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Abstract

The influence of firing conditions on the chemical composition of the major pyrometamorphic phases of Ca-, Fe-rich Plio-Pleistocene sediments
of NW Peloponnese is studied. These sediments have been used in the production of ceramic artefacts for a large historical period and are still in
use by the local heavy clay industry. Firing conditions were oxidising (CO/CO,, %, ranging from 0.2 to 4.4) or reducing atmosphere (CO/CO,,
%, ranging from 11.2 to 23.0), for a temperature range 850—1050 °C. At 850 °C, for both atmospheres, fassaite and gehlenite are the predominant
new minerals with anorthite and wollastonite also formed in a small quantity. Up to 950 °C, the chemistry of minerals in oxidising and reducing
conditions does not exhibit considerable differences. Fe** is present even in reducing atmosphere entrapped in the structure of fassaite, gehlenite,
anorthite. At 1050 °C, in reducing atmosphere, more hedenbergite component (CaFe?*Si,Og) incorporates in fassaite, whereas the ferrigehlenite
component (CazFe§+SiO7) is absent from gehlenite structure. Fe** is detected only in fassaite and anorthite structure. The work concludes with a
summary of the results from Part I and Part I, in the form of a reverse engineering table for the determination of the firing conditions in a ceramic
body by using analytical information. Three examples are given that compare ancient ceramic sherds with ones reproduced in laboratory conditions

and demonstrate the effectiveness of this approach.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The minerals and their particle size distribution in con-
junction with the firing conditions (temperature, atmosphere,
soaking time, heating and cooling rate) are the main factors
which influence the mineralogical and microstructural transfor-
mation during ceramic processing.

Focusing on the firing process, the firing atmosphere has
often been neglected as one of the most crucial parameters in
determining the final body properties. To provide more experi-
mental work in this area, ceramics were fired in oxidising and
reducing atmosphere in a propane-firing kiln. Raw materials
were collected from local Plio-Pleistocene sediments, close to
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Patras, prefecture of Achaia, NW Peloponnese. Excavations in
this region have demonstrated an activity of ceramic manufac-
turing during Archaic (6 ¢. B.C.), Hellenistic (3" ¢. B.C.) and
Roman (1%-3" ¢. A.D.) period.! A number of findings, such as
the mineralogy and particle size distribution and most notably
the geochemistry between ceramics and clay sediments®> has
supported that the collected fine wares have been most probably
produced from the clay sediments used in this study without any
preparation (e.g. levigation, settling, sieving).

In the previous work, Part I, emphasis was placed on unrav-
elling the high temperature reactions that take place, in the
qualitative and quantitative determination of the crystalline
phases as well as on the analysis of the microstructure. In the sec-
ond part presented herein, emphasis is placed on an elaborative
microchemical analysis and on the comparison of ancient sherds
with replicas prepared under laboratory conditions. The latter
signifies one of the main tasks of this work which was to provide
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Fig. 1. Backscattered electrons’ images of polished surfaces after firing of: (a) TS in oxidising atm., 7=850°C, (b) TH in reducing atm., 7=950°C, (c) TS in
oxidising atm., 7=1050°C, (d) TH in oxidising atm., T=1050°C, (e) TH in reducing atm., 7=1050°C, (f) G in reducing atm., 7= 1050 °C. Abbreviations: Qtz,
quartz; Ab, albite; An, anorthite; Sa, sanidine; Fs, fassaite; Gh, gehlenite; Wo, wollastonite; am, amorphous phase; Mi, muscovite; Cc, partially decomposed calcite;
Pv, perovskite; Ru, rutile; ML, interstratified muscovite-chlorite.

the tools for a reverse engineering approach: to function as a ref- 2. Experimental

erence guide after analysis of the ancient body, in order to deduce

the firing conditions of the ancient firing and thus duplicate in Three representative raw materials, G, TS and TH, of Plio-
laboratory conditions (for verification) the ceramic body. Pleistocene sedimentary deposits of NW Peloponnese, have
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been used. Detailed information concerning their chemistry,
mineralogy, particle size distribution as well as information
about the preparation of the samples and the firing is given
elsewhere®> and only a summary will be present herein.

Sample TH has the highest CaO content, 14.0wt% approx-
imately, whereas sample G contains the lowest amount of
CaO, 9.5wt% approximately, and the highest fraction of clay
minerals, 14.0wt% approximately. Remarkable mineralogical
differences are not observed; all samples consist of quartz,
albite (NaAlSi3Og), orthoclase (KAI1Si3Og), calcite (CaCO3),
white mica (illite/muscovite, K(Al,Mg,Fe),(Siz,A1)O10(OH)>),
Fe-rich chlorite (Mg, Fe2+)5Al((Al,Sig)Olo)(OH)g) and mixed-
layer clay minerals (white mica/chlorite, chlorite/vermiculite,
illite/smectite).

Eighteen specimens were prepared by crushing the raw mate-
rials by hand in an agate mortar, mixing with water and shaping
the plastic mass in discs, of 5Scm dia. by 1.5 cm height. The
discs were dried at room temperature for 5 days, and they were
then placed in a resistance oven at 50 °C for 24 h. Firing was
performed in a propane-firing kiln. The heating and cooling rate
was in all cases 3 °C min™!, firing temperature was 850, 950 and
1050 °C and soaking time was 1 h. The firing atmosphere in gas
kiln was controlled by regulating the primary and secondary air
flow; Bernoulli-type burners were used. Firing initiated in oxi-
dising atmosphere and the transition to reducing atmosphere,
where applicable, took place for T >800 °C and throughout the
soaking period. During cooling, the settings for the burners were
not modified initially, however, for T <800 °C the atmosphere

Fig. 2. Elemental mapping on polished surface of TS after firing in reducing atm. at 1050 °C. Top row: secondary electrons’ image of the surface, middle row, left
to right Si, Mg, Al, bottom row, (left to right) Fe, K, Ca. Spot analyses: aluminium ferroan diopside 1 (Table 2), 2, 3, anorthite 4 (Table 5), labradorite 5, amorphous

phase 6-8.
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Table 1
Representative EDS-analyses (wt%) and cation proportion (a.p.f.u.) of fassaite crystals in samples fired at 850 and 950 °C in oxidising (ox) and reducing (rd)
atmosphere.

G G TH TH TS TS G G TH TH TS TS

850°C 950°C 850°C 950°C 850°C 950°C 850°C 950°C 850°C 950°C 850°C 950°C

0X 0x 0x [V 0xX ox rd rd rd rd rd rd
Si0, 38.20 36.33 38.52 32.11 41.11 34.39 42.19 37.58 39.99 35.85 40.11 37.92
TiO, 1.12 1.53 0.22 - 0.26 0.28 0.42 0.15 - - 0.25 0.20
AL O3 16.53 16.45 17.51 16.79 17.6 17.7 14.32 19.38 16.28 16.78 16.68 15.99
Fe,03 13.94 14.53 14.52 20.61 14.02 19.20 10.22 13.33 12.56 13.59 15.05 13.95
MnO - - - - - 0.21 - 0.67 - - 0.02 0.23
MgO 5.83 7.06 7.17 5.67 7.08 6.35 8.21 10.78 5.30 9.98 8.08 7.90
CaO 23.44 22.74 21.53 23.81 19.21 20.19 24.23 17.08 24.98 22.48 19.21 22.29
Na,O 0.67 0.83 0.23 0.35 0.26 0.48 0.23 0.49 0.43 0.71 0.33 0.85
K,O 0.09 0.51 0.21 0.22 0.33 0.84 0.09 0.50 0.33 0.19 0.16 0.44
Total 99.82 99.98 99.91 99.56 99.87 99.64 99.91 99.96 99.87 99.58 99.89 99.77
Numbers of ions on the basis of 60
Si 1.464 1.385 1.467 1.256 1.567 1.333 1.591 1.404 1.527 1.348 1.523 1.438
VAl 0.536 0.615 0.533 0.744 0.433 0.667 0.409 0.596 0.473 0.652 0.477 0.562
VIAL 0.210 0.124 0.252 0.029 0.356 0.142 0.227 0.257 0.259 0.090 0.269 0.153
Ti 0.032 0.044 0.006 - 0.007 0.008 0.012 0.004 - - 0.007 0.006
Fe** 0.344 0.416 0.295 0.606 0.287 0.560 0.198 0.374 0.274 0.384 0.230 0.398
Fe2* 0.064 - 0.133 - 0.127 - 0.102 - 0.096 - 0.223 -
Mg 0.333 0.401 0.407 0.331 0.402 0.367 0.461 0.601 0.302 0.560 0.457 0.447
Mn - - - - - 0.007 - 0.021 - - 0.001 0.007
Ca 0.962 0.929 0.878 0.997 0.784 0.839 0.979 0.684 1.022 0.905 0.782 0.906
Na 0.050 0.061 0.017 0.027 0.019 0.036 0.017 0.035 0.032 0.052 0.024 0.063
K 0.004 0.025 0.010 0.011 0.016 0.042 0.004 0.024 0.016 0.009 0.008 0.021
M1 +M2 1.99 2.00 1.99 2.00 1.99 2.00 2.00 2.00 2.00 2.00 2.00 2.00
VIAL+Fe** 0.554 0.540 0.547 0.635 0.643 0.702 0.425 0.631 0.533 0.474 0.499 0.551
(Fe3* Al)/(Fe?*Si).710 0.830 0.680 1.100 0.640 1.030 0.490 0.870 0.620 0.840 0.560 0.770

was inverted to oxidising as there was not practical effect on
reduction.

For comparison, ancient ceramic sherds dating from the
second half of 1% ¢c. A.D. until the end of 3" ¢. A.D. have
been used. These sherds represent Roman lamps and derive
from two workshops excavated in the city of Patras.! The
colour of the body was determined by comparison with Mun-
sell soil colour chart. The crystalline phases were identified by
X-ray powder diffraction analysis (Bruker D8 Advance, USA)
equipped with a LynxEye® detector. Qualitative analysis was
performed by the DIFFRACP'"S EVA® software (Bruker-AXS,
USA) based on the ICDD Powder Diffraction File. The quan-
tification of minerals was carried out using a Rietveld-based
quantification routine with the TOPAS® software (DIFFRACP!"S
TOPAS Ver. 3.0 Tutorial, Bruker-AXS, USA). Details on the
X-ray powder diffraction analysis can be retrieved in Part I
The chemical composition of major elements was conducted
by inductively coupled plasma-optical emission spectrometry
(ICP-OES) at ACTLABS, Ancaster, Ontario, Canada. Detec-
tion limit for major elements is 0.01%. The analytical precision
calculated from replicate analysis of one sample is better than
+1%.

The chemical analysis of pyrometamorphic crystalline phases
was performed on carbon coated thin sections, using scanning
electron microscopy, SEM (JEOL 6300, Japan) fitted with an
energy dispersive X-ray spectrometer, EDS (LINK PentaFET
6699, Oxford Instruments, U.K.). Natural minerals and synthetic
oxides were used as calibration standards.

3. Results and discussion

From 850°C and for both oxidising and reducing atmo-
spheres, fassaite, gehlenite, anorthite and wollastonite have
started to crystallise as XRD patterns reveal.> The majority of
the EDS-analyses for fassaite and gehlenite at 850 and 950 °C
have been performed on a thin rim around pores of pre-existing
calcite, where fassaite and gehlenite have been formed as the
result of calcite with clay reactions, whereas a smaller number
of analyses have been performed within the micromass (Fig. la
and b). Uncompleted decomposition of calcite grains has been
found in all bodies up to 950 °C for both atmospheres (Fig. 1a
andb). In sample TH, partially decomposed calcite grains appear
more often as a result of higher calcite quantity (approximately
14.0 wt% CaO in the raw mixture) and larger grain size (up to
200 wm). Fassaite and gehlenite were detected also at the edge
of fine grained phyllosilicates whereas gehlenite and wollas-
tonite form a very thin rim (up to 2 um) around boundaries of
small quartz grains (Fig. 1a and b). Although the crystallisa-
tion of anorthite is inferred at 850 °C from XRD patterns, it has
been possible only on a few occasions to be detected by electron
microscopy at that temperature, probably due to a very small
crystal size.

In both atmospheres at 1050°C, the white rim in BSE
images around pores and the rim around primitive (i.e. originally
present) grains is more clearly discernible, implying that the
crystal growth of the new phases is enhanced at these conditions
(Fig. lc—f). Compared to oxidation at 1050 °C (Fig. 1c and d),



Table 2

Representative EDS-analyses (wt%) and cation proportion (a.p.f.u.) of fassaite (Fs) and aluminium ferroan diopside (Di) crystals in samples fired at 1050 °C in oxidising (0x) and reducing (rd) atmosphere. The

whole database is available after request from the authors.

G G G TH TH TH TS TS TS G G G TH TH TH TS TS TS(1)

ox ox ox ox ox ox oxX ox ox rd rd rd rd rd rd rd rd rd

Fs Fs Fs Fs Fs Fs Fs Fs Fs Fs Fs Di Fs Fs Di Fs Fs Di
SiOy 41.12 34.93 33.67 40.26 29.59 35.65 40.54 41.99 38.71 46.2 44.18 46.33 47.75 41.02 51.09 50.34 40.45 49.59
TiO, 0.51 - 0.39 - - 0.26 - 0.27 - 1.08 - 0.65 0.68 0.59 - 0.34 0.02 0.65
Al O3 14.42 12.67 17.65 16.24 17.57 14.76 17.53 15.32 16.20 8.92 13.19 9.51 8.47 16.57 3.48 3.72 16.31 5.79
Fe, 03 14.51 20.21 16.82 15.42 22.43 19.29 12.45 11.31 14.06 14.88 12.98 13.34 12.40 12.37 15.22 13.76 13.6 14.25
MnO 0.28 - 0.39 - - - - - - - - 0.62 - - - - - -
MgO 8.43 8.43 10.37 6.62 6.45 8.24 6.16 7.86 7.45 7.25 6.60 8.26 8.51 6.16 7.82 7.80 8.03 11.15
CaO 19.65 23.53 19.33 20.24 23.18 20.57 21.87 22.31 23.12 20.77 22.55 20.77 20.68 21.94 21.76 23.33 20.73 17.63
Na20 0.70 - 0.55 1.16 0.45 0.38 0.77 0.54 0.21 0.51 0.32 0.23 0.98 0.85 0.32 0.48 0.40 0.52
K,O 0.33 - 0.86 - 0.32 0.31 0.65 0.33 0.07 0.31 0.15 0.19 0.42 0.39 0.17 0.25 0.42 0.38
Total 99.95 99.77  100.03 99.94 99.99 99.46 99.97 99.93 99.82 99.92 99.97 99.90 99.89 99.89 99.86 100.02 99.96 99.96
Numbers of ions on the basis of 60
Si 1.560 1.359 1.270 1.531 1.151 1.382 1.533 1.582 1.478 1.773 1.689 1.766 1.808 1.554 1.970 1.935 1.530 1.876
VAl 0.440 0.580 0.730 0.469 0.805 0.618 0.467 0.418 0.522 0.227 0.311 0.234 0.192 0.446 0.030 0.065 0.470 0.124
VIAL 0.204 - 0.054 0.258 - 0.056 0.314 0.262 0.207 0.176 0.283 0.193 0.186 0.294 0.128 0.104 0.256 0.134
Ti 0.015 - 0.011 - - 0.008 - 0.008 - 0.031 - 0.019 0.019 0.017 - 0.010 0.001 0.018
Fe3* 0.271 0.591 0.477 0.298 0.656 0.562 0.256 0.211 0.404 0.058 0.258 - 0.085 0.199 - 0.109 0.264 0.028
Fe* 0.159 - - 0.159 - - 0.109 0.122 - 0.413 0.128 0.426 0.298 0.170 0.491 0.322 0.136 0.419
Mg 0.477 0.489 0.583 0.375 0.374 0.476 0.347 0.442 0.424 0.415 0.376 0.469 0.480 0.348 0.450 0.447 0.453 0.629
Mn 0.009 - 0.012 - - - - - - - - 0.020 - - - - - -
Ca 0.799 0.981 0.781 0.825 0.966 0.854 0.886 0.901 0.946 0.854 0.924 0.848 0.839 0.891 0.899 0.961 0.840 0.715
Na 0.051 - 0.040 0.086 0.034 0.029 0.056 0.039 0.016 0.038 0.024 0.017 0.072 0.062 0.024 0.036 0.029 0.038
K 0.016 - 0.041 - 0.016 0.015 0.031 0.016 0.003 0.015 0.007 0.009 0.020 0.019 0.008 0.012 0.020 0.018
M1 +M2 2.00 2.00 1.99 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 1.99 2.00 2.00 2.00 2.00 1.99
VIAL+Fe+ 0.475 0.530 0.531 0.556 0.611 0.618 0.570 0.473 0.611 0.234 0.541 0.193 0.271 0.493 0.128 0.213 0.520 0.162
(Fe* Al)/(Fe?*Si) 0.532 0.861 0.990 0.608 1.269 0.890 0.631 0.522 0.770 0.210 0.468 0.088 0.128 0.544 0.064 0.123 0.594 0.070
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Table 3
Representative EDS-analyses (wt%) and cation proportion (a.p.f.u.) of gehlenite crystals in samples fired at 850 and 950 °C in oxidising (ox) and reducing (rd)
atmosphere.
G G TH TH TS TS G G TH TH TS TS
850°C 950°C 850°C 950°C 850°C 950°C 850°C 950°C 850°C 950°C 850°C 950°C
ox ox ox ox ox ox rd rd rd rd rd rd
Si0, 30.16 29.19 29.46 31.47 30.46 32.32 31.95 32.20 31.87 36.11 30.70 32.93
TiO, - 0.15 - 0.45 - 0.56 - 0.74 - - 0.79 -
AL O3 18.79 17.11 18.64 16.34 16.13 16.04 17.97 15.60 17.32 12.95 20.23 17.63
FeO 7.67 9.00 8.96 6.94 9.97 6.91 4.87 7.13 7.69 6.53 523 4.80
MnO - 0.30 - 0.30 - - - - - - - -
MgO 3.48 4.77 3.13 4.88 3.84 4.13 4.89 4.71 3.55 5.00 3.31 3.90
CaO 38.10 38.39 39.77 38.87 38.98 39.54 39.55 38.68 39.33 38.38 39.09 38.47
Na,O 0.80 0.34 - 0.13 0.34 0.27 0.35 0.61 0.11 0.67 0.52 0.77
K,O - 0.42 - 0.51 0.09 - - 0.21 0.02 0.27 - 0.42
Total 99.00 99.67 99.96 99.89 99.81 99.77 99.58 99.88 99.89 99.91 99.87 99.92
Numbers of ions on the basis of 140
Si 2.834 2.759 2.785 2.949 2.899 3.031 2.970 3.023 2.992 3.371 2.852 3.069
Al 2.079 1.905 2.075 1.803 1.808 1.771 1.967 1.725 1.915 1.424 2.213 1.935
Ti - 0.011 - 0.032 - 0.040 - 0.052 - - 0.055 -
Fe?* - - 0.316 0.157 0.398 0.307 0.155 0.324 0.393 0.510 0.233 0.374
Fe** 0.542 0.640 0.352 0.348 0.356 0.212 0.201 0.212 0.190 - 0.156 0.070
Mn - 0.024 - 0.024 - - - - - - - -
Mg 0.487 0.672 0.441 0.682 0.545 0.577 0.678 0.659 0.497 0.696 0.458 0.542
Ca 3.836 3.888 4.028 3.903 3.975 3.973 3.939 3.891 3.956 3.839 3.891 3.841
Na 0.146 0.062 - 0.024 0.063 0.049 0.063 0.111 0.020 0.121 0.094 0.139
K - 0.051 - 0.061 0.011 - - 0.025 0.002 0.032 - 0.050
Cations 9.924 10.012 9.997 9.983 10.055 9.960 9.973 10.022 9.965 9.993 9.952 10.020

more amorphous phase, crowded with crystal nuclei, develops
in reducing atmosphere (Fig. le and f). The elemental mapping
of TS fired in reduction at 1050 °C, Fig. 2, provides insight in
the neomineralisation which took place after the diffusion of
CaO and the structural breakdown of the interstratified chlorite-

Table 4

white mica phyllosilicate grain (centre of the image, enrichment
mainly in Mg, Fe, Si, Al and to a lesser extent in K), with or
without the participation of quartz (reactions (4), (7) and (8)
in Part I°). The newly formed minerals are: Ca-rich plagioclase
(anorthite), analyses 1, 2, high level in Ca, Al, Si; aluminium fer-

Representative EDS-analyses (wt%) and cation proportion (a.p.f.u.) of gehlenite crystals in samples fired at 1050 °C. The whole database is available after request

from the authors.

Gox Gox Gox THox THox THox TSox TSox TSox Grd Grd Grd THrd THrd THrd TSrd TSrd TS rd
SiO, 3245 29.19 30.18 3345 2936 2943 30.62 30.09 3321 30.99 33.09 3359 34.17 32.81 3582 31.57 33.63 34.12
TiO, - 0.15 - - - - 020 028 045 041 - - - - - - - -
Al,O3 1588 17.11 16.99 11.09 17.59 1558 1548 1395 1548 1835 1524 17.83 1685 19.81 14.13 19.88 17.15 15.64
FeO 6.25 9.00 10.7 11.61 1038 11.59 9.59 1090 6.86 793 644 408 466 4.6l 5.43 5,66 456 598
MnO 0.35 0.30 - - - 041 - - - - - - - - - - - -
MgO 525 477 254 470 238 465 4.65 5.56  4.65 226 502 4.08 397 273 463 2.87 475 459
CaO 38.88 38.39 39.47 39.09 39.02 37.61 3897 37.63 38.61 39.15 40.08 4040 39.52 38.97 40.00 39.92 3926 39.62
Na, 0 042 034 - - - 030 030 039 041 0.15 - - 049 049 - - 049 -
K;0 0.31 042 - - - 0.45 0.15 084 012 010 - - - 027 - - - -
Total 99.79 99.67 99.88 99.94 98.73 100.00 99.96 99.64 99.79 99.34 99.87 99.98 99.66 99.69 100.01 999  99.84 99.95
Numbers of ions on the basis of 140
Si 3.032 2759 2872 3.191 2834 2791 2.892 2864 3.103 2947 3.110 3.104 3.173 3.042 3.323 2945 3.118 3.181
Al 1.747 1905 1904 1246 2.000 1.740 1.722 1.564 1.704 2.055 1.687 1941 1.843 2.163 1.544 2.184 1872 1.717
Ti - 0.011 - - - - 0.014 0.020 0.032 0.029 - - - - - - - -
Fe?* 0.156 - 0.398 0479 0515 - 0.158 - 0.313 0.631 0.506 0.315 0.362 0.358 0.421 0442 0.354 0.466
Fe?* 0.299 0.640 0.408 0402 0.290 0.826 0.539 0.780 0.201 - - - - - - - - -
Mn 0.028 0.024 - - - 0.033 - - - - - - - - - - - -
Mg 0.731 0.672 0360 0.668 0.342 0.657 0.655 0.789 0.648 0.320 0.703 0.562 0.550 0.377 0.640 0.399 0.656 0.638
Ca 3.892 3.888 4.025 3.996 4.036 3.821 3.944 3.837 3.866 3989 4.036 4.000 3.932 3872 3.975 3.990 3.899 3.957
Na 0.076  0.062 - - - 0.055 0.055 0.072 0.074 0.028 - - 0.088 0.088 - - 0.088 -
K 0.037 0.051 - - - 0.054 0.018 0.102 0.014 0.012 - - - 0.032 - - - -
Cations 9.998 10.012 9.967 9.982 10.017 9.977 9.997 10.028 9.955 10.011 10.042 9.922 9.948 9.932 9903 9.960 9.987 9.959
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Table 5

Representative EDS-analyses (wt%) and cation proportion (a.p.f.u.) of anorthite and wollastonite crystals in samples fired at 1050 °C.

Sample G TH TS G TH TS G TH TS G TH TS
Atm ox ox ox rd rd rd ox ox ox rd rd rd
Mineral An An An An An An Wo Wo Wo Wo Wo Wo
SiOy 47.71 49.34 44.36 43.82 45.73 48.54 47.68 47.88 49.19 50.59 50.95 49.95
TiO, - - - - - 0.20 - - - - - -
Al,O3 29.95 28.24 31.02 31.99 32.75 31.18 4.21 3.31 2.98 1.41 0.94 1.29
Fe,03 1.19 3.29 1.01 222 2.16 0.57 - - - - - -
FeO - - - - - - 2.11 0.92 1.21 0.85 0.70 2.14
MnO - - - - - - - - - - - -
MgO 0.13 1.29 1.81 0.84 0.39 0.19 1.38 1.11 0.78 0.79 0.63 -
CaO 19.17 15.19 18.8 19.61 17.36 17.2 44.41 45.35 45.73 45.98 46.8 46.04
Na,O 1.13 1.46 1.80 0.98 0.99 1.23 - 0.33 - - - -
K,O 0.69 1.03 0.82 0.46 0.65 0.60 - 0.12 - - - 0.38
Total 99.97 99.84 99.62 99.92 100.03 99.71 99.79 99.02 99.89 99.62 100.02 99.80
Numbers of ions on the basis of 320 Numbers of ions on the basis of 180

Si 8.877 9.148 8.359 8.238 8.490 8.955 5.565 5.632 5.719 5.882 5.908 5.856
Al 6.562 6.166 6.884 7.082 7.160 6.775 0.579 0.459 0.408 0.193 0.128 0.178
Fe3* 0.166 0.459 0.143 0.314 0.301 0.079 - - - - - -
Fe?* - - - - - - 0.206 0.091 0.118 0.083 0.068 0.210
Ti - - - - - 0.028 - - - - - -

Mn - - - - - - - - - - - -

Mg 0.036 0.357 0.508 0.235 0.108 0.052 0.240 0.195 0.135 0.137 0.109 -

Ca 3.821 3.017 3.796 3.950 3.453 3.400 5.554 5.716 5.696 5.727 5.814 5.783
Na 0.408 0.525 0.658 0.357 0.356 0.440 - 0.075 - - - -

K 0.164 0.244 0.197 0.110 0.154 0.141 - 0.018 - - - 0.057
Cations 20.034 19916  20.545 20.286  20.022 19.870 12.140 12.186 12.080 12.020 12.030 12.084
Ab 9.3 139 14.1 8.1 9.0 11.1

An 87.0 79.7 81.6 89.4 87.1 85.4

Or 37 6.4 42 2.5 39 35

roan diopside, analyses 3—5, high level in Fe, Mg, Al; Fe-oxides,
high level only in Fe. Potassium (K) from the mica structure has
diffused in the micromass. At the right area, around the quartz
grain, the structure seems amorphous based on the morphol-
ogy and the composition: 57-59 wt% SiO2, 9-18 wt% Al>03,

3-9 wt% FeO, 1-4 wt% MgO, 8-13 wt% CaO, 1.5-5 wt% K0
and 1-3 wt% NaO.

Representative chemical analyses for new minerals crys-
tallised at 850, 950 and 1050 °C, are presented in Tables 1-5.
The reported data cover only the minerals that had a crystal size

Table 6
Summary report of firing properties of Plio-Pleistocene sediments with CaO content between 5 and 10 wt%. Firing is for 1 h soaking time and slow cooling. Ox:
oxidising atm.; rd: reducing atm. For the abbreviation of the minerals see caption of Fig. 1.

Property Analytical result Firing properties
Macroscopic colour in fired body Reddish yellow 850°C ox/rd
950°C ox
Light brown 950°Crd
1050°C ox
Brown/yellowish brown 1050°Crd

Mineralogical quantification

Microchemistry

Microstructure

Fs>Gh> An~ Wo

An ~ Fs>Wo>Gh
An>Fs>Wo>Gh, Qtz
reduced, Gh< 1.5 wt%
Fe* >Fe?* in Fs, Gh

Fe3* <Fe?* in Fs

No Fe* in Gh

Open, interconnected
porosity

Open and closed pores
Large, spherical, closed

pores, vitrification, rounded

and diffusive Qtz

850 °C ox/rd (not-reacted Cc)
950 °C ox/rd (if Mt> He then rd)
1050°C ox

1050°C rd

850/950/1050 °C ox
850/950°C rd
1050°Crd
850-950°C ox/rd

1050°C ox
1050°C rd
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Fig. 3. Plot of fassaite composition in the ternary diagram (a) diopside-Ca-Tschermakite-esseneite'? and (b) [ Al-I0TR3+_[6]R 2+ composition fields of natural fassaite,
diopside® and ‘ceramic’ clinopyroxenes.*’ Fassaite, gehlenite, anorthite and wollastonite composition in the ternary diagram (Ca, Mg, Fe)O—(Al, Fe),03-SiO; (c)
in oxidation, (d) in reduction, and in ACF diagram (e) in oxidation, (f) in reduction. Raw materials composition (TS: full triangle; TH: full square; and G: full rhomb)
are plotted in diagram (c) and (d). Key for symbols, rhomb: fassaite and aluminium ferroan diopside (the marked area); triangle: gehlenite; circle: anorthite; square:

wollastonite (half: oxidising atm., open: reducing atm.).

sufficiently large (to minimise contribution by adjacent mineral
phases) for reliable chemical analyses. In those events where
the number of reliable chemical analyses is sufficiently high,
the average chemical formula and the lattice parameters are also
reported.

The discussion that follows provides details for the
clinopyroxeness, melilitegs, plagioclasegs and wollastonite.

Clinopyroxenegs: At three temperatures in oxidising firing
and at 850 and 950°C in reduction, the unit-cell parame-
ters refined by least-squares using the powder-diffraction data
range as: a (A)=9.721(4)-9.738(2), b (A) = 8.847(4)-8.865(3),
¢ (A)=5.297(2)-5.302(1), B (°)=106.30(3)-106.08(2) and
V (A%)=436.78(3)-440.05(1). In reducing firing at 1050 °C
the unit-cell parameters slightly differentiate, as follows:
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Table 7

Summary report of firing properties of Plio-Pleistocene sediments with a CaO content ranges between 10 and 15 wt%. Firing is for 1 h soaking time and slow cooling.
Ox: oxidising atm.; rd: reducing atm. For the abbreviation of the minerals see caption of Fig. 1.

Property Analytical result Firing properties
Macroscopic colour in fired body Light brown 850°C ox/rd
Very pale brown 950 °C ox/rd
1050°C ox
Pale yellow 1050°C rd
Mineralogical Quantification Fs~Gh>Wo>An 850°C ox/rd (not-reacted Cc)
950 °C ox/rd (if Mt > He then rd)
Fs>An>Wo ~ Gh 1050 °C ox
Fs>An>Wo>Gh 1050°C rd
Qtz reduced
Microchemistry Fe** >Fe?* in Fs, Gh 850/950/1050 °C ox
850/950°C rd
Fe3* <Fe* in Fs 1050°C rd
No Fe** in Gh
Microstructure Open, interconnected porosity 850-950°C ox/rd

Open and closed pores
Large, spherical, closed pores,

1050°C ox
1050°C rd

vitrification, rounded & diffusive Qtz

a (A)=9.737(2), b (A)=8.889(1), ¢ (A)=5278(5), B
(°)=106.14(1) and V (A3) 438.44(2).

In all cases these data are in excellent agreement with
the cell parameters of a synthetic fassaitic clinopyrox-
ene, which main components are CaMgSi»Og¢ (Di, diopside
molecule), CaAl,SiOg (CaTs, Ca-Tschermak’s molecule)
and CaFe3*AlSiOg (Ess, esseneite molecule).6’7’l1’12’14’15’18
Clinopyroxene is characterised by two tetrahedral positions (T)
and two octahedral sites (M1 regular and M2 distorted) per for-
mula. In fassaite (or “ferrian aluminian diopside” according to
the International Mineralogical Association’s Commission on
New Mineral Names®), the Si deficiency in T site is compensated
by the presence of Al between 0.25 and 0.50 per mole. In addi-
tion, a high content of aluminium and ferric iron is placed into
the M1 site whereas the M2 position is occupied almost entirely
by Ca (CaO approximately 25 wt%).” 10 The esseneite and Ca-
Tschermak’s substitution may be represented by the replacement
(Mg, Fe>*)Si < (Al, Fe**)Al (Fig. 3a). Therefore, an increase
in either molecular content of CaFe3*AlSiOg or CaAl,SiOg,
results to a decrease in the b-dimension, which is caused by the
substitution of Fe>* or Al for Mg in octahedral sites, and an
increase in the c-dimension, which results from the replacement
of Si by Al in tetrahedral sites.”>!1=13

In oxidising atmosphere, the EDS-analyses indicated that the
composition of clinopyroxenegs crystals vary within a broad
range. All analyses were normalized to six oxygens and recalcu-
lated to four cations, assuming all iron to be in ferric state. The
ferrous iron was estimated by charge balance!® and the end-
member components were recalculated according to Cawthorn
and Collerson.!” The presence of aluminium in tetrahedral coor-
dination compensates the Si deficiency (1.15-1.64 a.p.f.u.) and
its content ranges from 0.36-0.80 a.p.f.u. All Fe3* is indicated
to be placed in octahedral sites, AIVI+ Fe3* in M1 positions
range from 0.18 to 0.98 a.p.f.u. The Mg and Fe?* range between
0.20-0.63 and 0.00-0.39 a.p.f.u. respectively, occupying both
M1 and M2 sites. However, the M2 sites are almost completely

Table 8
Macroscopic observation of colour for Roman lamp shreds according to Munsell
soil colour chart.

PY2 7.5YR 6/6 reddish yellow
PY12 10YR 7/4 very pale brown
PBY10 5Y 7/3 pale yellow

taken by Ca (0.78-1.02 a.p.f.u.). Due to the high Fe>*/Fe**
ratios, the composition of clinopyroxenegs ranges from fassaite
to esseneite (avr. Tschermak’s content, Diy3CaTsy4Ess33 for
analysed crystals at 850 °C and DigpCaTsygEss3g at 950 and
1050 °C respectively, Tables 1 and 2, Fig. 3a—c and e). The pres-
ence of K in the structure is incompatible with the pyroxene
structure and is attributed to contamination.

At 850°C, the average chemical formula is (Cagg;Nag o3
Ko.01Feg h3Meo.02)(Mgo s Feg s Fep 50Alo.23Tio.01)(Si1 4
Alp52)0¢, and at 950, 1050°C is (CaoAglNao‘o4K0.01Feéf)2
Mg 02)(Mgg 35Fef fFeg 5, Alo. 18 Tio.01)(Si1.46Al0.54)O.

The solubility of esseneite component in the fassaite’s struc-
ture is strongly affected by the variation of oxygen fugacity and
temperature and it is not influenced by pressure. Thus, the high
molecular content of esseneite suggests fO, values approaching
or slightly exceeding the buffer of hematite—magnetite.”-!3-18-21

Fassaitic clinopyroxene is also formed at 850 and 950°C
in reduction (Table 1). The composition at 850°C is simi-
lar to that in oxidation, Dis3CaTsy4Ess33, while at 950°C
the increase of Ess (approximately 34 mol%), is lower
than that in oxidising atmosphere for the same firing
temperature  (DiggCaTsppEss3a, avr. structural formula
(Cag.90Na0.03Ko.01Fe §,Mgg 04)(Mgg 41 Feg 5, Feg £, Alo 22
Tio.01)(Si1.46Alp54)O¢). Noteworthy changes in the com-
position of clinopyroxeness were observed at 1050°C
in reduction. Two different chemical compositions of
clinopyroxeness may be distinguished. The first type
of clinopyroxeness has an average chemical formula
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Table 9
Concentration in wt% for the major elements of Roman lamp shreds.

Si0, AL O3 Fe, 03 MnO MgO CaO Na,O K>,O TiOy P,05 LOI Total
PY2 59.45 13.21 5.74 0.103 291 9.35 1.48 2.54 0.740 0.25 4.38 100.14
PY12 54.76 14.22 6.58 0.115 3.38 11.08 1.36 2.69 0.777 0.20 4.87 100.03
PBY10 56.26 14.23 6.48 0.120 3.44 12.20 1.35 2.50 0.762 0.42 2.44 100.20
Table 10

Rietveld-based quantification analysis of Roman lamp shreds PY2, PY12 and PBY 10 in wt%. The numbers in parentheses declare the quantification errors; b.d.1.:
below detection limits; GOF: “Goodness of Fit” = x2 = Ryp/Rexp, see Part I for details. Abbreviations: Qtz: quartz, An: anorthite (An7s_100), Ab: albite (Ang_s0), Sa:
sanidine (>Ory4), Ant: anorthoclase (<Ors), Fs: fassaite (Fe3*, Al-rich clinopyroxene), Gh: gehlenite, He: hematite, Mt: magnetite, Wo: wollastonite, Fo: ferroan
forsterite, SCc: secondary calcite. The estimated firing temperature and atmosphere is also given.

Samples Temp. (°C)/Atm Qtz Plg; Plgy Sa Ant Fs Gh He Wo Fo SCc Amorph. GOF
PY2 ~900-950 °C/oxidising atm ~ 27.4(8) 7.5(1) 11.6(4) 11.9(5) 1.3(7) 14.6(6) 4.9(3) 1.8(1) 1.1(2) 4.9(5) 29(5) 853) 1.6 1.18
PY12  ~1000-1050°C/oxidising atm 22.1(1) 16.5(1) 10.8(1) 10.8(5) 4.8(2) 19.3(9) 3.33) 0.7(1) 2.8(2) 1.7(2) 2.6(7) 3.5(2) 1.1 1.24
PBY10 ~1050-1100°C/reducing atm 11.8(3) 26.1(5) 8.4(4) 2.94) 2.5(6) 30.4(8) 0.2(1) b.dl 22(1) 293) 2.2(6) bdl 104 1.15
Table 11

Representative EDS-analyses (wt%) and cation proportion (a.p.f.u.) of fassaite (Fs) and gehlenite (Gh) crystals in ancient ceramic shreds (Roman lamps).

Anc. Ceram. PY2 PY2 PY12 PY12 PBY10 PBY10 PY2 PY12 PBY10

T°C 950 950 1050 1050 1050 1050 950 1050 1050

Atm ox ox ox ox rd rd ox ox rd

Mineral Fs Fs Fs Fs Fs Fs Gh Gh Gh

SiO; 37.48 40.82 29.22 41.14 43.56 41.00 SiO; 29.89 33.55 33.14

TiO, 0.79 - - - 0.75 0.49 TiO, - - -

Al,O3 16.17 16.59 15.78 16.39 13.73 14.37 Al O3 16.22 12.77 16.98

Fe 03 15.08 13.28 22.8 8.40 11.8 13.66 FeO 9.62 10.25 5.99

MnO - - - - - - MnO - - -

MgO 7.22 7.55 8.22 6.15 6.51 7.73 MgO 5.12 4.11 3.78

CaO 22.46 20.84 23.41 20.78 22.39 21.67 CaO 38.22 38.18 38.68

Na,0 0.47 0.39 0.19 0.70 0.72 0.59 Na, 0 0.60 0.61 0.80

K,;0 0.27 0.31 0.11 0.30 0.37 0.33 K>,O 0.07 0.19 -

Total 99.94 99.78 99.73 99.86 99.83 99.84 Total 99.74 99.66 99.37
Numbers of ions on the basis of 6 O Numbers of ions on the basis of 140

Si 1.434 1.548 1.137 1.568 1.654 1.557 Si 2.817 3.190 3.110

VAl 0.566 0.452 0.723 0.432 0.346 0.443 Al 1.800 1.430 1.877

VIAlL 0.163 0.288 - 0.304 0.269 0.199 Ti - - -

Ti 0.023 - - - 0.021 0.014 Fe* - 0.477 0.470

Fe* 0.434 0.236 0.667 0.241 0.137 0.228 Fe* 0.682 0.304 -

Fe?* - 0.159 - 0.191 0.222 0.180 Mn - - -

Mg 0.462 0.427 0.477 0.349 0.369 0.438 Mg 0.719 0.583 0.529

Mn - - - - - - Ca 3.860 3.889 3.890

Ca 0.921 0.847 0.976 0.849 0.911 0.882 Na 0.110 0.112 0.146

Na 0.035 0.029 0.014 0.052 0.053 0.043 K 0.008 0.023 -

K 0.013 0.015 0.005 0.015 0.018 0.016 Cations 9.996 10.008 10.022
MI1+M2 2.05 2.00 2.14 2.00 2.00 2.00

VIAL+Fe3t 0.620 0.524 0.667 0.545 0.427 0.441

(Fe* Al)/(Fe?*Si) 0.237 0.195 0.264 0.199 0.161 0.168

(Cag.88Nag,04Ko.01Mng.g0Fe s Mg 02) (Mg 41 Feg hoFeg s

Alg23Tig 02)(Si1.69Alg31)06, and 1is relevant to fassaite
in oxidising atmosphere (avr. Tschermak’s content,
DisyCaTs3gEssig). However, in this case the replacement
of Si'V by AI'Y in tetrahedral coordination is reduced, ranging
from 0.14 to 0.47 a.p.f.u., AIVI + Fe3* in octahedral coordina-
tion range from 0.16 to 0.61 a.p.f.u. and the Fe3*/Fe”* ratio is
reduced, as Fe?* occupies more sites than Fe3* in M1 position
(avr. Tschermak’s content, DispCaTs3gEss;g, Table 2, Fig. 3a,
b, d and f). The lower ratio (Fe>*Al)/(Fe**Si), suggests that

the esseneite component (Ess, CaFe** AlSiOg) is replaced by
more hedenbergite component (Hd, CaFe?*Si0p), leading to
an increase in b-dimension and a decrease in c-dimension in the
unit-cell parameters, while the fO, seems to be controlled by
the hematite—magnetite (HM) and quartz—fayalite—magnetite
(QFM) buffers.|-12-14 The replacement of esseneite by
hedenbergite molecule results gradually in changes in the
nature of clinopyroxenegs. A second chemical composition
appears to be close to an aluminium ferroan diopside (Table 2
and also the marked areas in Fig. 3) with an average formula
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Fig. 4. Backscattered electrons’ images of polished surfaces. Left column presents Roman lamps’ shreds: (a) PY2, (c) PY12, (e) PBY10 (for information about
estimated firing temperature and atmosphere see Table 8). Right column presents clay samples produced at laboratory: (b) TS (oxidising atm., 7=950°C), (d) TH

(oxidising atm, 7=1050°C), (f) TS (reducing atm., 7=1050 °C).

(Cag.00Nag.04Ko.02Fe, 5, )(Mgg 4oFeg 6 Al 22 Tig.02)(Si1 85
Alp.15)O¢ and all iron incorporated in the structure as Fe?*.
Meliliteg: In both atmospheres, the lattice parameters indi-
cated a solid solution ranging in composition between gehlenite
and akermanite with gehlenite to predominate.”?~2’ At 850 and
950°C the cell-dimensions of melilitegs are: a (A)=7.714(2),
¢ (A)=5.075(1), V (A%)=302.09(2) in samples G and TS
and a (A)=7.731(1), ¢ (A)=5.051(1), V (A3)=302.11(1) in
sample TH. In oxidising at 1050°C, the unit-cell parame-
ters are slightly changed: a (A)=7.708(5), ¢ (A)=5.057(6), V
(A3)=301.18(6) for crystals formed in samples G and TS and a
(A)=7.742(1), c (A)=5.048(2), V (A%)=302.67(1) for crystals
in sample TH. Inreducing atmosphere, the lattice parameters are:
a(A)=7.726(2), ¢ (A)=5.046(3), V (A?) =301.99(2). Decrease
of the gehlenite content in the solid solution results to an increase
of the a-dimension and a decrease of the ¢-dimension.?8-30
EDS-analyses gave more detailed results for the incor-
poration of end-members in the formed solid solution. All
analyses were normalized to fourteen oxygens and recalculated
to ten cations assuming all iron to be in ferrous state; the fer-

ric iron was estimated by charge balance'® (Tables 3 and 4,
Fig. 3c and e). In oxidising atmosphere the melilitess crys-
tals are a solid solution involving the end-members gehlenite
CayAl;SiO7 and ferrigehlenite CazFeg+SiO7 in addition to ker-
manite CapMgSi»O7 and ferrodkermanite CayFe?*Siy07. The
molecular content of end-members is GehssFGehy AkogFAk
for crystals formed at 850 and 950°C (avr. chemical
formula (Caj 95Nag 04)(Mg( osFel | Fegt, Aly 04Si1 46)07) and
Geh4gFGeh7Ak26FAk19 for crystals at 1050 °C (avr. structural
formula (Cay.96Nag,04)(Feg |1 Mg o6Feg 19 Alp.028i1.51)07).
Melilitegs crystals in reducing atmosphere at 850°C
have a composition similar to that in oxidation for the
same temperature. At 950°C, the incorporation of Fe**
in the structure is limited (Table 3) and the compo-
sition is Geh51FGeh1Ak27FAk21, with an avr. formula
(Cay 94Nag 05)(Fed b, Mg o5 Fed o Aly o5Si1 56)07. This compo-
sition is close to the composition at 1050 °C, which is assumed
to be a solid solution between gehlenite and akermanite-
ferroakermanite (Gehss AkosFAky,) and is represented by the
average formula (Ca1,95Na0.04)(Mg0_24Fe%EOAlo.97Si1_57)07
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(Table 4, Fig. 3d and f). In this work, the co-existence of
fassaitic pyroxene and ferrigehlenite-free gehlenite implies
that oxygen fugacity is defined by the magnetite stabil-
ity field, between hematite—-magnetite (HM) and quartz-
fayalite—-magnetite (QFM) equilibriums.

Plagioclaseg: Two different types of growth are observed.
Plagioclase that grows by a reaction involving dehydroxylated
illite, decarbonised calcite and quartz does not have apparent
compositional relation with the pre-existing Na-rich plagio-
clase phenocrysts. Representative analyses of newly formed
plagioclase, normalised to 32 oxygens and recalculated to 20
cations are given in Table 5. The composition is distributed
within the labradorite and anorthite field (Ans7_93). In oxidis-
ing atmosphere the mean value of plagioclase composition is
approximately Aby3An710Org with an avr. structural formula
(Cao.73Nag.24K0.06Mg0.05)(Si2 32Al1 53Fe] hg)Os. The iron and
magnesium contents are quite high, Fe;O3 ranges from 1.09
to 3.88 wt% and MgO from 0.00 to 2.22 wt% (Fig. 3c and e).
In reduction, chemical composition is AbygAn;50rs and avr.
formula (Ca0479Na0.19K0404Mg0.06)(5i2421Al],65FGSB7)03. Iron
and magnesium amounts are also high, Fe;O3 ranges between
0.57 and 3.56 wt% and MgO between 0.00 and 2.17 wt% (Fig. 3d
and f). The presence of iron and magnesium, even if not com-
mon, is compatible with the chemical data available in literature
for plagioclases.>! 33 The second composition of plagioclases,
was detected more rarely and mainly in reduction. It grows epi-
tactically at the rim of albite phenocrysts (AbggAngOry) as a
solution/precipitation process takes place, where the original
Na-rich plagioclase is progressively dissolved with a concurrent
formation of a Ca-rich plagioclase (~Anss) and enrichment of
the melt with the Ab and Or components. Iron or magnesium
has not been detected in the structure of the second type of
plagioclasegs.

Wollastonite: Aluminium and iron have been detected in the
wollastonite crystals, both in oxidising and reducing atmosphere
(Table 5, Fig. 3c—f). For oxidising atmosphere the Al,O3 con-
tent can reach up to 4.61 wt%, whereas in reducing is slightly
lower, up to 3.00 wt%. The presence of aluminium may suggest
that a limited solid solution of gehlenite in wollastonite takes
place.3*3> The level of iron content remains the same for both
atmospheres, having a maximum of 3.00 wt%. The presence
of Na, K in the structure is incompatible with the wollastonite
structure and is attributed to contamination. The average struc-
tural formula, normalized to eighteen oxygens and recalculated
to twelve cations, is (Ca(),94FCSB3Mg0_O3)(Si(),93A10.08)03 for
oxidising and (Ca0_94F63$3Mg0.03)(Siolg6A10,o4)O3 forreducing
atmosphere.

4. Summary of the results

The data presented in Parts I and II of this work, concern-
ing the macroscopic colour, mineralogy, mineral chemistry and
microstructure of the ceramics produced by the Plio-Pleistocene
sediments of NW Peloponnese are summarised in Tables 6 and 7,
for (in wt%) 5 <CaO < 10 and 10 < CaO < 15, respectively. The
tables correlate analytical results with expected firing conditions

and also provide a first indication for the chemical composition
of the raw materials (e.g. a clay with high concentration in CaO
or Fe;03). They can be used as reference for future archaeomet-
ric investigations upon ceramic findings from excavations in the
broader area.

5. Comparison with ancient ceramics

Three representative lamp sherds are used for the com-
parison study. The colour of lamps’ body from macroscopic
observation and the concentration (wt%) of the major elements
of the fired body are presented in Tables 8 and 9 respec-
tively. The mineralogical composition with the possible firing
temperature/atmosphere is given in Table 10, whereas repre-
sentative chemical compositions of important firing minerals
(clinopyroxenesg, melilitegs) are reported in Table 11. Backscat-
tered electron images are given in Fig. 4 for comparison of the
microstructure.

According to the colour of the body, the microstructure,
the mineralogy and the chemistry of new minerals such as
clinopyroxenegs and melilitegs (Tables 8, 10 and 11 and Fig. 4),
both samples PY2 and PY12 have been fired most probably at
oxidising atmosphere. The firing temperature of sample PY?2 is
higher than 900 °C and most probably approximately 950 °C.
The firing temperature of sample PY12 is higher than 1000 °C
and most probably approximately 1050 °C. Moreover, sample
PY12 has been produced by a raw material higher in calcium
content, compared to PY2. The decreased amount of the neo-
crystallised mineral phases wollastonite and gehlenite and of
the amorphous phase in ancient samples may be attributed to
the burial processes they have been subjected to, that led to the
chemical dissolution of the phases.’®% This hypothesis is in
accordance with the high amount of secondary calcite mainly
in the sample PY 12 which has been fired at 1050 °C, Table 10.
Samples PBY10 have been found at the deposit area and have
been considered as discarded by the ancient potter according
to the archaeologists. The similar microstructure and miner-
alogy of PBY10 with the body fired in reduction at 1050 °C
(Table 11 and Fig. 4), in combination with the limited number
of these ceramic samples, leads to the conclusion that in some
cases the potters failed (by accident?) to regulate the firing atmo-
sphere and/or these samples remained at the soaking temperature
(1050-1100 °C) for too long.

6. Conclusions

The following conclusions can be drawn:

(a) In oxidising atmosphere and all three firing temperatures,
Fe>* incorporates in the structure of fassaite, gehlenite
and anorthite. In fassaite, the higher substitution of Fe3*
and Al for Mg and Si leads to the increase of esseneite
molecule (CaFe>*AlSiOg). In gehlenite, the incorporation
of Fe* increased the amount of ferrigehlenite component,
CazFe%+ SiO7. Fe?* is mainly entrapped in the structure of
wollastonite and at a lesser extent in fassaite and gehlenite.



(b)

()
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In reducing atmosphere and 850°C, the chemical com-
position of minerals is similar with that in oxidation. At
950 °C, the fassaitic composition of clinopyroxenes is still
preserved but the incorporation of Fe>* in the structure of
gehlenite has been limited. At 1050 °C, Fe3* is still present
in the structure of anorthite and fassaite, but now Fe?*
occupies more sites than Fe** in clinopyroxenegs and the
esseneite component (CaFe3* AlSiOg) is replaced by more
hedenbergite component (CaFez+SiZO6). On a number of
crystals analysed, the esseneite component has been com-
pletely replaced by the hedenbergite component forming a
new clinopyroxenegs (Al-rich ferroan diopside). In gehlen-
ite, no Fe?* has been detected (absence of ferrigehlenite
component, CazFe§+SiO7).

Two tables have been created that correlate in concise man-
ner analytical results with expected firing conditions and
provide in addition indications for the chemical composi-
tion of the raw materials. This information can be used in
future archaeometric investigations upon ceramic findings
from excavations in the broader area.
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