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Abstract
Pottery kilns are a common feature in the archaeological record of different periods. However, these pyrotechnological 
installations are still seldom the target of interdisciplinary investigations. To fill this gap in our knowledge, an updraft kiln 
firing experiment was run at the Campus Galli open-air museum (southern Germany) by a team consisting of experimental 
archaeologists, material scientists, geoarchaeologists, and palaeobotanists. The entire process from the preparation of the 
raw materials to the firing and opening of the kiln was carefully recorded with a particular focus on the study of the raw 
materials used for pottery making, as well as on fuel usage. The temperatures were monitored by thermocouples placed at 
different positions in the combustion and firing chambers. In addition, thermocouples were installed within the kiln wall to 
measure the temperature distribution inside the structure itself. Unfired raw materials as well as controlled and experimentally 
thermally altered ceramic samples were then characterised with an integrated analysis including ceramic petrography, X-ray 
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and portable X-ray 
fluorescence (pXRF). Our work provides data about mineralogical and microstructural developments in both pottery kiln 
structures and the ceramics produced in this type of installations. This is helpful to discuss the limits and potential of various 
scientific analyses commonly used in ancient ceramic pyrotechnological studies. Overall, our work contributes to a better 
understanding of updraft kiln technology and offers guidelines on how to address the study of this type of pyrotechnological 
installations using interdisciplinary research strategies.
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Introduction

Ceramic pyrotechnology has come into focus through 
several works that illustrate the complexity of this pro-
cedure as long with its wider implications for the study 
of invention, innovation, and technological advancement 
in the ancient world (e.g. Gibbs 2015; Gosselain 1992; 
Livingstone Smith 2001; McDonnell 2001; Rice 2015; 
Wertime 1964).

Archaeometric analysis has been crucial amongst the 
different approaches that have been used to reconstruct 
ancient ceramic pyrotechnology (e.g. Gliozzo 2020; Tite 
1995 and literature therein). These studies employ a vari-
ety of methods aimed to reconstruct the firing process with 
a particular focus on the estimation of maximum firing 
temperatures. More precisely, these methods are based 
on studies that established clear relationships between 
parameters of firing procedures, such as temperature and 
atmosphere with changes in the pottery microstructure 
(e.g. porosity, clay matrix, progressive sintering, vitrifi-
cation) and mineralogy (e.g. Gliozzo 2020; Heimann and 
Maggetti 2019; Kazakou et al. 2019; Maniatis and Tite 
1981; Maritan et al. 2006, 2007; Rice 2015, pp. 376–387).

Another major focus of pyrotechnological studies are 
ancient combustion features such as pottery kilns, whose 
study has enormous potential to gain better insights into 
a variety of other aspects of the dynamics of kiln firings, 
such as the degree of insulation, separation of fuel and 
vessels, and heating and cooling rates, as well as soaking 
times and fuel usage (Thér et al. 2019). Pyrotechnologi-
cal installations for pottery firing are a common feature of 
many archaeological sites, and there are several studies 
regarding their morphology (e.g. Cuomo di Caprio 1972; 
Delcroix and Huot 1972; Dufaÿ 1996; Duhamel 1974; 
Hansen Streily 2000; Hasaki 2002; Swan 1984), in addi-
tion to experimental works that try to test hypotheses on 
their use and performances (e.g. Hanning et al. 2016; Mag-
getti et al. 2011; Thér 2014).

However, kilns are rarely targeted for systematic and 
multi-disciplinary investigations. Recent studies have 
shown the potential of combining archaeometric with 
geoarchaeological approaches to reconstruct the life his-
tory of these pyrotechnological installations and to acquire 
more information about their use (Karkanas et al. 2019; 
Squitieri et al. 2022; Weiner et al. 2020).

Nevertheless, studies that have combined both experimen-
tal works in the laboratory and in the field with systematic 
programmes of scientific analysis are still scant (e.g. Mag-
getti et al. 2011; Thér et al. 2019). Such an approach has the 
potential to provide more precise data on different aspects of 
firing procedures and how these are reflected in the micro-
structural and compositional characteristics of ceramics. 

This data can improve interpretation of instrumental meas-
urements and help us to develop a more detailed technologi-
cal and social reconstruction of ancient ceramic pyrotech-
nology (e.g. Amicone et al. 2021). In this paper, we present 
the results of an experiment run on an updraft kiln built 
in the Campus Galli open-air museum (Meßkirch, south-
ern Germany). We chose to run this experiment using this 
type of kiln, as it is one of the most common firing instal-
lations in the archaeological record found in different parts 
of the world across different chronological periods (Roux 
2019). The aim of the experiment was to collect data on 
updraft kiln firing procedures along with information about 
microstructural developments in both the kiln structure and 
the sintered ceramics produced in it. A variety of scientific 
methods were undertaken on fired ceramic samples collected 
during the experiment, as well as from the kiln walls. Our 
work contributes to understanding one of the most common 
types of firing installation of the ancient world, providing 
new data which enhances the interpretation of current and 
future analyses of a variety of archaeological analogues on 
a broad spatial and temporal scale.

Furthermore, our paper discusses how to improve 
research strategies such as sampling and analytical meth-
ods for these types installations by integrating experimental 
archaeology and natural science approaches.

The Campus Galli open‑air museum and its pottery 
workshop

The open-air museum of Campus Galli (Fig. 1a) is a con-
struction site where an early mediaeval monastery is cur-
rently being built according to the so-called Plan of St. Gall, 
an architectural drawing from the first half of the ninth cen-
tury AD (Carolingian period) (Schedl 2014; Tremp 2014).

Compared to many other archaeological open-air muse-
ums, its focus is not only on reconstructing past buildings, 
but also on offering a space where building techniques and 
various crafts, as well as daily life activities, could be re-
enacted. In 2018, the Competence Center Archaeometry 
– Baden-Wuerttemberg of the University of Tübingen began 
a collaboration with Campus Galli to promote research and 
teaching activities on ancient crafts involving the local com-
munity, students, and various scientists. One of the core craft 
activities present in Campus Galli is the production of pot-
tery. Martin Rogier established a potter’s workshop which 
includes facilities for extraction and processing of raw mate-
rials and water basins to levigate the clay, as well as a pot-
ter’s wheel along with an updraft kiln, both built according 
to mediaeval models (Rogier 2018).

Updraft kilns consist of different parts: a fire tunnel or heat 
channel from where the fuel is loaded; the combustion cham-
ber or firebox where fuel is placed to burn; the firing chamber, 
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also called stack area, where the pots are set to be fired over 
the kiln floor; and the exit flue at the top of the kiln from where 
the potter can control the kiln’s atmosphere. This is one of the 
most diffused types of kilns of the ancient world and is still in 
use amongst traditional communities of potters today. In this 
type of installation, the flame is introduced into the bottom 
of the kiln, at or below floor level, and exhausted out the top.

The updraft kiln (Fig. 2) used in this experiment was built 
in 2016 to early mediaeval design (Rogier 2018); however, it 
showcases an architecture which is consistently seen across 
different periods and regions worldwide. The upper section 
of the kiln is a domed firing chamber, c. 0.8 m high with 
a diameter of c. 1 m and a capacity of about 310 to 340 l 
(eleven to twelve cubic feet). The dome includes a kiln door 
that gives access to the firing chamber and that is used to 
load the kiln. The exit flue measures 0.35 m in diameter and 
can also be used to stack vessels in the firing chamber. The 

kiln floor is 13 cm thick and is perforated by 34 holes with 
a diameter of approximately 4 cm each. The combustion 
chamber is 0.5 m high and 1 m in diameter. The fire channel 
is approximately 0.5 m long, and its opening has a cross-
section of approximately 0.1 m. The structure was built by 
using a mixture of local calcareous and non-calcareous clays 
collected in Campus Galli mixed with dung as well as sand 
collected in a quarry 15 km east of the site.

Material and methods

Clay raw materials and their processing

Two different natural clays (Table 1) locally available to 
Campus Galli were chosen as starting material, a calcar-
eous and non-calcareous one, respectively. This way, we 

Fig. 1  a Map of the Campus 
Galli open-air museum, Baden-
Württemberg, Germany. 
Pottery workshop located in 
red circle (https:// www. campus- 
galli. de); b Simplified geologi-
cal map of the area around the 
pottery workshop (Lars Heinze)

https://www.campus-galli.de
https://www.campus-galli.de
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could observe mineralogical and microstructural develop-
ments in two types of clay that are known to have a different 
behaviour during the firing process due to difference of CaO 
content (Maniatis and Tite 1981). Moreover, the selection 
of natural clays often characterised by a sandy/silty hetero-
geneous fraction was preferred over standardised industrial 
ones, as natural clays are the typical type of materials used 
in traditional pottery making.

Campus Galli itself is located about 7 km southwest of 
Sigmaringen, on the edge of the Swabian Jura. The geology 
of the Swabian Jura consists mostly of Jurassic limestones. 
Three layers of different limestones are stacked over each 
other: Black Jurassic, Brown Jurassic, and White Jurassic. 
Campus Galli is located on the White Jurassic that is marked 
by different types of limestone formations (the so-called 
Massenkalk and Hangender Bankkalk) and the occurrence 
of marls (Fig. 1b). This area is also marked by glacial sedi-
ments and erosion layers of the Holocene period. The latter 
consists of silt with alternating clayey to sandy layers and 
can have a low calcium content (Bloos et al. 2006).

To make these two clays usable for pottery making, dif-
ferent traditionally known processing techniques particularly 
suitable for this type of materials (Rice 2015) were applied 
to produce a calcareous clay paste (A) and a non-calcareous 
clay paste (F). The calcareous clay was cleaned through a 
levigation process. The clay was placed for several days in 
a basin full of water so that the coarser particles in the raw 
materials were deposited on the bottom, while the suspended 
fine fraction can be separated. The other clay was cleaned 
via sieving (mesh size 1.2 mm), but part of the coarser 
dry fraction was recombined with the finer fraction after 
soaking in water for several days. In both pastes, approxi-
mately 10% quartz-rich sand was added, and the pastes were 

homogenised by hand. This sand comes from the same loca-
tion of the one used to build the kiln structure but was sieved 
(mesh size 1.2 mm) prior to its usage.

Experimental briquettes were produced by, respectively, 
mixing pastes A and F with deionised water. The briquettes 
were dried in controlled conditions at 80° C for 8 h. A series 
was meant to be fired in the field experiment under actual-
istic conditions. The other series was meant to be fired in 
normal air under oxidising conditions in a laboratory kiln 
(Nabertherm P300) according to a similar temperature pro-
file followed in the kiln experiment in Campus Galli (Sup-
plementary materials).

Characterisation of the raw materials

To obtain a detailed petrological, mineralogical, and chemi-
cal characterisation of the raw material from Campus Galli, 
samples of pastes A and F were analysed by means of 
ceramic petrography (Quinn 2013; Whitbread 1995), X-ray 
powder diffraction (XRPD) (Berthold and Mentzer 2017; 
Quinn and Benzonelli 2018), Fourier transform infrared 
spectroscopy (FTIR) (Margenot et al. 2017), and portable 
X-ray fluorescence (pXRF) (Helfert et al. 2011). Ceramic 
petrography was performed on thin sections produced from 
briquettes made from paste A and F and fired in the labora-
tory at 600 °C, as at this temperature only a minimal ther-
mal alteration of the mineral inclusions present in our pastes 
would be expected.

XRPD was run on the powdered bulk samples and on 
their respective clay fraction (< 2 μm). The powders were 
prepared by grinding into a fine powder unfired samples 
from paste A and F in an agate mortar, while the pure clay 
fraction (< 2 µm) was extracted by sedimentation in an 

Fig. 2  Building phases of the 
updraft kiln: a combustion 
chamber; b kiln floor; c firing 
chamber; d fire channel (pic-
tures made by Martin Rogier)
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Atterberg column. The concentrated clay fraction suspen-
sion was then poured onto two glass slides to produce even 
and textured samples. This is a well-established method 
for clay mineral analysis using XRPD in natural sciences 
(Moore and Reynolds 1997). This way, the 00l-intensities 
from this type of minerals are significantly enhanced, 
which is a key feature for clay mineral characterisation 
using XRPD. After drying, both slides were measured 
to characterise them at room temperature under natural 
humidity. In a second step, to have a better characterisa-
tion of swellable clay minerals such as montmorillonite, 
one of the slides was saturated at room temperature with 
ethylene glycol within an exicator for several days and 
measured again.

By this procedure, the large ethylene glycol molecules 
are incorporated in the interlayer of swellable clay min-
erals, resulting in an increase of the c-lattice distance 
which leads to a decrease in 2θ angle of the correspond-
ing 00l-intensities in the diffractograms.

The instrument used for XRPD analysis was a 
Bruker D8 advance equipped with a Cu-sealed tube 
(40 kV/20 mA), a Göbel mirror optics, a 0.2-mm diver-
gence slit, a fixed knife edge to suppress air scatter, and a 
VǺNTEC 1-detector. The crystalline phases were identi-
fied using the PDF data from the 2006 International Centre 
for Diffraction Data-Joint Committee of Powder Diffrac-
tion Standards (ICDD-JCPDS). The powdered bulk sam-
ples were rotated during the measurement.

FTIR spectroscopy was also used to identify min-
eral composition and alteration due to heating. Spectra 
were collected in transmission using the KBr method 
between 4000 and 400  cm−1, at 4  cm−1 resolution with 
32 co-added scans using a VERTEX 80v (Bruker) and a 
Cary 660 (Agilent Technologies) spectrometers. Spectra 
identification was carried out by using Van der Marel and 
Beutelspacher (1976) as reference as well as the Kim-
mel Center for Archaeological Sciences at the Weizmann 
Institute of Science library of infrared spectra of archaeo-
logical materials (Weiner 2010). PXRF was performed by 
using a Niton XL3t with an experimental method for an 
external calibration specifically adjusted for the study of 
ceramics, developed at the University of Frankfurt (Helfert 
et al. 2011). The advantage of this method is that it is 
non-destructive, fast, and cost-efficient. However, only a 
small spot on the sample is analysed, which may not be 
representative of the composition of the whole specimen. 
This can be especially problematic for samples lacking a 
homogenous matrix. In order to minimise potential inac-
curacies, three different points in the cross-section of each 
fragment were measured, and their average was calculated. 
The results of the pXRF analysis for major and minor ele-
ments were normalised to 100% in their oxide form calcu-
lated by stoichiometry.

Characterisation of fired samples

All fired samples (Table 1) were analysed with ceramic 
petrography to assess their petrographic and mineralogical 
composition as well as the optical activity of the matrix, as 
this could give an indication on the firing conditions and 
temperatures (Quinn 2013, pp. 23–33).

XRPD and FTIR were utilised to provide a detailed min-
eralogical characterisation of pottery fragments to aid in the 
reconstruction of their original firing temperature (“archaeo-
thermometry”, see Rice (2015, pp. 99–116)). This method 
makes use of the presence and absence of mineral phases 
that are modified, formed, or can disappear at specific tem-
peratures and under specific atmospheric conditions (Berna 
et al. 2007; Gliozzo 2020; Maggetti 1982; Maniatis et al. 
2002; Maritan et al. 2006; Nodari et al. 2007; Shoval and 
Beck 2005). XRPD and FTIR were run with the same instru-
ments and parameters as above; the XRPD samples were 
rotated during the measurements.

Scanning electron microscopy (SEM) analysis was 
used to assess the degree of vitrification, which is a cru-
cial and easily measurable point in pyrotechnological stud-
ies (Maniatis and Tite 1975, 1981; Mentesana et al. 2019; 
Tite and Maniatis 1975a, b). A fresh fracture of the samples 
was platinum-coated, and secondary electron images were 
taken from the core as well as the margins of the samples 
via a Hitachi TM3030 + tabletop SEM microscope using 
an accelerating voltage of (15 kV), an operating current 
of 110 µA, and a variable working distance at 1000 × and 
2000 × magnifications.

Field experiment

Firing structure

The kiln was not built specifically for this experiment, it 
had been used already in several firings and represents a 
very common type of design. Therefore, to monitor the heat 
impact on the structure caused by our firing experiment, a 
separate clay brick was prepared. The block was produced 
by mixing the same type of non-calcareous clay and sand 
used to produce paste F. However, as a coarser paste was 
needed this time, the sand was not sieved prior to usage, and 
additionally, chaff was added as temper. The ratio of these 
ingredients in the paste was 4:5:1 respectively. After mixing, 
the brick was carefully shaped and placed into the kiln door.

Preparation and position of the kiln load

One hundred and thirty-five pots marked by different types 
of paste were prepared by Martin Rogier, using the local 
calcareous and non-calcareous clays. Pot shapes range from 
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simple ollae to large casseroles which are consistent com-
ponents found in the archaeological record (Fig. 3b). All 
pots were numbered at the base (nos. 1–135). However, as 
only 100 vessels could be arranged in the kiln, the rest were 
left unfired. Similar forms were scattered in different spots 
and at different heights with the aim of fitting as many pots 
as possible. The pots were distributed on roughly 5 levels 
(Fig. 3a). The lower strata of pots were mainly introduced 
by the lateral opening of the kiln, while only those belong-
ing to the 2 uppermost levels were introduced from the top 
(Fig. 3c–d). Finally, the kiln load was covered by placing 
larger broken and already fired shreds on the top, which 
served as heat insulators for the structure. After this, the 
later entrance was sealed with pure clay, and a lid was placed 
on top of the kiln dome.

Fuel preparation

Before the firing process, the fuel was carefully collected 
and documented (Fig. 3e–f). We decided to use wood as a 
fuel as this is a well-documented type of material accord-
ing to several ethnographic studies and was locally available 
(e.g. Gosselain 1992; Livingstone Smith 2001; Sillar 2007).

The wood assemblage consisted of arboreal taxa found 
in the proximity of the pottery workshop, i.e. Picea abies 
(spruce), Quercus pubescens/rubra (downy and red oak), 
Fagus sylvatica (beech), Prunus avium (wild cherry), 
Fraxinus sp. (ash), and Corylus avellana (hazel). The larg-
est portion of fuel consumed was from spruce wood (58%), 
followed by beech (21%). The degree of humidity of the air-
dried logs was measured before firing by using a moisture 
meter that gave an average reading of c. 11 (range c. 9–16), 
indicative of very dry fuel. The total amount of the fuel, 
which was measured before the firing, was weighed to a 
total of 265.15 kg, which mostly consisted of spruce, beech, 
and oak logs.

Temperature monitoring

The heat distribution within the kiln and the impact on the 
kiln structure were monitored using twelve thermocouples 
attached to three Omega RDXL6SD 6-Channel devices (four 
for each device). Two thermocouples were positioned in the 
combustion chamber, and six of them were placed in the 
upper firing chamber.

Fig. 3  a Drawing illustrating the 
position of the vessels within 
the updraft kiln (Paola Sconzo); 
b Vessels produced by Martin 
Rogier; c Stacking of the vessels 
within the kiln; d Vessels within 
the kiln; e Graph illustrating the 
different types of wood used 
as fuel (Lionello Morandi); f 
Wood prepared to be used in the 
firing (pictures made by Silvia 
Amicone)
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 The six thermocouples placed in the firing chamber 
were inserted in the interior of a clay brick of approximately 
2 cm × 1 cm × 1 cm. This setup was aimed to get a more 
realistic information of the temperature changes inside a 
fired ceramic and not only the flame temperature during the 
whole firing process (Fig. 4). At the same time, a selection 
of briquettes made from pastes A and F were positioned 
close to thermocouples 2, 3, and 7 within the firing chamber 
(Fig. 3a).

Additionally, four thermocouples were placed inside a 
large brick as a part of the kiln wall 5 cm from one another 
starting from inside of the kiln wall, so that it was possi-
ble to record the heat distribution from the direction of the 
heat source towards the outer part of the kiln (Fig. 4d). The 
temperature was measured and recorded automatically every 
0.5 s.

Firing process

The firing procedure started at 06:10 when the fuel was 
ignited (Fig. 5a) and the opening of the dome was closed, 
leaving only an aperture of about 16 cm.

The participants of the experiment were divided into 
teams to carry out several activities related to the daily rou-
tine of a pottery workshop. Such duties included produc-
ing additional firewood, kiln maintenance, and the filling of 
the fuel into the kiln. Two hours after the beginning of the 
experiment, cracks started to appear on various parts of the 
kiln structure. These cracks were repaired on the spot by the 
participants with an ash, water, and cob mixture, a procedure 

that continued as part of the kiln maintenance throughout 
the whole experiment. At 12:55, the upper lid was shortly 
removed, and thus, black smoke was released. At this stage, 
the pots, as it could be observed through the top opening, 
began to become blackish (Fig. 5b). At 14:30, a spyhole in 
the loading door area was opened to observe the firing of 
the vessels (Fig. 5c).

Such observations through spyholes helped assess how 
much more fuel should be added, and what temperature had 
been reached based on changes in the pots’ colour. In the fol-
lowing 2 h, multiple observations were made by opening and 
closing the spyhole. At 15:50, the lid was removed again, but 
this time, the smoke was more transparent rather than black. 
At 17:13, after 11 h of firing, the temperatures indicated 
by the thermocouples were observed to not be increasing 
anymore, and the heating rate became extremely slow. The 
lid, together with the upper layer of broken shreds, was then 
removed with the help of pliers.

After this, the already burning wood in the firing chan-
nel was pushed into the combustion chamber, and the 
ash that was excessively building up in the channel was 
removed to the edges of the firing tunnel. The tempera-
tures started rising, and at 19:35, the first flames rose out 
of the lid (Fig. 5d–e). At 22:43, the last cracks around 
the kiln were repaired, and the kiln lid was placed on the 
top again and completely sealed with a wet clay mixture. 
A slab was also placed to seal the fuel area. Once the 
kiln was completely closed, the kiln structure was left to 
cool down overnight, with the temperatures still being 
recorded.

Fig. 4  Position of the thermo-
couples used to record the firing 
temperature: a–b Position of the 
thermocouples in the firing and 
combustion chambers (Tobias 
Kiemle); c Omega RDXL6SD 
devices used to record the firing 
temperatures; d Kiln block with 
thermocouples (pictures made 
by Silvia Amicone)
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General observations

By looking at the data, it can be observed that the maximum 
peak temperature around 1150 °C was recorded by the sen-
sor TC8 located at the front of the fuel chamber (Fig. 5f). 
In the firing chamber, the maximum peak temperature of 
around 1100 °C was recorded by TC7 located just above the 
perforated floor (Fig. 5f). The lowest temperature, 835 °C, 
was recorded by TC1 in the upper part of the firing cham-
ber (Fig. 5f). It is interesting to notice that the maximum 
temperatures reached by the different thermocouples were 
recorded only for a few minutes, and then the temperatures 
directly began to decrease.

The difficulties that we encountered in reaching these 
temperatures could be explained in different ways such as 
the kiln design, distribution of the vessels’ loading, and type 

of fuel as well as weather conditions. However, we cannot 
exclude that this was due also to imperfect coordination in 
the addition of fuel, as we realised quite late that there was 
too much carbon in the firing chamber at a certain point, 
meaning that too much fuel was added, which could not be 
properly combusted. At the end of the experiment, 183.65 kg 
of wood was used. All the pottery fired survived, but some of 
the vessels showed cracks or black areas due to the difficul-
ties to control the atmosphere during the firing that resulted 
in more reducing conditions than we had aimed for.

More precisely, cracks at the base occurred on 14 ves-
sels, 14% of the total number. These were generally located 
in the lowermost level (layer A) and were in direct contact 
with the kiln floor. The cracking of rims occurred instead 
mainly on those pieces set in the second layer (layer B). The 
vessels set in layers C-E were those which instead featured 

Fig. 5  a–e Drawings illustrating different moments of the firing (pictures made by Silvia Amicone); f Graph illustrating the temperatures of the 
thermocouples placed within the kiln (Tobias Kiemle)
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blackened patches on the body and on the outside of the rim. 
Finally, the temperatures recorded in the kiln wall (Fig. 6) 
were drastically lower than inside the kiln and ranged from 
124 to 542 °C in the area untouched by the flames, reaching 
878 °C only on the side that was directly in contact with the 
firing chamber. The kiln structure itself survived the firing 
rather well, and it is still in use today, but several cracks 
formed during the process, which constantly required repair.

Results of the laboratory investigations

Analysis of raw materials

The results of ceramic petrographic analysis indicate that 
paste A is medium coarse and relatively poorly sorted 
(maximum 1 mm, minimum 0.01 mm, average 0.3 mm). 
It is characterised by the presence of quartz (mono- and 
polycrystalline), calcite (micritic, less frequently sparitic), 
feldspars (plagioclase and perthite rarely microcline), chert, 
opaques, and very rarely glauconite, epidote, and foliated 
metamorphic rocks composed of quartz, muscovite, and 
biotite (Fig. 7a–b).

Calcite can occur as very small inclusions (0.01 mm) as 
well as coarser ones (0.8 mm). The same assemblage of miner-
als was identified by XRPD analysis (Fig. 7c), but in addition, 
kaolinite and illite could be identified, with their main peaks 
at Kln001 (d = 7.1 Å) and Ill001 (d = 10 Å) respectively. The 

XRD analysis of the clay fraction < 2 µm also reveals the pres-
ence of smectite and mixed layer clay minerals (Fig. 7d), which 
were overseen in the XRPD due to their weak intensities.

Similarly, paste F appears to be medium coarse (maxi-
mum 0.8 mm, minimum 0.01 mm, average 0.3 mm) and 
poorly sorted. It includes quartz (mono- and polycrystal-
line), calcite (micritic less frequently sparitic, overall, less 
than in paste A), feldspars (plagioclase and perthite), chert, 
opaques, and very rarely glauconite and foliated metamor-
phic rocks composed of quartz, muscovite, and biotite 
(Fig. 8a–b).

This is confirmed by the results of XRPD analysis (Fig. 8c) 
that also revealed the presence of chlorite, kaolinite, and illite 
with their main peaks, respectively at Chl001 (d = 14.1 Å), 
Kln001 (d = 7.1 Å), and Ill002 (d = 10 Å). Moreover, for paste 
F, the XRD analysis of the clay fraction indicates the presence 
of smectite and clay minerals with mixed layers (Fig. 8d).

The FTIR spectra (Figs. 7e and 8e) confirmed that both 
pastes A and F are dominated by kaolinite as shown by the 
absorbance bands at 3697, 3621, 1034, 1010, 914, 754, and 
538  cm−1 wavenumbers. The presence of quartz in both 
pastes is also evidenced by the shoulder around 1085  cm−1 
wavenumbers and the doublet at 798 and 779  cm−1 wave-
numbers. The main difference between pastes A and F is the 
higher amount of calcite in paste A, which is indicated by 
the absorbance bands at 1431, 875, and 712  cm−1 wavenum-
bers. In paste F, the presence of calcite is marked only by a 
weak absorbance band at 1431  cm−1 wavenumbers.

Fig. 6  Graph illustrating changes in the temperatures of the thermocouples placed within the kiln wall during different phases of the fir-
ing (Tobias Kiemle)
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The pXRF analysis (Table 2) showed that the two pastes have 
considerable compositional differences. Paste F has a very low 
concentration of CaO (c. 2 wt %), while paste A contains c. 35 

wt % of CaO. On the other hand, the concentration of  SiO2 and 
 Fe2O3 is higher in paste F (c. 66 wt % and c. 7 wt %, respectively) 
relative to paste A (c. 39 wt % and c. 5 wt %, respectively).

Fig. 7  Results of laboratory analyses carried out on paste A before firing: a–b results of petrographic analysis; c–d results of XRD analysis; e 
results of FTIR analysis
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Fig. 8  Results of laboratory analyses carried out on paste F before firing: a–b results of petrographic analysis; c–d results of XRD analysis; e 
results of FTIR analysis
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Analysis of experimental samples

Paste A

The XRPD results (Fig. 9a) show that in both samples (field 
and lab experiments) made from paste A and fired at 835 °C, 
kaolinite and illite reflections disappeared completely from 
the diffractograms, while feldspars and calcite reflections 
decreased their intensity. However, the main peak of calcite 
(2θ = 29.41◦) appears to be weaker in the sample fired in the 
laboratory. Finally, a mineral of the melilite group with gehlen-
ite composition shows up as a new phase and is visible from 
the appearance of its main reflection at 2θ = 31.42°. The slight 
shift of the main intensity could indicate a certain Mg content.

The FTIR results (Fig. 9b) also show that calcite is ther-
mally altered, suggesting an incipient formation stage of 
aragonite. This is indicated by the broadening of the main 
calcite absorbance band, which started to form a shoulder 
at 1446  cm−1 wavenumbers and by the formation of absorb-
ance band at 858  cm−1 wavenumbers (Toffolo and Boaretto 
2014). The main peak of the kaolinite at 1034  cm−1 is no 
longer visible and is replaced by a broad band with peaks at 
1017, 977, 919, and 800  cm−1 wavenumbers, which best fit 
with sorosilicate minerals of the melilite group. The paste 
that was heated in the laboratory oven exhibits a more pro-
nounced aragonite presence, while the absorbance band of 
the silicate minerals is represented by a broad band with 
one peak at 1001  cm−1, which probably points to a more 
amorphous state.

In thin section, glauconite changed its interference colour 
from green to reddish due to the oxidation of iron. In addition, 
some of the muscovite inclusions present in the samples lost 
their typical interference colour and biotite tended to become 
reddish-brownish due to oxidation. Calcite is still clearly 
detectable, but only few grains of sparitic calcite still show the 
pastel interference colours typical of this mineral, while most 
calcite inclusions look brown (Fig. 9c, f). The matrix is mostly 
isotropic in both samples. Under the SEM, the formation of 
a glass phase can be recognised from the smooth appearance 
of the matrix, and fine bloating pores can also be observed in 
the sample fired in in the laboratory (Fig. 9i, l).

At 900 °C, the calcite intensities became weaker in 
the sample fired in the kiln experiment, but they are no 
more visible in the specimen fired in the laboratory. Feld-
spar reflections became weaker too, whereas gehlenite 
reflections became stronger (Fig. 9a). FTIR spectra of 
the experimental kiln and of the laboratory firing show a 
similar picture of a somewhat more pronounced aragonite 

formation and the presence of a silicate mineral fitting 
with the melilite group (Fig. 9b).

Under the polarising microscope, only a few grains of 
sparitic calcite still show interference colours, but this is 
limited to the samples fired in the field. In both types of 
samples, small micritic calcite inclusions now look very 
darkish brown, while larger grains are dark brown and 
light-yellowish brown in places (Fig. 9d, g), and the matrix 
shows a completely isotropic behaviour. The SEM images 
indicate the formation of bloating pores that are sometimes 
up to 20 μm in size (Fig. 9j, m).

At 1100 °C, very weak calcite and feldspar reflections 
are visible in both samples (Fig. 9a). Wollastonite appears 
as a new phase with a main reflection at 2θ = 29.98°.

The FTIR analysis of both samples shows again the 
presence of sorosilicate minerals of the melilite group 
(Fig. 9b). It is interesting to note that in the sample fired 
in the laboratory, the peaks related to the carbonates are 
stronger than in the sample fired in the kiln. In the first 
spectrum, the main absorbance band of calcite is also 
broader due to being composed of several peaks that are 
related to heated calcite, aragonite, and other polymorphs 
of calcium carbonate. On the other hand, the carbonate 
minerals in the spectrum from the field experiment show 
a relatively low and broad absorbance band with two clear 
peaks, one of calcite (1420  cm−1 wavenumbers), and the 
other one of aragonite (1476 as well as a weak peak at 
857  cm−1 wavenumbers).

In the thin sections of the sample fired in the experiment, 
the calcite grains no longer show any interference colours 
and appear completely brown in colour, while in the speci-
men fired in the laboratory, these are no longer detectable. 
Feldspar inclusions also look thermally altered, especially 
in the sample fired in the laboratory. The matrix behaves 
perfectly isotropic (Fig. 9e, h). Under the SEM, the pores 
were significantly reduced in size, and the structure appears 
denser and less porous (Fig. 9k, n).

Paste F

In the samples made from paste F fired at 835 °C, XRPD 
results show that nothing changed in the phases’ assem-
blage of the sample fired in the field, while the main calcite 
peak disappeared in the specimen fired in the laboratory 
(Fig. 10a). The FTIR spectra (Fig. 10b) of both samples 
show similar changes in the clay structure, such as the dis-
appearance of the absorption bands at 3697 and 3621  cm−1 
(loss of structural water), as well as the Al–O–H absorption 

Table 2  Results of the pXRF 
results (expressed as wt %), 
showing the normalised major 
and minor elements

Sample SiO2 TiO1 Al2O3 Fe2O3 MnO MgO CaO K2O P2O5 TOTAL

Paste A 38.87 0.63 17.70 4.57 0.06 1.02 35.28 1.77 0.11 93.25
Paste F 66.24 1.45 19.73 7.19 0.14 1.76 1.69 1.59 0.23 98.27
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band at 914   cm−1 and the Si–O-Al band at 538   cm−1. 
Another shift of the main Si–O-Si silicate absorption band 
occurs from 1034 to 1084  cm−1 and a broadening of this 
band, which is typical for kaolinite heated to temperatures as 
high as 800–900 °C (Friesem et al. 2014). The FTIR resolu-
tion is not sensitive enough to detect any calcite left in the 
clay, but the doublet of the quartz becomes more prominent.

In thin section (Fig. 10c, f), glauconite, muscovite, and 
biotite changed their interference colour similar to observa-
tions in the samples made from paste A. Calcite grains are 
still clearly visible, but they are thermally altered, and in 
most cases, they appear brown, occasionally showing reac-
tion rims. The matrix still shows a low optical activity, but 
only in the specimen from the field experiment. Vitrification 
was not observed under the SEM in both samples (Fig. 10i, 
l).

At 900 °C, the calcite and illite intensities are hardly 
visible in the diffractogram. The remaining phases are 
unchanged (Fig. 10a) but in the sample fired in the labora-
tory at 900 °C weak haematite reflections can be detected  
at 2θ angles of about 33.2° and 35.7°. The main change of 
the FTIR spectra (Fig. 10b) is the further shift of the main 
silicate absorption band from 1084 to 1085  cm−1 and broad-
ening of this band. Under the polarising microscope, no cal-
cite grains show typical interference colours, varying from 
light brown to dark brown. Some grains still display reaction 
rims (Fig. 10d, g). The matrix has an isotropic behaviour, 
and both samples exhibit an initial degree of vitrification 
under SEM (Fig. 10j, m).

Newly formed phases could not be identified via XRPD at 
1100 °C, but, in the sample fired in the laboratory, haematite 
intensities increased, while the feldspar reflections decreased 
considerably (Fig. 10a). No additional changes were visible 
in the FTIR (Fig. 10b). In thin section, few calcite inclusions 
are still visible, but they appear completely dark brownish, 
while feldspars show characteristics of thermal alteration, 
especially in laboratory samples (Fig. 10e, h). The feld-
spars sometimes appear thermally altered, while the matrix 
is completely isotropic. The structure of the ceramic under 
SEM shows extensive signs of vitrification (Fig. 10k, n).

Analysis of the kiln block

Quartz, feldspars, calcite, and illite could be detected in all 
four samples taken from the block (Fig. 11a). Additionally, 
weak diffraction peaks of chlorite and amphibole are observ-
able in all the samples apart from TC1, respectively, at about 
2θ = 12.6◦ and 2θ = 10.4◦. Similarly, kaolinite and dolomite 
were detected in all the samples apart from TC1, respec-
tively, at around 2θ = 12.3◦, and 2θ = 30.9◦.

FTIR spectra showed changes at different temperature 
ranges (Fig. 11b). The spectra of TC4 and TC3, with tem-
peratures of 124.7 °C and 268.1 °C, indicate the presence 

of kaolinite, calcite, quartz, and some organic matter and 
showed no significant shift in any absorption bands. This 
suggested that no significant structural transformation 
occurred at these temperatures. The spectrum of sample 
TC2, which was exposed to temperature of 542.3 °C, exhib-
its several changes compared to TC3 and TC4. The spectra 
of TC2 and TC1, which were exposed to temperatures of 
542.3 °C and 878.4 °C, respectively, exhibit the common 
changes of heated clay spectra such as the disappearance of 
the absorbance bands at 3698, 3621, 915, and 536  cm−1 and 
the broadening and shift of the main silicate band to higher 
wavenumbers (Berna et al. 2007; Forget et al. 2015).

Under the polarising microscope (Fig. 11c–j), the major 
changes observed regard the organic and inclusions. In 
samples TC4 and TC3, exposed to 124.7 °C and 268.1 °C, 
respectively, (Fig. 11c, f), calcite is basically unaltered, and 
organic materials started to burn; the vegetal fibres, however, 
are still detectable. In sample TC2 (Fig. 11g, h), exposed 
to 542.3 °C, calcite is well detectable and still recognis-
able from its distinctive interference colour, while the com-
bustion of organic components left voids often filled with 
charred materials. In sample TC 1 (Fig. 11i, j), exposed to 
878.4 °C, calcite started to decompose. Most of the inclu-
sions show a brown colour and display reaction borders. The 
organic material is fully combusted.

Discussion

Minerals’ heat alteration

Some observations can be made on the different mineral-
ogical developments within the samples fired in the kiln 
experiment under uncontrolled and variable atmospheric 
conditions, as well as on the specimens fired in the labora-
tory under controlled oxidising conditions. The behaviour 
of calcite is particularly worthy of interest. This mineral 
is still detectable in our samples beyond the expected 
temperature of its conversion to calcium oxide, occurring 
between 675 and 800 °C (Gliozzo 2020). Certainly, it is 
not possible to exclude that some of this calcite could be 
secondary, as this latter forms through the carbonation 
of calcium oxide. This is suggested, for example, by the 
broadening of the main calcite reflection (2θ = 29.41°) 
observed in both XRPD diffractograms of the fired samples 
made from pastes A and F exposed to the fire (Fig. 9a). 
With FTIR, an attempt to identify secondary calcite in the 
spectra by calculating the calcite ν ratio (Chu et al. 2008; 
Regev et al. 2010) was not successful due to the presence 
of the absorption bands of the sorosilicate minerals.

On the other hand, secondary calcite can also be rec-
ognised under a polarising microscope from the appear-
ance in the fired samples of micritic calcite with moderate 
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low-order bronze/brown birefringence colours (Karkanas 
2007). Nevertheless, some of the larger sparite calcite 
inclusions still show typical primary calcite high-order 
pastel interference colours at temperatures as high as 
900 °C. However, it is known that calcite can resist for 
longer times at elevated temperatures in coarse and well-
crystalline form (Fabbri et al. 2014). Another factor that 
may have played a role lies in the kinetics of the calcite 
decomposition, in other words the short soaking time to 
which all our samples were exposed to (Heimann and 
Maggetti 2019). In addition, for the very calcareous paste 
A, the possible excess amount of calcite with respect to 
the availability of silicates may have caused an incom-
plete reaction between CaO and the relict of the clay min-
erals (Fabbri et al. 2014). Within the calcareous samples, 
this delay in the decomposition of calcite is particularly 

pronounced in the specimens fired in the kiln in Campus 
Galli. For example, looking at the microstructure of the 
two sets of samples made from the calcareous paste A, it 
is evident that the formation of bloating pores resulting 
from the decomposition of calcite appears only at 900 °C 
and only in the sample fired in the field. This is likely 
due to the atmospheric conditions during our field experi-
ment, which were variable and definitively more reducing 
compared to those in the laboratory firing experiment, 
as mentioned above. It is known that for the same clay 
fired under reducing conditions, the stability of calcite 
is increased by 100 °C (Heimann and Maggetti 2019; 
Maniatis and Tite 1981). In general, in the case of field 
experiments, the large temperature gradient within the 
kiln and the sample itself, the heterogeneity of the paste, 
and the related uneven distributed reaction partners play 

Fig. 11  Results of laboratory analyses carried out on the kiln block: a results of XRD analysis; b results of FTIR analysis; c–j results of petro-
graphic analysis
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a role in affecting the delayed decomposition of calcite 
(Fabbri et al. 2014). On the other hand, it is interesting to 
note that clay minerals such as illite and kaolinite cannot 
be found, as expected, beyond the temperature threshold 
(Gliozzo 2020) at which they are supposed to decompose 
(c. 900 °C) or transform into metakaolinite, respectively 
(c. 650–700  °C). In addition, gehlenite that normally 
forms from the reaction of CaO and the decomposition 
of clay minerals at about 800 °C in oxidising and 850 °C 
in reducing conditions, respectively, is found at the usual 
temperatures in samples made from paste A (Heimann 
and Maggetti 2019). This means that despite the delay in 
the complete transformation of calcite into calcium oxide, 
there is still enough Ca to react with the relict of the clay 
minerals to form gehlenite. Clearly, we also have to bear 
in mind that other Ca-containing fine-grained minerals 
beside calcite, such as smectites, could provide a certain 
amount of Ca content.

Finally, some interesting remarks can be included for 
samples made from paste F. In none of these specimens, 
gehlenite could be detected due to the low concentration of 
calcite within this paste. However, because of the higher iron 
concentration that marks this paste, haematite could nucleate 
in the samples fired in the laboratory. This mineral usually 
forms over a wide range of temperatures from 400/450 to 
850 °C, provided that the original clay has an adequate iron 
content and that is fired under oxidising conditions (Gliozzo 
2020). The absence of iron oxides in the samples fired in the 
kiln, such as magnetite and hercynite, which normally form 
in the same range of temperatures under reducing condi-
tions, suggests that there was still too much oxygen in the 
system, preventing the nucleation of these minerals.

Overall, the results clearly show that kinetics, i.e. the 
dynamic nature of the firing process, imposes constraints 
on thermodynamics by retarding some reaction rates in all 
our samples. True thermodynamic equilibrium could not be 
achieved because of too short reaction times in combination 
to relatively low, large temperature gradients in the kiln, 
heterogeneously distributed reaction partners, and varying 
redox conditions (Heimann and Maggetti 2019) typical for 
an updraft kiln firing profile.

Limits and potential of different analytical methods

The application of an integrated archaeometric approach 
allowed us to further explore the potential and limits of 
the different techniques applied. Ceramic petrography is 
clearly a very useful technique to study calcite modifica-
tions, as it allows a detailed detection of the progressive 
alteration of this mineral and its interaction with silicates 
through the change of its interference colour, the appear-
ance of reaction rims, and the formation of secondary 

calcite (Karkanas 2007). Moreover, through thin-section 
petrography, it is possible to observe the alteration of other 
minerals which, due to their low concentrations, are not 
detectable via other methods, such as XRPD or FTIR. In 
our case, this is well evident for minerals such as glauco-
nite, biotite, and muscovite. This is also true for different 
types of feldspars, whose precise nature and alteration can 
be studied in detail only through optical microscopy. In 
addition, with this technique, we were able to study ther-
mal alteration of organic materials such as plant matter, 
which is very useful to understand low-temperature modi-
fications. Finally, ceramic petrography also allowed us to 
acquire some initial understanding of the vitrification from 
the evaluation of matrix optical activity and related aniso-
tropic or isotropic behaviour. Nevertheless, it is important 
to bear in mind that optical activity tends to be exagger-
ated in parts of the slide that are < 30 μm thick, and it 
is often not as easily visible in dark fired ceramic under 
reducing conditions (Quinn 2013, p. 94). In this regard, 
SEM is the best technique, as it allows to assess more pre-
cisely the degree of vitrification as well as the formation 
of bloating pores due to gas release within ceramic during 
firing (Maniatis and Tite 1981).

When it comes to assessing low-temperature mineral 
alteration of clay materials, the most effective technique 
seems to be FTIR. This method allowed us to see clay min-
eral alteration at relatively low temperatures through the dis-
appearance of the absorbance hydroxyl bands, at 3698 and 
3622, 915, and 536  cm−1. This was observed for example 
in the TC2 sample exposed to 542 °C. The same sample 
analysed with XRPD did not show significant alteration at 
this temperature. FTIR also allows the detection of second-
ary calcite by observing the shift of the  CO3 band (Fabbri 
et al. 2014, p. 1908) and the formation of aragonite that 
normally starts to nucleate when calcareous minerals are 
exposed to temperatures higher than 600 °C (Toffolo and 
Boaretto 2014). In our study, its presence can be suggested 
by the broadening of the main calcite absorbance band, 
which starts to form a shoulder at 1446  cm−1 wavenumbers 
and the formation of an absorbance band at 858  cm−1 wave-
numbers. Remarkably, it was not possible to detect aragonite 
via XRPD, probably because the concentration is below the 
detection limit in the percent range and/or the newly formed 
pyrogenic aragonite is very poorly crystalline and, therefore, 
also difficult to identify with this technique (Toffolo and 
Boaretto 2014).

On the other hand, XRPD helps to study the nature of 
clay minerals and the neoformation connected to higher tem-
peratures with an incomparable degree of resolution. In this 
specific case, the use of XRPD allowed the identification 
of the clay mineral mixture present in our samples and the 
nucleation of haematite, gehlenite, and wollastonite.
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Archaeological implications

One observation concerns a certain difficulty to control 
the temperatures and atmospheric conditions in our firing 
experiment in the updraft kiln. In several studies, the authors 
tend to claim a direct connection between thermal profiles 
and the types of installations, and they often contrast “open 
firings” with “kiln firings” (e.g. Gibson and Woods 1990; 
Kingery 1997; Rye 1981; Tite 1995). The first type of firing 
should be relatively short, reach lower temperatures, and be 
more difficult to control, while kiln firings should have the 
advantage of reducing the effects of prevailing winds and the 
time to reach the maximum temperatures. In addition, such 
installations could facilitate controlling the duration of the 
soaking time, redox conditions, and slow down the cooling 
process (Cuomo di Caprio 2007, pp. 508–526).

However, as clearly shown by the systematic experi-
ments run by Thér and colleagues (Thér et al. 2019), each 
type of installation is characterised by various possible fir-
ing procedures, and the advantages of using kilns are at 
the same time largely influenced by the type of kiln that 
is utilised. Therefore, firing in a simple kiln where fuel is 
in direct contact with the vessels could produce a similar 
firing profile, as well as difficulties regarding the control 
of several parameters, like those experienced in open fir-
ings (Amicone et al. 2021). Moreover, as our experiment 
clearly showed, the skills of the people involved in the activ-
ity have a large impact in the firing procedures. While our 
firing was supervised by an expert potter, the involvement of 
large numbers of early practitioners in the process caused at 
times an inefficient rhythm in the fuel charging that resulted 
in an irregular thermal profile and variable atmospheric 
conditions. Overall, the above suggests that archaeologists 
should take care to ask themselves the right questions when 
addressing the topic of ceramic pyrotechnology. In the first 
instance, as discussed above, a direct relationship can only 
be drawn between pottery characteristics and firing proce-
dures and not necessarily between pottery and the type of 
firing installations (Amicone et al. 2021; Thér et al. 2019). 
This is also true in respect to another imperative question 
in ceramic pyrotechnological studies, i.e. the estimation of 
maximum firing temperatures. As our experiment and other 
studies have shown (e.g. Maggetti et al. 2011), the huge gra-
dient that characterised traditional firing implies that vessels 
fired in the same process or even portions of the same ves-
sel could be exposed to drastically different temperatures. 
This leads us to the conclusion that, when addressing ancient 
pyrotechnology, the scholars should focus on reconstruct-
ing different aspects of the overall firing profile, rather 
than only on maximum firing temperatures reached. This 
knowledge would be more informative of the technological 
level achieved by the pottery manufacturers and their skills 
while allowing the investigators to better explore the social 

implications of their studies. Finally, our detailed miner-
alogical study strongly suggests that scholars carrying out 
analysis on ceramics or ceramic installations to reconstruct 
pyrotechnological processes should always formulate their 
interpretation with caution. This situation arises from the 
fact that mineral assemblages, as well as microstructures 
identified in ceramic materials (e.g. grain-sized distribution 
of the reaction partners, homogeneity of the material, mean 
statistical distribution of all reactants), are often miles away 
from real thermodynamic rules. This means the thermody-
namic equilibrium will not be reached due to kinetic effects 
(too short reaction times) but also due to this pure “mecha-
nistic” situation of the material properties (Heimann and 
Maggetti 2019). This implies that, aside from being able to 
master the execution and interpretation of several analyti-
cal methods, scientists should also be aware of the complex 
dynamics of firing in traditional crafts and should carry out 
the sampling in the field, together with archaeologists. For 
example, our experiment showed that when studying firing 
installation, the position of the sample within the structure 
is a crucial parameter to make meaningful interpretations 
on its thermal alteration. As discussed above, this is due 
to the fact that different areas of these structures may have 
been exposed to a drastically diverse range of temperatures.

Conclusions

Through our experiment we were able to document the entire 
firing process in one of the most common firing installations 
of the ancient world. This was possible with the helpful par-
ticipation of a large group of students and scientists involved 
in the experiment whose joint efforts allowed us to achieve 
a practical experience of traditional firing in an updraft kiln 
and its challenges. At the same time, through our integrated 
interdisciplinary approach, we produced an important data-
set that can be expanded upon in future investigations, while 
providing an important analogue for the interpretation of 
archaeological kilns from a wide global and temporal range.

Our results further highlight the limits and potential of 
different analytical tools frequently used to study ceramic 
pyrotechnology. Most importantly, this experiment provided 
general guidelines for archaeological scientists on how to 
address the right research questions, develop correct sam-
pling strategies, and choose the appropriate analytical meth-
ods for the investigation of ancient ceramic pyrotechnology.
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