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ABSTRACT

The suitability of Kozani’s broader area carbonate rocks for use in cement production and as
aggregates, is studied in terms of their mineralogical, chemical and mechanical characteristics. The
studied carbonate rocks belong to the Pelagonian zone and are represented mainly by pure lime-
stones with subordinate dolomites and dolomitic limestones. Examination concerning their insoluble
residue, organic matter and milling behavior, together with their mineralogical and chemical compo-
sition showed that all carbonate formations of Kozani’'s broader area, except the dolomitic ones, ful-
fill the requirements for use as raw material in the cement industry and all the carbonate formations
meet the specifications for their use as aggregates in various constructions.

1 INTRODUCTION

Cement is one of the most important plasters used in constructions. Cement production is the
processing of selected and prepared mineral raw materials to produce, through the pyroprocessing,
the synthetic mineral mixture (clinker) that can be ground to a powder (flour) having the specified
chemical composition and physical properties of cement. These processes are of major economic
importance and so have been subjected to considerable studies (Ames et. al., 1994, Manning,
1995).

Portland cement is essentially composed of four main components, namely lime (Ca0), silica
(SiO2), alumina (Al,O3) and iron oxide (FeO) (Manning, 1995, Oates, 1998). In many countries, ce-
ment production represents the second largest market for limestone and is exceeded only by the
use of limestone in construction and building. Not only because it supplies the necessary chemical
compounds, but also because with its addition to portland cement improves several cement proper-
ties such as concrete strength and durability (Bertrandy and Poivetin, 1991, Liversey, 1991, Sprung
and Siebel, 1991, Cochet and Sorrentino, 1993, Tsivilis et al., 2000). Portland cement reduces the
demand of water compared to the relatively pure cements (Tsivilis et al., 2002) and improves the
durability of the concrete (Sawicz and Heng, 1996, Zeli€ et. al., 1999, Vuk et al., 2001, Tsivilis et al.,
2002). In addition, as a filler improves physically the denseness of cement composites (Regourd,
1986, Heikal et al., 2000) and the particle packing of the cement system (Ellerbrock et al., 1990,
Bonavetti et al., 2001) and reduces the diffusion coefficient of chloride ions (Hornain et al., 1995,
Heikal et al., 2000).

The major uses of limestone and dolomite as an aggregate are in concrete and roadstone
(both bound and unbound). Other applications include railway track ballast, armourstone for sea de-
fense works, waterway construction, asphalt filler and raw material for mortars. Aggregates provide
compressive and tensile strength, surface textures, weight and density, abrasion resistance and
must bond well with cement or bitumen binders. They must also meet additional requirements relat-
ing to the intended use (not shrink or swell, crack or react once in use). While technical factors such
as particle shape, strength and durability are important, the delivered cost is generally a major fac-
tor affecting the choice of aggregate (Boynton, 1980, McCarl, 1994, Manning, 1995, Oates, 1998).
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One of the reasons why most of the construction companies prefer limestone instead of other mate-
rials, is its widespread formations all over the world.

As technology penetrates thoroughly to the cement manufacture, specifications become more
discriminating. The importance of construction and its materials dictates the need for finding raw
materials to establish product quality (Ames et al., 1994). This work aims to investigate the suitabil-
ity of carbonate rocks (limestones, dolomites and dolomitic limestones) from the Kozani broader
area for use in cement production and as aggregates in various constructions.

2 MATERIALS AND METHODS

2.1 Geological setting

The studied samples were collected from the Kozani broader area formations (northwestern
Macedonia, Greece), which belong to the Pelagonian zone. Studies upon the petrology and tecton-
ics of the zone have shown it to be a polyphased-deformed continental fragment. It consists of a
crystalline pre-Carboniferous basement composed of gneisses, amphibolites and schists that are
intruded by large masses of Upper Carboniferous granites. Two separate carbonate covers were
deposited on the margins east and west of the Pelagonian zone during the Triassic-Jurassic. The
cover of the eastern margin is a neritic carbonate sequence, which thrusted westward onto the
Pelagonian crystalline basement in the Late Jurassic-Early Cretaceous. The autochthonous neritic
carbonate cover of the western Pelagonian margin was deposited on the Upper Paleozoic meta-
clastics. Big ophiolitic complexes were obducted on the Triassic-Jurassic carbonate formations of
the Pelagonian zone. Ophiolites are overlain by Middle—Upper Cretaceous sediments and Early Pa-
leocene flysch deposits (Mountrakis et al., 1981, Mountrakis, 1984, Mountrakis, 1985, Mountrakis,
1986).

The Pelagonian zone has suffered two metamorphic events. The first one happened before the
Carboniferous and affected the crystalline basement in upper greenschist conditions while the sec-
ond one had post-Jurassic age and resulted in a weak, low-grade greenschist fabric in the Upper
Paleozoic and Mesozoic rocks (Nance, 1981, Mountrakis, 1984, Mountrakis, 1986).

2.2 Sampling and experimental procedures

Kozani broader area, for easing the sample collection and the research, was devided into four
sections: a) the Vermion section, b) the Kozani section, c) the Siatista section and d) the Vourinos
section. According to the collection place, the samples were named after the section. So the sam-
ples B-SE, B-ME and B-ZP belong to the Vermion section, the samples K-RY, K-DR and K-AM be-
long to the Kozani section, the samples S-SI and S-MI belong to the Siatista section and the sam-
ples BO-BI, BO-TZ, BO-PA1 and BO-PAZ2 belong to the Vourinos section (Fig. 1).

Thin sections from the collected samples were prepared in order to examine their texture and
mineralogical composition. Part of each carbonate sample was ground in an agate mortar for X-ray
diffraction and chemical analysis. X-ray diffraction analysis was performed using a Philips diffrac-
tometer with Ni-filtered CuK, radiation on randomly oriented samples over the interval 3-63° of 26
and at a scanning speed of 1.2°/min. Semi-quantitative estimation of the percentage of the minerals
present in the samples was made using the ASTM cards of International Centre for Diffraction Data
(U.S.A).

Chemical analyses of the rock samples were performed by atomic absorption spectrophotome-
try (AAS) using a PERKIN-ELMER 5000 apparatus. Ground samples were heated at 550° C for two
hours in order to remove the organic matter and were treated by a 1N HCI solution for the definition
of the insoluble residue and its mineral content. Finally, experiments were conducted in order to de-
termine their milling behaviour. The samples were milled for predetermined periods of time in a
Fritsch, centrifugal ball-mill, pulverisette 6 apparatus and their residue on a 250 ym sieve was com-
pared.

81

Wnoiakn BiBAI0OAKN "OedppacTog” - TuAua Mewloyiag. A.MN.O.



Figure 1. Geological sketch map of the Kozani broader area and sample locations.
1 = Limestones-marbles, 2 = Metamorphic rocks, 3 = Igneous rocks, 4 = Flysch, 5 = Alluvial deposits,
6 = Polyfytos lake, 7 = Kozani prefecture borders, 8 = Obduction, 9 = Sample locations.

3 RESULTS AND DISCUSSION

3.1 Description of the samples

Macroscopically, the studied samples display a distinctive variation in color and appearance.
Samples S-MI, S-S, B-SE, B-ME, K-DR are dark gray with white veinlets, samples K-RY and BO-
PA2 are light gray and samples B-ZP, K-AM, BO-BI, BO-TZ and BO-PA1 are white in color. Micro-
scopic examination of thin sections revealed a coarse-grained holocrystalline texture for B-ZP, K-
AM, BO-BI, BO-TZ, BO-PA1 and BO-PA2 and a micritic texture for S-Ml, B-ME, K-RY. Finally, the
S-Sl, B-SE, K-DR are consisted of medium and coarse grains, often tectonized (Dagounaki, 2001).

3.2 Mineralogical composition

The mineralogical composition of all samples studied (microscopy, X-ray diffraction) is shown in
table 1. The majority of them are limestones with the proportion of the calcite ranging between 93-
99%. The Vourinos sample BO-PA2 is characterized as dolomitic limestone (calcite 83% and dolo-
mite 17%), while the B-ME from Vermion and the K-RY and K-AM from Kozani are dolomites with
dolomite ranging between 92 and 96%. The percentage of impurities (silicates) does not exceed
3% and is observed in sample B-ME from Vermion formation.
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Table 1. Mineralogical composition (wt. %) of the Kozani carbonate rocks.

Sample Calcite Dolomite Quartz Chlorite Muscovite
S-Mi 99 1

S-Sl 99 1

B-SE 93 6 1

B-ME 5 92 3

B-ZP 99 1

K-RY 4 96

K-DR 99 1

K-AM 5 95

BO-BI 99 1

BO-TZ 97 3

BO-PA1 97 1 2
BO-PA2 83 17

3.3 Chemical composition

The results of chemical analyses referred to the main oxides (Table 2) are in agreement with
the mineralogical composition (see Table 1). The amount of impurities (oxides except CaO and
MgO) ranges between 1.14 and 3.22%. The composition of the samples compared to the average
limestone composition (Mason and Moore, 1982) confirms the fact that they are very pure materi-
als. Chemical analyses for the amount of trace elements show that only two samples from Vermion
(B-SE, B-ME) present higher concentrations of Cr and all the samples except S-SlI, B-ME, K-RY
and K-AM present higher concentrations of Ni compared to the average composition given for
commercial limestones (Oates, 1998). K-DR from Kozani section presents higher concentration of
Co compared to the other samples. These relatively higher concentrations of the above trace ele-
ments are attributed to the direct contact of the carbonate formations with the ophiolitic complexes.

Table 2. Chemical composition (wt. % or ppm) of the Kozani carbonate rocks.

(wt. %) S-MI  S-SI B-SE B-ME B-ZP K-RY K-DR K-AM BO-BI BO-TZ BO-PA1 BO-PA2 M&M

SiO; 054 070 241 214 214 241 1.88 241 294 267 267 2.14 5.19
ALO; 010 0.00 0.12 0.15 0.00 0.00 0.00 000 0.00 0.00 0.17 0.00 0.81
TiO; 0.016 0.29 0.016 0.000 0.000 0.000 0.016 0.100 0.000 0.000 0.000 0.000 0.06
MnO 0.01 0.002 0.01 0.004 0.005 0.002 0.007 0.002 0.007 0.002 0.002 0.004

Fe,Ost 0.16 0.07 0.13 0.07 0.00 0.00 0.06 0.00 0.04 0.00 0.07 0.00 0.54
CaO 54.30 55.20 51.25 31.15 54.60 31.85 53.03 30.45 5258 53.90 52.80 49.80 42.57
MgO 056 0.29 2.08 2133 040 20.00 0.62 2175 1.38 092 0.82 4.62 7.89
K20 0.03 0.03 019 0.06 0.14 010 0.11 0.09 005 0.09 0.11 0.05 0.33
Na,O 016 022 030 0.09 023 021 026 0.19 010 0.07 0.08 0.12 0.05
P20s 0.14 0.19 0.04 0.08 0.045 0.02 0.03 0.03 0.03 0.02 0.02 0.025  0.04
LOI 43.52 43.22 43.36 44.88 4234 4506 43.60 44.86 42.81 4214 43.14 4285

Total 99.526 100.212 99.906 99.904 99.900 99.652 99.613 99.882 99.937 99.812 99.882 99.609

(ppm) Oates
Co 28 22 16 b.dl. b.dl 16 46 bdl bdl bdl 19 b.d.l.

Cr 11 12 23 27 15 13 17 15 15 15 15 12 3-15
Ni 23 b.dl 28 b.dl 17 b.dl 21 bdl 21 21 21 17 0.5-15
Rb 58 60 84 28 64 54 36 24 29 38 38 26

Sr 213 185 358 168 228 153 518 102 440 210 213 250

Zn 17 6 7 13 14 16 5 8 7 6 7 7 3-500

b.d.l.=below detection limit
M&M=Average limestone composition (Mason and Moore, 1982)
Oates=Typical ranges of trace elements in commercial limestones (Oates, 1998)
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3.4 Insoluble residue and organic matter

Table 3 shows the amount of the amount of the insoluble residue of the samples including or-
ganic matter. The residue is low and ranges between 0.09 and 1.73%. It is mainly quartz, chlorite
and muscovite with lesser albite. The paragenesis quartz+chlorite+muscovite+albite confirms the
greenschist metamorphic phase of the carbonate formations. The organic matter ranges between 0
and 1.07%, being thus within the limits for carbonate rocks (Boynton, 1980).

Table 3. Insoluble residue (%), mineralogical composition of insoluble residue (wt.%) and organic matter (%) of
the Kozani carbonate rocks.

Sample Insoluble residue Quartz Chlorite Muscovite Albite Organic matter
S-MI 0.52 100 0.29
S-SI 0.16 100 0.20
B-SE 0.96 61 9 8 22 0.28
B-ME 1.22 100 0.61
B-zP 0.20 1 99 0.19
K-RY 1.73 11 37 52 1.07
K-DR 0.09 100 0.20
K-AM 0.76 52 48 1.00
BO-BI 1.23 36 64 0.20
BO-TZ 0.26 97 3 0.00
BO-PA1 0.94 18 16 66 0.15
BO-PA2 1.03 100 0.19
3.5 Milling

The primary objective of milling is to prepare sizes and mixtures of raw materials for kiln feed
that effectively and economically can be processed in the kiln to produce the desired cement (Ames
et al., 1994). Table 4 shows the percentage of powder passing the 250 um sieve after milling of the
samples in different periods of time.

In figure 2 the effect of the milling time on particle size of the samples is presented. The sam-
ples are grouped according to the regions from which they derive. As it is shown, for Siatista sam-
ples and the sample B-ZP from Vermion milling time of 105" is needed to achieve particle size
100%<250 ym. The Vourinos samples need 45"-60", while the rest of Vermion samples and the
Kozani K-RY need more time than 105" to turn to size smaller than 250 ym. Especially, the sample
B-ME from Vermion is the hardest of the studied carbonate rocks.

Table 4. Percentages (wt. %) of powder passing through the 250 pm sieve for predetermined periods of time
(sec) of the Kozani carbonate rocks.

Sample 57 757 157 2257 307 45" 60" 90" 105™
S-Mi 3343 48.09 64.00 89.62 100.00
S-SI 18.23 33.82 53.83 7545 100.00
B-SE 21.84 2334 2596 73.96 80.00
B-ME 1555 2435 3462 5187 65.00
B-ZP 2060 3839 56.56 84.64 100.00
K-RY 18.87 30.04 3391 69.30 90.00
K-DR 6.97 22.50 42.02 5350 80.00

K-AM 18.98 2695 4393 63.10 100.00

BO-BI 3116  59.69 90.90 96.96 100.00

BO-TZ 2936 66.25 86.17 97.98  100.00

BO-PA1 20.57 34.96 72.85 9579  100.00

BO-PA2 13.28 23.01 40.35 53.45 100.00
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Figure 2. Effect of milling time on particle size of the Kozani carbonate rocks.

3.6 Suitability for cement production

The composition of a typical cement kiln feed is shown in table 5. Magnesium carbonate is the
main undesirable impurity. The level of MgO in the clinker should not exceed 5%. Other manufac-
turers have established the stricter limit of 3% (Oates, 1998). The MgO is avoided because during
burning periclase is formed, which hydrates after setting and expands (Ames et al., 1994, Manning,
1995). Other restrictions are the phosphorus content (<0.2%) and the alkalies content (Ames et. al.,
1994), which could enhance reactions with amorphous silica in aggregates (Manning, 1995). The
insoluble residue should also be lower than 1.5% (Harben, 1992).

Table 5. Analysis of a typical cement kiln feed (Oates, 1998, Harben, 1992).

Components Analysis % m/m
CaO 44 .4

MgO <5

SiO, 14.3

Al,O3 3

F9203 1.1

F <0.1

Total insoluble <15

Loss on ignition 35.9
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Comparing the chemical analyses of the Kozani carbonate samples with the specified require-

ments, it can be said that:

= The dolomitic samples B-ME, K-RY and K-AM, from Vermion and Kozani, cannot be used in
cement production.

= In all the suitable samples for cement production the concentration of SiO; is <3%. The highest
amounts of SiO, were observed in the Vourinos samples with proportions ranging between
2.14-2.94%.

= The content of FexOst (total) and Al;O3 is very low. In the majority of the samples no Al,O3 was
detected while three samples (B-ZP, BO-TZ, BO-PA2) do not contain any FeyOst. In such
cases, raw materials must be added to provide the elements Fe and Al for reaching the desir-
able chemical composition of the clinker.

= The content of the samples in alkalis is pretty low. It ranges between 0.13-0.42 staying always
below 0.5%.

= The amount of the insoluble residue in the suitable for cement production samples is lower than
1.5%, thus it isn’t a prohibitive factor for their use.

= |t is known that the grain size is an important factor to the cement performance and affects
many properties of clinker. Performing the milling experiment, it is revealed that the Kozani car-
bonate rocks are ground in a very short time period and the desirable size is approached in a
few minutes.

= An important number of studies have been done on how the presence of some elements (such
as Zn, Ni, Cr, etc) affects the formation of clinker, the hydration and the performance of mortars
and concrete. Because of their low concentrations, trace elements of the studied samples have
no influence on the process of burning or the hydration process. The experiments have shown
that low concentrations (less than 0.5% wt) don’t affect the performance of cement (Murat and
Sorrentino, 1996, Stephan et. al., 1999, Frias and Sanchez de Rojas, 2002).

= The suitable for cement production Kozani carbonate rocks can, also, be added as fillers in
Portland cement, as they can affect many of its properties. Of course, the effect of limestone
addition depends on clinker type and the fineness of the cement (Heikal et al., 2000, Bonavetti
et al., 2001, Vuk et al., 2001, Tsivilis et al., 2002).

3.7 Suitability for constructions and building

The main requirement for the utilization of a material as an aggregate is the size gradation and
the uniformity of the particle size. Depending on the application the aggregates are going to be
used for, many countries have set certain specifications containing requirements for particle shape,
grading, cleanliness and mechanical properties. For example, the “flaky” or “elongated” particles
are undesirable in concrete manufacture because they affect the workability and mobility of wet
concrete and tend to reduce the strength of the hardened concrete. The same particle shape is re-
quired for unbound aggregates for roads. For sand for mortars, the particle shape is needed to be
round or cubical. The main undesirable mineral impurities are clay, organic matter, iron pyrites,
salts, shale and mica (Boynton, 1980, McCarl, 1994, Manning, 1995, Oates, 1998).

Comparing the above specifications to the results of the milling experiments, it can be said that
all the samples from the Kozani broader area can be used in constructions and building, as they
can be ground in a very short time, they can provide the desirable for each application size distribu-
tion and the shape of their particles is not flaky or elongated but round (investigated by the use of
SEM). Finally, the percentage of their insoluble residue is very low so the minerals contained in it,
are in very small quantities inside the rock and they don'’t affect the suitability of the samples as ag-
gregates.

4 CONCLUSIONS

1. The carbonate rocks of Siatista, Vermion (except the B-ME), Vourinos and the K-DR sample
from Kozani can be used as raw materials in cement industry, as they fulfill the chemical specifica-
tions.

2. These carbonate rocks can also be added as cement filler because they positively affect many
cement properties.
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Finally, all the samples from the Kozani broader area can be used as aggregates in the construc-
tion‘and building industries.
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