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In antiquity, beach sand was one of the main raw materials for glass-making and for the production of other vitreous 
materials, like Egyptian blue and faience. During the 1st century AD, glass and pigments manufacturing industry was active 
along the Gulf of Naples, Italy, where we sampled four littoral sands. Samples were analyzed with different techniques: 
chemical analysis was performed by means of X-Ray Fluorescence (XRF) and mineralogical analyses with X-Ray Powder 
Diffraction (XRPD) and Raman Spectroscopy. The complete sintering to melting thermal behaviour of the four sands was 
studied by heating microscopy or hot-stage microscope (HSM) equipped with an high resolution camera capable to collect 
sample profile during heating. The effect of the grain size on the sintering curves, which were automatically elaborated by 
specimen profile transformation, was also investigated. Finally, some deductions about the granulometry effect and the 
presence of alkaline and alkaline-earth oxides on sintering and melting behaviour were drawn. All the four sands were found 
suitable for highly sintered manufacts rather than glasses, to reach complete amorphous materials the addition of fluxes was 
necessary.

INTRODUCTION

 Silica, together with a flux and calcium carbonate, 
is one of the most important components to produce soda 
lime glass [1]. Naturally combined with calcite and low 
amounts of sodium feldspar, beach sand was used since 
the origin of glass and vitreous materials industry. The 
batch was prepared by mixing sand with a flux, natron or 
plant ashes, and the final product was obtained in a single 
or two stage melting [2]. The product of this process was 
the raw glass, characterised by a greenish or yellowish 
colour due to the natural impurities contained in the raw 
materials [3]. The Latin author Pliny the Elder describes, 
in the middle 1st century AD, the presence of a glass-
making activity also in the Gulf of Naples, between the 
towns of Cuma and Liternum, in his Naturalis Historia 
(36, 194) [4]. In detail, Pliny refers that the softest and 
whitest part of the sand from a beach near the River 
Volturno, was ground and used to make glass. This 
passage is widely discussed, because the actual presence 
of a glass-making activity in the area has never been 
documented archaeologically. The suitability for glass-
making of sands sampled along the Campanian coast was 

tested in literature over the last years with different results 
[5-7] with the conclusion that a combination of crushing, 
grinding and washing resulted in an overall composition 
suitable for glass melting. Additional information on the 
suitability of sands for glass-making in Italian area at 
Romans time comes from compared studies on chemical 
composition [8]. The results indicated that few of the 
178 analysed beach sands have been suitable to produce 
a glass with major and minor elemental compositions 
within the ranges of Roman imperial natron glass. In 
particular, the sands sampled in the Naples Gulf are too 
rich in CaO to match the required compositions.
 If the results seem to reject the hypothesis that 
glass was made with sands from the Gulf of Naples, the 
archaeological evidence of a production of Egyptian 
blue pigment in this area needs to be mentioned. Here, 
in the sites of Cumae and Liternum, different excavation 
contexts have systematically revealed fragments of cylin- 
drical crucibles, with remains of the material adhered on 
the walls [9]. Egyptian blue is a partially vitrified material 
mainly composed of cuprarivaite and silica polymorphs, 
embedded in a glass matrix [10]. A production in the 
Hellenistic period is documented in Egypt, at Memphis, 
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but analysis conducted on Roman samples from Greece, 
Italy and Egypt have revealed differences in the chemical 
composition, suggesting the existence of more than one 
productive centre [11].  Presently, the crucibles from the 
Gulf of Naples are the only indicators of Egyptian blue 
production documented in the Western Mediterranean.
 Moreover, we need to consider a possible relation 
with faience, another sintered material produced by the 
ancient industry and characterized by different techno-
logical variants, i.e. with or without a surface glazing 
[12]. A recent investigation on faience vessels and 
statuettes from Pompeii has suggested the existence of 
a possible local production, specialized in the imitation 
Egyptian materials. The samples, identified as made 
locally, are characterized by an anomalous high content 
in calcium and alumina [13].
 The present paper wants to be a complete study on 
four sands, collect around Naples, in terms of sinterability 
and meltability to help archaeologists to introduce a 
discussion on their possible use for the ancient production 
of partially vitrified materials. The technique used for 
the melting behaviour is the heating microscope often 
successfully applied to analyze raw ceramic materials 
and their properties [14-16]. Such a technique appears 
particularly attractive for archaeometric investigations 
since its could be qualified as semi-desctructive analyses 
using only 5 mg of finely crushed sample. Additionally 
with one heating ramp it is possible to determine the 
incipient sintering, amorphous phase formation, eventual 
gas evolution and the interval of melting [17].

EXPERIMENTAL

 Four sands were sampled along the Campanian 
coast where primary production of glass is quoted by the 
ancient sources [4] and in those locations where evidence 
for making Egyptian blue is documented [9]. More 
precisely, the four specimens come from Miliscola, Lido 
di Licola (near Cuma), Ischitella and Castel Volturno 
(Neaples, Italy) and were named, respectively, S1, S2, S3 
and S4 (Figure 1). Sampling was performed collecting 
about 4 kg of sand at a depth of about 15 centimetres. 
The sand was gently blended manually to obtain a good 
homogeneity, than it was divided 4 part and one sample 
of 10 g was taken from each part; these 4 samples were 
again blended and dried in a stove at 120°C.
 To evaluate the average chemical composition of 
the four samples, an X-Ray Fluorescence sequential 
spectrometer (XRF ARL Advant’XP+, Thermo Fisher 
Scientific, Waltham, MA, USA) was used.  The percentage 
Loss of Ignition (LoI) was also determined heating 
the samples to 1150°C. The mineralogical analysis of 
the sands was carried out by means of X-Rays Powder 
Diffraction (XRPD, PW-3710, Philips, The Netherlands) 
with a monochromatic Cu-Kα radiation (λ = 1.54060 Å) 
and Raman Spectroscopy (LabRAM, Jobin Yvon Inc., 

Longjumeau, France) equipped with He-Ne laser with 
wavelength = 632.8 nm, spatial resolution = 1 µm, 
spectral resolution = 1 cm-1, maximum power = 5 mW. 
The background of the obtained spectra was corrected 
(shifted and linearized) by using a commercial software 
(GRAMS/AI 8.0 Thermo Fisher Scientific, Waltham, 
MA, USA). 
 The sintering and melting behaviour of the sands 
was studied with a heating microscope (HSM, Expert 
System Solutions, Modena, Italy). The relation between 
the sintering behaviour and the grain size of the samples 
was also investigated, considering that manual grinding 
in glass and pigment preparation was a procedure pos-
sibly practiced in the ancient industry. Two distinct gra-
nulometries were chosen, the coarse (hereafter indicated 
as C) and the fine (hereafter indicated as F), and grain 
size distribution was analyzed by a laser light scattering 
particle size analyzer (MasterSizer 2000 Particle Size 
Analyzer, Malvern), equipped with a wet state sampler 
(HYDRO2000S, Malvern). Finally, each of the eight 
powders was shaped in small cylinders with a height 
of 3 mm and a diameter of 2 mm and put over alumina 
slabs inside a small furnace and tested separately with 
the heating microscope (Misura 3, Expert System 
Solutions, Modena, Italy). The software supplied with 
the instrument provides sintering or dilatometric curves 
from which five temperatures can be derived, namely: 
(I) the first shrinkage or sintering, (II) the maximum 
shrinkage before softening starts, (III) the softening 
point, at which the first signal of melting appears, (IV) 
the half ball point, when the specimen forms a semicircle, 
and (V) the flow point, at which the test piece collapses 
to a third of its height at the hemisphere state (following 
standards ISO 540 1995-03-15/DIN 51730 1998-04 
[18-19]). Some of these temperatures were defined by 

Figure 1.  A satellite image of the Campanian littoral (Italy). 
The picture was taken from Google Earth and downloaded on 
March 2nd, 2012 (http://earth.google.com/). The places where 
the sands (S1, S2, S3 and S4) were sampled are marked with 
their relative numbers.
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Scholze in 1962 [20] and each one corresponds to a cha-
racteristic viscosity point, conventionally determined on 
the basis of geometrical considerations. 

RESULTS AND DISCUSSION

 The as-received sands where melted in sodium bo-
rate pearl to attain the necessary homogeneity for X-ray 
fluorescence analysis. Table 1 shows the XRF chemical 
compositions and the main crystalline phases. Traces of 
heavy metals, chlorine and bromine, below 0.1 % were 
also found. As a general observation, we can observe 
that the amount of SiO2 is compatible with the content 
in silica for Roman glasses, but  the presence of Al2O3 
and iron oxides seems to confirm the recent observation 
by Brems and co-authors [8], also advanced in previous 
investigations [21-23], which found rocks contamination 
deriving from mafic volcanic activity on the littoral 
sands. 

 The presence of alumina increases the refractoriness 
of the sands and make them more suitable for the pro-
duction of sintered materials rather than for glass-mel-
ting. As described by Silvestri and co-authors [5], in 
order to produce effectively a colourless glass, a long 
procedure of grinding, washing and sieving would 
have been necessary, to eliminate the feldspatic phases, 
responsible of introducing Al2O3. Roman glasses show 
a typical CaO content of 5 - 10 % [3] and, considering 
the thermal treatment, the calcium content in the sands 
is estimated to be around 6 - 11 % [6]. Considering 
these parameters, we can observe that three of the sands 
analysed (S2, S3, S4) have a content in CaO between 
the 8.29 and the 20.7 %, sensibly higher if compared to 
the amount detectable in Roman glasses. However, this 

content in CaO is compatible with the amounts observed 
in Ptolemaic and Roman samples of Egyptian blue, 
where the content in CaO (bulk composition) ranges from 
7.4 to 17.4 % [11]. Similarly, a high content in CaO 
(17.62 - 19.86 %) was detected in the body of two faien-
ces form Pompeii, interpreted as a Roman imitation of 
Egyptian productions [13].
 Considering the SiO2 and the fluxes content, the 
classification of the refractoriness of the sands should 
be S3, S4, S1 and S2. Furthermore, high percentages of 
Fe2O3 characterise the specimens S1 and S4; its presence 
actually modifies the colour of a typical soda-lime glass, 
leading to a blue-greenish hue [2]. The LoI of a natural 
sand is usually associated to the presence hydroxides and 
organic materials (including pulverised seashells), jointly 
with the presence of mineral carbonates. The sands S2, 
S1, S4 and S3, in the order, exhibit a decreasing value of 
LoI, indicating a decreasing presence of calcium oxide in 
a carbonatic phase. No trace of aragonite, a polymorph 
form of CaCO3, typical of seashell, was found in the 
4 sands as well as crystalline phases of chlorides and 
bromides indicating a good level of purity of the sands 
as raw materials. 
 Raman microscopy (Figure 2) revealed the presence 
within the sands of traces of various minor crystalline 
phases, in addition to all those already detected by means 
of XRPD. In the sand S1 we found a crystal of analci-
me (NaAlSi2O6.H2O) (Figure 2a), an area constitued 
by phillipsite-Ca (Ca3(Si10Al6)O32.12H2O) and diopside 
(CaMgSi2O6) (Figure 2b) and a zone with hematite 
(Fe2O3), magnetite (Fe3O4) and diopside (Figure 2c) [24]. 
A crystal of nepheline (KNa3(AlSiO4)4) was detected 
within the sand S2 (Figure 2d) [24]. XRD and RAMAN 
data well fit with mineralogical characterization from 
reference [25] of fairly pure sands with calcite and minor 
quantities of feldspar.
 Grain size distribution curves (Figure 3) are all 
bimodal and almost coincident for both kind of specimens, 
namely C and F powders, indicating the presence of two 
families of mineral with different hardness, hypotetically 
being quartz the harder one in respect to the others, such 
as calcium carbonate or feldspars. The fineness of the 
powders is expected to have the same effect on each 
sample, despite their different chemical compositions 
as evidenced in the sintering curves (Figure 4). For an 
easier comparison, the two plots, one for each grinding 
procedure, C and F, were superimposed for each sample. 
Additionally, Table 2 shows the five characteristic tem-
peratures of the four sands calculated by the software 
Misura 3 or identified manually. As a matter of fact as 
all the samples were crystalline materials, the sphere and 
the half sphere geometries were generated with an ir-
regular shape differently from glass specimen and were 
not detected automatically by the software. Nevertheless, 
the free-sintering curves are helpful to follow sintering 
phenomena in terms of densification and expansion of 
multicomponent mixtures [26], such as the four studied 

Table 1.  XRF Chemical compositions (oxides in % weight 
and normalized to 100 %) of the four sands, together with their 
LoIs and crystalline phases from XRD analyses.

Oxides S1 S2 S3 S4

SiO2 50.30 47.00 60.70 53.60
Al2O3 14.80   7.84   8.16   6.79
CaO   8.29 20.70 11.30 17.30
MgO   1.75   0.93   1.17   2.88
Na2O   3.29   1.70   4.50   2.54
K2O   5.70   3.28   3.45   2.54
Fe2O3   4.64   1.73   1.87   3.38
TiO2   0.51   0.16   0.17   0.35
LoI 10.10 15.90   7.90   9.30
SiO2/CaO   6.06   2.34   5.37   3.09
Quartz (SiO2) xxxx xxxx xxxx xxxx
Calcite (CaCO3) xx xxx xxx xxx
(Ca/K/Na)-feldspar xxx xx xxx xx
Clay minerals  x x x x
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Figure 2.  Raman spectra (in top) of: a crystal of analcime (its reference below) (a), an area constitued by phillipsite-Ca (its refe-
rence in the middle) and diopside (its reference below) (b), a zone made up of hematite (its reference up), magnetite (its reference 
in the middle) and diopside (its reference below) (c) in the sand S1 and a crystal of nepheline (its reference below) (d) in the sand 
S2.

Figure 3.  Laser particle size analysis distribution curves of the four sands, S1, S2, S3 and S4, ground both coarsely C and fine F.

Table 2.  Characteristic temperatures (sintering, softening, sphere, half sphere and flow) provided by the heating microscope 
software Misura 3 for the four sands, ground both coarsely C and fine F.

 S1-C S1-F S2-C S2-F S3-C S3-F S4-C S4-F

Tsintering (°C) 1150 1111 1179 1187 1180 1162 1211 1170
Tsoftening (°C) 1221 1116 1290 1276 1280 1253 1260 1220
Tsphere (°C) – 1200 – – – 1271 – 1255
Thalf sphere (°C) 1247 1228 1312 1295 1327 1283 1267 –
Tflow (°C) 1262 1253 1317 1301 1342 1317 1273 1258
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sands. Each plot is characterised by a long plateau 
(characterised by a small contraction (about 2.5 %) around 
the range 800 - 850°C up to the melting point in a range 
between 1100 and 1150°C, independently by the finesse 
of grinding. The contraction at about 800°C may have 
been caused by the presence of organic substances burnt 
out during the heating cycle or by the decarbonatation 
of some minerals, such as calcite. Finally, the melting 
process starts at the end of each plateau with a sudden 
drop of the sintering percentage, completely vertical 
for the specimens S2 and S4. Moreover, this process 
is completed in a very narrow temperature range as ty-
pical of the formation of a liquid phase possibly asso-
ciated to a ternary or quaternary eutectic compound. 
After this shrinkage, a very short plateau may indicate 
the formation of a crystalline phase that inhibited the 
densification process. Furthermore, in the cases of the 
sands S1 and S2, the curves show a little expansion 
respectively around 1160 and 1260°C during the melting 
process, probably due to the increase of volume of some 
minerals, the formation of new phases or the formation of 
a gas phase in presence of a liquid. The literature reports 
a similar phenomenon in the same temperature range 
[27], where the deformation is accompanied by a vo- 
lume increase due to the reduction of Fe+3 to Fe+2 and 
gas release.

 At higher temperatures up to the melting point, all 
the sintering curves of Figure 4 show the collapse of the 
cylindrical sample, indicating a high amount of liquid 
phase. In detail, the melting temperature, where each 
plot ends, does not seem to depend on the grain size of 
the powdered specimen and indicate the less meltable 
sand being S3, followed by the specimens S2, S4 and 
S1 in the order. In general, finer is the grinding, lower 
are the characteristic temperatures obtained by the HSM, 
indicating that the specific surface area is the driving 
force of the sintering and/or melting phenomena. 
 The presence of the first drop of liquid during hea- 
ting and hence the meltability of the four samples as 
obtained by the sintering curves of the heating microsco-
pe can be explained using the ternary phase diagram 
SiO2–Na2O–CaO [28] (Figure 5), using the chemical 
compositions of the four sands (Table 1) and rescaling 
to 100 % the percentages of the three main oxides (K2O, 
Al2O3, and Fe2O3 excluded). Figure 5 shows that the 
sample S3 is again the most refractory, followed by S2 
and, even if with little differences (about 50°C lower), 
by S1 and S4. Finally, although the results provided by 
the heating microscope showed that the sands S1 and S4 
have very close flow points, the ternary phase diagram 
SiO2–Na2O–CaO highlights that S1 is less meltable than
S4. The presence of a high content of potassium oxide, 
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Figure 4.  Sintering curves (Sintering % vs T) of the four sands S1 (a), S2 (b), S3 (c) and S4 (d), ground both coarsely C and fine F.
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which was not previously taken into account in the 
interpretation based on ternary phase diagram of Figu-
re 5, could be an additional explanation for the high 
meltability of the sample S1. We also analyzed the 
presence of Al2O3, observing that its amount is strictly 
related to the content of Na2O and K2O (Table 1). 
Therefore, we can conclude that the alkaline cations are 
present mainly in the feldspatic mineral components, 
making the sample S1 the easiest to melt among the 
examined natural sands.

CONCLUSIONS

 This study has demonstrated that the heating 
microscope is a very versatile and powerful instrument 
to characterise ceramic raw materials. The temperatures 
provided by this instrument show a slight dependency 
on the grain size of the powdered samples. In detail, 
finer is the grinding of the specimens, lower are the 
characteristic temperatures provided by the software 
supplied with the heating microscope. This behaviour 
is caused by the increase of the average specific surface 
area. Additionally, various phenomena related to the 
specific surface area, such as superficial crystallization 
or gas evolution, become more evident in finer powders.
 The chemical, mineralogical and thermal analyses 
showed that the four natural sands, sampled along the 
Campanian coast (Italy), are characterised by a thermal 
behaviour compatible with the temperatures reachable 
by the ancient vitreous materials technology, below the 
1200°C [28-30]. In particular, their flow points fit well 
with the melting temperatures commonly observed in 
natural sands with high silica contents [31]. However, 
considering the high content in calcium, these sands 

can be considered an unsuitable raw material for the 
production of glass, while could have been used in 
Roman times to manufacture sintered materials, like 
Egyptian blue and faience.
 Finally, all the analyses highlighted that the sand S3 
is the most refractory among those studied. According 
to the literature on the experimental reproduction 
of Egyptian blue, the temperature estimated for its 
manufacture is in the range of 900 – 1000°C [10].  Thus, 
the addition of a flux, for example natron [32], would 
have been essential to use this sand in a furnace to obtain 
the synthesis of the pigment.
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