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Abstract

:

Samples were collected from the argillic alteration zones in Sappes area, Thrace, Northern Greece and were examined for their mineralogical composition. Results showed that the sericite zone is the most widespread type of alteration in the studied area, followed by the transitional sericite–kaolinite zone and finally the pyrophyllite-rich zone. After determination of the spatial distribution of the different argillic alteration zones, selected samples were examined for their technological ceramic properties in order to evaluate their use in ceramic production. Preliminary results showed that after beneficiation processes, the clayey raw material from the alteration zones could be used in the ceramic industry.
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1. Introduction


The Sappes area is located at the border of Essimi–Kirki and Sappes–Komotini Tertiary basins. The area is covered by volcaniclastic rocks and lavas of intermediate composition, sub volcanic intrusive rocks (dacites–andesites) and plutonic rocks (quartz monzodiorite). The above formations have been strongly altered as a result of intense hydrothermal activity. Based on preliminary results in the study area conducted by the Hellenic Survey of Geology and Mineral Exploration, HSGME (former IGME), the following alteration zones have been identified: (a) siliceous zone, (b) alunite zone, (c) sericite/argillic zone, (d) kaolinite zone, and (e) pyrophyllite zone [1,2,3].



Similar deposits formed by hydrothermal alteration of intrusive rhyolite have been widely used as ceramic argillaceous raw materials in Japan since the 17th century [4]. They are usually of Quaternary or Tertiary age and are referred to as Toseki or Roseki clays (porcelain or pottery stone deposits). Toseki clays are composed mainly of sericite; kaolinite and quartz and Roseki consist mainly of pyrophyllite, kaolinite with or without sericite and quartz [4,5,6,7]. Kaolin deposits formed by hydrothermal alteration of rhyo-andesite is also classified as Roseki in Japan, even though it is composed mainly of kaolinite [4]. In Sardinia, Italy, kaolinitic clays associated with Oligo–Miocene calcalkaline andesites-rhyolites have found applications in the ceramic industry. These volcanogenic kaolinites are mainly composed of kaolinite, silica phases (quartz and cristobalite) and minor smectite and have been used as components in whiteware production [8,9].



In the present contribution extended petrographic, mineralogical and geochemical studies have led to the determination of the spatial distribution of the “argillic” alteration zones in the area and the detailed description of the mineral assemblages present in the aforementioned zones. In the term “argillic” we include the sericite zone, which is the most prevalent type of alteration in the study area, the transitional sericite–kaolinite zone which is found either as sericite-rich or kaolinite-rich assemblages and the pyrophyllite-rich altered rocks. Samples from the argillic alteration zones were also examined for their technological properties in an attempt to evaluate their ceramic behavior and their potential use in the ceramic industry.




2. Materials and Methods


Overall 70 samples were collected from the Tertiary basins of Sappes area, Thrace, NE Greece. All samples were analyzed for the determination of their mineralogical composition with X-ray diffraction (XRD) using a Panalytical X’pert-Pro X-ray diffractometer, Cu-Kα radiation, graphite monochromator, 30 kV and 40 mA. The random powder mounts of samples were scanned from 2 to 70° 2θ, with a scanning step 2θ° = 0.01° and 3 s scanning time per step. The <2 µm clay fraction was separated by settling and dried on glass slides at room temperature. The glass slides were ethylene glycol (EG) solvated at 60 °C overnight. XRD analysis was performed from 2 to 35° 2θ, scanning step 2θ° = 0.03° and step time t = 5 s.



After determination of the spatial distribution of the different argillic alteration zones, three composite samples were prepared for the examination of the technological properties (one for each alteration zone). The composite samples for the technological tests were prepared by mixing two or three different samples from each alteration zone: (a) the sericite zone (illite sample), (b) the transitional sericite–kaolinite zone (illite–kaolinite sample) and (c) the pyrophyllite-rich altered zone. The samples were ground, split, homogenized and analyzed for their mineralogical composition with XRD. Particle size analysis was performed using a Malvern Mastersizer 2000. The Atterberg limits (liquid limit, LL and plastic limit, PL) were determined using the Casagrande cup.



Experimental briquettes were made from each of the mixed samples, in order to examine their microstructure and their consistency after firing. The briquettes were left to dry for a week at room temperature and then were fired at 1200 °C (at a rate of 4 °C/min), for 1h at soaking temperature. The color of the briquettes was recorded based on Munsell Chart Colors. The briquette made from the sericite zone (illitic raw material) had a very pale brown color (10YR 8/3) and obtained a white pale yellow color (2.5Y 8/1-8/2) after firing (Figure 1). The sample from the sericite-kaolinite zone (illitic+kaolinitic raw material) gave a light gray (10YR 7/2) color in the wet state of the briquette and a white (2.5Y 8/1) color after firing. The raw material from the pyrophyllite-rich altered zone had a light gray-white (10YR 7/1-8/1) color at the wet state and after firing a white color (gley 1 8/N). All the studied experimental briquettes were in a good condition after firing, showing consistency and no cracking.



For the study of the microstructure and textural characterization, the observation was made on pieces of fresh fractured surfaces obtained from the briquettes (after firing at 1200 °C) by using a pinch or a chisel. The microstructural analysis was performed on gold coated fresh fractures of the fired briquettes using a JEOL 6300 SEM in the Laboratory of Electron Microscopy and Microanalysis at the University of Patras, Greece.




3. Results and Discussion


3.1. Mineralogical and Petrographical Characteristics


X-ray diffraction patterns of random powder mounts and optical microscopy results revealed the mineralogy of the argillic alteration zones. The samples from Sappes area are generally characterized by the presence of illite, kaolinite, quartz, and pyrophyllite. In general, the sericite zone is the most widespread type of alteration in the studied area, followed by the transitional sericite–kaolinite zone and finally the pyrophyllite-rich zone. The sericite zone is mainly composed of sericite (illite), and quartz with occasionally minor kaolinite. The transitional sericite–kaolinite zone is encountered either as sericite-rich or kaolinite-rich assemblages in the study area and is mainly composed of sericite and kaolinite—in variable contents—and quartz. The pyrophyllite-rich zone is mainly composed of pyrophyllite with or without kaolinite and quartz. In some of the samples minor sericite is also present. Sericite content ranges from about 54% in the sericite zone to very low in the kaolinite and pyrophyllite rich assemblages (approximately 2%), kaolinite ranges from 13 to 55% in the transitional sericite–kaolinite zone and pyrophyllite reaches up to 68% in the pyrophyllite-rich zone. Traces of rutile, alunite and/or jarosite may also be present in the samples from all alteration zones.



The examination of the samples under polarizing microscope showed that the primary texture has been destroyed while the phenocrysts have been completely replaced by fine-grained clay alteration (Figure 2). Sericite is replacing feldspar phenocrysts usually as fine-grained aggregates or in places as needlelike fine-grained crystals or in patchy anomalous brown clasts. Kaolinite is found as fine-grained aggregates or compact masses and pyrophyllite is present as fine-grained foliated laminae, rarely massive. Locally, cavities consisting of microcrystalline quartz and sericite indicate that there were multiple fluid events. Interlocking, anhedral quartz also fills cavities.



X-ray diffraction patterns of the <2 μm fraction of samples collected from the studied area from all the argillic alteration zones are shown in Figure 3. The clay fraction (<2 μm) of the samples is clearly dominated by illite in the sericite zone, illite and kaolinite in the samples from the transitional sericite–kaolinite zone and pyrophyllite and kaolinite (±illite) in the pyrophyllite-rich zone.




3.2. Physical and Technological Properties


The liquid limit (LL or WL) and the plastic limit (PL or Wp) were measured for the three “mixed” samples produced by the mixing of samples from the sericite zone (illite sample), the transitional sericite–kaolinite zone (illite–kaolinite sample) and the pyrophyllite-rich altered zone. The value of the plasticity index (Ip) was calculated as the difference between the liquid limit and the plastic limit. The plasticity of most of the samples showed an average Ip which ranges between ~2% and 10%.



The values obtained for LL and the Ip were plotted on the modified Casagrande’s plasticity chart by Holtz and Kovacs [10]. Figure 4a shows that the studied samples are plotted in the area below line A (representing a boundary between clay-like materials and silty materials) and under the boundary line of 50 (representing the boundary between low and high liquid limits). Thus, the samples from the sericite zone (illite sample) and the transitional sericite–kaolinite zone (illite–kaolinite sample) evaluated here are characterized as moderate plastic clays, whereas pyrophyllite is characterized as a low plastic clay. Similarly, the plotting of the values obtained for the PL and Ip on the plasticity chart proposed by Bain and Highley [11] and later modified by Marsigli and Dondi [12] (Figure 4b) shows that the analyzed raw materials are classified as poorly plastic clays, whilst the pyrophyllite-rich sample is characterized as poorly plastic with a quite low plasticity index (~2 wt.%).



The differences in the plasticity of the studied samples are highly related to the differences in their mineralogical composition and particularly the abundance of kaolinite and pyrophyllite. Kaolin deposits of similar origin have low plasticity mainly due to their larger particle size; however, they are widely used in the manufacture of ceramics as they offer whiteness to the body [13]. Mixtures of kaolinite with fine-grained sericite (illite) are traditionally used in ceramics [14] such as white porcelain [6,7] and porcelain stoneware tiles [15]. In general, the addition of illite provides plasticity in the mixture and acts as a fluxing agent [7,15]. Pyrophyllite clays (roseki clays), although they present low plasticity, are widely used in ceramics, as pyrophyllite has excellent volume stability, decreases thermal expansion and offers resistance to deformation at high temperatures [7,16,17].




3.3. Microstructure


The textural characterization of pieces after firing was observed in a fractured surface from the briquettes. The examination of the microstructure using SEM showed the formation of large spherical pores and an extensive vitrification for the briquette made from the sericite zone (illitic raw material) after firing at 1200 °C (Figure 5a). The briquette made from the sericite–kaolinite zone (illitic+kaolinitic raw material) exhibited differences in the microstructure after firing. A higher percentage of small pores are observed and locally large spherical pores have been formed (Figure 5b). The briquette made from the pyrophyllitic raw material shows an extensive vitrification with the formation of few irregular pores (Figure 5c).



The variations in the microstructure of the different fired samples are consistent with their mineralogical composition with respect to the different content of illite in the studied raw materials (for the illitic and the illitic+kaolinitic raw material). This is expected inasmuch as illite acts as a fluxing agent and enhances the formation of large pores at the surface of the body [15] which is a desirable characteristic in ceramics (closed porosity). On the contrary, increased contents of pyrophyllite as in the present case result in early vitrification [18] although eventually they lead to an improvement of the thermo–mechanical properties of the specimens [17].





4. Conclusions


The alteration zones that have been identified in the Sappes area, Thrace, Northern Greece are: (a) siliceous zone, (b) alunite zone, (c) sericite/argillic zone, (d) kaolinite zone, and (e) pyrophyllite zone. Detailed mineralogical, petrographic and geochemical studies have led to the determination of the spatial distribution of the argillic alteration zones and the description of the mineral assemblages present in the alteration zones. Selected samples from the alteration zones were also examined for their technological ceramic properties. Preliminary results showed that after beneficiation processes, the clayey raw material from the studied argillic alteration zones could be considered for exploitation for the ceramic industry. Future research should be focused on the chemical–mineralogical and technological assessment and the behavior in the ceramic working cycle to confirm this possibility.
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Figure 1. Experimental briquettes from the studied samples (a) in the unfired state and (b) after firing at 1200 °C. 
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Figure 2. Representative photomicrographs from thin sections of the samples from the argillic alteration zones under crossed polars: (a) relics of feldspar crystals that have been completely replaced by clay alteration (sericite, kaolinite) from the transitional sericite–kaolinite zone. Quartz is fine grained in masses often with undulose extinction; (b) pyrophyllite as well-defined fine-grained foliated laminae or in fine-grained masses together with kaolinite (low 1st order gray colors) (from the pyrophyllite-rich zone). Dark brown patches in Figure 2b are jarosite crystals. 
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Figure 3. X-ray diffraction patterns of the <2 μm fraction of the samples. ill: illite, kao: kaolinite, pyr: pyrophyllite (red line: sericite zone, blue line: pyrophyllite-rich zone, black line: transitional sericite–kaolinite alteration zone). 
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Figure 4. (a) Plot of the studied samples and the common clay minerals on the Casagrande’s Plasticity chart after [10], and (b) Classification of molding behavior using plastic limits (PL) and plasticity index (Ip) values (after [12]). I: illite sample (sericite zone), I+K: illite+kaolinite sample (transitional sericite-kaolinite zone), Pyr: pyrophyllite sample (pyrophyllite-rich zone). 
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Figure 5. SEM images of fractured surfaces from the briquettes after firing at 1200 °C. (a) Sericite zone; (b) transitional sericite–kaolinite zone; (c) pyrophyllite-rich zone. 
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