region is located in the north-eastern cor-
ner of the Isparta Angle (Figs. 1A, 2A). In this area, the
mid-Cambrian Caltepe Limestones are the oldest lithostrati-
graphic unit of the sedimentary succession of the region
(Fig. 2A, B; [76, 82, 83]. Its thickness is about 150 m.
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This unit consists mainly of dolomite, recrystallised lime-
stone and nodular limestone [84]. The Caltepe limestone
gradually passes into the overlying Sultandede Formation
of Upper Cambrian-Lower Ordovician age. Both units are
host to a number of industrial barite deposits in the region
[26, 85]. In the study area, the Sultandede Formation, com-
posed mainly of alternations of metamorphosed sandstone,
siltstone, shale and slate, forms the lower part of the strati-
graphic section of the region, and it has also been observed
along the Sultan Mountains in a northwest—southeast direc-
tion (Fig. 2A, B). It has been the subject of folding by the
orogenic phases of the Caledonian Orogeny [26, 83, 86]. The
thickness of the Sultandede Formation is in excess of 1000 m
and the lower contact of this formation is not exposed in the
study area. This unit is unformably overlain by the Upper
Jurassic Hacialabaz dolomitic limestone. The dolomitic car-
bonates are typical of a shelf environment and contain a rich
benthic foraminiferal fauna. According to Turan [87], the
faunas found in the Hacialabaz limestone and the petrograph-
ical signatures of the unit indicate a low-energy, shallow and
warm marine environment. The presence of dolomites sup-
ports the possibility that the depositional environment was a
very shallow and lagoonal sea. This unit is intruded by sub-
marine mafic volcanic rock (so-called Kocakizil dolerite) and
is often scattered over the outcrop of dolomitic limestone.
This doleritic volcanic rocks host to numerous lateritised
bauxite horizons. Hacialabaz limestone is overlain by the
Upper Miocene Bagkonak Formation, which consists mainly
of sandstones, mudstones, siltstones, marls and clayey and
plaquette limestones (Fig. 2A-C).

3 Material and Methods

During field trips from June—-March 2010 to August 2011,
we remapped Siiciillii area and lateritic bauxite samples were
collected from this area. The mineralogical assemblages and
geographical coordinates of the sampling sites are given in
Table 1. The investigated lateritic bauxite samples (from SL-
2 to S-13) were collected along the profile of the lateritic
bauxite horizon from bottom to top. Weathered profile sam-
ples were collected to investigate the effects of weathering
on the chemistry of the studied lateritic bauxites from bottom
to top.

Based on the geochemical composition and quantities of
constituent minerals, the lateritic bauxite horizon comprises
four distinct stratigraphic zones that can be distinguished
from bottom to top: (1) weathered mafic basalt (SL-1), (2)
clayey laterite zone (SL-2 to SL-4), (3) ferruginous laterite
zone (SL-5 to SL-12) and bauxite zone (SL-13) (see Fig. 6
for detail). It should be noted that since alkali doleritic basalt
in the study area is mostly highly weathered, therefore, the
Hawaiian alkali basalt sample (BHVO-2) provided by USGS

was used as a standard reference sample for normalisation
(Table 1).

X-ray powder diffraction (XRD) analyses were performed
using a Rigaku Geiger Flex diffractometer with a Cu-Karadi-
ation anode and Ni filtration operating at a generator voltage
of 40 kV and a current of 40 mA; 20 scans varied from 2°
to 72° 2-theta. Lateritic bauxite and soil samples for analy-
sis were ground to less than 100 pwm. These analyses were
carried out at the Afyon Kocatepe University Laboratories
(Afyonkarahisar, Turkey). Thin sections of some rock sam-
ples were examined under the Olympus (BH-2) polarizan
microscope at Suleyman Demirel University.

Morphology and microchemical analyses were performed
using a JEOL-6400 scanning electron microscope (SEM).
Prior to SEM analysis, freshly crushed bauxite samples were
attached to an aluminium substrate using carbon adhesive,
coated with carbon. The scanning speed for all samples was
2°/min. The bulk mineralogy was studied with random pow-
ders. After dispersing the samples in deionised water, the <
2 mm size fraction was separated by sedimentation. Excess
water was removed by centrifugation. Oriented samples were
prepared from the clay fraction on glass slides.

A total of 16 ore samples were selected using a binocular
microscope for geochemical analysis, which was performed
at ACME Laboratories (Vancouver, Canada). Samples were
crushed to less than 700 mesh for chemical analysis. The
major oxides (SiO», TiOz, Al,O3, MnO, MgO, CaO, K;O,
NaO, P;0s5) and LOI of the samples were analysed by
inductively coupled plasma atomic emission spectrometry
(ICP-AES) after lithium metaborate/tetraborate fusion fol-
lowing dilute nitric acid digestion. Trace elements were
analysed by inductively coupled plasma-mass spectrometry
(ICP-MS), with rare earth and incompatible elements deter-
mined by LiBO; fusion and precious and base metals by
aqua regia digestion. After ignition at 1000 °C, the loss-on-
ignition (LOI) is the difference in weight. The detection limits
are typically 0.1-8 ppm for trace elements, 0.01-0.1 wt%
for major elements and 0.1-0.01 ppm for REEs. The geo-
chemical standards STD SO-18, STD DS7 and STD CSC
were used to assess the accuracy of the analytical data. The
quality of the analyses was determined using a range of ref-
erence materials (http://acmelab.com/services/method-desc
riptions/soiltill-and-sediment/).

4 Host Rock (Alkali Basalt-Dolerite)

Alkali basalt (doleritic basalt), called as Kocakizil dolerite
[88, 89], is observed as a horizon on the neritic dolomites
in an extension of 15-20 km from Sarkikaraagac to Yalvag
district in the western part of the Sultandag Mountains and
reaches a thickness of 30—40 m in the NW-SE direction. The
doleritic basalt starts as ared altered flow above the dolomites

@ Springer



http://acmelab.com/services/method-descriptions/soiltill-and-sediment/

Arabian Journal for Science and Engineering

0009 0001 00'89 00°0LT 0098 00°¢cs 00'9L 00CL 00961 00726 00°68 009¢1 00911 06'¢01 uz
091 0s01 09°¢ 0L 0ge 06°S 0CT¢ 0LC 00°s 0Le or'L 0Tl 060 o'l qd
06'98¢ 0881 or've oyl 08°L9 08cc 0981 ov'L1 orer 09°61 0cvy 00°8ST 00°S¢ 0ceclt ny
0961 0I°¢e 0r've 09°9% oyl 0s°0¢ 08°LC 08°CS 0s6v OL'Ly 0¢'6¢ 0cee 0L 91 [6°6¢ A
00°SLL 00°08¢ 0085 00°8LE 00'68¢ 00°06¢ 00°9C¢ 00°€8¢C 0061 00'¥Ce 00°6¥C 00°C6C 00729¢C 0C'8l¢ A
(94 01°0C 0C¢ 06t 08l 0ce (U} 060 0Cy 060 (U 001 090 0 n
(7! OL°T1 008 06°S 06°S 0cL 08¢ 08¢ 0e's 08¢ 0ce 0ce 0Le w1 UL
0r'co ov'CcL 00°Ccs 0L0v 0s°'1¢ 09°¢¢ 0S°LT 01'8¢ 0¢'LT 06°0¢ 00°0¢ 0L8¢C 06'CC (U] IN
06'18 0Ly 00+ 01°¢ce 0C'8¢ 0L€C 0Tse (504 06'6¢ orec 09°Cr 009¢ ocel LETT €D
0cel 08°01 018 oLs ore 0C'9 00°¢ ors ore oSy or'y orv or'e vy JH
05°€es orely Ov'LlE 09cee 0L°€8C or'mye 00°00C 0L°s0T 0rvel 00°¢81 08 VLI 0¢'891 09°1¢l 0CTILT 1z
or'Le 0¢'L81 01°c6 00°¢8 ¥0°€C 01°'s9 0986 08°00C 09°'TT1 0L'81 00701 0S'Ie 0866 0T'v6¢€ IS
0C'1 0S9 0cvl 01°'1¢ 091 0¢0C (a4 or'v (U} 01°¢ce 00°LC 0L'TC 0681 9’6 qq
oro 0L°0 060 0L'T 010 001 00 020 06°0 09°0 or't 090 0¥'0 0ro SO
00091 00°19 00°SL 00°Ly1 00°6L 00°€9 00'¥6 00°0€T 00°¢6 00°L01 00°S01 00°6¢1 00¥8¢C 06°0¢I edq
88°8¢C1 1L°629 9C'19¢ SLISY 6£°6¢E y1°C8 09°19 SLISY 80'61¢ 10°80¢ 6L'€LT Y1'06€ IS¥18 0C'L8C D
08°1¢ 0L 0g'€e 05°¢€C 0T'¢ee 0¥'01 0Tv9 09°08 or-es 0L°6S 09°¢9 0CTsL 0e'es 68 VY o)
00°6¢ ocel 0Tee 08¢ 09°69 08°'I¢ 0€°091 06991 05°8¢ 0¢°sCC 06'1v1 09°LIT 06’16 08611 IN
0099 009 00°Cr 00°8¢ 00°¢r 00T 00 ¥+ 00°¢r 00°¢r 00°¢ce 00°0¢ 00°6C 00°¢C €8°1¢ BN
800 100 00 ¥0°0 ¥0°0 00 600 110 SO0 c0'0 01r°o €10 610 L1T°0 OUN
[AN0) cro S0 1T°0 wo 910 S0 9L0 0c0 IS0 080 L9°0 €e0 LT0 ‘04
0L°01 SL9 Y eey ocy Y0'¢ (3 ¥0°¢ [4¢ ¥8'C £€9C LSC S0¢ €LC “OLL
€00 LT0 89°0 90 LT°0 (! 960 19°0 §S0 coe 60T 98’1 IL¢ IS0 o
100 00 €00 00 S0'0 €00 800 600 ¥0°0 01ro S00 900 ¥0'1 we 0%N
or'l c0€ 80 el 180 ers LT 9I'c ¢80 €91 e L'l 6'C (Al (010
€0 LT°0 0 870 81°0 80 wo LEO ¥9°0 'l 9¢'L 9T'L LS'L 9T'L OSIN
Y6'v1 IT°LT 89°L 1eLe 0661 90°S¢ 99°0¢ §Tee STLE o¥'LI ¥8°CI €1el vl 6¢°ClI £0%d
66°61 08¢ e 0T°¢ee 91'8¢ 10°0C L1°9C 80°SC 19°0C 61°cC 0L°0¢ £v°0¢ ¢6°S1 249! el
L 08°Ce So6ve S6°LI 0S°'1¢ 8C°9¢C 0r'ce 1e0¢ ¥8°0C el'Le 01°¢e yese 9¢ 0¥ 0961 oS ma
el-1IS (48 IT-1S 01-1S 6~1S 8IS LIS 9IS SIS VIS €IS IS I-1S C"OAHdA nm..
axneg 9)IXNeQq JNLIAIE SNOUIT LIS q)Ixneq dnNLee AdAe[D 001 PAIOYIBIA yoolpag sl

susodop ayrxneq onule] (elredsy dea[ex ) n[NoNg ay) Jo sasATeur [ed1IWAYD | djqel




Arabian Journal for Science and Engineering

(SDS() [eHAIEUW PIEPUE)S JOUIYAY ‘eseq :Z-OAHI

98'6L 999 08 S6'Sy 9699 LETY 809 6C'LS Lrey gees 8'6¢ 99°0v 68°0¢ 00°'Ic D VIN
7968 SAGY [ees CrLL 1¥°09 L1°€9 I1°6S o' 19 SeL 09°1¢ 98'8Y% S6'LY Loy YTye 101
£9°66 8'S8 8CY6 v1'16 ov'L6 9099 ¥6°06 86°68 LTT6 6608 9C'C8 ¥9'¥8 LV €9 79°s¢e VIO
90 080 6L°0 $8°0 8¢°0 990 16°0 L90 860 €L’0 980 16°0 160 L6°0 x90/3D
1Tl 6C'1 40! or't 0¢'l STl ! 11 o1t €'l el el L1 8I'1 /My
€C0l1 9¢Cl ¥6'9 s 668 CLTI LS9 Irr 8L°S L86 SL’L 189 €e’L Sre us(qA/eT)
or'l ¥0'C 6¢’l €50 $89 8C'1 880 LO'1 9¢0 0L°0 9L°0 €L°0 00T 650 AR
00 LO0 90°0 S0'0 670 o 0¥°0 <o 80°0 110 170 90°0 00 SO0 D/l
o §Tco 610 910 1454 6C°0 600 600 cro o 110 [1°0 cro Y00 JdS/MUL
8I'0 LT°0 S0 9T0 Sro 1o €0 0co ¥T0 0c0 4y €00 o ¢co PN/WS
10 0c0 910 61°0 S0 SI°0 1o o cro 1 ANY) €ro €ro €ro 0c0 IV/IL
LST01 1T 10¢ SLO8I eevsl 11°€8¢ 16°801 Y9161 SCole SEV8I 35941 LY991 £9°6¢1 0’16 ¥6°801 HII
8C°0 8¢0 £v0 ev'o 610 €00 ce0 90 8¥°0 ce0 9¢0 €0 10 8C°0 g
181 86C LT¢E L0°¢ 9¢'l IS1 1s¢C ev'e 9T’¢ 0€cC 65T 0r'c 122! 66'1 qA
670 0¥°0 LSO 50 120 §To 170 650 65°0 6£0 870 w0 90 £€°0 wr
681 89C 8I'Y SOy (U L'l L8C [$h% SY'y 09T £6°¢ cle SL'1 16°C Rl
£9°0 16'0 €91 091 90 $9°0 [N 06l (7! 160 'l ol'l L9°0 660 OH
ore 1404 698 1T'8 0% yee 109 60°11 oI'6 09y oL'L y1'9 6£'¢ 8C¢ Aa
0S50 8L°0 ye'l €Sl 060 19°0 91l 81'C 891 8L°0 8¢l o1t €90 ¥6'0 qL
0re [ a% 186 0001 1L 68°¢ 8CL 6CSI 60T 8y SL'8 €0°L S6'¢ 19 PD
$6°0 Ll Y0'°¢ 9LC SLC 8C'1 97c €Cs 143 122! 8l'¢ (44 LTl ¥0'C nq
0ce 66'C 8L'8 8T8 €68 or'v 8S°L 08°G1 174 Ics LYL €19 18°¢ w9 ws
0181 0Tse 06'v¢ 00°Ce 08¢ 06'0C 00°¢ce 01°08 06'LE 0L79C 08'1¢ 01°'Le 0Ll LTYC PN
wv IL6 '8 969 6L L1 &S €S’L 9¢'81 ¥0'8 el’L (405 8¢9 40 % e's d
0¥'9¢ 0T'v8 06°19 0€°0S 09°08 05°8¢ 08'vS 0S'v6 0L°S9 06'vS 0109 08°1¢ 0e°se €5°LE D
0ov'Le 0T'Ly 09°¢€ 09°v¢ 09°86 0C°9¢ 0r've 01°9¢ 06°LC 09°¢e 0L°6C 0Tye 0L91 0TSt el
0TS (4 00°¢ (¢ 00°¢ 06'1 08l 08l OL'T 08°L 08l OL'T or'l SI'l BL
el-1IS (48 IT-1S 01-1S 6~1S 8IS LIS 9IS SIS VIS €IS IS I-1S C"OAHdA
axneg 9)IXNeQq JNLIAIE SNOUIT LIS q)Ixneq dnNLee AdAe[D 001 PAIOYIBIA yoolpag

(ponunuoo) | ajqet

pringer

al




Arabian Journal for Science and Engineering

Fig. 3 a Stratigraphic contact
between Hacialabaz limestone
and mafic volcanic, b Altered
mafic volcanic, ¢ altered mafic
volcanic cutting calcite veins and
showing exfoliation structure, d,
e contact of bauxite and mafic
volcanic, f contact of lateritic
bauxite and altered mafic
volcanic, g contact showing
paleoweathering surface and
altered mafic rock, h contact
between altered mafic volcanic
and bauxite, 1 sharp contact of
Hacialabaz limestone and
bauxite, k alternating between
laterite and dolomite suggesting
transportation

(Fig. 3A). It changes towards the top to fresh pillow basalts
(Fig. 3B) and also occurs in pale green, greenish and black
colours and is also cut by abundant secondary calcite and
silica veins (Fig. 3C). It commonly displays a spectacular
exfoliation structure in region (Fig. 3C). Eren [88] stated that
the age of the doleritic basalts was considered as a possible
Triassic age. However, the Jurassic age of the dolomitic car-
bonates belonging to the Hacialabaz Formation corresponds
to the same age of the doleritic basalt. In the north-western
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part of the Sultandag Mountains (Sagir district, 15 km north-
west of the Siiciillii area), both basement units and dolomitic
carbonates are cut as dyke by these doleritic basalts ([89,
90], p 22). This stratigraphic significance suggests that the
doleritic basalts may be of Jurassic age. Oncel [54] suggests
that the age of the doleritic basalt is Upper Kimmeridgian
(Upper Jurassic) considering the age of the carbonate rocks
in the region.
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5 Topographic Features and Lateritic
Bauxite Horizon

The geomorphology of the study area is characterised by
rugged topography with the peak (Karagali Hill, 1853 m) at
the NW-SE trending Sultandag Range, separated by SW-NE
trending valleys. The topography varies from rolling hills and
moderate relief at elevations up to 1100 m, to high plateaus
and sharp-topped ridges at elevations above 1500 m above
mean sea level. The lateritic horizons are well exposed at
Uzunalan Hill (1649 m) and Kusyakas: area (~ 1350 m)
along the NW foothills of the Sultandag Range (Fig. 2B).
It is noted that the terrain, a slope of less than 45°, has
a well-developed lateritic bauxite horizon (38°20'44.79"K,
31°11’10.16"D, 1298 m) above the doleritic basalt rocks,
located in the eastern part of Sticiillii village (Yalvag, Isparta).
This horizon is found on the doleritic alkaline basalt and
ranges from 1 to 30 m in thickness (Fig. 3D). The contact
relationship between altered pillow lava-shaped mafic vol-
canic and bauxite is mostly sharp, and in some locations a
paleoweathering surface is observed between altered mafic
volcanic rock on bauxite (Fig. 3D-H). The upper strati-
graphic contact coincides with the hanging-wall limestone
(Fig. 31). The contact between the lateritic bauxite horizon
and the underlying doleritic basalt bedrock is transitional.
The top of the lateritic horizon is cut by later weathering iron
oxide phases (e.g. hematite, goethite). In the upper part of
the lateritic horizon, transported lateritic soils without host
doleritic basalt are observed alternating with thin-bedded ner-
itic dolomites (Fig. 3K) and also they are cut by faults of the
Miocene tectonic regime. This suggests that while the depo-
sition of dolomites continues in the shallow environment, the
rapid transport of lateritic formations formed on land during
bauxitisation processes to the marine environment is indi-
cated by the sudden uplift of the region with normal block
faulting. In support of this view, Ayhan and Karadag [25]
stated that the bauxitic horizon in certain locations in the
south-eastern part of the Fele region contains well-rounded
pebbles of doleritic basalt and bauxite, indicating transport.
The variation in thickness is caused by topographic morphol-
ogy displacement and bedrock position in region. Bauxite
deposits, which were operated in previous years, are cur-
rently not actively operated due to the change in thickness.
In region, most deposits are now sub-economic and can be
operated economically in the future.

6 Results
6.1 Mineralogical Composition

Based on mineralogical and petrographical studies of thin
sections, the Sultandede Formation consists mainly of phyl-
lite and metasandstone lithologies. Its mineral paragenesis
of the phyllite is quartz, plagioclase, sericite and chlorite.
Metasandstone is mainly composed of quartz, calcite, mus-
covite, plagioclase, sericite and opaque minerals [26]. The
dolomitic limestone of Hacialabaz consists mainly of micritic
and sparry calcite in the breccias, euhedral dolomite in
the biomicritic limestone and some Jurassic fossils such as
Orbitolina sp. and Cuneolina sp. (Fig. 4A-D). Weathered
mafic basalts consist mainly of plagioclase, augite, calcite
and opaque minerals (hematite, magnetite) and show a coarse
doleritic crystalline texture (Fig. 4E). Augite usually occurs
as euhedral, subhedral prismatic crystals. Clay minerals can
be clearly defined along the albite twin lamellae in pla-
gioclase with secondary silica between long rod crystals.
Occurrences of palagonite, an alteration product resulting
from interaction between water and basaltic lava, are com-
mon in weathered doleritic basalt (Fig. 4F).

The mineral paragenesis of the lateritic bauxites in the
Sticiilli region consisted of gibbsite, boehmite, hematite,
kaolinite, smectite, feldspar, chlorite, ilmenite, anatase as
identified by XRD (Fig. 5A-D) and SEM determinations
(Fig. SE-K). Fragments of volcanic glass in an amorphous
matrix show possible palagonitisation and rhombohedral cal-
cite crystals of carbonate phases in weathered mafic volcanic
rock (Fig. SF). Euhedral calcite crystals typically occur in
samples with high carbonate phases (Fig. 5F). The principal
clay minerals are kaolinite and smectite. In the clayey lat-
erite zone, kaolinite clusters can be observed along the pores
(Fig. 5H). Fe-rich haematite phases are formed (Fig. 5I).
Gibbsite and boehmite are observed together with kaolin-
ite in the form of hexagonal plates (Fig. 5K). Kaolinite is a
mineral formed as subhedral pseudo-hexagonal plates in an
amorphous matrix. Its crystal size is generally less than 1 um
in samples.

Based on the mineralogical determinations, mineralogical
and lithological properties along a 30 m profile, weathered
mafic basaltic rock comprises feldspar, pyroxene and calcite
minerals. Further up the profile, as it moves away from the
bedrock, the feldspar minerals begin to change to clay (smec-
tite) minerals. As the degree of weathering increases towards
the middle of the profile, kaolinite minerals begin to form in
addition to smectite minerals. Towards the upper parts of
the profile, Fe-rich haematite and goethite are formed, and
towards the top of the profile, kaolinite, boehmite and gibb-
site are formed (Fig. 6).
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Fig.4 a, b biomicritic calcite,
micritic calcite and sparry calcite,
breccia and dolomite crystals, c,
d Orbitolina sp. and Cuneolina
sp. fossils indicating Jurassic age
in micritic calcite belonging to
the Hacialabaz limestone, e,

f plagioclase crystals and
palagonitasiton in altered mafic
volcanic. dol: dolomite, plj:

plagioclase, pal: palagonite $% piomicritic

calcite

‘-&

Orbltolm g:

6.2 Geochemistry

The bulk rock compositions of thirteen samples of lateritic
bauxites are presented in Table 1. The concentrations of
Al,03 (15.92-49.99 wt%), SiO; (7.52-40.56 wt%), Fe,03
(7.68-37.31 wt%) and TiO, (2.05-10.7 wt%) are the high-
est among the major oxides in the analysed lateritic bauxite
samples. The concentrations of total alkaline earth elements
(Na + K) are low and fall in a narrow range (0.04-3.75 wt%).

The Sticiillii lateritic bauxites deposits are derived from
alkali basaltic rocks. The most commonly used approach is
the Zr/TiO, vs. Nb/Y diagram [91, 92], where Nb/Y indi-
cates alkalinity (Na;O + K;0) and Zr/TiO; indicates silica.
The Nb/Y ratio increases from sub-alkaline to alkaline com-
positions, while the Zr/TiO; ratio decreases from acidic to
basic compositions. This diagram suggests that all lateritic
bauxite samples fall into the basalt, alkaline basalt and rarely
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foidite character (Fig. 7A). They are of sub-alkaline to alka-
line character. The major components of the Sticiillii lateritic
bauxites were plotted in the ternary Al,03-SiO,—Fe, O3 dia-
gram [8] (Fig. 7B). In this diagram, the studied samples plot
in the fields of clayey bauxite, bauxitic clay bauxite, bauxitic
clayey Fe ore and bauxite Fe ore. Based on the classification
scheme of [93], the majority of the lateritic bauxite samples
fall within the laterite and kaolinite field to lesser extent baux-
ite and bauxitic kaolinite, whereas one sample plots within
the bauxite field (Fig. 7C). Compared to the reference basaltic
rock (BHVO-2), Siiciillii lateritic bauxites have higher con-
centrations of Cr (mean 354.05), Zr (mean 236.74), Nb (mean
38.64) and Ga (mean 36.13).

A strong positive correlation between Al, Zr, Hf, Nb, Ta,
Th and Ti indicates, in situ, the transformation of a Ti-rich
parent rock (alkali basalt) into lateritic and bauxitic material
during the weathering process (Fig. 8 A—F). Trace elements
like Nb and Ta correlate positively with TiO, (r*> = 0.96 and
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Fig.5 a, d X-ray diffraction (XRD) patterns, e, k Scanning electron microscope (SEM) image of Siiciillii lateritic bauxite deposits
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Fig.6 Geological sketch section
showing lithological description

PIRIOIRINSE

and mineralogical phases in
weathering profile of the Siiciillii

lateritic bauxite deposits

LITHOLOGY EXPLANATION

Dolomitic limestone
transported laterite

Bauxite zone

sm

Ferrigenous laterite
| zone

Clayey laterite
zone

ugite, calcite

feldspar, sme

Weathered mafic
basaltic rock

Dolomitic limestone

0.94, respectively); however, Nb and Ta have a strong pos-
itive inter-element correlation (> = 0.96). The enrichment
of Nb and Ta in bauxite and lateritic bauxite samples is sug-
gested by their strong positive correlation with Ti-bearing
anatase or ilmenite. The association between Nb and Ta with
anatase and ilmenite was also confirmed by XRD pattern
(see Fig. SA-D). Ga is enriched with aluminium during lat-
eritisation. The relationship between Sc and Ti indicates the
presence of mafic (pyroxene) mineral in the Ti-rich bedrock.
The association and relationship of Nb, Ta and V indicates
rutile or ilmenite phases in the basaltic parent rock. Cr, a
strong immobile element, emphasises the presence of a ultra-
mafic mineral (olivine) in the precursor rock. Hf and Zr
indicates association with heavy mineral (zircon).
Compared to the parent rock (Hawaiian basalt, BHVO-
2), the chondrite-normalised REE pattern of lateritic bauxite
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samples reflects a slight enrichment in REE, and they suggest
a pattern similar to Payas and Cariksaraylar bauxite deposits,
southern Turkey (Fig. 9). Basic rocks show weak or no
Eu/Eu* anomaly, whereas felsic rocks generally have well-
developed negative trend. Eu anomaly pattern is reflected in
the dissolution of plagioclase or other Eu enriched minerals
during chemical weathering [94]. In chondrite-normalised
diagram, Siiciillii samples show weak or no Eu/Eu* anomaly
ranging from 0.92 to 1.19 with average 1.01, suggesting
the basic origin. Compared with data of bauxite deposits in
world, Stciillii samples show no Eu anomaly similar to the
bauxite deposits derived from basic precursor such as Payas
(Tiirkiye), Cariksaraylar (Tiirkiye) and Kabirdham (India);
however, other bauxite deposits, especially karstic baux-
ites, originated from dominantly intermediate source rocks
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Fig.7 aZr/TiO; vs. Nb/Y diagram for the Siiciillii lateritic bauxite sam-
ples [92], suggesting alkali basalt nature for the parent rock, b Ternary
plot for the system of Fe, (Al + Ti) and clay minerals [8] showing

and exhibited moderately to strongly negative Eu anomaly
(Fig. 9).

AU/Ti ratio is used in identification of source rocks in
clastic sedimentary rocks [95]. This ratio seems to be appli-
cable also in the origin studies of bauxite deposits. This
ratio typically ranges from 3 to 8 in mafic, 8-21 in inter-
mediate and 21-70 in felsic igneous rocks [96]. Al/Ti ratio
of the Siiciillii lateritic bauxite deposits varying between
4.67 and 8.44 (average 6.96) falls between the ratio given
for mafic rocks, but is slightly higher than that of Hawai-
ian alkali basalt (4.92). It is emphasised that the Manisa
(Menderes massif, western Turkey) metamorphosed karst
bauxites of Upper Cretaceous are high critical metals (mean
>"REY 5195 ppm, Li 284 ppm, B 164 ppm). They have neg-
ative Eu anomaly with high Al/Ti (23.30), suggesting felsic

b Sio,
O
= Bauxitic clay
M
o :lly .
auxitic
Clayey .J. clayey
bauxite I Fe ore
O
=
LowFe /Bauxite/ )
bauxite Fe-rich Bauxite
bauxite Fe ore
AlLLO, Fe.,O,

the position of the studied lateritic bauxite samples, ¢ Plot of studied
samples in a Fe;03-Al,03-Si0; ternary diagram after [93]

igneous source (unpublished data). Similarly, Upper Car-
boniferous karst bauxites of North China Craton have highly
Li (892 ppm) and B (327 ppm) and moderately  "REY com-
positions (675 ppm) [97], with negative Eu anomaly values,
and high Al/Ti ratio (39.84) indicates that felsic precursor.

7 Discussion

7.1 Paleoweathering
and Lateritisation/Bauxitisation Processes

The degree of weathering can be measured by means of vari-
ous chemical indices [98]. The Chemical Index of Alteration
(CIA: [99, 100]) is a tool for quantifying chemical changes
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Fig.8 a—f Correlation diagrams illustrating weathering trend and positive relationship between Al,Os3, Zr, Hf, Nb, Ta, Th and TiO;

during weathering processes. The CIA is calculated as CIA
=[(Al;03)/(CaO* 4+ NayO + K,0 + Al,O3)] x 100, where
the oxides are expressed as molar proportions and CaO* is
CaO only in silicates (as opposed to that in phosphates or car-
bonates). On the other hand, if CaO < NayO, molecular CaO
is accepted as a proxy for CaO*. Highly weathered laterites
are indicated by the high ratios [101], and also, their CIA val-
ues range from 63.47 to 97.46 (average = 85.73), indicating
strong intensity of chemical weathering (Fig. 9A). [99] high-
lighted that high ratios of CIA are an indication of aggressive
weathering under hot humid, warm conditions, possibly in
a tropical conditions. Therefore, intense chemical weather-
ing under warm and humid conditions is suggested by the
high CIA values (> 85) and kaolinite, gibbsite-dominated
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mineral composition of the Siiciillii lateritic bauxite deposits
(Fig. 10A, [100, 102]).

More recently, Babechuk et al. [103] proposed the “mafic
index of alteration” (MIA), which is similar to the CIA but
incorporates the behaviour of the mafic elements Fe and Mg
in addition to Ca, Na and K with respect to Al to quan-
tify the degree of lateritisation. Furthermore, to quantify
the redox-dependent weathering behaviour of Fe/Al in lat-
eritic/bauxitic profiles, Babechuk et al. [103] factored MIA
into MIA ) and MIA ), which are applicable to the enrich-
ment of Fe and Al, respectively, in weathering profiles. The
Al,03—Ca0O + NayO + K,0-Fe;03—MgO ternary diagram
shows that Siiciillii lateritic bauxites have from 30 to 80
MIA values and trend ranging from the Fe-Mg apex to
the Al apex, enriched in smectite and kaolinite (Fig. 10B).
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Schellmann [104, 105] suggested the Si-Al-Fe triangular
diagram to quantify the degree of lateritisation and to dis-
tinguish between kaolinitised, weakly, moderately, strongly
lateritised and bauxitised. In this diagram, the Siiciillii lat-
eritic bauxites mostly comprise a trend with gradual change
from SiOs-rich to Fe;O3_ and Al,O3-rich compositions
(Fig. 10C), and they are commonly kaolinitised, weakly lat-
eritised and rarely moderate-to-strong lateritised (Fig. 10C).
[103] also introduced the use of the SiO»/(Al,03 + Fe;O3)
ratio as an index of lateritisation “IOL”, which can be
obtained using the weight % ratio of SiO;, Fe,O3(T) and
Al>,O3 according to the following equation:

IOL = 100 x [(Al;03 + FezO0301)/(SiO2 + Al;O3 + FexOs3¢0r)]

Due to their high Ti, Nb, V, Sc element contents, lateritic
bauxites in Siiciillii region were derived from Ti-rich basaltic
rocks, similar to the Hawaiian basalts from the Halemau-
mau Crater in Kilauea Caldera of Hawaii (USA). Of these
basalts, the BHVO-2 sample is used in this study for com-
parison with the USGS Mafic Reference Rock. Unweathered
mafic rocks have IOL values that are generally less than 40,
as indicated by the basalt rock (BHVO-2). Fe and Al are par-
ticularly concentrated towards the upper part of the profile.

Si is depleted in the upper part of the lateritic horizon. Ni,
Co, Y, which behave as “mobile elements” in bauxitic soils,
show the lowest concentration in the upper parts. Zr, Ga,
Ta, Cr, which are immobile, are mostly concentrated in the
upper part of the weathering profile, similar to the pattern in
bauxitic rocks. The IOL values of the Siiciillii lateritic baux-
ites vary between 25.22 and 82.35 from weak lateritisation to
strong lateritisation (Fig. 10C). The MFW ternary diagram
[106] is another advanced scheme based on the combination
of major elements to identify the effects of chemical weath-
ering. In ternary diagram, M and F vertices indicate mafic
and felsic source rocks, respectively. The W vertex shows
the degree of weathering of the sources. The bulk density
decreases as the intensity of weathering increases within the
profile. In the relationship between Mafic (M)-Felsic (F)-
Weathering (W), the studied lateritic bauxite samples show
trend closer to basaltic weathering line between M and W
apex suggesting intense weathering with a bulk density of
1.55 (Fig. 10D). According to the M-F-W ternary diagram,
all of the studied lateritic samples cluster in the W corner,
except one sample (Fig. 10D). This suggests that the Sticiillii
lateritic bauxite samples are strongly weathered under the
acidic conditions. Acidic or alkaline conditions with changes
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Fig. 10 a Chemical index of alteration ternary plot of molecular propor-
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in pH during bauxitisation are also confirmed by La/Y vari-
ations [107, 108]. Thus, La/Yb < 1 values are indicative of
acidic conditions, while values of La/Y > 1 are indicative of
alkaline conditions. The La/Y ratios in samples from Siiciillii
lateritic bauxite deposits range from 0.56 to 6.85 (average
1.48). The La/Y values indicate that the samples closer to
the bedrock are basic, while the samples closer to the upper
part of the profile reflect acidic conditions during bauxitisa-
tion. Similarly, (La/Yb)., values also support this result.
Mineralogical analysis of the lateritic bauxite ore indicates
that the major mineral constituents are boehmite, kaolin-
ite, smectite, illite and hematite, with boehmite, gibbsite,
kaolinite, smectite, feldspar, hematite, goethite and anatase
as minor minerals. Other minerals such as ilmenite, quartz,
dolomite and calcite are also present as minor constituents.
In the terrestrial environment, the basalts have been sub-
jected to acid leaching with percolation along their fractures
and cracks of acidic solutions since the pH decreased below
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4. Low values of immobile elements (e.g. Sc, Th, Nb, Zr)
indicate that the clayey laterite zone first appeared with the
weathering of the basaltic bedrock. In this zone, the leach-
ing process caused the formation of clay minerals (smectite)
from feldspar-rich minerals. During the weathering of lat-
eritic bauxites, Al-rich mixtures were initially deposited
as boehmite and later led to the formation of boehmite to
gibbsite. Intensive acid leaching of the basaltic bedrock to
smectite and the ferromagnesian minerals (olivine, augite,
pyroxene) occurred in the ferruginous laterite zone to iron.
As weathering continued, bauxite became the most common
product. When the environment was subsided with faults,
thin-bedded dolomites started to be deposited on laterites
and bauxites in the sea. Immediately afterwards, with the
terrestrialisation of the environment, laterites and bauxites
in the terrestrial environment began to be transported and
re-deposited on dolomites in the marine environment.
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7.2 Genetic Implications and Parental Affinity

As introduced earlier, a genetic classification of bauxite
deposits into three groups such as (i) lateritic, (ii) tikhvin
and (iii) karstic bauxites is based on their occurrence and
formation [8]. Of these, lateritic-type bauxite deposits are
directly related to the weathering of the underlying alumi-
nosilicate rocks by their preserved textures and compositions
and are also the main source of bauxite worldwide (about
88%) [8, 38, 109, 110]. Tikhvin-type bauxites are detrital
bauxite deposits overlying the eroded surface of aluminosili-
cate rocks and are also the eroded products of lateritic bauxite
deposits. Karstic-type bauxite deposits are formed by the
deposition of Al-rich laterite on karst depressions and sink-
holes of carbonate lithologies (limestone, dolomite and rarely
marl) [3]. Other classifications of bauxite deposits include
their mineralogical composition, ggomorphology and hydro-
geological position [111, 112]. Das et al. [113] stated that the
Darai-Daldali lateritic bauxite deposits are developed from
weathering of basaltic rocks. Their mineralogical composi-
tions composed of gibbsite and boehmite and anatase and
brookite as accessory minerals.

Lateritic products (Al-rich bauxites or Fe—Ni-Co-rich lat-
erites) are widely recognised as regional markers for a variety
of large-scale events [114]. For this reason, bauxite deposits
of different types in general, such as karstic, Fe-Ti bauxite
and laterite, and especially those originating from the interior
of thick carbonate basins, such as the Tauride orogeny in the
Eastern Mediterranean, have typical geochemical character-
istics which are useful in solving certain problem relating
to their source rocks. Bedrock composition is also signifi-
cant, with aluminium-rich rocks (Al 10%) favouring bauxite
formation [109, 115]. Earlier efforts have attempted to solve
parent rock of bauxites using various immobile elements such
as Ga, Cr, Ni, Th, Zr, Hf, Nb and Ta [8, 24, 25, 27-29,
36, 49, 52, 116, 117]. The source rock of the karst-type
bauxite deposits currently being mined in the Seydisehir
region (southern Turkey) is the Lower and the Upper Triassic
pelitic rocks and shales and therefore has a more interme-
diate composition [see 29 for details]. In addition to these
deposits, the origin of the metamorphosed karstic bauxite
deposits (e.g. diasporite, corundite) exposed in the south-
ern Menderes Metamorphic Massif (SW Turkey), which are
commonly hosted in thick-bedded platform-type marbles, are
similar to the karstic Taurian bauxites in the Central Taurides
(Seydisehir region) and presumably of similar age (Cenoma-
nian—Turonian) [49]. On the other hand, the Payas-Islahiye
bauxite deposits, which are located in the same orogenic zone
as the Seydisehir karst bauxite deposits, are basaltic in com-
position because their parent rocks are basaltic tuffs [35, 36].
Likewise, Siiciillii region (Yalvag, Isparta) lateritic bauxite

deposits, the main subject of this study, occur in two differ-
ent types as in situ lateritic bauxite and transported lateritic
bauxite.

The bauxite deposits exposed in the Tauride orogenic belt
have different compositions, but were formed in the Late
Cretaceous and have geochemical evidence that can help
solve geological problems. The shallow marine platform car-
bonates of the Tethyan Ocean were deposited during the
Triassic, Jurassic and Cretaceous along the Tauride orogenic
belt [24-30, 45, 118], and also large-volume allochthonous
bauxite deposits overlying a karstic palaeosurface in the
Seydisehir region (Konya, SW Turkey), [24, 27, 29] are the
karst-type deposits based on the classification of Bardossy
[8]. The provenance of karst bauxites in the Tauride belt
has been investigated by many researchers using immobile
elements such as Ga, Cr, Ni, Th, Zr, Hf, Nb and Ta [24,
29]. These researchers suggested that the nearby Ordovician
metamorphic rocks, known as Seydisehir slates, were the
source of the bauxite deposits in the region. In the Siiciillii
region, the bauxite deposits are generally residual baux-
ite deposits formed by in situ and directly (autochthonous)
lateritisation of sub-surface precursor rocks (altered alkali
basaltic volcanics). As a result, the studied lateritic bauxites
can be classified as laterite-type bauxites based on their geo-
logical and geochemical characteristics. This conclusion is
further supported by [25, 36, 52]. According to the Ayhan and
Karadag [25], the formation of autochthonous iron bauxites
in the Sarkikaraagac region is entirely lateritic and derived
from Jurassic-aged dolerites.

It is thought that Ti, Nb, Zr, Hf and Ta are immobilised
during the ore-forming processes and are eventually enriched
in the bauxite-bearing rocks [6, 9, 119, 120]. These elements
are mainly enriched in the mineral Ti-dioxide and Zr and Hf
are controlled by the mineral zircon in bauxites [110, 119,
121, 122]. On the Ga-Zr-Cr triangular diagram of Balasubra-
maniam et al. [123], Siiciillii lateritic bauxite samples cluster
in the strongly basic range of the parental rock (Fig. 11A).
In addition, rare earth elements were initially considered to
be immobile or not to be fractionated during the weathering
processes. In this context, the Eu/Eu* ratio shows a positive
trend in the mafic rocks and a generally negative trend in
the acidic rocks. All samples of the Siiciillii lateritic bauxites
display traces of mafic precursor, as suggested by positive Eu
anomalies (1.10-1.29). The Eu/Eu * and the Sm/Nd ratios
are considered to reflect the source rock of the bauxite, as
only minor fractionation of Sm and Nd occurs during strong
chemical weathering. The Eu/Eu * vs the Sm/Nd diagram
reflects that studied bauxite samples are derived from basalt
(Fig. 11B). Titanium is immobilised during the processes
that form the bauxitic ore. In the Eu/Eu * vs. TiO»/Al;03
binary diagram, alkali doleritic basalt and its weathering
products are close to basalt, but far away from granitic rocks
(Fig. 11C). The Sm and Nd elements are more recently used
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to study rock weathering and REE mobilisation in soils [124].
It is well known that Th and La are enriched in acidic rocks,
whereas Sc has high concentrations in mafic rocks, and Cr is
an immobile element enriched in ultrabasic rocks. Th vs Sc
diagram shows in mafic sources for studied lateritic bauxites
(Fig. 11D).

A new schematic diagram was proposed by Piovano
et al. [125] to identify the source areas of metamorphic
rocks, granitic rocks and sediments from the Eastern Sier-
ras Pampeanas (Argentina). In this diagram, the ratio of four
immobile elements (Cr, La, Sc, Th) to each other (Th/Sc
vs La/Cr) was used (Fig. 12). Although this diagram was
designed to determine the origins of sediments, it also helped
to reveal the origins of bauxite deposits. Rocks with an
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acidic character are plotted in the upper-right part of the dia-
gram, while rocks with basic and ultrabasic compositions
cluster in the lower-left part. Rocks of intermediate com-
position fall in the central part of the diagram. The present
study uses geochemical data (e.g. Th, Sc, La, Cr) from com-
prehensive bauxite studies reported in the literature. These
data were then compared with the results of this study to
define the probable parent rocks (acidic, intermediate, basic
and ultrabasic sources) based on this diagram. In addition,
international standard references (USGS, LC, CC, UCC,
[126]) for rock analyses ranging from acidic to basic are
included. This conclusion aligns well with the Th/Sc and
La/Cr bivariate diagram (Fig. 12) tested to discriminate the
likely source rocks of bauxites. The four groups of sources
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are illustrated by a plot of Th/Sc vs. La/Cr. In this dia-
gram, lateritic occurrences and bauxite deposits with low
La/Cr and Th/Sc values are plotted in the lower-left part,
while high values are found in the upper-right part. La/Cr
and Th/Sc values of karstic bauxite deposits from around the
world have an intermediate composition and fall in the cen-
tral part of the diagram. Specifically, high values of Th/Sc
and La/Cr in the Li-rich karst bauxite (China), Poci karst
bauxite (China) and regionally metamorphosed REY-rich
karstic bauxite deposits of Akhisar (Manisa region, Tiirkiye)

indicate strongly acidic nature, slightly intermediate precur-
sor. On this diagram, Ti-rich bauxites (Payas, Cariksaraylar,
Siiciillii, Kabirdham) also have a basic composition. Overall,
discriminant diagrams based on immobile element suggest
that lateritic bauxite deposits from the Siiciillii region are
derived from a basic precursor, specifically alkali doleritic
basalt.
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7.3 Tectonic Model

It has been shown that the Jurassic Period provides a valuable
record of tectonic setting, palaco-environment and climatic
change in continental configuration, extending from 201.3 to
145.0 Ma [135]. During the late Early and Middle Jurassic
(180-155 Ma), the climate was extremely hot at low lati-
tudes. Mean sea surface temperatures at the equator were over
30 °C. Despite the fact that the global average temperature
was about 6-9 °C higher than today, sea levels were generally
high during the Jurassic. The Cretaceous was much warmer
than the Jurassic. During the Late Cretaceous, the southern
part of Turkey was located around 20.°N latitude and the
average surface temperature of the sea water was between 20
and 25 °C during that period [136, 137]. At that time, intense
weathering resulted in the formation of large lateritic baux-
ite deposits in eastern Mediterranean domains [36]. Their
stratigraphic position and geochemical signature are of great
importance in answering the questions related to the evolu-
tionary history of the tectonics of the Taurid orogenic belt
in the eastern Mediterranean region. In Anatolia, the distri-
bution of bauxites is closely linked to the development of
the Neo-Tethys realm. In terms of tectonic and geological
evolution, the Mesozoic thick-bedded platform sequences of
this orogenic belt are mostly represented by a passive con-
tinental margin [138]. The supercontinent of Pangea began
to break apart and ocean basins separated into two mega-
continents, Laurasia to the north and Gondwana to the south
[139]. During the Late Permian to Early Middle Jurassic,
the Neotethys Ocean opened as a consequence of significant
NW-SE continental rifting of the Tauride-Anatolian Plate
from the northern margin of Gondwana [75, 140-143]
During the Jurassic, platform-type carbonate sequences
(Hacialabaz limestone) were deposited along a south-facing
passive continental margin. They began to break apart with
significant NW-SE rifting (Fig. 13A). Along the normal
faults associated with rifting, within-plate mafic magma
(doleritic alkali basalt) ascended along the fault zones of
the basement lithologies of the Sultandag Block, spreading
over the limestones deposited on the platform (Fig. 13B).
The continent subsided, an intense inflow of mafic magma
into the shallow marine environment occurred. A favourable
environment for the lateritisation process was created by the
terrestrial conditions that followed the shallow marine envi-
ronment during the Jurassic. With tectonic mobility along
normal faults, basaltic rocks remaining in the terrestrial envi-
ronment began to form lateritic zones under acidic pH (<
4) conditions. From Early Jurassic to Late Cretaceous, the
ongoing acidic environment leached basaltic rocks in the ter-
restrial environment (Fig. 13C), and bauxite formed in situ as
a result of the lateritisation process. With continued tectonic
movements and changes in sea level, the lateritic bauxite
zones formed in the terrestrial environment were transported

into the sea over dolomites (Fig. 13D). The succession of
very thin dolomitic limestones and lateritic soils in the stud-
ied area reflects that the transport event occurred multiple
times.

Our preferred interpretation is that there was a transition
from marine to terrestrial conditions in the hot climate period
of Upper Cretaceous. The doleritic alkali basalt overlying
the limestone was weathered to bauxite under this condi-
tions (Fig. 13C). Orztiirk et al. [36] point out that isotopic
data (oxygen, carbon) from the footwall and hanging-wall
limestones in the Payas (southern Turkey) region indicate
a transition from hot to a cold climate. Consequently, lat-
erites and bauxites in terrestrial environment were eroded
and transported over the dolomitic limestone. Additionally,
dolomitic limestones were re-deposited on the lateritic soil.

The deposition of platform-type carbonates, which began
to form in a passive continental margin of the Neo-Tethys
Ocean, occurred mainly between the Late Triassic and
Late Cretaceous. A recent study [144] noted that the age
of the alkaline basalts is estimated to be 161.9 £ 10.6.
These alkaline basalts, products of intracontinental (within-
plate) volcanism, were distributed on the seafloor by cutting
through the basement units, as well as on the dolomites
deposited on the platform, immediately after the break-up
of the Tauride platform with the onset of the rifting mecha-
nism [137]. According to Haude [145], the alkaline doleritic
basalts hosting lateritic bauxite deposits in the region are the
result of initial submarine volcanism formed by the rifting
mechanism of the Tauride platform.

8 Conclusions

The study of the lateritic bauxite deposits in the western part
of the Sultandag Range (Siiciillii-Yalvag, Isparta) indicated
the following conclusions:

1. In situ lateritic bauxite deposits are found on Jurassic-
aged submarine basaltic volcanic rocks, whereas trans-
ported laterites are found on thin-bedded dolomitic
limestone, which is well exposed on the western slope
of the Sultandag Mountains.

2. Regionally, the lateritic bauxite horizon is associated with
thicknesses ranging from 5 to 30 m (average 15 m) in a
northwest—southeast direction across the region.

3. On the basis of the petrographical studies, altered vol-
canic rocks, which are the host rock of lateritic baux-
ites, have dominant mineral assemblages of plagioclase,
clinopyroxene (augite) and also palagonite and chlorite
as an alteration products. XRD and SEM studies sug-
gest that the assemblages of the lateritic bauxites include
kaolinite, smectite, hematite, calcite, anatase, boehmite,
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diaspore, goethite, feldspar, cristobalite, quartz, calcite
and dolomite.

4. Inthe present study, the geochemical compositions of the
Siiciillii lateritic bauxites are compared with metamor-
phosed and unmetamorphosed karst bauxites and lateritic
bauxite occurrences worldwide. Based on trace element
geochemistry (Th, La, Sc, Cr contents), the nature of their
protolith is consistent with basic volcanic rocks, similar
to the Ti-rich bauxites (Payas, Adana) and Cariksaraylar
lateritic bauxites (Sarkikaraagac, Isparta) in the Taurides
of Turkey, and in the Darai-Daldali region of India.

5. Conclusively, the lateritic bauxite deposits in the Siiciillii
area (Yalvac, Isparta) were formed as a result of lateriti-
sation under warm humid climate of submarine alkaline
basaltic rocks on neritic dolomitic carbonate sequence
of a passive continental margin of the Mesozoic Inner-
Tauride Ocean.
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