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ABSTRACT

Turkey has a long tradition (starting from the prehistoric civilizations) and experience in exploring and
processing clay raw materials into ceramic products. Many of these products, such as tiles and sanitary
ware, are manufactured for domestic and export markets. Kaolin clay is one of the raw materials of
major importance for the ceramic and paper industry, as well as for a number of auxiliary applications.
There is an ongoing interest to apply kaolin clay in the construction industry as a raw material for the
production of white cement clinker and as an artificial pozzolanic additive for concrete (in a form of
metakaolin). This report presents the results related to search, assessment and evaluation of available
resources for advanced cement and concrete additives.
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INTRODUCTION

Turkey has an abundance of natural resources and its mining industry is one of the sectors showing
steady growth. Among the most commonly mined minerals are borax, magnesite, chromites, barite,
feldspars, different clays, and limestone [1-21]. Local ceramic industry has more than 4000 years of
experience in exploring and processing widely available raw materials into useful commodities.
Currently, several ceramic products, such as tiles and sanitary ware are manufactured to meet
international standards (ISO 9000) and significant amounts (about 45 %) of these products are
exported [21]. The raw materials for these products, such as ball clays, fireclays, normal grade kaolin,
and feldspar are widely available locally. Nevertheless, some raw materials (such as high quality
kaolin, fireclays, ball clays) for fine ceramics, porcelain, and electrical insulators are imported [4, 21].

There were a number of fundamental investigations to evaluate the volumes and quality of ceramic
raw materials in Turkey [1-20]. It was reported that kaolinite is of major importance for a number of
applications [1-15]. However, only few reports on the availability and properties of Turkish kaolinites
were actually published [1, 12, 19, 20].

Kaolinite is a common phyllosilicate mineral of the formula Al,Si,OsOH,. It was named after Kao-
Ling (/5145 1), China, the location of its first major utilization. Kaolinite is composed of alternating
layers of silicate (Si,Os) and gibbsite (Al(OH),) [22, 23]. Kaolinite crystals are usually arranged in

pseudohexagonal plates forming flaky aggregates and it has the same chemistry as its polymorphs
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halloysite, dickite and nacrite. Kaolin clay is formed as a result of the alteration of alumosilicates
(feldspar, feldspathoid, spodumene, sillimanite) and volcanic glasses, sometimes altered by acidic
hydrothermal solutions. Besides kaolinite, kaolin clay usually contains different minerals (such as
quartz, feldspar, and calcite). It is mostly white, but it also can be grey, yellow or red.

Kaolinite is one of the most common minerals. Large volumes of kaolinite clays are used for the
production of cement, ceramics, bricks and porcelain [24-28]; the greatest demand for kaolinite is in
the paper industry to produce a high quality paper [29-31]. It is also used as filler for paint, rubber and
plastics [24, 26, 27]. Kaolinite clay found its application in medicine, in toothpaste, in cosmetics and
as a food additive. Recently, a specially formulated spray is used in fruit and vegetable production to
repel the insects and prevent sun burn [32].

There is an ongoing interest to utilize selected clay minerals including kaolinites in construction
industry [33-36]. Conventionally, special grade kaolin clay is used for the production of white cement
clinker and subsequently, white cement. Since chemistry of white cement does not permit the
existence of the ferrite phase (C4,AF), the purity of Si-, Ca-, Al- sources is essential for the quality of
white cement. Kaolin clay for white cement must contain about 65-80% of SiO,, not more than 1.0%
of Fe,0;, less than 0.8% of TiO, and only traces of MnO [37]. Usually, suitable kaolin contains 70-
73% of Si0,, 18-20% of Al,O;, 0.4-1% of Fe, 03, and 0-0.8% of TiO, and no MnO [37].

A recent development comprises the application of metakaolin as an artificial pozzolanic additive for
concrete. The strength and durability of conventional cement-based materials can be significantly
improved when additives based on thermally activated kaolin are used [33-40]. Such additives are
conventionally manufactured by firing high-grade purified kaolinite at 650-850 °C according to
following reaction [36, 38]:

650-850 °C
28102 : A1203 2H20 —> 28102 : A1203 + 2H20T

The main beneficial effect of metakaolin in concrete and cement systems is related to its high
pozzolanic activity (i.e. its ability to react with portlandite, Ca(OH), released during the hydration of
portland cement). Due to its ability to improve the packing of the cement matrix the application of
super-fine particles of metakaolin results in a microfiller effect. The micro-bearing’s effect is provided
by the flaky particles of metakaolin resulting in better sliding of more coarse cement particles and,
therefore, facilitating the flow of the system. Furthermore, metakaolin improves the morphology of the
interface zone between the cement matrix and the aggregate’s surface. Very light color shades, as well
as an improved strength and durability of metakaolin based concrete make such additive one of the
vital components of modern architectural concrete.

Shvarzman et al. demonstrated that useful properties of metakaolin are preserved even at a reduced
content (about 30%) of kaolinite in the raw mix [36]. Based on this study, it was proposed that raw
clays with 20-35% of kaolinite can be directly used for manufacturing of pozzolanic additives,
eliminating the beneficiation stage [38]. Such an approach could significantly reduce the production
expenditures related to intermediate wet beneficiation and subsequent drying of the raw materials.
Furthermore, it would eliminate the waste streams generated during these stages. Consequently,
thermally activated kaolin (TAK) can be made available at a significantly reduced cost, making
feasible the application of such additive even in a regular-grade cement and concrete. Definitely, the
properties of such product can be tailored to provide the improved strength and durability.

To verify this proposal, an extensive research program involving five R&D and educational
institutions (METU, LAU, TCMA, MTA, TECHNION) was initiated and supported by TUBITAK
(Scientific and Research Council of Turkey) [38]. This report presents the results related to search,
assessment and evaluation of available resources for the advanced additives for Turkish cement and
concrete industry.



AREA DESCRIPTION AND METHODS

Description of the Deposits

Five pits of three different deposits (namely, Diivertepe, Kiitahya, and Sile) located in the Anatolian
area of Turkey were investigated (Fig. 1). These deposits have different reserves (Table 1) and kaolin
of different composition, crystallinity [41, 42], morphology and purity. Some of the pits under the
investigation were found to be a not very effective kaolin sources for fine ceramics and paper industry
applications. Therefore, the major mining activities at these pits were almost seized since 1970; other
pits presented in this study are still supplying relatively small quantities of raw materials to local
pottery industry. There is limited information on the potential applicability of these kaolin clays as a
raw material for alternative applications, such as white cement and metakaolin based additives [38].

Experimental Methods

Surface samples of kaolin clay, about 1500 kg in total, were collected from the investigated pits. The
labels and the location of the sampling points (including the GPS coordinates) are presented in Table
2. Representative 1-kg samples of kaolin clay were taken from the initial materials using the
quartering method. These samples were dried to less than 0.5% moisture content, crushed and milled
(to the size of less than 95 pm) prior to their analysis. Totally, 15 samples were collected and
investigated (Table 2).

The following sample characterization techniques were used:
- XRF method for chemical composition;
- XRD for mineralogical composition;
-  DTA-TG for thermal behavior;
- SEM for kaolin texture and morphology;
- EDS for the spatial distribution of different elements.

RESULTS AND DISCUSSION

Characterization of Kaolin

The investigated samples were composed mainly of quartz and kaolinite with low to medium
crystallinity as defined by the Hinckley Index [41, 42]. The chemical analysis of the investigated
samples is given in Table 3. The chemical analysis (Table 3) agrees with the mineralogical
composition of samples determined by the x-ray diffraction (Figs. 2, 3) and DTA-TG (Fig. 4) analysis,
as well as confirmed by the SEM-EDS investigation (Figs. 5-7). Based on the characteristic weight
loss at 500-650 °C corresponding to dehydroxylation of kaolinite (Fig. 4) the kaolinite content was
calculated. The samples from the most valuable deposits such as Diivertepe and Kiitahya had
more than 70% kaolinite, whereas small group of samples (predominately, from Sile) had the
kaolinite content of less than 40%. However, the majority of investigated samples (Diivertepe
and Sile) had an average kaolinite content of 40 - 55% (Table 3).

Diivertepe Kaolin Deposit

The Diivertepe area is one of the most important sources for quality kaolin in Turkey. It is located
about 80 km South-East of Balikesir, on the Northern side of the Simav stream (Fig. 1).

Diivertepe deposit is underlined by ophiolitic rocks which contain limestone blocks. The kaolins are

formed via hydrothermal alteration of Neogene acidic tuffs. Most of these tuffs have rhyolitic
composition (Okut et al., 1984 [7]) or were actually tuffaceous sandstones as proposed by Fujii et al.

3



[4]. The Neogene acidic tuffs are bordered by a NW-SE striking fault. There are few kaolin pits
located in this area which are confined by the faults. There are some differences in mineralogy and
occurrence of kaolins in these pits. A relatively high content of sublimated sulfur is observed in the
regions next to the faults. On the other hand, massive amounts of breccias of altered rocks cover the
kaolinized rock. This indicates the presence of intense tectonic activities after the formation of kaolin
rock. In some regions, the alteration of dacitic layers is observed; these are accompanied with
chalcedony, while other areas demonstrated a high quartz content revealing that the primary rock was
composed of sandstone.

Diivertepe Kaolin Deposit: Kale, S6giit, Camis and Matel Mining Pits

X-ray diffraction analyses of investigated samples revealed that they consist of kaolinite and quartz.
Threfore, two samples, No. 1 and No. 2 (DK-1 and DS-1), had a relatively high content of SiO,
(79.5% and 80%, respectively).

The amount of SiO, in sample No. 3 (DC-1) was lower (70%) and it had a higher content of Al,O;
(20%) suggesting a higher kaolinite amount (44.8%). Sample No. 4 (DM-1) demonstrated a similar
chemical composition as sample No. 3 (DC-1). The DTA-TG curves of these two samples are almost
identical (Fig. 4). The endotherm observed at 559 and 561 °C with characteristic weight loss of 5.6
and 5.7 % for samples No. 3, DC-1 and No. 4, DM-1, respectively is due to dehydroxylation and
conversion of kaolin to metakaolin. The sharp exotherm at 979 and 980 °C, respectively is attributed
to crystallization of mullite.

Diivertepe Kaolin Deposit: Sapci Mining Pit

The Sapci pit is located on the South side of the Simav stream located opposite the Kale and Sogiit
mining area (Fig. 1). Primarily, the kaolinized rock is underlined by the acidic tuffs and breccias.
These were formed as a result of hydrothermal alteration of a fault in a direction of N6OW. It is
proposed that the kaolinite deposits were formed by the alteration of the acidic tuffs and breccias. The
quartz and kaolinite are the main minerals in these deposits, with some inclusions of alunite and illite.
The available kaolinite is mostly well-crystallized. The Sap¢1 deposit possesses similar mineralogical
and genesis features as neighboring Kale, S6giit and Camis pits.

Sample No. 5 (DS-1, collected from the Sapgc1 pit) had a significantly reduced SiO, content (55%)
compared to previous samples and a relatively high content of Al,O; (32.2%). Still, quartz grains were
abundant as it is observed at the SEM microphotographs and confirmed with EDS (Fig. 5). Plate-like,
book-shaped kaolinite crystals are clearly visible near the quartz particles (Fig. 5). Based on Al,O; to
Si0, ratio it can be expected that these kaolin clays are of very high quality. The dehydroxylation
endotherm (Fig. 4) at 575 °C is associated with a relatively high weight loss (8.8 %) due to release of
OH" groups and subsequent kaolin-metakaolin conversion. The recrystallization exotherm was
observed at 993 °C (Fig. 4). This sample had the kaolinite content of 70.4% (Table 3).

Kiitahya Kaolin Deposit

The samples were taken from two separate kaolin pits of Kizilgukur and Ulaglar located in the
Kiitahya - Emet region which is well-known for the kaolin clay of high quality.

Kiitahya Kaolin Deposit: Ulaslar Mining Pit

Three alteration zones have been distinguished in the Ulaslar kaolin pit (Fujii et al., 1995) [4]:
- Low Kaolinization Zone

- White Clay Zone

- Siliceous Clay Zone



Steeply dipping granule-rich intercalations are found within the white massive zone. The intercalations
are primarily composed of kaolinite, smectite and cristobalite. However, these contain significant
amounts of hematite, and are of black color. Similarly, the siliceous clay zone also contains kaolinite
and cristobalite.

Sample No. 6 (KU-1) taken from the Ulaslar kaolin pit has relatively high SiO, content (67.0 %) and
low AlO; content (21.5 %). The high content of SiO, originates from the presence of quartz and
tridymite minerals detected by XRD (Fig. 2). The kaolin - metakaolin conversion endotherm was
observed at 564 °C with a weight loss of 6.7 % (which correspond to the kaolinite content of 53.6%)
and the recrystallization exotherm occurred at 994 °C (Fig. 4).

Kiitahya Kaolin Deposit: Kizilgukur Mining Pit

It was proposed that the Kizilgukur mining area was formed by the alteration of Neogene dasitic
crystal tuff that was slightly welded (Fujii, 1995) [4]. Three alteration zones have been distinguished
in the pit:

- Low- Grade Altered Zone
- Kaolin Zone
- Siliceous Kaolin Zone

The Low- Grade Altered Zone forms the outmost bottom level of the deposit and comprises quartz,
feldspar and kaolinite. It is overlaid by the white kaolin zone, which consists of kaolinite and quartz in
addition to K-feldspar, calcite and natroalunite. The siliceous zone exists as blocks within the kaolin
zone. There is also a jarosite level located in the north part of the deposit which was formed by the
sublimation of sulfur. The absence of cristobalite (i.e. all cristobalite had transformed to quartz)
proves that this formation is older than Ulaglar pit.

The sample No. 7 (KK-1) was taken from the Kizilgukur kaolin pit. According to the XRF analysis,
the amount of SiO, was as low as 55% and the amount of Al,O3; was high - 31.5%, which is clear sign
of high kaolinite content. This observation is also supported by the results of DTA-TG, where the
dehydroxylation endotherm at 580 °C was characterised by weight loss of 9.2 % (corresponding to
73.6% of kaolinite) and the mullite recrystallization exotherm occurred at 993 °C (Fig. 4). In spite of
very high kaolinite content, the quartz crystals could be seen clearly on the SEM image, with Si
detected by the EDS (Fig. 7).

Sile Deposit

The basement rocks of Sile Kaolin Deposit are presented by Silurian quartzites, Devonian limestones,
claystones and graywackes. On the top of these, the Triassic red sandstones and claystones,
Cretaceous andesitic flysches, as well as conglomerates and fluvial sediments of the above are found.
In some areas the andezitic flysch became clayey via hydrothermal alteration. The clays were settled
on the eroded basement and have the Upper Neogene age.

The Neogene formations are divided into three parts:
- Low clay and lignites

- Sandstones and lignites

- Sandstone and siltstone

The origin of clays is generally related to the formation of lignites and the humic acid of lignites
increase the quality of clays. Sile region provides about 65% of clays currently used for the production
of ceramics in Turkey, primarily for the production of floor and wall tiles, sanitary- and tableware, as
well as electro-porcelain. For this reason, the region of Sile is of vital importance for the Turkish
ceramic sector.



Sile Deposit: Avcikoru-Karatepe and Domali Mining Pits

Samples No. 8 - 10 were obtained from the Sile Avcikoru-Karatepe Dastan mining pit. These samples
have very similar chemical composition: the content of Al,O; ranges between 22.5 and 25.5% and the
amount of SiO, varies between 60.5 and 61.5%. Samples No. 11 — 12 were taken from Sile - Domali
(shore village) at Matel mining pit. These samples also show similar properties that are typical for the
region. The morphology of kaolinite crystals in sample No. 12, SD-2 was studied by SEM (Fig. 6).
The kaolinite crystals are complex and some of them have a platy, propeller-like appearance. Si, Al
and O peaks of kaolinite can be seen in the output of EDS (Fig. 6). The DTA-TG data (Fig. 4) show
the dehydroxylation endotherm at 553 °C (accompanied by the weight loss of 5.2 %, corresponding to
41.6% of kaolinite) and recrystallization exotherm at 951 °C (Fig. 4).

Sile Deposit: Etiler and Filyos Mining Pits

Samples No. 13 - 14 were obtained from the Uvezli Village, Etiler mining pit. Sample No. 15 was
taken from Filyos-3 quarry (Toprak Holding Company). The samples No. 13 - 15 share similar
chemical characteristics having relatively high content of SiO, and a small amount of Al,O; (Table 3).

CONCLUDING REMARKS

The properties of kaolin clays originating from three districts in the Anatolian area of Turkey
(represented by three deposits) were studied for their prospective application as a raw material for
cement and concrete additives. The investigated kaolin deposits were formed by hydrothermal
alteration of Neogene acidic tuffs and were underlined mainly by the ophiolitic rocks. According to
the results of research, the investigated kaolin samples were primarily composed of quartz and
kaolinite with low to medium crystallinity. The chemical analysis data are in good agreement with the
mineralogical composition of samples provided by x-ray diffraction and the results of DTA-TG and
SEM-EDS investigations.

The kaolin clays under investigation are commonly utilized as a ceramic raw material, but currently
are not used in cement and concrete industry. It is proposed to subdivide these products broadly into
two groups with high and low content of Al,O;, with 20% being a subdivision limit. Here, low Al,Os
kaolin could be utilized for manufacturing of white cement clinker (subject to other composition
restrictions); and kaolin with high Al,O; content can be used for production of pozzolanic additives.
The characteristic step on the TG curve at 500-650 °C corresponding to the dehydroxylation of
kaolinite and formation of metakaolin may be considered as an important criterion of raw kaolin
quality. For such particular application as pozzolanic additives, a weight loss of higher than 8% would
correspond to kaolin of higher quality with more than 65% of kaolinite, whereas kaolin clay with
weight loss of 5-8% (kaolinite content of 40-65%) may be classified as medium quality raw
materials still suitable for manufacturing the pozzolanic additives.
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Table 1. Characteristics and Kaolin Reserves in Turkey (after [1])

Locations of Kaolin | Al,O4 Application Arcas Reserves, tons
Quarries % PP Estimated Explored
Balikesir-Sindirgi 13-33 | Fine ceramics, tiles, refractory, paper 70,000,000 25,000,000
Balikesir-Ayvalik 15-32 | Ceramics and tiles faience 1,000,000 500,000
Balikesir-Ivrindi 20-31 | Fine ceramics and faience tiles 970,000 500,000
Balikesir-Gonen 23-28 | Ceramics 150,000 50,000
Canakkale-Can 17-35 | Ceramics and refractory 5,000,000 2,000,000
Bursa-Kemalpasa 20-24 | Paper 1,000,000 1,000,000
Istanbul-Arnavutkoy 15-35 | Refractory 800,000 -
Subtotal 78,920,000 29,050,000
Eskischir-Mihali¢gik 20-33 | Ceramics and faience tiles 3,330,380 1,000,000
Bilecik-Sogiit 15-23 | Ceramics 1,000,000 500,000
Kiitahya-Gevrekseydi | 20-24 | Paper 724,924 200,000
Kiitahya-Altintas 20-31 | Ceramics, faience, tiles and paper 1,206,000 500,000
Kiitahya-Emet 20-30 | Ceramics, tiles, faience 1,070,286 100,000
Kiitahya-Simav 20-24 | Ceramics, tiles, faience 370,000 50,000
Usak-Karagayir 11-21 | Ceramics, tiles, faience 800,000 500,000
Subtotal 8,501,590 2,850,000
Kayseri-Felahiye 23-34 | Ceramics and refractory 450,000 20,000
Konya-Saglik 15-30 | Faience tiles and ceramics 607,000 100,000
Nevsehir-Avanos 18-33 | Ceramics, electro porcelain, tiles 1,277,000 100,000
Nigde-Aksaray 15-32 | Tiles, faience and paper 1,500,000 1,000,000
Subtotal 3,834,000 1,220,000
Trabzon-Arakli-Arsin | 14-23 | Tiles, faience 200,000 50,000
Rize-Ardesen-Findikli | 14-23 | Tiles, faience 275,000 50,000
Giresun-Bulancak 12-24 | Tiles, faience 7,785,000 2,000,000
Ordu-Ulubey 17-23 | Paper 730,000 100,000
Other - - - 700,000
Subtotal 8,990,000 2,900,000
Total 100,245,590 36,020,000

<




Table 2. Locations of Kaolin Quarries under Investigation

No. | Code GPS Coordinates Kaolin Quarries
(%, ¥, 2)
Diivertepe (Balikesir) Deposit
1 DK-1 643, 23453, 43441 Kalemaden Mining Pit, Ahmet Sengéniil’s Area
2 DS-1 630, 23498, 43406 S6giit Mining Pit
3 DC-1 644, 23290, 43355 Camis Mining Pit, Sise Cam’s Area
4 DM-1 599, 23596, 43314 Matel Mining Pit, Matel and Eczacibas1 Quarry
5 DS-1 768, 24383, 37431 Sapc1 Mining Pit, Giirbiiz Kaolin Quarry
Kiitahya (Emet) Deposit
6 KU-1 1241, 88346, 36777 Ulaglar Mining Pit, M. Bozkurt’s Area (Kiitahya Porselen)
7 KK-1 1227, 91459, 37521 Kizilgukur Mining Pit
Sile Deposit
8 SA-1 139, 00241, 58394
Avcikoru-Karatepe Mining Pit, Dastan Mining Area
9 SA-2 139, 00241, 58394 (Ruhsat-Ergdren Mining)
10 | SA-3 139, 00241, 58394
11 SD-1 142,99734, 57568 L 1
Domali Mining Pit, (Sahilkdy), Matel Area
12 | SD-2 136, 98752, 57429
13 SE-1 118, 00233, 58945 i . .
Etiler Mining Pit, Ergoren Area
14 | SE-2 122, 05401, 53496
15 SF-1 123, 04344, 57599 Filyos-3 Quarry, Toprak Holding Area

Table 3. Chemical Analysis of Investigated Kaolin Samples

. . ight | Estimat,

No.| Code s£2 A10203 Fe:)203 Tll)i)z c(;)o 1\(/)%0 I\{)ZZO Koz)o 1\/1;)02 Pg/?s L.go.l. L‘;V::/;gT v Ksa%szg
1 |DK-1| 795 | 135 | 01 | 05 | 02 | <10 |<10] 01 |<10] 01 | 510 | 49 392
2 DS-1 80.0 13.3 0.1 0.4 0.4 <10 | <10 | <1.0|<1.0 0.1 5.05 4.4 349
3 | DC-1 | 700 | 200 | 03 | 06 | 03 | <10 | <10 | <10 <10 03 | 735 | 56 448
4 DM-1| 71.5 20.3 0.2 0.4 0.1 <1.0 | <1.0 0.1 <1.0 0.1 6.90 5.7 45.6
S | DS-1 | 555 | 322 | 10 | 03 | 05 | <10 |<10] 01 | <10 02 | 101 | 88 70.4
6 KU-1 67.0 21.5 0.3 0.5 0.2 <1.0 | <1.0 0.4 <1.0 0.2 9.40 6.7 53.6
7 | KK-1| 550 | 315 | 03 | 01 | 01 | <10 |<10|<10]<10] 02 | 108 | 92 736
8 SA-1 60.5 25.5 1.8 1.1 0.2 0.7 0.1 2.8 <10 | <10 | 7.10 7.1 56.8
9 | SA2 | 610 | 245 | 22 | 11 ] 02 | 05 | 01 | 20 | <10 |<10] 730 | 62 496
10 | SA-3 61.5 22.5 3.0 1.0 0.2 0.6 0.1 24 <10 | <10 | 6.75 5.9 47.2
11| SD-1 | 580 | 260 | 25 | 11 | 03 | 07 | 01 | 21 | <10 | <10 845 | 67 53.6
12 | SD-2 57.3 26.7 2.7 1.2 0.1 0.7 0.1 2.5 <10 | <10 | 790 52 41.6
13| SE-1 | 678 | 202 | 20 | 12 | 01 | 05 | 01 | 19 | <10 | <10 540 | 47 376
14 | SE-2 75.8 14.0 1.7 1.2 0.2 0.5 0.1 1.5 <10 | <1.0 | 4.05 3.0 24.0
15| SF-1 | 698 | 185 | 19 | 12 | 01 | 03 | 01 | 18 | <10 | <10 540 | 49 392
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Fig. 1. Location of Kaolin Deposits under Investigation
a) Sile; b) Diivertepe (Balikesir); c¢) Kiitahya (Emet): Kizilgukur and Ulaslar
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Fig. 2. The Results of X-ray Analysis of Samples from Diivertepe and Kiitahya
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Fig. 3. The Results of X-ray Analysis of Samples from Sile
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Fig. 4. The Results of DTA-TG Investigation
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Fig. 5. The Results of SEM - EDS Investigation of Sample No. 5 (DS-1)
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Fig. 7. The Results of SEM - EDS Investigation of Sample No. 7 (KK-1)
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