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Abstract: Firing is a crucial step in the production of pottery, as it irreversibly transforms the clay
into ceramic. Clay sintering and subsequent vitrification occur during firing, together with other
transformations undergone by specific minerals and rock inclusions according to their optical and
physical properties, including their colour. Some of these are visible in thin-sections and might be
interpreted as technological markers or contribute to the estimation of firing temperatures, although
most of them are poorly documented. In this paper, we approach the transformations in colour,
texture and optical properties that occurred in biotite inclusions from medieval greyware pottery. Our
study considers a batch of 40 pottery samples from medieval Catalonia analysed by XRD. According
to the estimated firing temperature ranges and atmospheres, we examined the behaviour of biotite at
different temperature ranges from 700 °C to 1000 °C by means of optical microscopy, considering
its size, shape and abundance, and compared these features to a wider assemblage of thin-sections
from medieval earthenware. The results obtained are interesting, as they offer a valuable reference
for petrographic studies on pottery. We discuss the potential of ceramic petrography as a way to
perform more precise and refined sample selection for further analysis on archaeothermometry.

Keywords: XRD; ceramic petrography; biotite; earthenware; firing; birefringence

1. Introduction

Greyware pottery was a ceramic product for daily use and cooking purposes widespread
in medieval Catalonia, and almost exclusive in many sites from the 8th to the 13th centuries.
In the last decade, the study of these plain undecorated vessels, with their simple and
homogeneous shape of boiling pots or ‘ollae’, revealed the main circuits of production
and distribution in Catalonia and their implications in social and economic terms [1,2].
More recently, we studied specific issues of technological processes related to firing and
the quality control of the final products [3]. Paradoxically, surface colour is an important
feature of these grey vessels. Dull grey to dark brown or black surfaces were expected to
have a touch of shiny and glassy appearance that made them more appreciated, particularly
in recent periods when their function and shape became more complex and diverse, and
wider typologies appeared, as shown in Figure 1. In this case, colour and texture had much
to do with firing and the creation of an oxygen-free atmosphere.

The firing process of greyware pottery is traditionally performed in an updraft double-
chambered kiln, even though simpler bonfire-like structures are known [4]. Medieval
permanent or semi-permanent structures known in Catalonia shared common features in
most cases according to the archaeological record. They were kilns with a fire chamber
and an access hole usually cut into the bedrock leaving a pierced platform on which the
pottery was placed. A firing chamber was usually built above the combustion chamber
as a cylindrical brick or adobe wall with a domed roof. The regular size of these kilns
oscillated between 1-3 m in diameter during the medieval period, which was the usual
standard size in many areas throughout Western Europe [5,6] and increased their size more

Minerals 2021, 11, 428. https:/ /doi.org/10.3390/min11040428

https:/ /www.mdpi.com/journal /minerals


https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-6769-4487
https://doi.org/10.3390/min11040428
https://doi.org/10.3390/min11040428
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11040428
https://www.mdpi.com/journal/minerals
http://www.mdpi.com/2075-163X/11/4/428?type=check_update&version=4

Minerals 2021, 11, 428

20f22

recently. Several holes on the roof were used to control the firing process inside the kiln
and to regulate the firing atmosphere.

Figure 1. Selection of vessels representative of later periods of greyware pottery in Catalonia. These are pitchers, jars or jugs

together with a wine measure, a heating pot and a brazier. All of them were part of the permanent collection at the former

Pottery Museum of Quart.

Literature on experimental archaeology [7-9] and, particularly, ethnographic refer-
ences from traditional greyware potters [10,11] and the use of kilns [12] (pp. 64-74) provide
beautiful insight into the firing technology. Nowadays, after loading the pottery into the
firing chamber and closing it, the fire starts at a low temperature with small bundles of
bush firewood, usually heather, elm leaf blackberry or Mediterranean gorse. A few hours
later, usually half a day, potters start loading the fire chamber with firewood to make the
temperature rise until c. 960 °C [13] (p. 74). Maximum temperature was a bit lower in the
medieval period (850-900 °C). Firewood supply must be sustained at this point in order to
ensure that maximum temperature is going to be stable for some hours, until the cargo is
completely fired. Potters keep visual control of the vessels to assess the end of the firing
stage. Traditional potters working today in Catalonia identify this moment by the vessels’
incandescent ‘egg-yolk’ colour [14] (p. 54).

Then, the reduction process starts. A final load of firewood is placed in the fire
chamber and both chambers are completely sealed with bricks and a layer of sand. The
complete enclosure of the kiln is assessed by approaching a candle to the possible edges
and cracks in the kiln structure through which oxygen might circulate. If any, the potter
seals them one by one with some handfuls of clay extended through the kiln surface. The
structure is left to cool down during ten or fifteen days. After the cooling period, the fire
chamber is opened first and wood-coal removed. Finally, potters open the combustion
chamber as well and remove the greyware vessels. According to the kilns excavated in
archaeological sites, this process would have been very similar in the medieval period.

Archaeological science has adopted several methods to approach firing technology.
Re-firing tests on pottery sherds or experimental samples, and subsequent SEM obser-
vation of vitrification structures allow researchers to interpret changes in the texture of
clay matrices. Mineralogical characterization of samples using XRD is a useful and com-
monly used method to approach the degree and temperature of firing. This practice of
‘archaeothermometry’ [15] (pp. 426-435) relies on the lack or presence of certain mineral
phases that form or are lost at specific temperatures [16] and makes use of ‘bar diagrams’
documenting the firing sequence of a typical pot [17-21]. It is also possible to estimate the
firing temperature in s of pottery through the observation of thermally induced changes in
the clay matrix [22,23] and specific mineral inclusions [23] (p. 190). In fact, some minerals
undergo changes in body colour due to the oxidation of iron at specific ranges of temper-
ature. This happens to serpentinite or glauconite at low temperatures below 600 °C and
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to hornblende at a higher temperature (c. 750 °C). Other minerals such as feldspars lose
their stability and start melting at temperatures > 1100 °C [23] (p. 191). Perhaps calcite is
the most affected mineral in the common range of temperatures for most earthenwares. It
transforms from CaCOj to CaO at temperatures of c¢. 650-750 °C and is decomposed at
800-850 °C completely [24]. Recarbonation of CaO after firing expands its volume and can
lead the pot to collapse. The effects in the use of calcareous clay or non-calcareous clay
with carbonate inclusions and their effect on pottery production has been in the spotlight of
archaeological literature [25], and it has been a crucial topic in the technological approach
to greyware pottery as well [26].

The alteration of micas is expected to happen at temperatures between 900-1000 °C,
but the precise range of temperature at which these changes occur and their nature—
colour transformation, loss of birefringence and deformation—are still poorly known [23]
(p. 191). Our research on medieval greyware may provide useful insight in order to deal
with this topic, particularly with the transformation of biotite mica. Certainly, biotite is a
common constituent of silicate bedrock and its weathering is the dominant natural source
of potassium in terrestrial ecosystems. This has been a topic of special interest to soil
scientists for a long time, and much of the research on mica weathering is found in soil
science literature [27-31] rather than in geochemical literature [32,33]. Despite this, the
mechanisms of biotite breakdown under pressure and heat conditions—which are closer to
those in pottery fabrication than mere weathering reactions—have been widely explored
within the domain of metamorphic petrology [34-37]. Shock-induced pressure-dependent
transformations concomitant to impact metamorphism can lead to the formation of new
minerals such as garnet or vesiculated glass [38], but the most common affectations of this
mineral are those related to thermal [39-42] or hydrothermal alteration [43,44].

However, information about the optical implications of such transformation is scarcely
known, and it is even more remote in the domain of ceramic petrography. The aim of
this paper is to point out the visual transformations occurred in biotite inclusions within
pottery in a range of firing temperatures between 700-1000 °C. Biotite inclusions are
particularly frequent in medieval greyware pottery from Catalonia. Identifying such
processes under the microscope and comparing them to the XRD characterization of the
samples, allows us to offer a first-step estimation of temperatures. It can also lead to more
precise and refined sampling—as will be discussed throughout this paper—for specific
studies on archaeothermometry.

Certainly, microscopic observation of pottery thin-sections is a common and cost-
effective technique nowadays extended to most archaeological studies, and it is at the
basis of material science [45]. Especially in coarse wares, it contributes to explaining
the provenance and technological issues of pottery groups arising from mineralogical
or geochemical datasets [46,47]. Counting on accurately described petrographic groups
provides valuable information in order to define strategies for sample selection and develop
further characterization studies more efficiently. The results obtained allowed us to define
visual patterns of biotite transformation or breakdown that we will describe and discuss in
this research piece.

2. Materials and Methods

Our study considered a batch of 40 reference pottery samples from medieval Catalonia
analysed by XRD. According to the estimated firing temperature ranges and atmospheres,
we examined the behaviour of biotite by means of optical microscopy, considering its colour,
birefringence, size, shape and abundance, according to the temperature range for each
sample. Then, we compared them to a wider assemblage of thin-sections from medieval
earthenware. Data related to the origin, macroscopic features, shape and interpreted
provenance of these samples have been previously published [1,2]. Appendix A at the end
of this paper summarizes archaeological and contextual data for all 40 samples. Figure 2
shows the geological map of Catalonia [48] with sites and samples location.
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Figure 2. Location map of the samples analysed and the geological environment of the sampled sites. The Geological map
of Catalonia is available at the Catalonian Cartographic Institute (ICC: Institut Cartografic de Catalunya) website together
with its detailed legend [48].

The assemblage is representative of the main medieval greyware pottery productions
known in Catalonia, and the petrographic features of all samples are illustrative of the
main geological formations in this country as well. Samples have non-calcareous matrices
and the presence of calcite is mostly due to the rare occurrence of limestone or marl
inclusions in some petrographic fabrics. According to their bulk chemical composition
published elsewhere [1,2], they are considered non-calcareous pottery. Standard 30-um
thin-sections of all sherds were prepared within a wider research project including more
than 300 pottery sherds that were visually grouped into petrographic fabrics under the
polarising light microscope, based upon the nature of their inclusions, clay matrix and
voids [23] (pp. 73-79).

We interpreted each fabric in terms of its raw materials and manufacturing technol-
ogy [1-3]. Samples were subjected to detailed XRD characterization in order to determine
their firing temperatures. The analysis was performed at the Wolfson Material Culture and
Archaeological Science (MCAS) laboratories of the Institute of Archaeology, University
College London, using a Rigaku MiniFlex 600 Benchtop X-ray Diffractometer with power
of 0.6 kW (40 kV, 15 mA). Measurement was conducted between 3.0 and 90.0°2 using
0.02° step width, at a speed of 10.0°/min in continuous scanning mode. The resulting
diffractograms were analysed using Panalytical HighScore-Plus software [49] in order to
identify the peaks of reflectance. These were interpreted in terms of the minerals present in
the samples using the International Centre for Diffraction Data—]Joint Committee of Power
Diffraction Standards, 2006 (ICDD-JCPDS) database. The mineralogical assemblages de-
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tected in each sherd were compared with the body of literature that exists on XRD ceramic
archaeothermometry [17,18,20,21,50-52]. This allowed us to assess their relative firing con-
ditions and assign an approximate temperature range to each of them [3]. Complementary
aspects like the birefringence of the matrix, which is expected to disappear at about 800-850
°C [23] was also considered.

The persistent observation of biotite altered features in the thin-section analysis of
medieval greyware pottery led us to search for the systematization of these features
according to our interpretation of firing technology. We aimed to determine the difference
in colour, birefringence and texture from samples included within one temperature range to
another, and to compare whether the changes occurred in biotite and other transformations
of clay matrix, inclusions or voids. A detailed record of these issues allowed us to interpret
the range of temperatures at which the main transformations take place and the meaning
of these changes regarding the technological process of greyware production.

3. Results

Biotite is a trioctahedral mica occurring in a great variety of geological environments
and, therefore, quite common in ceramic materials. Biotite inclusions present in greyware
pottery sherds from medieval Catalonia are mostly related to granitic or metamorphic
bedrocks, which are at the origin of non-plastic inclusions within the paste. Not surpris-
ingly, the amount of biotite inclusions in samples related to fabrics from sedimentary
origin is considerably lower. All 40 samples are coarse; they contain a percentage of
inclusions counting for 20-40% and were fired under reducing conditions, which was
the most-common practice in medieval Catalonia attested by a considerable number of
examples from the archaeological record [53,54] and the ethnographic approach [10,11,13].
Accordingly, in this section we will describe the estimation of firing temperatures according
to XRD results and the detailed characterization of biotite inclusions of the selected samples
in order to discuss the correlation between identified features of biotite and estimated
temperature ranges at a further step.

3.1. Estimation of Firing Temperature

The samples analysed via XRD include lower fired (<750 °C) examples in which
calcite and mica-type clay minerals such as illite or muscovite are frequent. Although a
slightly higher temperature range (<850 °C) might be assumed, the amount and integrity
of limestone or marl inclusions together with the moderate to high optical activity of the
matrix and easy breakage of hand specimens suggests this low-temperature range. Other
lower fired samples reached higher temperatures, but maghemite is absent in all cases. The
main mineral assemblage of these samples being illite, quartz, plagioclase and potassium
feldspar, firing temperature is estimated at <850 °C due to the constant presence of illite
and the absence of maghemite or other high temperature mineral phases. Samples within
this group do not include calcite inclusions on a regular basis. Samples including a higher
amount of plagioclase and lower illite peaks should be at the limit of c. 900 °C, due to the
absence of high temperature minerals. At temperatures of 900-950 °C, quartz, plagioclase,
potassium feldspar and maghemite is the common mineral assemblage, and illite peaks—if
any—are very low. Illite is completely absent at higher firing temperatures (>950 °C),
and sherds classified within this fabric include hercynite. Figure 3 shows a representative
diffractogram per fabric and the number of samples included in each group.
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Figure 3. Diffractograms of representative samples for different temperature ranges: <750 °C with stable phases of illite

and calcite (a), 800-850 °C still showing illite peaks (b), c. 900 °C with an increasing amount of plagioclase (c) and >900 °C

when hercynite is forming particularly in a reducing atmosphere; two different fabrics are represented for this range, with

and without maghemite (d). The number of samples per mineral fabric compared against the total amount of 40 samples is
included. Mineral abbreviations after Whitney and Evans [55]: Cal (Calcite), Ilt (Illite), Kfs (Potassium feldspar), (Mgh)
Maghemite, Ms (Muscovite), PI (Plagioclase) and Qz (Quartz).

The general range of firing temperatures is apparently wide, though very few samples
are included in the low temperature group (<750 °C). Samples fired at a temperature
between 800-850 °C are the most common in this dataset and among the medieval greyware
production as well [3]. Our previous research on the kiln site in Cabrera d”Anoia (Barcelona,
Spain) [56] and other production areas has suggested a thorough quality control at this site,
where only the pots fired at this precise temperature were exported, whereas other areas of
production in Catalonia would have developed more permissive practices [3]. Pots fired
between 800-850 °C have moderate strength and high toughness due to their well-sintered,
but non-vitrified, clay matrix. Comparable pots fired to a lower temperature would have
been weaker to withstand everyday use, and those fired to the point of vitrification would
have been too brittle and easily broken. Notwithstanding this fact, pots fired at higher
temperatures (900 °C and above) are also frequent in the archaeological record, which is
useful for our purpose of documenting biotite breakdown.

The samples selected in this paper are representative of a wide territory in Catalonia,
and hence the biotite inclusions within them have been characterized with the purpose of
documenting the visual outcome of temperature affectation. A wider assemblage from the
kiln site of Cabrera d’Anoia has been studied under the same methodological parameters—
microscopic observation and description of biotite inclusions after XRD characterization
and firing temperature estimation—and has been used for comparison, even though its
territorial representativeness is limited. Details about this comparison dataset are offered
in Appendix B. Further remarks on XRD analysis and discussion about these materials
have been published in our previous research outcomes [3].

3.2. Characterization of Biotite Inclusions

Table 1 provides a description of the biotite inclusions in medieval greyware pottery
samples analysed in this paper according to the estimated firing temperature from XRD
results. The colour and optical activity of the clay matrix have been recorded as well, in
order to correlate the optical transformation of the paste with those specific alterations
of biotite. All the thin-sections studied are vertical cuts along the vessel generatrix and
perpendicular to the rim plane. Due to the common alignment of tabular inclusions in
parallel to the vessel walls due to wheel-throwing, in most cases biotite inclusions show
elongate or needle-like shapes.
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Table 1. Details of the 40 medieval greyware pottery samples analysed in this paper, including their mineralogical assemblages as determined by XRD, the colour and optical activity of

their matrices observed in thin-sections under crossed polars, their estimated firing temperature and the optical properties of the biotite inclusions contained within them.

Biotite Features

. Mineral Clay Matrix Estimated
Sample Slide ID Assemblage ! (XRD) i ivi Temperat ; ;
Colour Optical Activity perature Colour Size (mm) Shape Pleochroism Cleavage
SMVa06 I1t-Ms-Cal-Qz-P1 Grey to dark brown Moderate to high <750 °C Dark brown 0.5 Elongate Weak Normal
SMVa09 11t-Cal-Qz Grey to dark brown Moderate to low <750 °C Dark brown 0.5 Needle-like Weak Normal
SUL14 Tt-Ms-Cal-Qz-P1-Kfs Greyish brown Moderate to high <750 °C Red to brown <0.25 Needle-like Moderate Normal
TMO02 11t-Qz-P1-Kfs Reddish to dark brown Moderate 800-850 °C Pale brown 0.25-0.5 Needle-like Moderate to Weak Normal
CTMO02 11t-Qz-P1-Kfs Grey to black Very low 800-850 °C Pale to dark brown 0.5-1 Elongate Moderate Normal
SPM05 11t-Qz-P1-Kfs Reddish to dark brown Moderate to low 800-850 °C Red to pale brown 0.5-1 Elongate Moderate to strong Normal
CB07 11t-Qz-P1-Kfs Dark brown Moderate to low 800-850 °C Red to brown 0.5-1 Elongate Moderate to strong Normal
SMV14 11t-Qz-P1-Kfs Dark brown Moderate to low 800-850 °C Dark brown 0.5 Elongate Weak Normal
SUL38 11t-Qz-P1-Kfs Grey Low 800-850 °C Dark brown 0.5 Elongate Weak Normal to open
CAU22 11t-Qz-P1-Kfs Reddish to dark brown Moderate 800-850 °C Red to pale brown 0.5 Elongate Strong Normal
CAU29 11t-Qz-P1-Kfs Orange to pale brown Moderate to high 800-850 °C Dark brown <0.25 Needle-like Moderate Normal
CAU36 11t-Qz-P1-Kfs Pale brown Moderate 800-850 °C Red to pale brown 0.25-0.5 Elongate Strong to very strong Normal to open
CAU25 11t-Qz-P1-Kfs Dark brown Low 800-850 °C Dark brown 0.25-1 Elongate Very weak to none Normal
SFG16 11t-Qz-P1-Kfs Orange to pale brown Moderate to low 800-850 °C Pale to dark brown 0.25-0.5 Needle-like Moderate Normal to open
SFG10 11t-Qz-P1-Kfs Greyish brown Moderate 800-850 °C Dark brown 0.5 Elongate Weak Normal to open
SAO18 11t-Qz-P1-Kfs Orange to pale brown Moderate 800-850 °C Pale to dark brown 0.25-1 Elongate Weak Open
E32 11t-Qz-P1-Kfs Reddish to dark brown Low 800-850 °C Dark brown 0.25 Elongate Very weak Normal
E27 11t-Qz-P1-Kfs Orange to pale brown Moderate 800-850 °C Red to dark brown <0.25 Needle-like Weak Normal
E42 11t-Qz-P1-Kfs Orange to pale brown Moderate 800-850 °C Red to dark brown 0.25-0.5 Elongate Weak Normal to open
SAO03 Ilt-Ab/ An-Qz-P1-Kfs Orange to pale brown Low 900 °C Red to dark brown 0.25 Needle-like Moderate Normal to open
SAO04 Ilt-Ab/ An-Qz-P1-Kfs Reddish to dark brown Very Low 900 °C Dark brown 0.5 Elongate Weak Open
SAO10 Ilt-Ab/ An-Qz-P1-Kfs Dark brown to black Low to none 900 °C Red to dark brown 0.25-0.5 Elongate Weak Normal to open
SMV33 11t-Qz-P1-Kfs-Mgh Reddish to dark brown Low 900-950 °C Very dark brown 0.25-0.5 Elongate Weak to none Normal to open
SJS04 11t-Qz-P1-Kfs-Mgh Orange to pale brown Moderate to low 900-950 °C Very dark brown <0.25 Needle-like Weak to none Normal to open
SJA04 11t-Qz-P1-Kfs-Mgh Very dark brown Low to none 900-950 °C Red to dark brown 0.5 Elongate Weak Normal
CR14 Qz-P1-Kfs-Mgh Grey to black None 900-950 °C Red to dark brown 0.25-0.5 Elongate Weak Normal to open
CB04 Qz-P1-Kfs-Mgh Grey to black Very low to none 900-950 °C Very dark brown 0.25-1 Elongate Weak to none Open
CB03 Qz-P1-Kfs Grey to black None 900-950 °C Dark brown 0.5-1 Elongate Weak to none Open
SCO02 Qz-P1-Kfs Grey Very low to none 900-950 °C Very dark brown 0.5-1 Elongate Weak to none Open
CRO02 Qz-P1-Kfs-Hc Dark brown None >950 °C Pale to dark brown 0.5-1 Elongate None Very open
GAV01 Qz-P1-Kfs-He Dark grey None >950 °C Dark brown 0.25-0.5 Needle-like None Open to very open
SPM20 Qz-P1-Kfs-He Dark brown to black None >950 °C Pale to dark brown 0.5-1 Elongate Very weak to none Open
TSAO01 Qz-PI-Kfs-Hc Dark grey to black None >950 °C Dark brown to black 0.5-1 Elongate None Open to very open
SPM02 Qz-P1-Kfs-He Dark grey to black None >950 °C Dark brown <0.25 Elongate None Normal to open
SMVa02 Qz-P1-Kfs-Hc Dark brown to black None >950 °C Very dark brown <0.25 Elongate None Normal
ViB13 Qz-P1-Kfs-Hc Dark brown to black None >950 °C Dark brown to black 0.25-0.5 Elongate None Normal to open
ViB04/05 Qz-P1-Kfs-Hc Very dark brown None >950 °C Red to dark brown 0.25 Elongate None Normal to open
CAU26 Qz-P1-Kfs-Hc Black None >950 °C Very dark brown 0.25-0.5 Elongate None Vitrified
E38 Qz-P1-Kfs-He Dark brown to black None >950 °C Dark brown to black <0.25 Needle-like None Normal to open
SMV34 Ab-Qz-PI-Hc-Mgh Dark brown to black None >950 °C Black 0.5-1 Elongate None Open

1 Mineral abbreviations after Whitney and Evans [55]: Illite (Ilt), Muscovite (Ms), Calcite (Cal), Quartz (Qz), Plagioclase (P1), Potassium Feldspar (Kfs), Albite (Ab); Anorthite (An), Maghemite (Mgh) and

Hercynite (Hc).
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At the lowest temperature, and therefore potentially closer to their original aspect,
biotite inclusions are euhedral to subhedral, tabular, fresh, pale-to-reddish or dark brown
and well-cleaved, as shown in Figure 4. Cleavage is described as ‘normal’, when it is
properly identifiable but the inclusions keep tight together and do not separate along the
cleavage planes. This separation is a common effect of temperature [23] (p. 191), and when
it is detected we estimate its degree by defining it as ‘normal to open’, ‘open’ or ‘very
open.” Most of the inclusions are 0.25-0.5 mm in size, occasionally smaller (<0.25 mm) and
rarely larger (1 mm). Even though biotite pleochroism is expected to be strong, this is not a
common feature in our dataset, plausibly due to the effects of firing.

Figure 4. Photomicrographs of the selected samples with an estimated range of firing temperatures below 900 °C showing
the main features of biotite inclusions. Sample SMVa06, with limestone inclusions, fired below 750 °C (a); sample SPMO05
with moderate to highly pleochroic biotite fired at 800-850 °C (b); and sample SAO04, fired at about 900 °C with slightly
open cleavage in biotite inclusions (c). All the images were captured in plane polarized light (left column) and crossed
polars (right column), at 40 x magnification. Image width = 3 mm.

The shape (elongate or needle-like) of the inclusions does not have any correlation—
positive or negative—with the pleochroism shown at this stage. This optical phenomenon
has also been compared to the colour and optical activity of the clay matrix [23] (pp. 93-97),
which is expected to lose its birefringence at 800-850 °C. The results are particularly
interesting for the range 800-850 °C. Different examples are shown in Figure 5.
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Figure 5. Photomicrographs of specific features of biotite inclusions in some selected samples fired within a range between
800-850 °C. Sample CAU36 shows high to very high pleochroism of biotite related to a moderate birefringence of clay matrix
(a); samples SFG16 (b) and CTMO2 (c) are shown at different rotation degrees in order to highlight the loss of pleochroism
and colour darkening. All the images were captured in plane polarized light (left column) and crossed polars (right column),

at 40x magnification. Image width = 3 mm [1.5 mm in (b) and (c)].

There is a certain correlation between matrix birefringence and biotite pleochroism
within samples fired between 800-850 °C (Figure 5a). This phenomenon is particularly
observable in more oxidized samples. Partial or incomplete reduction of the clay matrix
results into an orange or reddish to pale brown colour. These samples frequently show ma-
trices with moderate to low birefringence and moderate or moderate to strong pleochroism
in biotite (Figure 5b). As matrices become more anisotropic, biotite inclusions lose pleochro-
ism and their colour turns progressively to dark brown. This phenomenon can be observed
both in isolated biotite inclusions and in biotite crystals within rock fragments—usually
granitic—contained among the non-plastic inclusions assemblage (Figure 5c).

Above 900 °C biotite inclusions exhibit significant alteration well-correlated with the
optical features of the matrix. Figure 6 shows some examples of biotite alteration at this
range of temperatures. In most of the examined samples classified within the specific range
between 900-950 °C , matrices are dark brown or grey to black without any optical activity
or, rarely, very low. Biotite pleochroism in these samples is low to none (see Table 1) and
colour is particularly dark (Figure 6a). Cleavage below 950 °C is still normal in some
samples, but normal to open in some others, as shown in the selected example in Figure 6a,
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where some biotite inclusions—see the biotite inclusion at the bottom left corner of the
picture—begin to separate along their cleavage plans.

Figure 6. Photomicrographs of the selected samples with an estimated range of firing temperatures above 900 °C showing

the main features of biotite inclusions. Sample SCO02 has an estimated temperature range of 900-950 °C, and shows
moderately open cleavage in biotite and low pleochroism (a); samples SPM20 (b) and CR02 (c) were fired above 950 °C and
show more altered features in biotite. All the images were captured in plane polarized light (left column) and crossed polars

(right column), at 40 x magnification. Image width = 3 mm.

When firing temperature reaches >950 °C, biotite alteration is obvious in most of the
samples analysed. The birefringence of the matrix is completely absent, and pleochroism
of biotite is also very weak. Even when biotite has not darkened completely and remains
pale to reddish brown occasionally (Figure 6b), pleochroism is almost non-existent in
many inclusions. Open cleavage is predominant and sometimes very open (Figure 6¢).
Regarding their shape, it should be highlighted that elongated inclusions with considerable
size (>0.5 mm) are frequent and needle-like smaller inclusions are not so common. This
suggests that more exfoliated biotites suffer more intensely the effects of temperature, since
they are thinner and have more of their surface in contact with the heat. As shown in lower
temperature ranges, they lose their pleochroism earlier and, at a higher temperature phase,
it could be presumed that most of them disappear.

At temperatures >950 °C other effects might be observable. The outcome of overfiring
is self-evident in sample CAU26 (Figure 7a). Many of the inclusions in this sample had
almost disappeared; and the clay matrix exceeded the vitrification point and shows a
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‘bloating’ microstructure visible under plane polarized light and complete anisotropy
under crossed polars. In this case, biotite inclusions were affected by overfiring as well
and became part of the same vitrified microstructure. In addition to biotite alteration
and clay matrix sintering (or subsequent vitrification), other effects of temperature can
be detected in other minerals. Figure 7b shows a slightly altered amphibole (hornblende)
inclusion, showing a brownish absorption colour instead of proper green. This is an
effect estimated to happen at c. 750 °C [23] (p. 191), and this sample reached a higher
temperature (800-850 °C).

Figure 7. Photomicrographs of high temperature sample CAU26 (a), showing vitrified matrix and a biotite inclusion; and

hornblende inclusion in sample SAO18 (b) with colour and optical properties slightly altered by heat. All the images were

captured in plane polarized light (left column) and crossed polars (right column). Sample CAU26 (a) is pictured at 40x

magnification. Image width = 3 mm. Sample SAO18 (b) is pictured at 100 x magnification. Image width = 1 mm.

Amphibole inclusions being rare or very rare among the medieval greyware thin-
section assemblage, it is difficult to get any further on the characterization of these minerals.
Here, I just outline the value of the petrographic approach and its potential to address
specific topics of ceramic technology related to colour and optical behaviour, as will be
discussed in the section below.

4. Discussion

Determining the temperature effect on the biotite structure and appearance is diffi-
cult because of complications arising from the multiple oxidation states of the iron and
from dehydroxylation—oxidation reactions [42] (p. 519). Geological literature on this topic
investigates the significant variation of the structural parameters of biotite under high-
temperature and high-pressure conditions, which are the typical variables in metamorphic
contexts. Pressure does not seem to be a determinant factor for mineral transformation in
pottery production processes, but firing temperature somehow reproduces this structural
transformation environment. Notwithstanding this complexity, our research is focused on
pottery fired under reducing atmosphere in all cases, with firing structures and conditions
very similar in most of the archaeological sites known in Catalonia. Therefore, the transfor-
mations of biotite explored throughout this paper are explanatory for this specific kind of
earthenware and might be a useful for comparison with other pottery thin-section studies.
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In order to explore these changes, we recorded biotite’s features according to the tem-
perature ranges previously examined via XRD. We interpreted the mineralogical differences
between samples in terms of firing temperature. It could be suggested that other factors
like natural variability in the clays might be the reason for mineralogical differences; but
bulk chemistry exploration of these samples demonstrate that the same chemical groups.

The transformations related to biotite destabilization are suggested to begin at tem-
peratures c. 750-800 °C [34,35,39] and continue at higher temperatures [57], when thermal
dehydroxylation occurs (900-1225 °C) [58] (p. 2798). As these are the most common
temperature ranges in the firing of greywares, it is possible to identify and discuss specific
changes in biotite inclusions and to use them as thermal or technological markers of firing
technology in ceramic petrography.

Biotite (ideal formula [K(Mg,Fe)3(Sip A)O10(OH);]) is a 2:1 phyllosilicate mineral with
tightly held, non-hydrated interlayer cations. The 2:1 layer has octahedrally coordinated
cations sandwiched between two sheets of silica and alumina tetrahedra. The main cations
in the octahedral layer are magnesium and divalent iron (Fe?*), and the interlayer ion
is mainly potassium (K*). As suggested in [32] (p. 3793), an expansion of the interlayer
regions due to an exchange of non-hydrated K* for hydrated or hydrolysed ions, with
subsequent curling of the layers, might occur under hyper-alkaline conditions. However,
interlayer K depletion is a very common phenomenon among the transformations of
biotite in weathering [27] (p. 217) or increasing-temperature contexts as well, together with
hydrogen loss and concomitant oxidation of Fe?* to Fe* [39,59]. These initial reactions
begin at temperatures >400°C [38] (p. 89), although the resulting transformations might
not be visible yet. As shown in the results section above, interlayer K depletion in the
origin of biotite laths separating along cleavages is observable in samples fired at c. 900 °C
or above, and it is self-evident in most biotite inclusions in the samples above 950 °C. At a
range of 800-850 °C, some samples might show this ‘open-cleavage’ effect depending on
their size.

Certainly, particle size is relevant in the degree of alteration observable in biotite
inclusions, as assessed by previous studies on this topic [58]. Chemical exchange and
mineral neo-formation closely depend on mineral grain size and the modal proportion of
elements involved in geochemical transformation [36] (p. 1158). This is due to the larger
extension of the fast-dissolving surface area in contact with heat or other destabilization
agents [33] (p. 377). Our observation of biotite in pottery thin-sections suggests that
assessing the effects of firing in >0.5-mm-sized inclusions might be more suitable for
temperature estimation. At this size, most of the inclusions exhibit the optical affectations
of heat in losing their pleochroism and showing open cleavage, but laths separation along
cleavages starts significantly earlier in inclusions below this size, and needle-like inclusions
of just one or two laths thin-sectioned in perpendicular will not show this effect properly if
they are very small.

Iron oxidation processes also affect the appearance of biotite inclusions under the
microscope, particularly related to colour and pleochroism. In non-calcareous samples fired
in reducing atmosphere (as those of medieval greyware), part of the ferrous iron produced
after dissociation of the iron oxides is dissolved in the vitreous matrix, and the remaining is
incorporated in the spinel mineral hercynite. This reaction provides evidence for strongly
reducing conditions obtained inside the clay body [60] (p. 781). Hercynite mineral is present
in higher temperature samples of the studied assemblage according to the XRD results,
even though it is not visible through optical microscopy examination. Nevertheless, the
effect of iron alteration in reducing firing is observable in biotite darkening and pleochroism
loss, which is one of the first optical indicators of biotite alteration [29,30]. It occurs along
and parallel to cleavage and at biotite inclusion boundaries, and is observable in most of
the samples analysed at temperatures above 800 °C. Other optical effects might be the
presence of iron stained ‘haloes” appearing around weathered biotite inclusions, suggesting
iron release according to geological literature [27] (p. 211), but such phenomena have not
been detected in our pottery samples.



Minerals 2021, 11, 428

13 of 22

5. Conclusions

Actually, there is still little literature on the archaeological domain of ceramic petrogra-
phy about the visible effects of pyro-technology on pottery samples under the microscope,
compared to other technological aspects such as paste preparation practices (tempering or
clay mixing), or shaping methods. The decrease in optical activity of the clay matrix is one
of the most used features in order to estimate firing temperatures, together with the specific
transformation of some minerals. This paper is aimed at contributing to the research about
the firing effects on pottery by establishing a proper record about biotite transformation at
determined temperature ranges and its optical effect, but there is still significant work to
be done with regard to other indicative minerals. Having a detailed record of amphibole
transformation in colour or texture will also be useful to delve into the effects of firing. This
is something we could sense from our dataset, but amphiboles were rare minerals within
the greyware pottery assemblage studied and just a few inclusions of hornblende were
examined. The results obtained were coherent with the general interpretation discussed
above, but further investigation is required regarding this topic.

Obtaining this genuine grey colour in medieval and modern greyware pottery by
means of reducing firing process is a specific skill transmitted from one generation of potters
to another. Potters were able either to create a well-controlled oxygen-free atmosphere or, in
the frequent event of using perishable or precarious firing structures, to develop strategies
of quality control in order to ensure the suitability and adequacy of their products. A
temperature range between 800-950 °C was frequent in medieval Catalonia, and firing
temperatures were slightly higher from the 16th century onwards. Our study suggests that
ceramic petrography is useful as a first-resource technique to get the bulk picture of large
ceramic assemblages—including parameters related to firing technology and temperature
estimation—in order to produce smaller and properly sampled assemblages for further
examination of specific aspects, by means of geochemical and mineralogical techniques
usually requiring higher financial effort. Pottery sherds wasted after misfiring, for instance,
are easily identifiable by means of ceramic petrography and even visually with on hand
specimens. Such samples might or might not be considered in further characterization
studies, according to the researchers’” work hypotheses or particular interests.

Therefore, counting on different elements properly documented in assessing specific
issues of the technological processes in pottery is a valuable resource for archaeological
research. This is the case of biotite, as we attempted to summarize throughout this paper.
Biotite visual outcome of chemical and physical transformation due to firing conditions is
observable at firing temperatures >800 °C, when pleochroism changes decreasingly from
reddish to dark brown until pale brown to dark or anisotropic. At temperatures between
800-850 °C, biotite laths start separating as a result of interlayer K depletion, and the effect
of open-cleavage is visible in some of the inclusions, particularly the smaller ones. At
¢. 900 °C or above, this effect is clear in most samples, together with significant darkening
and total loss of pleochroism above 950 °C. Exploring these features in pottery thin-sections
together with other visual alterations, such as the pleochroism of amphiboles and clay
matrix optical activity, contributes to determining better sampling strategies for further
examination of ceramic pyro-technology.
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Appendix A

Archaeological and contextual data for samples examined in this paper are provided
in Table A1 below.

Table Al. Details of the archaeological context for the 40 medieval greyware pottery samples analysed in this paper,

including their site of origin and location, chronology, petrographic fabric, vessel shape, fragment and interpreted production

location. Samples keep the same order as in Table 1.

Sample Site Site Location Period Interpreted
. Site . (Cent. Petrographic Fabric Vessel Shape Fragment  Production
Slide ID Description (Town) .
A.D) Location
Castell6 Sobira de Sant Miquel Coarse Quartz and . P .
SMVa06 Sant Gervas Castle de la Vall 11-14th Sandy Marl Boiling pot ‘olla Wall Verdu
Castell6 Sobira de Sant Miquel Calcite, Opaques and e ‘o
SMVa09 Sant Gervas Castle de la Vall 11-14th Fine Quartz Boiling pot ‘olla Wall Pyrenean Area
N Fine Quartz, Altered
SUL14 Sant Sebastia del Monastery Saldes 11-12th Feldspar and Rock Boiling pot ‘olla Wall Casampons
Sull F (Phase B)
ragments
T™MO02 Torre del Moro Castle Czs:f ]l;f)(i))l(ht 10-11th Coarse Metamorphic Boiling pot ‘olla” Wall Probably Piera
Santa
CTMO02 Camp de la Torra Village Margarida de 12th Coarse Metamorphic Boiling pot ‘olla Wall Probably Piera
Montbui
SPM05 Colletﬁ[eéfg?t Pere Necropolis Odena 11-13th Coarse Metamorphic Boiling pot ‘olla” Dic’:;)ﬁated Probably Piera
Castell de Sant Pere Coarse Granite and . P
CB07 Boixadors Castle Sallavinera 11-13th Fine Quartz Boiling pot ‘olla Wall
SMV14 Església de Sant Church Veciana 13-14th Coarse Quartz and Boiling pot ‘olla’ Wall Verdii
Miquel Sandy Marl
N Coarse Quartz,
SUL38 Sant Segbal?tla del Monastery Saldes 11-12th Altered Feldspar and Boiling pot ‘olla’ Wall
v Rock Fragments
Sant Esteve de . Caldes de Coarse Quartz and s P
CAU22 Caulers Village Malavella 12-14th Feldspar Boiling pot ‘olla Base
Sant Esteve de ) Caldes de Coarse Quartz and . P
CAU29 Caulers Village Malavella 12-14th Feldspar Boiling pot ‘olla Wall
Sant Esteve de . Caldes de .. P
CAU36 Caulers Village Malavella 12-14th Coarse Sand (1) Boiling pot ‘olla Wall Quart
Sant Esteve de . Caldes de . P Decorated
CAU25 Caulers Village Malavella 12-14th Coarse Sand (2) Boiling pot ‘olla wall Quart
SFG16 Esgle?:ﬁf Sant Church Girona 15th Coarse Sand (2) Boiling pot ‘olla’ D:s;zﬁated Quart
SFG10 Església .de Sant Church Girona 15th Calc1te;, Opaques and Boiling pot ‘olla Wall Pyrenean Area
Feliu Fine Quartz
- Acidic/Intermediate
Església de Sant Church - s P Maresme
SAO18 Andreu Sacraria Orrius 13th Ig;eous Rock Boiling pot ‘olla Wall (Local)
ragments
Coarse Qz-Fds Rock Decorated
E32 L’Esquerda Village Roda de Ter 12-13th Fragments and Clay Boiling pot ‘olla’ wall
Pellets
Coarse Qz-Fds Rock Decorated
E27 L’Esquerda Village Roda de Ter 12-13th Fragments and Clay Boiling pot ‘olla’ S\f;)lla ¢

Pellets
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Table A1l. Cont.
. . . Period Interpreted
Sa.lmple Site Sl.t €. Site Location (Cent. Petrographic Fabric Vessel Shape Fragment  Production
Slide ID Description (Town) R
A.D) Location
Fine Quartz and
E42 L’Esquerda Village Roda de Ter 12-13th Acidic Igneous Rock Boiling pot ‘olla” Shoulder
Fragments
- Acidic/Intermediate
Església de Sant Church . . P . Maresme
SAO03 Andreu Sacraria Orrius 13th Ig;eous Rock Boiling pot ‘olla Rim (Local)
ragments
- Acidic/Intermediate
Església de Sant Church - s s . Maresme
SAO04 & Andreu Sacraria Orrius 13th Igneous Rock Boiling pot ‘olla Rim (Local)
Fragments
- Acidic/Intermediate
SAO10 Església de Sant Church Orrius 13th Igneous Rock Boiling pot ‘olla’ Rim Maresme
Andreu Sacraria E (Local)
ragments
Església de Sant . Coarse Granitic with Cabrera
SMV33 Miquel Church Veciana 13-14th Clay Pellets Cover Wall d’ Anoia
Sant Jaume . s S .
SJS04 . Church Igualada 14th Coarse Metamorphic Boiling pot ‘olla Wall Probably Piera
Sesoliveres
SJA04 Sant] u'l ia de les Church Jorba 15th Mica and Granite Boiling pot ‘olla” Rim
Alzinetes
. Cabrera . L . P . Cabrera
CR14 La Creueta Necropolis 4’ Anoia 10-12th Fine Granitic Boiling pot ‘olla Rim d' Anoia
CB04 Ca§ tell de Castle Sant I"ere 11-13th Coarse Metamorphic Boiling pot ‘olla” Wall Probably Piera
Boixadors Sallavinera
Castell de Sant Pere . s P Cabrera
CB03 Boixadors Castle Sallavinera 11-13th Coarse Granitic Boiling pot ‘olla Wall d’ Anoia
SCO02 Esgles1§ de. Santa Church Orpi 13-14th Coarse Metamorphic Boiling pot ‘olla De(?orated Probably Piera
Candia rim
T Rim
. Cabrera Coarse Granitic with Cabrera
CRO02 La Creueta Necropolis d’ Anoia 10-12th Calcite Jar S;r(;ilt &’ Anoia
GAV01 Santa Maria de Church Estaras 11-12th Coarse Grapitic with Casserole Rim Clabrelja
Gaver Calcite d’Anoia
Collet de Sant Pere . - Coarse Granitic with . Cabrera
SPM20 Martir Necropolis Odena 11-13th Calcite Cover Rim ' Anoia
TSA01 Torre d’Odena Castle Odena 12-14th Coarse Metamorphic Boiling pot ‘olla’ Wall Probably Piera
SPMO02 Colletgd/[zfgﬁt Pere Necropolis Odena 11-13th Fine Quartz Boiling pot ‘olla’ Wall
Castell6 Sobira de Sant Miquel Micrite and Fine e s
SMVa02 Sant Gervas Castle de la Vall 11-14th Quartz Boiling pot ‘olla Shoulder
Coarse Quartz, Casampon
ViB13 Mas B de Vilosiu Household Cercs 12-14th Altered Feldspar and Boiling pot ‘olla” Base asampons
(Phase A)
Rock Fragments
Coarse Quartz, C
. o e P asampons
ViB04/05 Mas B de Vilosiu Household Cercs 12-14th Altered Feldspar and Boiling pot ‘olla Wall
(Phase A)
Rock Fragments
Sant Esteve de . Caldes de Fine Quartz, Feldspar . . .
CAU26 Caulers Village Malavella 12-14th and Clay Pellets Large Basin (Cossi) Rim
E38 L’Esquerda Village Roda de Ter 12-13th FmeS:}l(aorst: and Boiling pot ‘olla” Shoulder
- Fine Clay with Clay .
SMV34 Esgl?\i{a de Sant Church Veciana 13-14th Pellets and Sandy Water jug Wall Verdg (late
iquel Marl period)
Appendix B

In this appendix, we provide details on the biotite features observed in the greyware
pottery thin-sections from the kiln site of Cabrera d’Anoia (Barcelona, Spain) [56]. Data
summarized in Table A2 are a good complement for the representative Catalonian pottery
assemblage selected for this paper, even though they are all from the same site. XRD
analysis of these samples was performed at the Scientific and Technological Centres of
the University of Barcelona (CCiTUB) using a Siemens D-500 X-ray diffractometer. Small
subsamples (about 1 g) from each sherd were ground to a fine powder and dried at 110 °C
for 12 h after the removal of the surface layer with a tungsten carbide drill. The powdered
samples were spread and flattened on a standard XRD well slide and bombarded with
Cu-«-radiation (A = 1.5406 A) with a graphite diffracted beam monochromator and a power
of 1.2kW (40 kV, 30 mA). The diffracted X-rays were measured in the range 4.0-70.0° using
0.05° step width, a speed of 1.0°/min in continuous scanning mode. The resulting diffrac-
tograms were analysed following the same procedure as the core assemblage of samples
analysed in this paper, as detailed in Section 2. Table A2 includes biotite optical description
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for 100 samples from Cabrera d’Anoia. Samples are classified according to 12 fabrics with
specific mineral assemblages that allow us to estimate their firing temperature range.

Table A2. Details of 100 medieval greyware pottery wasters analysed from Cabrera d’Anoia in previous research [3],
including their mineralogical assemblages as determined by XRD, the colour and optical activity in thin-sections under
crossed polars, their estimated firing temperature and the optical properties of the biotite inclusions contained within.
Please see [56] (pp. 402—403) for petrographic fabric and geochemical group ascription and [3,56] for further details.

Sample Mineral Clay Matrix Biotite Features
Slide Assemblage ! Obti Estimated i
ptical Size .

D (XRD) Colour Activity Temperature Colour (mm) Shape Pleochroism  Cleavage
CA002 Fabric 1 Dark grey Low <750 °C Dark brown 0.5-1 Elongate Low Noggéﬁ to
CA027 Fabric 1 Pale brown Moderate <750 °C Pale to dark brown 0.25-1 Elongate Strong Normal
CA050 Fabric 1 Reddish Moderate <750 °C Pale to reddish 0.25-1 Elongate Very Normal

brown brown strong
. Reddish o . Very Normal to
CA056 Fabric 1 b Moderate <750 °C Pale to dark brown 0.25-0.5 Needle-like
rown strong open
CA057 Fabric 1 Dark grey Very low <750 °C Greenish brown to 0.25-0.5 Needle-like Low Normal to
black open
CA060 Fabric 1 Darkgrey  Moderate <750 °C Dark brown to 0.25-0.5 Needle-like Low Normal to
black open
CA066 Fabric 1 Grey Low <750 °C Greem;h toreddish 55 4 Elongate Vvery Normal
rown Strong
CA073 Fabric 1 Reddish High <750 °C Greenish toreddish o5 Elongate Very Normal
brown brown Strong
CA074 Fabric 1 Reddish High <7s0°c  Greenishtoreddish o5 4 Elongate Very Normal
brown brown Strong
CA076 Fabric 1 Orange to Moderate <750 °C Pale to dark brown 0.25-1 El an§1 Strong Normal to
pale brown needle-like open
CA083 Fabric 1 Reddish 1o derate <7s0ec  Creenishtoreddish 55 5 El and Strong Normal to
brown brown needle-like open
CA089 Fabric 1 Pale brown Moderate <750 °C Greem;h to reddish 0.25-0.5 Needle-like Strong Normal to
rown open
CA100 Fabric 1 Reddish Moderate <750 °C Red to dark brown 0.25-0.5 Needle-like Strong Normal to
brown open
CA101 Fabric 1 Ifddl‘“'h Moderate <750 °C Orange to pale 0.25-0.5 Elongate Strong Normal
rown brown
CA102 Fabric 1 R;ri(‘j/;;h Moderate <750 °C Red to dark brown 0.25-0.5 Needle-like Moderate Normal
CA005 Fabric 2 Dark brown Moderate <750 °C Greerl;irsglv\’/fﬁ dark 0.25-1 Elongate Strong Normal
CA007 Fabric 2 Rbeddish Moderate <750 °C Yellow to greenish 0.5-1 Elongate Strong Normal to
rown brown open
CA014 Fabric 2 Iéedchsh Moderate <750 °C Pale to reddish 0.25-1 Elongate Very Normal
rown brown strong
CA017 Fabric 2 Reddish Moderate <750°C Greenishtoreddish 5 ; Elongate Very Normal to
brown brown strong open
. Reddish Moderate . Greenish to reddish El and Normal to
CA020 Fabric 2 brown to high <750°C brown 0.5-1 needle-like Strong open
CA022 Fabric 2 Pale brown Moderate <750 °C Pale to dark brown 0.25-1 Elongate Izgoire;i: Normal
CA023 Fabric 2 Dark brown Moderate <750 °C Greemtsjh to reddish 0.25-1 Elongate Strong Normal to
rown open
CA024 Fabric 2 Pale brown Moderate <750 °C Red(tiglvtidark 0.25-1 Needle-like Strong Normal
CA025 Fabric 2 Rbedchsh Moderate <750 °C Greenish to reddish 0.5-1 Elongate Strong Normal
rown brown
CA026 Fabric 2 Pale brown Moderate <750 °C Greem;h to reddish 0.25-1 Needle-like Very Normal
rown strong
. Reddish o . Moderate
CA029 Fabric 2 b Moderate <750 °C Reddish to brown 0.25-1 Elongate Normal
rown to strong
CA075 Fabric 2 Oll;ange to Moderate <750 °C Reddish to brown 0.25-0.5 Needle-like Very Normal
rown strong
CA078 Fabric 2 Reddish = Noderate <750 °C Reddish to dark 0.5-1 Elongate Strong Normal to
rown brown open
CA079 Fabric 2 Iiericijih Moderate <750 °C Pale to dark brown 0.25-0.5 Needle-like Strong Normal
CA080 Fabric 2 Reddish Moderate <750 °C Reddish to dark 0.25-1 Elongate Moderate Normal to
brown brown open
CAO081 Fabric 2 O{)ange to Moderate <750 °C Orange to brown 0.5-1 Elongate Very Normal
rown strong
CA003 Fabric 3 Pale brown Low <850 °C Reddﬁsh to dark 0.5-1 Elongate Strong Normal to
rown open
CA009 Fabric 3 Reddish Low <850 °C Reddishtodark 55 45 Elongate Strong Normal
rown brown
CA012 Fabric 3 Pale brown Low <850 °C Reddish to dark 0.25-0.5 Elongate Moderate Normal to

brown open
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Table A2. Cont.
Sample Mineral Clay Matrix Biotite Features
Slide Assemblage ! Ooti Estimated ;
ptical Size .
D (XRD) Colour Activity Temperature Colour (mm) Shape Pleochroism  Cleavage
CA031 Fabric 3 Grey Low <850 °C Reddishtodark 55 45 Needle-like Moderate  Normal to
brown to weak open
CA032 Fabric 3 Greyish Low <850 °C Reddishtodark =55 05 Needle-like Moderate  Normal to
brown brown to weak open
CA036 Fabric 3 Brown Low <850 °C Reddishfodark 05505 Needle-like Moderate ~ TNormalto
rown open
CA041 Fabric 3 Reddish Low <850°C Reddishtodark =555 05 Needle-like Moderate ~ TNormalto
brown brown open
CA042 Fabric 3 IieddISh Low <850 °C Pale to dark brown 0.25-1 Needle-like Moderate Normal to
rown open
CA048 Fabric 3 Reddish to Low <850 °C Dark brown 0.25-0.5 Elongate Moderate Normal
dark brown to weak
CA051 Fabric 3 Dark grey Low <850 °C Pale to dark brown 0.25-0.5 Needle-like Moderate Nog}r’r:ﬁ to
CA067 Fabric 3 Grey Low <850 °C Pale to dark brown 0.25-0.5 Needle-like Moderate Normal
CA072 Fabric 3 Brown Low <850 °C Greenishtopale (5.1 Needle-like Moderate ~ TNormalto
rown open
CA077 Fabric 3 R‘tfr(i(ij;h Low <850 °C Orange to brown 0.25-1 Elongate Strong Normal
CA082 Fabric 3 Orange to Low <850 °C Greenish to reddish 0.25-0.5 Elongate Moderate Normal
pale brown brown
CA095 Fabric 3 Dark Brown Low <850 °C Redc};:(};vt(;dark 0.25-0.5 Needle-like Moderate Normal
CA103 Fabric 3 Dark grey Low <850 °C Darkbrownto 55 05 Needle-like Moderate  Normal to
black to weak open
CA006 Fabric 4 Dark grey to None 800-900 °C Dark brown to 0.25-05 Needle-like None Open
black black
CA010 Fabric 4 Brown Very low 800-900 °C Darkbll);(c)l\:v nto 0.25-1 Elongate Very weak Very open
CAO011 Fabric 4 Dark grey None 800-900 °C Darkbll);glx(/v nto 0.25-0.5 Needle-like Very weak Open
CA013 Fabric 4 Dark grey None 800-900 °C Darkbll’;glz" nto 0.25-1 Needle-like Very weak Open
. o Dark brown to El. and
CA018 Fabric 4 Dark brown Very low 800-900 °C black 0.25-0.5 needle-like Very weak Very open
CA021 Fabric 4 Grey None 800-900 °C Greenish to black <0.25 Needle-like Very weak Noé;i to
CA028 Fabric 4 Dark brown Very low 800-900 °C Darkblgtc)l\(xv nto 0.25-1 Elongate None Open
CA062 Fabric 4 IleddiSh Very low 800-900 °C Reddish to brown 0.5-1 Elongate Weak Normal to
rown open
CA068 Fabric 4 Brown Very low 800-900 °C Reddish to brown 0.25-1 Elongate Weak Normal
CA069 Fabric 4 Dark grey None 800-900 °C Dark brown to 0.25-1 Needle-like None Normal to
black open
CA070 Fabric 4 Dark grey Very low 800-900 °C Darkbklzglzv nto 0.25-0.5 Needle-like Very weak No;}r)r:ﬂ to
CA004 Fabric 5 IieddISh Very low 800-950 °C Reddish to brown 0.5-1 Elongate Very weak Open to very
rown open
CA015 Fabric 5 Dark brown Very low 800-950 °C Dark brown to 0.5-1 Elongate Very weak Normal to
black to none open
CA063 Fabric 5 Dark grey to Very low 800-950 °C Dark brown to 0.25-1 El and Very weak  Open to very
black to none black needle-like to none open
CA091 Fabric 5 Ii;sdchsh Very low 800-950 °C Pale to dark brown 0.5-1 Elongate Weak Open
rown to none
CA033 Fabric 6 Dark grey None 875-900 °C Reddish brown to 0.25-1 El. and None Open to very
black needle-like open
CA046 Fabric 6 Iierifﬁ;h None 875-900 °C Reddish to brown 0.5-1 Elongate Very weak Open
CAO038 Fabric 7 Dark grey None c. 900 °C Darkb?;glx(/v nto 0.25-0.5 Elongate Weak Open
CA039 Fabric 7 Dark grey None €. 900°C Darkbll’;‘c’lzv nto 0.25-0.5 Elongate Weak Open
CA043 Fabric 7 Dark brown None . 900°C Dark brown to 0.25-0.5 Elongate Very weak  Open to very
to black black to none open
. Dark brown . Reddish brown to
CA049 Fabric 7 to black None c. 900 °C black 0.25-1 Elongate Weak Open
. Dark brown o Dark brown to Very weak
CA052 Fabric 7 to black None €. 900 °C black 0.5-1 Elongate to none Open
CA054 Fabric 7 Darkbrown — \ope coppec  Reddishbrownto 45555 Needledike VY weak Open
to black black to none
CA104 Fabric 7 Dark grey None . 900 °C Redc};sh to dark 0.5-1.5 Elongate Weak Open to very
rown open
CAO016 Fabric 8 Black None >900 °C Black 0.25-0.5 Elongate None Vitrified
CA084 Fabric 9 R;dd“h None 900-950 °C Reddish to dark 0.25-0.5 Elongate Weak Open
TOWn brown
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Table A2. Cont.
Sample Mineral Clay Matrix Biotite Features
Slide Assemblage ! Ontical Estimated Size .

D (XRD) Colour Acl:ivity Temperature Colour (mm) Shape Pleochroism  Cleavage
CA085 Fabric 9 Dark brown None 900-950 °C Dark brown 0.25-0.5 Elongate None Nosg:ﬁ to
CAO086 Fabric 9 Dark brown None 900-950 °C Dark brown to 0.25-0.5 Elongate None Open to very

to black black open
CA087 Fabric 9 Black None 900-950 °C Dark brown to 0.25-0.5 El and None Open to very
black needle-like open
CA088 Fabric 9 Black None 900-950 °C Darkbrownto 55 5 Needle-like Very weak Open
black to none
CA001 Fabric 10 Dark brown None 900-950 °C Black 0.25-1 El. and Very weak Open
needle-like to none
CA030 Fabric 10 Dark grey None 900-950 °C Black 0.25-0.5 Needle-like None Ope;‘;;’n"ery
CAO71 Fabric 10 Black None 900-950 °C Parkbrownto 2505 Needle-like None Open
CA090 Fabric 10 Black None 900-950 °C Darkbrownto 95 15 El and None ~ Opentovery
black needle-like open
CA094 Fabric 10 Dark brown None 900-950 °C Reddish brownto o5 5 Elongate Very weak Open
black to none
CA105 Fabric 10 Dark brown None 900-950 °C Black 0.25-0.5 Elongate Very weak Open
to black to none
CA019 Fabric 11 Dark brown None >950 °C Pale to dark brown 0.25-1 Elongate None Open
CA045 Fabric 11 Black None >950 °C Black 0.25-1 Elongate None Open
CA034 Fabric 12 Black None >950 °C Black 0.25-0.5 Needle-like None Open
CA037 Fabric 12 Black None >950 °C Reddish brown 0.25-1 Elongate None Open
CA040 Fabric 12 Black None >950 °C Black 0.25-0.5 Elongate None Very open
CA044 Fabric 12 Black None >950 °C Black 0.25-0.5 Needle-like None Open
CA047 Fabric 12 Brown None >950 °C Dark brown 0.25-0.5 Elongate Vf;yn‘gr?eak Open
CA053 Fabric 12 Black None >950 °C Black 0.25-0.5 El. and None Open
needle-like
CA059 Fabric 12 Reddish None >950 °C Reddish to dark 0.25-0.5 Elongate None Open
brown brown
CA061 Fabric 12 Black None >950 °C Black 0.25-0.5 Elongate None Ope;‘;é’n"ery
CA064 Fabric 12 Black None >950 °C Black 0.25-1 Elongate None Open
CA065 Fabric 12 Reddish None 950 °C Reddish to dark 0.25-1 Elongate None Normal to
brown brown open
CA092 Fabric 12 Black None >950 °C Black 0.25-0.5 El. and None Very open
needle-like
CA093 Fabric 12 Black None >950 °C Black 0.25-1 Elongate None Very open
CA099 Fabric 12 Black None >950 °C Black 0.25-1 Elongate None Very open

1 Mineral assemblages are summarized in fabrics as follows; (Question marks indicate the tentative presence of specific minerals): Fabric
1-Illite—Calcite—Quartz—Plagioclase—K Feldspar; Fabric 2-Illite-Muscovite—Anorthite—Calcite—-Quartz-Plagioclase-K Feldspar; Fabric 3—
Illite—Quartz-Plagioclase-K Feldspar; Fabric 4-Calcite-Quartz-Plagioclase-K Feldspar-Maghemite; Fabric 5-Illite—Quartz-Plagioclase-K
Feldspar-Maghemite; Fabric 6-Quartz—Plagioclase-K Feldspar; Fabric 7-Quartz-Plagioclase-K Feldspar-Maghemite; Fabric 8-Quartz—
Plagioclase-K Feldspar-Maghemite (Low peak); Fabric 9-Illite (Low peak)-Quartz-Plagioclase-K Feldspar-Maghemite-Hercynite? Fabric
10-Quartz-Plagioclase-K Feldspar-Maghemite-Hercynite (Low peak); Fabric 11-Quartz-Plagioclase-K Feldspar-Hercynite; Fabric 12—
Quartz-Plagioclase-K Feldspar-Maghemite-Hercynite.

Figure A1 below illustrates biotite transformation in colour, optical properties and
texture at different temperature ranges. Samples from the kiln site of Cabrera d”Anoia
illustrate the loss of pleochroism, darkening in colour and cleavage opening according to
the results and discussion developed in the core sections of this paper.
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Figure Al. Photomicrographs of selected samples from Cabrera d’Anoia. Sample CA017 (a) was fired at <750 °C and
shows strong pleochroism and normal cleavage in most inclusions. Sample CA031, fired at <850 °C still includes pleochroic
inclusions but laths start separating (b). At 900-950 °C and above, cleavage is open or very open according to temperature
increase, as shown in sample CA104 (c), still with weak pleochroism, and CA090 (d) with non-pleochroic dark brown
inclusions. Above 950 °C, biotite inclusions are usually black under reducing atmosphere, with very open cleavage as
shown in sample CA040 (e). All the images were captured in plane polarized light (left column) and crossed polars (right
column), at 40 x magnification. Image width = 3 mm.
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