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ARTICLE INFO ABSTRACT

Keywords: The aim of this research is to investigate the influence of NaCl on the colours and chemical composition of Ca-
Ceramic rich ceramic bodies. The addition of salt to ceramics is a practice that has been observed in several potter
Hebron communities where the addition of salt is explicitly intended to whiten ceramics. In order to conduct this
\S/\E;llqtitl::i(:g research and characterize the physico-chemical properties induced by the presence of salt, raw clay material and
Firing process pot sherds were collected from the modern production at Hebron. Experimental bricks were made using two
Colorimetry clayed sediments: one with a low CaO content (<10%) and one with a higher CaO content (20-25%). Different
Petrography proportions of NaCl were added (up to 5%) to clay pastes which were fired at different temperatures. Mineralogy

XRD (petrography, XRD), chemistry (SEM-EDX) and colour analyses were carried out on raw clay materials, pot
SEM-EDX sherds and experimental (lab-made) bricks. SEM imagery offered the possibility to monitor the evolution of the
mineralogical transformations, the pore system with increasing firing temperature and salt content. Results
confirm the role of salt as a catalyst in the transformation reaction of calcium silicates during the firing process

and its influence on the colour of the finished object.

1. Introduction

Salt has long been used by potters in various forms because they
knew the different effects produced on their ceramics, especially a
whitening effect (Brooks et al., 1974). Indeed, the use of salt to obtain
white pottery, in the form of salted clay (salted water or added salt), is
noted in Mesopotamia and can still currently be found in a diversity of
countries, from Central America to the Indian subcontinent (Rye, 1976;
von der Crone and Maggetti, 1998). The question of the physico-
chemical properties induced by the presence of salt continue to
intrigue, as several scientific studies have been conducted to better
understand the effect of halite in ceramic production, from an analytical
point of view. For example, Rye (1976) highlighted conspicuous cubic
voids in thin sections, which were interpreted as pseudomorphs of salt
crystals.

The effects produced during firing by the presence of sodium chlo-
ride in a Ca-rich ceramic body (obtained from a carbonate-rich clayey
material) are numerous and wide-ranging (Bearat et al., 1989; Combes

and Louis, 1967). In various studies, it has been pointed out that the use
of salt in addition to raw clay material prevents the hydration of the CaO
grains after firing (Rye, 1976). The presence of chlorides, such NaCl, also
accelerates and participates in the dissociation reaction of calcite. The
resultant decarbonation of the CaCOj3 increases the porosity of the paste
(Bearat, 1990). Furthermore, salt can be considered as a discoloration
agent in ceramic pastes produced from these carbonate-rich clays
(Dufournier, 1982). Finally, the use of salt can also cause a partial
disappearance of potassium in Ca-rich pastes during firing (Fabbri &
Fiori, 1985). According to previous works, it was observed that the
maximum addition of salt to the clay material was 5% (Rye, 1976). As
for the firing temperature range, Fabbri and Fiori (1985) noticed that
with 2% of salt addition, crystalline phases such as gehlenite and
diopside start to appear at 700 °C. In addition, Bearat (Bearat et al.,
1989) specified that the alkalin chlorures will typically start to volatize
with the addition of NaCl at temperatures of 700-750 °C.

The aim of this research was to develop a multi-approach method-
ology in order to better understand the effects of salt NaCl in terms of
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whitening and the physico-chemical changes which occur in the ceramic
body. Furthermore, elaborated experimental bricks were manufactured
by varying the salt content and the firing temperatures, with the same
raw materials as those used by the Hebron potters for their production.

2. Materials and methods
2.1. Ethnographic context

An ethnographic survey was recently conducted in Hebron (Pales-
tinian territories) by V. Roux. In her study, she found that potters used
four different types of raw materials for producing utilitarian vessels:
yellow clay sediment (noted as YC), red clay sediment (terra rossa)
(noted as RC), sand and salt (Fig. 1). The volumic proportion between
YC and RC is 2:1. Meanwhile, sand accounts for 1/6 of the total paste
volume. The red clay sediment is said to give its yellow counterpart
more plasticity. This serves to prevent rapid shrinkage when drying, and
to avoid accidents during the firing process (bloating). The yellow clay
material is brought from construction sites located in the region of
Hebron. The YC is most likely from the Moza Formation (upper Cen-
omanian stage). The Moza Formation extends throughout the southern
central hills of the southern Levant, from north of Jerusalem to south of
Hebron. On the other hand, the red clay is acquired from neighboring
lands and is a type of agricultural soil. The terra rossa (RC) can come
from any place, but more probably on the more leached soil (without
carbonates) that develops on hard limestone and dolomite.

The sand is collected from local mountains and added to the clay.
Since the early 1970’s, fires used in ceramic production have largely
been fueled with tires, resulting in firing temperatures rapidly rising to
approximately 1000 °C. Subsequently, thermal shock and breakage
while firing is a critical consideration. The addition of sand thus helps
prevent cracking of the vessel while it is being fired. The sand is added to
the yellow and red clay material in a mixing tank. The salt, taken from
local shops, is then added during the wedging process (Fig. 1 right).

It is said by potters that the salt is added for the pots to become white
and for the clay to “better behave”. Overall, the clay preparation in-
cludes the following main steps: a) drying the clay materials; b) mixing
the yellow and red clay material with the sand in water mixing tanks; c)
pouring the liquid clay material in a soaking tank through a nylon
screen; d) following the complete wetting of the clay material, one then
pours the liquid material in a drying tank; and e) after the solidification
of the clay, it is wedged with a pug mill. During this final stage, the salt is
added in amounts up to 0.5% of the quantity of clay paste to be wedged
according to the potters.

2.2. Materials

In this study, the sampling consists in four modern potsherds and
four raw materials (which are used by the Hebron potters in their
manufacture), collected in Hebron. The modern sherds were selected by

Fig. 1. Raw materials: yellow clay, red clay, and sand (left image). Wedging the
clay with a pug mill. It is at this stage that the salt is added to the clay paste
(right image). (photographs by V. Roux). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article).
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visual aspects, representing two types of ceramic bodies: a white and a
pink ceramic sherd. The raw clay materials included both yellow (YC)
and red (RC) clayey sediments, the sand temper, and the salt used for
achieving a whitening effect.

In addition, for enlarging our understanding of the whitening effect
and the parameters involved in the mechanism of the firing process on
Hebron ceramic, 18 experimental bricks have been manufactured in the
laboratory of IRAMAT-CRP2A (Bordeaux), using the same clays used by
the Hebron potters (Table 1). The preparation of the briquettes consisted
in using 20 g of each clay sediment (previously desegregated), to which
salt was added in different proportions: 0%, 2% and 5% of total clay by
weight. Due to the absorption effect, the red sediment was mixed with
10 ml of water, and the yellow sediment, with 15 ml. After, they were
placed on an aluminum container and allowed to air-dry at room tem-
perature for 48 h. The experimental bricks were fired in an electric kiln
at 750 °C, 900 °C and 1000 °C, in an oxidizing atmosphere. The tem-
perature was raised at a heating rate of 100 °C/h, with a soaking time of
three hours and cooling down to room temperature (Fig. 2).

2.3. Methods

The methodological protocol encompasses a multitude of analytical
techniques (petrographic, cathodoluminescence, SEM-EDX, XRD,
colorimetry) to ensure representativeness and complementarity of
observations.

Before analyzing the potsherds and the experimental bricks, the
grain size distribution of the raw materials was first performed using a
Laser Diffraction particle size analyser Horiba LA-950 device in order to
characterize their properties and evaluate clay plasticity. The raw ma-
terial - samples were treated with oxygenated water (H202) and sodium
hexametaphosphate (NagO13Pg). They were diluted before pipetting to
300 ml, and placed in the grain size sampler. Grain sizes were then re-
ported as broader classes according to Konert and Vandenberghe (1997)
classification system: clays [<7 pml], silts [7-63 pm], and sands [63
pm-2 mm]. Color of the material studied were monitored using a Konica
Minolta CM-2600D portable spectrophotometer (360-740 nm) with a
spectral resolution of 10 nm and a diameter area of 8 mm. The standard
illuminator was D65 using CIE 1964 10° standard observer. The cali-
bration was performed with a black and white reference set to SCI
(spectral reflection included) mode. Cathodoluminescence (CL) was
then utilized mainly to follow the evolution of mineralogical phase
changes in the experimental bricks. The device employed was a Cath-
odyne Microvision instrument coupled with a Leica M125 binocular lens
and a Leica DFC4500 digital camera to capture images with the LAS
software. The electron gun was fixed and positioned at 45° to the surface

Table 1
Procedure for the preparation of the 18 experimental bricks.

Salt NaCl Clay type Firing Temperature (°C) Sample ID Name
0% YC 750 YC 0% 750 °C
900 YC 0% 900 °C
1000 YC 0% 1000 °C
RC 750 RC 0% 750 °C
900 RC 0% 900 °C
1000 RC 0% 1000 °C
2% YC 750 YC 2% 750 °C
900 YC 2% 900 °C
1000 YC 2% 1000 °C
RC 750 RC 2% 750 °C
900 RC 2% 900 °C
1000 RC 2% 1000 °C
5% YC 750 YC 5% 750 °C
900 YC 5% 900 °C
1000 YC 5% 1000 °C
RC 750 RC 5% 750 °C
900 RC 5% 900 °C
1000 RC 5% 1000 °C
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5% salt 5% salt 5% salt

750°C 900°C 1000°C

2% salt 2% salt 2% salt

750°C 900°C 1000°C

0% salt 0% salt 0% salt

750°C 900°C 1000°C
b)

Fig. 2. (a) Colour surface of experimental samples made from yellow (YC) and red clay (RC) sediments; (b) the protocol used per sample (salt content and firing
temperature). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of the sample. The exposure time for the CL images was 15 s with a
current intensity of 10 pA. Petrography allowed for the characterisation
of the minerals and rocks present in the ceramic body, where identifi-
able. For this, a Leica DM2500 polarizing microscope was used with
objectives from 2.5 to 40.

The XRD powder measurements were performed to identify the
mineral constituents of both raw materials and experimental bricks, and
for the orientation of deposits to discriminate the clay mineral species.
This was completed using a Bruker diffractometer (D8-Advance, set in
Bragg-Brentano reflection mode) a X-ray tube with Cu Ka radiations
operating at 40 kV and 40 mA. The measurements were recorded from
3° to 60°, with a scan step size of 0.01° and an acquisition time/step of 1
s. Qualitative analysis of the obtained diffractograms was realized with
the EVA software using the PDF — 2008 database from ICDD. In addi-
tion, a Rietveld refinement was applied by using TOPAS software, to
quantify the mineral phases. For analyzing clay minerals on oriented
slides, it was first necessary to eliminate the carbonates without
attacking the clay phases. For this, a weak acid solution with a buffer at
pH 5 was used. The oriented slides were then submitted to ethylene
glycol and heat treatments (at 350 °C and 550 °C) according to Bouchet
et al. (2000).

SEM imagery (JEOL — IT500 HR) facilitated the observations of the
micro-texture of the modern potsherds and briquettes in thick sections,
as well as the progress of the mineral transformations upon firing. The
microscope was used in Low Vacuum mode with a pressure of 30 Pa. The
parameters used for the analysis of the samples included the acceleration
voltage of 20 kV, with the probe current from 1071° to 5.10™° A and
about 4 000 000 counts per second. The acquisition of the spectra
(performed with a double EDX, Oxford Instruments UltimMax 100) was
done on the thick polished sections of the ceramic bodies and on pressed
pellets. Finally, the analyse was performed using Oxford Instruments
AZtec NanoAnalysis. The standard corrections were calculated using the
software’s internal standard. The quantification of chemical composi-
tion was obtained from the average of 4 areas of 0.58 mm? each. All
results were expressed in wt% oxides (normalized to 100%), thus

Table 2
Grain size distribution of raw materials of Hebron.

making it possible to quantify the major and minor elements (NayO,
MgO, Aly03, SiOy, SO3, K30, CaO, TiO, and FeyO3), while Cl was
expressed in simple wt.

3. Results and discussion
3.1. Mineralogical and chemical characterisation of raw materials

Results concerning grain size distribution revealed that the yellow
clay sediment (YC) has a higher concentration of particles smaller than
7 pm compared to the red clay sediment (RC) (Table 2). Furthermore,
approximately 26% of the particles in the red clay sediment are larger
than 16 pm and are distributed between coarse silt (17%) and fine sand
(9%). In contrast, the yellow clay sediment is mainly composed of par-
ticles smaller than 16 pm, ranging from fine silt (37%) to clay particles
(58%). The sand used as temper consists of 75% fine sand and 16%
coarse sand. Regarding the salt, it contains approximately 79% coarse
particles, with sizes between 16 and 500 pm.

X-ray diffraction analysis showed that the two clay sediments used
by the Hebron potters have a similar mineralogical composition,
composed of clay minerals, calcite, quartz, iron oxides (for RC) and iron
hydroxides (for YC), potassium feldspars and plagioclases. However, YC
is richer in potassium feldspar and calcite. Finally, the analysis of the
oriented slides allows the precise identification of the clay minerals
detected during the powder analysis. The yellow clay sediment consists
of a large quantity of kaolinite, a smaller proportion of a mixed layer
clay around 11.3 A (Illite/Vermiculite), illite and a small proportion of
chlorite. The RC sediment has a similar clay mineral composition but the
proportions differ. The proportion of kaolinite is lower in this sediment
and the ratio of the others minerals (I/V, Ch, I) are therefore higher,
giving this raw clay material more plasticity.

The chemical analysis by SEM-EDX indicates that the both clayey
sediments are rich in calcium (Table 3), the yellow sediment being more
calcium-rich with 23% CaO. The potassium content is also higher (3.5%
K50), which may be related to the presence of the orthoclases detected

Sample % coarse sand (500-2000 pm) % fine sand (63-500 pm) % coarse silt (16-63 pm) % fine silt (7-16 pm) Clay (<7 pm)
Red Clay Sediment (RC) 0 9 17 27 46

Yellow Clay Sediment (YC) 0 1 4 37 58

Salt 0 41 28 21 11

Sand temper 16 75 2 3 4
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Chemical composition (wt%), obtained by SEM-EDX (powders pellets for raw materials and thick sections for sherds and experimental samples (SD — standard de-

viation, dl — detection limit).

NaO MgO Al,03 SiO, SO3 Cl K0 CaO TiO, Fe,03 K30/Si0,
Raw Materials Sand 0.1 0.2 1.9 95.0 0.2 <dl <dl 1.2 0.5 0.9
SD 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1
Salt 46.2 0.1 0.2 0.7 1.8 49.2 0.2 1.6 <dl 0.2
SD 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1
YC 0.2 2.3 18.7 42.6 0.2 <dl 3.5 23.3 0.8 8.3
SD 0.1 0.1 0.3 0.7 0.1 0.1 0.5 0.1 0.7
RC 0.4 2.2 18.5 57.3 0.1 <dl 1.5 8.9 1.4 9.8
SD 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1
Modern sherds White sherd 1 2.3 2.9 14.4 45.5 1.9 1.6 3.0 22.2 0.7 5.6 0.066
SD 0.1 0.1 0.2 0.5 0.1 0.1 0.1 0.2 0.1 0.1
White sherd 2 2.1 2.8 13.7 47.0 1.8 1.4 2.9 21.9 0.8 5.6 0.062
SD 0.1 0.1 0.5 1.4 0.1 0.1 0.2 0.4 0.1 0.1
Pink sherd 1 0.9 3.4 14.1 50.1 0.7 0.2 2.5 20.4 0.8 6.7 0.050
SD 0.1 0.1 0.2 0.5 0.1 0.1 0.1 0.2 0.1 0.2
Pink sherds 2 0.8 3.4 14.0 51.2 0.8 0.2 2.5 19.8 0.9 6.4 0.049
SD 0.1 0.1 0.4 0.9 0.1 0.1 0.1 0.2 0.1 0.3
Experimental bricks YC 0% 750 °C 0.2 2.9 20.2 49.1 <dl 0.5 3.8 16.7 0.9 5.8 0.077
SD 0.1 0.1 0.3 0.4 0.1 0.1 0.4 0.1 0.2
YC 2% 750 °C 1.3 2.9 18.0 45.0 0.1 1.2 3.5 21.3 0.8 5.7 0.078
SD 0.4 0.2 0.3 0.6 0.1 0.1 0.2 0.4 0.1 0.2
YC 5% 750 °C 3.1 2.9 17.6 44.1 0.2 2.2 2.0 21.8 0.8 5.1 0.045
SD 0.5 0.1 0.4 0.7 0.1 0.1 0.2 0.8 0.1 0.1
YC 0% 900 °C 0.1 3.0 18.9 44.7 0.1 0.3 3.7 22.4 0.8 5.9 0.083
SD 0.1 0.1 0.3 0.2 0.1 0.1 0.1 0.5 0.1 0.1
YC 2% 900 °C 1.4 3.1 17.9 45.3 <dl 0.4 2.8 22.6 0.8 5.6 0.062
SD 0.5 0.1 0.2 0.8 0.1 0.1 0.5 0.1 0.3
YC 5% 900 °C 2.0 3.2 17.9 45.2 0.1 0.7 2.0 22.4 0.8 5.5 0.044
SD 0.5 0.1 0.2 0.3 0.1 0.0 0.5 0.4 0.0 0.3
YC 0% 1000 °C 0.1 3.3 18.7 47.0 <dl 0.1 3.4 21.3 0.8 5.1 0.072
SD 0.1 0.1 0.1 0.2 0.1 0.1 0.3 0.1 0.1
YC 2% 1000 °C 1.4 3.5 18.0 46.1 <dl 0.2 1.7 22.8 0.8 5.4 0.037
SD 0.6 0.2 0.3 1.4 0.1 0.2 0.8 0.1 0.3
YC 5% 1000 °C 2.8 3.3 18.4 47.3 0.1 0.2 0.8 21.1 0.8 5.1 0.017
SD 0.5 0.1 0.3 0.6 0.1 0.1 0.2 0.8 0.1 0.2

by X-Ray diffraction. Iron and magnesium contents are relatively similar
between the two clayey sediments. Therefore, the colour difference
between the two clays it is not related to differences in iron content, but
rather to its crystallographic form: hematite for the red clay sediment
and goethite for the yellow clay sediment according to XRD results. The
salt has a high Cl and Na,O content, which is specific for halite (Table 3).
The sand used consists mainly of silica (95%), containing a small pro-
portion of clay minerals, detected by XRD, as impurities.

3.2. Mineralogical and chemical characterisation of modern potsherds

The initial data regarding the microstructure of the modern sherds
were obtained by petrographic analysis. The white sherds revealed a
significant proportion of inclusions (an estimated 30% by volume) and
high quartz content, in which grain diameter ranges from 200 um and
550 pm. The presence of iron oxides was also noted, as well as a few

lithic fragments (quartz-feldspar) and titan oxides. The distribution of
inclusions is quite homogeneous and rounded, belonging mainly to the
fine sand class. The matrix also presents a dark brown colour with no
birefringence. On the other hand, the pink sherds feature a greater
density of inclusions (40-50% by volume), among them quartz, iron
oxides and biotite are the most notable. Nonetheless, a large amount of
similarities in the mineral composition between the pink sherds and
white sherds can be confirmed through this petrographic analysis. These
similarities include the rounded shape of the inclusions and the presence
of specific minerals such as quartz and a few feldspars. Although the
samples are mineralogically quite similar, the porosity does differ. In
this regard, the pink sherds feature more pronounced and abundant
pores as compared to the white sherds.

On the X-Ray patterns, the presence of potassium feldspars, augite or
clinopyroxene, gehlenite, and hematite were noticed in both samples.
Nevertheless, the peak of halite has been detected only in the white

Table 4
Quantification of mineralogical phases of sherds and experimental samples from Hebron by XRD (Rietveld method).
illite quartz K Feld Pl Feld calcite halite gehlenite augite wollastonite hematite spinel anatase
Modern sherds White sherd 1 <dl 23,7 0.2 149 <dl 0.7 18.2 31.8 9.1 <dl 1.5 1.1
Pink sherd 1 <dl 30.7 4.3 23.1 <dl <dl 14.3 20.4 6.1 <dl <dl <dl
Experimental bricks YC 0% 750 °C 26,6 14.5 23.0 <dl 31.3 <dl <dl <dl <dl 1.9 <dl 1.6
YC 2% 750 °C 18,7 23.0 39.1 <dl 11.7 <dl <dl <dl <dl 5.5 0.1 0.9
YC 5% 750 °C <dl 5.9 8.1 12.8 <dl <dl 19.7 38.5 12.9 0.2 1.6 0.3
YC 0% 900 °C <dl 8.1 11.7 19.7 <dl <dl 29.5 10.1 10.0 4.2 5.7 <dl
YC 2% 900 °C <dl 7.3 6.9 22.4 <dl <dl 23.7 27.4 10.4 0.4 1.1 0.3
YC 5% 900 °C <dl 7.1 4.6 18.9 <dl <dl 229 31.1 12.7 0.3 2.3 <dl
YC 0% 1000 °C <dl 6.2 12.4 20.2 <dl <dl 23.1 19.6 14.9 4.5 1.1 <dl
YC 2% 1000 °C <dl 6.3 7.1 22.8 <dl <dl 19.4 27.7 13.7 0.5 2.4 <dl
YC 5% 1000 °C <dl 5.7 3.6 20.8 <dl <dl 14.2 38.6 14.1 <dl 2.5 0.3
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sherd (Table 4). Furthermore, it was noticed that the presence of the
amorphous phase is more developed in the white sherd than in its pink
counterpart. The proportion of Ca-silicates, formed at high temperature
(gehlenite, wollastonite) (Cultrone et al., 2001) is also more significant
in the white sherd than in the pink one.

Combined, these observations suggest that the sherds were fired
under the same conditions (i.e. temperatures), but are yet different due
to other factors. For example, the presence of halite is detected in the
white sherds and in them Ca-silicates are also higher than in the pink
sherds. In addition, a more developed glassy phase and a higher porosity
was also noted. These results suggest that more salt had been added to
the clay paste of the white sherds than had been added to the pink
sherds.

Finally, the bulk chemical composition of the modern ceramic sherds
(pink and white), (Table 3) revealed that they have similar chemical
composition with high Ca content (20 to 22% CaO) and equivalent
percentage of iron (around 6% Fe;03). The two types differ in that the
presence of sodium and chlorine, which is more abundant in the white
sherds than in the pink sherds.

3.3. Experimental bricks

3.3.1. Colorimetry

The test on the experimental bricks revealed colour changes that are
a result of the differences in preparation protocol as described above
(see section 2.2). The whitening effect occurred only in the calcium-rich
bricks (CaO ~ 23%), prepared with yellow clay (YC). The discoloration
effect was initiated by the addition of NaCl. Naked eye observations
showed that the fired experimental bricks produced from the red clay
sediments are universally red in colour and show little variability in this
regard. In contrast, the bricks containing yellow clay sediments without
added NaCl have a rather orange colour for all firing temperatures and
become more yellow as the NaCl content increases (Fig. 2). In order to
describe these colour changes in an objective way, it was necessary to
carry out colorimetric measurements. Yet this is only necessary for the
bricks produced from yellow clay sediments. As the objective of the
study is to focus on the whitening effect of salt, which does not appear to
effect the coloration of the red clay sediment containing little amount of
calcium (9% CaO), colorimetric measurements for these samples are
unnecessary.

When fired at the same temperature, an increase of salt content is
associated with a decrease in dominant wavelength. The chromatic co-
ordinates for the sample made with yellow clay, with no salt added and
fired at 750 °C, are x = 0.41 and y = 0.37 (Table 5). This colour is
situated in the yellow - orange (585-590 nm) range, where the associ-
ated dominant wavelength is equal to 586.4 nm (Kelly and Judd, 1976).
This colour is non-saturated with the excitation purity (Pe) of 38.7%,
highlighting a relatively dark colour with a Y-clarity of 25.4. By contrast,
when a yellow clay is fired at 750 °C with 2% NaCl added, the chromatic

Journal of Archaeological Science: Reports 41 (2022) 103303

coordinates are x = 0.40 and y = 0.36. This colour is situated in the
orange range (585-600 nm), with the associated dominant wavelength
AD = 585.6 nm. A similar increase can be seen when even more NaCl is
added. When the yellow clay sample is fired at 750 °C, and 5% NacCl has
been added, the AD = 577.0 nm, a value falling within the yellow range
(575-580 nm). Simultaneously, a decreasing of excitation purity was
noted, indicating a diminution in colour saturation.

Thus, the addition of salt results in the bleaching of the ceramics, as
samples to which salt has been added tend to approach the yellow colour
(losing the red component). The same observations were made for the
other samples produced with yellow clays when fired at 900 °C and
1000 °C. According to the table, the values of clarity (Y as well as L*)
increase universally as temperature increases with the highest values
corresponding to the addition of 5% NaCl. Overall, the red component
(a* positive) decreases in correlation to higher temperature as well as
with the increased addition of salt. The lowest value (2.2) corresponds to
the YC sample fired at 1000 °C within which 5% NaCl has been added.
On the other hand, the yellow component (b* positive) is variable (be-
tween 17 and 24) and does not correlate with the variation in firing
temperature or the addition of salt. In sum, these results quantify the
whitening effect beyond visual descriptions corresponding with mea-
surements reflective of increases in clarity as well as the suppression of
the red component (Fig. 3a, b).

Calculating the colour deviation (AE*) and comparing to YC 0%
samples makes it possible to observe that the colour values rise with the
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Fig. 3. Chromatic coordinates L*a*b* systems on experimental bricks.

Table 5
Chromatic coordinates of experimental samples, in the (Yxy) and (L*a*b*) systems, with the associated dominant wavelengths AD and P, (excitation purity).
Ap (nm) Pe (%) Y X y L a* b*
Modern sherds White sherd 1 572.7 17.6 65.5 0.346 0.362 84.7 1.3 15.6
White sherd 2 573.1 18.3 61.3 0.348 0.362 82.5 1.7 15.8
Pink sherd 1 577.7 25.6 36.4 0.368 0.368 66.8 6.4 17.9
Pink sherd 2 577.1 30.2 335 0.377 0.376 64.6 6.5 20.8
Experimental bricks YC 0% 750 °C 586.4 38.7 25.4 0.414 0.369 57.5 18.3 229
YC 2% 750 °C 585.6 36.0 30.6 0.405 0.367 62.2 17.5 22.6
YC 5% 750 °C 577.0 24.1 47.7 0.364 0.367 74.6 5.9 18.5
YC 0% 900 °C 588.9 42.0 21.7 0.428 0.367 53.7 21.5 23.3
YC 2% 900 °C 581.9 28.5 37.0 0.381 0.365 67.3 11.5 19.3
YC 5% 900 °C 575.9 26.9 49.7 0.368 0.372 75.9 5.4 21.2
YC 0% 1000 °C 586.3 39.2 25.6 0.415 0.369 57.6 18.5 23.3
YC 2% 1000 °C 576.1 21.6 54.6 0.357 0.364 78.8 4.7 17.5
YC 5% 1000 °C 573.1 26.6 48.1 0.363 0.377 74.9 2.2 21.3
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addition of salt, regardless of the temperature at which they have been
fired at (Fig. 3c). However, in the case of temperature measurements,
(AE*) when comparing to YC samples fired at 750 °C, (Fig. 3d) by
varying the salt content, no significant changes were noticed, except for
2% salt content between 900 °C and 1000 °C. For 0 and 5%, the colour
deviation is under the value of 5 for all temperatures and therefore
imperceptible to the naked eye. As such, the temperature increase ap-
pears to have little impact on the colour change.

In contrast, the colour differences are much higher when salt is
added. For 5% salt content and 900 °C firing temperature, the deviation
can reach 27 (Fig. 3). The YC 2% 750 °C sample shows only a weak
chromatic deviation imperceptible to the naked eye (AE*<5). This de-
viation increases to 22 when salt content is increased to 5% while
maintaining a 750 °C firing temperature. Given these results, it appears
that the addition of salt to the clay has impacted the ceramic colour
much more than the temperature at which it was fired.

As for the sherds from Hebron, it was noticed that the white sherds
show a significant difference from the pink sherds, by a higher L* value
and a weak red component, b* (Table 5).

3.3.2. Cathodoluminescence

Cathodoluminescence imaging allows for the observation of the
variability in luminescence with the experimental bricks at different
firing conditions and salt contents. This method highlights the miner-
alogical transformations.

With the bricks, cathodoluminescence imaging highlights the phase
transformations that occurred during the firing process as a function of
NaCl content. The calcite (CaCOs) is characterized by the orange lumi-
nescence colour (Piponnier et al., 1997; Chapoulie et al. 2016, Cha-
poulie & Daniel 2007). It has a high presence at 750 °C, though begins to
dissipate at 900 °C and is totally absent at 1000 °C (horizontal view in
Fig. 4. Previous research has indicated that the calcite grains begin to be
converted to fine grained aggregates at a temperature of 550 °C. At this
point, they are also diffused into the clay matrix (Riccardi et al., 1999).
The presence of calcite is visible on the YC 0 % 750 °C sample. While
calcite is also still present in the YC 2 % 750 °C sample, it is not

500 m

750°C
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homogeneous. This indicates that the decarbonation has yet to be
completed. With 5% salt added to the sample fired 750 °C the calcite has
indeed totally disappeared. Moreover, the gehlenite (CapAlySiO7)
characterized by the blue luminescence colour, is detected in the sam-
ples with the highest content of NaCl (5%). This is particularly promi-
nent on the sample with 5% salt fired at 750 °C. In this sample, the
microcrystals show a very intense blue colour of luminescence. The
images acquired for the samples fired at 900 °C, also show the decom-
position of the carbonates. The YC 0% 900 °C sample presents a weak
luminescence with a red-brown matrix colour, while the YC 2% 900 °C
sample shows some carbonate inclusions are present as well as white
spots in the matrix. Finally, the samples fired at high temperature (Fig. 4
(YC 900 °C and 1000 °C)) show the transition from an orange matrix to a
yellow matrix.

It should be highlighted that the blue luminescence colour can
correspond to gehlenite or diopside (Gotze et al., 2013). Furthermore, in
concordance with the literature, (Piponnier et al., 1997) the presence of
wollastonite should also be mentioned. Wollastonite (CaSiOs3) is char-
acterized by a yellow-greenish luminescent colour, and is visible only in
samples that have been fired at high temperature. The YC 5% 1000 °C
sample, for example, reveals a matrix with this specific colour associated
to wollastonite, suggesting new crystalline phases have been formed.
This is confirmed through XRD analysis (see section 3.3.3).

3.3.2.1. X-ray diffraction. The mineralogical evolution that has
occurred during firing (manifested by the successive appearance and
disappearance of mineralogical phases), and the salt content of the raw
material could be observed through the comparison of the XRD patterns
but also by quantification using the Rietveld method (Table 4). The main
XRD reflections in YC 0% 750 °C corresponds to quartz and calcite
minerals and illite. The increase in the percentage of salt (at 750 °C)
results in the disappearance of the Ca-carbonate phases. As a reaction of
calcite within the clay, the gehlenite thus starts to form. Besides the clear
evidence of the decomposition of calcite, the reflections of illite/
muscovite show a decrease as well. With the addition of salt (2% to 5%),
traces of newly formed minerals start to appear such as hematite, as well

900°C

Fig. 4. Cathodoluminescence images of Ca-rich experimental bricks.
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as new calcium silicates: gehlenite, pyroxene such as augite and anor-
thite. Gehlenite and augite start to form at temperatures between 750 °C
and 900 °C. While, gehlenite formation is a result of the reaction be-
tween CaO from the carbonates and AlyO3 and SiO; from the dehy-
droxylated phyllosilicates (Duminuco et al., 1998; Peters and Iberg,
1978), the presence of phyllosilicates in contact with quartz and calcite
allow the formation of new Ca silicates phases that can include released
Mg and Na (such as augite).

The decomposition of the calcite and the newly formed phases
(gehlenite and augite) demonstrated by XRD analysis strengthen the
interpretation of CL-images. It also confirms the conclusion that the
presence of salt accelerates and participates in the dissociation of calcite
earlier in time than was previously known. Thereby, halite induces the
formation of gehlenite, anorthite and augite at low temperature,
increasing the reactivity between clays and Ca (Bearat et al., 1989).

Hematite formation in Ca-rich ceramics, on the other hand, is limited
by the development of the new Ca-silicates, which incorporates Fe3* in
their network at temperatures around 900 °C to 1000 °C. This phe-
nomenon can explain the colour saturation starting at lower tempera-
ture due to the addition of salt (De Bonis et al., 2017). These
observations also indicate that the amorphous phase was involved in the
melting process, producing a Fe-saturated glass, from which nano-sized
hematite crystals precipitated. Low iron diffusion within the glass and
short soaking time may have favored the nucleation and inhibited the
crystal growth (Nodari et al., 2007). However, in this study, the hema-
tite appears at a lower temperature (beginning at 750 °C with 2% NacCl).
Gehlenite, anorthite, augite, and hematite were recorded in the pattern
obtained from the Ca-rich sample, fired at 900 °C. As the quantity of salt
increases, the gehlenite content begins to decrease (30% to 23%). This is
in contrast with increases in augite (10% to 31%) and wollastonite (10%
to 13%). Despite the addition of salt, anorthite is quite stable, but the K-
Feldspars also decrease (12% to 5%) as NaCl amounts increase. More-
over, it is noted that if enough Ca is available, anorthite appears either
due to the decomposition of the existing gehlenite with the amorphous
matrix formed from clay minerals, dehydroxylation, or only due to the
reaction of the decomposed clay minerals and CaO in the rims of the
grains (Holakooei et al., 2014). According to previous studies (Piponnier
etal., 1997; Traoré et al., 2000; Trindade et al., 2009), wollastonite is an
intermediate compound that appears at 800 °C to 850 °C, and begins
formation when the unreacted lime attacks the grains of quartz or, like
with anorthite, as a result of the decomposition of gehlenite. At tem-
peratures above 950 °C, gehlenite (considered as an intermediate
compound) becomes unstable in the presence of SiO5 and decomposes.
This decomposition enables anorthite, and wollastonite to be generated
(Tschegg et al., 2009). At 1000 °C, the gehlenite content decreases
considerably (23% to 14%) in favor of augite again. The K-feldspars
content also collapses, while wollastonite increases little, and plagio-
clase feldspars are stable. It is also noticeable that the mineralogical
phase for anorthite begins to disappear after a temperature of 1100 °C is
reached under normal conditions (Traoré et al., 2003).

The same observation was made for the gehlenite, which starts to
decrease concurrent with increasing salt percentages. The hematite re-
flections do not present any changes, however. Their appearance starts
at 750 °C within the 2% salt sample, and is similarly present at 1000 °C,
with 5% salt added.

In summary, the addition of salt induces mineralogical changes
including the disappearance of calcite and the appearance of Ca-silicates
from 750 °C onwards. The effect of firing at higher temperatures and the
salt addition facilitates the decomposition of the carbonates and silicates
at lower temperatures than usual, allowing for the formation of new
crystallized phases. All the Ca-rich fired samples, beginning with those
with at least 2% added salt and fired at 750 °C, contained gehlenite and
augite, which have been formed due to the decomposition of calcite. In
addition, hematite and anorthite were formed in these samples as well.
These newly formed minerals remained present throughout the entire
temperature range regardless of the percentage of salt added.
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3.3.2.2. SEM-EDX analyses. The SEM observations revealed the micro-
texture of the carbonate-rich base clay experimental bricks. It also
provided information regarding the porosity and the glassy phases. The
investigations of the microtexture of the sherds were made on fresh
fracture surfaces and on polished thick sections. Normally the devel-
opment of the crystalline and glassy phases in a ceramic is the result of
the temperature of the heating treatments applied. The proportion of
Feo03 is constant (~5%) in all experimental bricks, regardless of the
NaCl level or the temperature applied. The bulk chemical results also
reveal that the addition of the salt did not affect the chemical compo-
sition, except in the case of the potassic compound (Ky0), which de-
creases as salt concentration increases (Table 3). In fact, the ratio K,O/
SiO4 decreases from 0.08 to 0.05 for samples fired at 750 °C as a result of
increasing percentages of salt (Table 3). The same decrease was
observed for the other temperatures, until a collapse of the rate for
bricks with the highest salt content and highest firing temperature (0.02
for YC 5% 1000 °C). On the other hand, the K;O content of the brick
without salt fired at 1000 °C is slightly reduced, though still similar to
the origin alone. Thus, the introduction of salt combined with an in-
crease in the firing temperature causes the loss of this element. Picon
(1991) explained the K-loss phenomenon, due to the alteration within
the ceramic and highlighting the importance of different factors that
contribute to the availability of silicate materials for structural rear-
rangements. One proposed factor is the percentages of lime in the ce-
ramics, which can allow the development of an unstable glassy or
amorphous phase, or even for the evolution of crystalline phases, which
are also unstable such as gehlenite. In addition, Fabbri and Fiori (1985)
presented different studies where the reaction between kaolin clays and
NaCl led to the complete elimination of chlorine at about 520 °C. As for
calcareous illitic-chloritic clays, the HCl was volatilized at a higher
temperature and stimulated the decomposition of carbonate impurities
forming potassium chloride. They observed that the addition of the NaCl
caused a significant decrease in the amount of residual potassium and a
progressive elimination of residual Cl in samples fired above 750 °C.

In addition, Bearat explained that the eliminated alkalis are in the
form of chlorides during the firing process (1990). This means that the
formation of calcium silicates promotes the formation of alkaline chlo-
rides, which start to volatilize at temperatures of 700 °C-750 °C (Bearat,
1990). However, it is difficult to provide a complete and precise
explanation of the phenomenon. The most abundant oxides are SiO3 and
Al03, which are mainly associated with the clay minerals, although
often the SiO5 content may also be associated with the quartz particles.
The content of iron oxide is normally sensitive during firing. This results
in variable colour and texture of the ceramic (El Ouahabi et al., 2015; El
Boudour El Idrissi, 2016). In the present study, the proportion of iron in
the samples does not affect the colour change.

SEM observations also revealed rhombic voids in all the experi-
mental bricks, including those absent salts (Fig. 5). At 750 °C, rhom-
bohedral minerals are yet present but have started to decompose. These
forms are attributed to calcite or Mg-calcite minerals. With the addition
of salt and/or with the increasing of firing temperature, voids are then
created replacing the minerals. Furthermore, at 1000 °C the formation of
a new phase can be observed inside the voids. The core presents a sig-
nificant Mg enhancement, suggesting that the mineralogical phases of
augite have been formed. Further observations in the clay matrix have
also been recorded for the samples, including the development of the
glassy phase and ellipsoidal vesicles that increase with added the salt
content. The same phenomenon is known to occur with increasing
temperature. The specific role of salt in promoting the development of
pores in the material is currently being investigated further and will be
the subject of a future publication.

4. Conclusion

The study confirmed the role of halite in the bleaching of ceramics
with a high CaO content. Indeed, colorimetric measurements carried out
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Fig. 5. SEM-BSE images of calcite or rhombohedral voids present in the matrix of the experimental bricks.

on experimental bricks with different salt contents, showed a significant
loss of the red component as the salt concentration increased, as well as a
loss of the yellow component to a lesser degree. These colorimetric
losses are associated with a decrease of their saturation. At the same
time, the clarity has significantly increased. These factors allow for the
empirical characterisation of the whitening effect observed visually and
confirm the main role of salt in this process, beyond the effect of tem-
perature alone.

The mineralogical phase changes recorded in the experimental bricks
manufactured in the laboratory have also been highlighted by different
methods. Cathodoluminescence images showed these changes in the
material. Qualitative and quantitative XRD results allowed for the
documentation of the evolving proportions for these different phases,
coincident with increases of salt content and firing temperature. In fact,
the process of alteration of clay minerals to form new calcium silicates,
appears to take place at a lower temperature in the presence of salt than
has been generally thought. In this regard, significant differences in the
microstructure of the calcareous clays with 5% salt are observed with
the appearance of Ca-silicates (gehlenite, wollastonite) as early as
750 °C.

Furthermore, the colour changes, due to the trapping of Fe ions in the
crystal lattice can now be explained (Nodari et al., 2007). Although
Mossbauer measurements have not yet been carried out, Chevalier et al.
(1976) have shown that gehlenite, anorthite or wollastonite crystals can
trap Fe ions in their lattice, by substitution of Al** and Ca®*. They
pointed out that ferric oxide is known to be produced when biotite
reaches high temperatures, such as 900 °C, and that crystallization im-
proves at 1000 °C. In addition, Noller and Knoll (1983) conducted in-
vestigations by making possible the insertion of Fe>" into the lattices of
Ca-Mg-Al silicates. They observed that the difference in coloration could
be explained for synthetic silicates by a polarized binding of Fe>* ions in
a disordered matrix. Therefore, the experimental data presented here
provides significant explanatory evidence for the action of NaCl on the
whitening of calcareous clays. By lowering the temperature at which
calcium silicates are formed, NaCl serves to reduce the necessary

temperature at which the bleaching effect starts.

Moreover, the result obtained by the SEM-imagery has made it
possible to more accurately describe and assign the presence of rhom-
bohedral voids. Results show that they are due to the dissolution of the
carbonates, contrary to what has been put forth previously in the sci-
entific literature where voids had been attributed to the dissolution of
salts (Rye, 1976).

Returning to the Hebron ceramics specifically, it is clear from the
experimental results that the two colorations obtained (pink and white)
can in fact be explained primarily by a difference in salt concentration in
the initial mixture rather than other factors.

Other measurements currently underway will further consider the
effect of salt on the porosity of ceramics. These observations will be
compared with ceramics produced elsewhere at other sites (notably in
India) where similar practices with salt addition, have been reported.
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