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Preface to “"Mineralogical Approaches to
Archaeological Materials: Technological and Social
Insights”

Archaeometry is based on the necessary interdisciplinary relationship between diverse branches
of the natural and social sciences. This relationship is essential in archaeology, since, from physical
materials (objects), scholars have to face questions that go beyond the limits of the tangible and
pertain instead to abstract and social concerns. Studies focused on archaeological materials have
been substantially enriched by the application of techniques and methods from the natural sciences
(e.g. physics, chemistry, geology, micropaleontology) and the implementation of chemical, physical
and mineralogical analyses. Currently, archaeometric studies are fundamental to the accurate
classification and characterization of archaeological materials, providing relevant data, among other
aspects, about their production, function and social meaning.

Archaeometric studies have developed significantly since the 1960s and have enhanced the
analytical tools and topics considered in the study of material culture. In this book, we present a set
of papers that show the potential of mineralogical studies (e.g. petrography, mineral geochemistry,
X-ray Diffraction) and multiproxy approaches to characterize the composition of a wide diversity of
archaeological materials such as ceramics, terracotta, tiles, metals, glazes, glass and mortars related to
several periods (Bronze Age, Roman, Middle Age, Modern period). These contributions conducted
most of the archaeometric analyses usually applied in the study of material culture and demonstrate
that the mineralogical characterization of these artifacts is crucial to address aspects related to the
origin of the raw materials used in their manufacture and the technological processes applied by
craftspeople.

In this sense, this book can be of interest for specialized researchers who seek specific case studies
and are mainly concerned with certain kinds of materials, but also for those ones (e.g. students,
researchers and professionals) who look for a practical overview of the chief methods that can be
followed in the study of material culture. Last but not least, we would like to thank all the authors
that participated in this project, as this book would not be possible without their contributions, time

and effort.

Daniel Albero Santacreu, José Cristébal Carvajal Lépez, and Adridn Duran Benito
Editors
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Abstract: Several pottery sherds from the Svilengrad-Brantiite site, Bulgaria, were mineralogically
and petrographically analyzed. The aim was to add information to the very scarce material data
available for Early Bronze Age pottery in the southeastern Thrace plain, Bulgaria, in order to examine
a possible raw-material source of the pottery. The characterization techniques applied were optical
microscopy (OM), petrographic microscopy (PM), scanning electron microscopy coupled with en-
ergy dispersive X-ray spectroscopy (SEM-EDS), X-ray fluorescence (XRF) spectroscopy, and X-ray
diffraction (XRD). The pottery samples consisted of two typological groups: a local-made type and a
cord-impressed decoration type influenced by foreign cultures. All of the samples were produced
from fine clay pastes that had a quite similar composition, with abundant mineral grains of similar
mineral composition and fragments of metamorphic and granitic rocks. The chemical compositions
of each mineral in the grains and fragments were almost identical, and consistent with those from
metamorphic and granitic rocks from the Sakar-Strandja Mountains near the study site. The clay
paste compositions corresponded to those of illite/smectite mixed-layer clay minerals or mixtures of
illite and smectite, and the clay-mineral species were consistent with those in Miocene-Pleistocene or
Holocene sediments surrounding the site.

Keywords: petrographic analysis; rock fragment; pottery; ceramics; Early Bronze Age; Thrace

1. Introduction

The Upper Thracian Plain in southern Bulgaria is located between the Balkan Moun-
tains and Rhodope Mountains (Figure 1). The plain underwent social, cultural, and eco-
nomic transformation in the Early Bronze Age (EBA), from the fourth to the third millen-
nium BCE, as a result of changes in livelihoods, migrations, and the spread of technological
innovation. At the beginning of the third millennium BC, the Yamnaya group moved south-
wards into the plain from the North Pontic area, interacting with the sedentary groups and
assimilating into their communities [1,2]. In connection with this issue, the presence of
pottery with cord decoration has often been mentioned [2-7]. This pottery style is thought
to have spread along with the migration of the Yamnaya groups across the West Pontic
region from north to south [2,8], including the possibilities of the movement of potters
or the transportation of pottery. This style of pottery, however, has been recovered more
frequently from settlement sites other than Yamnaya-style burial mounds (kurgans) in
the plain [4,9]; thus, some researchers have argued that indigenous groups in the plain
adopted the locally unfamiliar technique of cord-impressed decoration and applied it to
pottery [5,7], although the details of this adoption are still a matter of debate.
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Figure 1. Location map of the Upper Thracian Plain and the Svilengrad—Brantiite site (solid circle) in
Bulgaria; geological map of the area around the site (Figure 2) is shown as a dashed box.

Although various cultural and social issues in the plain have been discussed in the
context of the typological and stylistic analysis of EBA pottery [10], mineralogical and
petrographic analyses have been relatively sparse, except for a few studies of ceramic
paste [11,12]. In addition, differences in clay pastes between the foreign-style pottery
with cord decoration and local-style pottery have not been clarified. Mineralogical and
geochemical analyses of EBA pottery, therefore, are expected to provide insights into the
raw materials, provenance, and technology of ceramic manufacture in the area. For these
reasons, we analyzed the mineralogical and chemical compositions of mineral grains,
rock fragments, and ceramic paste in local- and foreign-style pottery from an EBA site at
Svilengrad—-Brantiite located in the southeastern part of the Upper Thracian Plain (Figure 1).

2. Materials and Methods
2.1. Materials

Thirty sherds of EBA pottery (samples SVL01 to SVL30) were selected from the flat
settlement at Svilengrad-Brantiite based on their shape and decoration (Table 1). These
were fragments of pots, shallow bowls, jars, and jugs. Seven of them (samples SVL24
to SVL30) were decorated with exotic cord impressions, and the remaining 23 (samples
SVLO1 to SVL23) were indicative of the local EBA2 pottery group. These pottery samples
were provided by Dr. Nekhrizov at the National Institute of Archaeology and Museum,
Bulgarian Academy of Sciences.

The Svilengrad-Brantiite site is located on a natural levee of the Maritsa River, 2 km
southeast of modern Svilengrad, southeastern Bulgaria [13] (Figure 2). At the site, which
has an area of approximately 1.5 ha, a series of rescue excavations were conducted between
2004 and 2006 prior to the construction of a railroad, and numerous pits dating to the
EBA, Iron Age, medieval era, and Ottoman period were found [13-15]. Many pottery
sherds were excavated from the EBA remains together with artifacts commonly found
in other settlement sites, such as ground stone, flint tools, clay figurines, and spindle
whorls [13-15]. The EBA pottery from the flat settlement at Svilengrad-Brantiite has
typological characteristics (shapes and decoration) similar to those of cord-decorated
vessels in the Upper Thracian Plain. Thus, the settlement can be dated to the second stage
of the EBA (EBA2) in the first half of the third millennium BCE.
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Table 1. Descriptions of pottery samples studied and mineral grains in the samples. Abbreviations:
EBA2—Ilocal-made pottery at the second stage of the EBA (EBA2); Cord—pottery with cord decora-
tion; Qtz—quartz; Kfs—potassium feldspar; Mc—microcline (potassium feldspar); Pl—plagioclase;
Afs—alkali feldspar; Ms—muscovite; Ep—epidote; Bt—Dbiotite; Opq—opaque minerals; Ttn—titanite;
Am—ampbhibole; Grt—garnet; Chl—chlorite; St—staurolite.

Sample Type (mm)  Thickness Sg;flzie Ir&t(e)irgral I\élrr;;r:;l Observed by Optical Microscope

Major Species Minor Species

Otz Kfs Mc PlI Afs Ms Ep Bt Opq Ttn Am Grt Chl St
SVLO01 EBA2 8 Dark brown Dark brown X X X X X X X X X X X X X
SVL02 EBA2 7 Dark brown Dark brown X X X X X X X X X X X
SVLO03 EBA2 10 Dark brown Dark brown X X X X X X X X X X X
SVL04 EBA2 6 Dark brown Dark brown X X X X X X X X X X X X X
SVLO05 EBA2 6 Dark brown Dark brown X X X X X X X X X X X X X
SVL06 EBA2 7 Dark brown Dark brown X X X X X X X X X X X X
SVL07 EBA2 8 Dark brown Dark brown X X X X X X X X X X X X
SVL08 EBA2 7 Dark brown Dark brown X X X X X X X X X X X X
SVL09 EBA2 7 Dark brown Dark brown X X X X X X X X X X X X
SVL10 EBA2 7 Dark brown Dark brown X X X X X X X X X X X X
SVL11 EBA2 5 Dark brown  Light brown X X X X X X X X X X X X
SVL12 EBA2 10 Dark brown Light brown X X X X X X X X X X X X X
SVL13 EBA2 12 Dark brown  Light brown X X X X X X X X X X X
SVL14 EBA2 8 Dark brown Dark brown X X X X X X X X X X X X X
SVL15 EBA2 8 Dark brown Dark brown X X X X X X X X X X X X X
SVL16 EBA2 6 Dark brown Dark brown X X X X X X X X X X X X
SVL17 EBA2 7 Dark brown  Light brown X X X X X X X X X X X X
SVL18 EBA2 7 Dark brown Dark brown X X X X X X X X X X X X X X
SVL19 EBA2 7 Dark brown Dark brown X X X X X X X X X X X X
SVL20 EBA2 8 Dark brown  Light brown X X X X X X X X X X X X X
SVL21 EBA2 7 Dark brown Dark brown X X X X X X X X X X X X
SVL22 EBA2 9 Dark brown  Light brown X X X X X X X X X X X X
SV123 EBA2 11 Dark brown Dark brown X X X X X X X X X X X X X
SVL24 Cord 8 Dark brown  Light brown X X X X X X X X X X X X X
SVL25 Cord 10 Dark brown Light brown X X X X X X X X X X X X X
SVL26 Cord 8 Dark brown  Light brown X X X X X X X X X X X X
SVL27 Cord 10 Dark brown  Light brown X X X X X X X X X X X X
SVL28 Cord 8 Dark brown  Light brown X X X X X X X X X X X X
SVL29 Cord 9 Dark brown  Light brown X X X X X X X X X X X
SVL30 Cord 8 Dark brown  Light brown X X X X X X X X X X

The Svilengrad-Brantiite site is located on the boundary between two different ge-
ological bodies: the Sakar-Strandja Mountains to the northwest and northeast side and
the Eastern Rhodope massif to the southwest side (Figure 2). These geological bodies
are important to consider when determining the major sources of mineral grains, rock
fragments, and clay paste in the pottery samples.

The Sakar-Strandja Mountains are mainly composed of Paleozoic basement rocks
(mica-schist, gneiss, migmatite, amphibolite, and metagranitoids), Paleozoic granitoids,
Mesozoic granitoids, and a cover of Paleozoic to Mesozoic metamorphic rocks [16-20]
(Figure 2). The basement rocks and the metamorphic rock cover near the site include mus-
covite, quartz, plagioclase, microcline, alkali feldspar, biotite, epidote, titanite, bluish-green
amphibole, chlorite, opaque minerals, garnet, staurolite, zircon, and apatite [18,21-23]. The
basement rocks, granitoids, and metamorphic rocks are overlain by Tertiary sediments
(Eocene sedimentary rocks and upper Miocene to partially lowermost Pleistocene sedi-
ments [16,18,24,25]). The upper Miocene to Pleistocene sediments underlie and extend a
few kilometers around the study site.
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Figure 2. Simplified geology of the area around the Svilengrad-Brantiite site (modified
after [17,18,26]). Sakar-Strandja Mountains: 1—Paleozoic basement; 2—Paleozoic granitoids;
3—Paleozoic-Mesozoic metamorphic rocks; 4—Mesozoic granitoids; 5—Late Cretaceous sed-
imentary rocks; 6—Tertiary sediments. Eastern Rhodope Massif: 7—Paleozoic basement;
8—Mesozoic low to medium-grade metamorphic rocks; 9—Tertiary volcanic rocks; 10—Tertiary
volcano-sedimentary rocks.

The Eastern Rhodope massif consists mainly of Paleozoic basement rocks (metagran-
itoids, migmatite, and gneiss), medium- to high-grade metamorphic rocks (amphibolite,
eclogite, metabasic rocks, and metaultrabasic rocks), and low-grade metamorphic rocks
(greenschist, pelitic schist, phyllite, and marble) [27-30]. These metamorphic rocks include
muscovite, quartz, plagioclase, microcline, alkali feldspar, biotite, epidote, titanite, amphi-
bole, chlorite, opaque minerals, garnet, staurolite, and kyanite [27-31]. The basement rocks
and metamorphic rocks are surrounded by Cretaceous to Paleogene volcanic and plutonic
rocks [28,32,33] and Neogene volcano-sedimentary rocks [34].

The relatively high-grade metamorphic rocks at the Sakar Mountain area are very
similar to the basement and metamorphic rocks in the Eastern Rhodope massif [18]. These
geological bodies differ, however, in their maximum pressure conditions during meta-
morphism: ~8 k bar for Sakar Mountain [21,35] and ~13 k bar for the Rhodope mas-
sif [27,29,36,37]. Thus, the chemical compositions of their rock-forming minerals may also
slightly differ. For this reason, we tried to elucidate the sources of the mineral grains and
rock fragments derived from metamorphic rocks by using chemical analysis.

2.2. Methods

The pottery samples were cut into slices (approximately 20 pm thick) and doubly
polished for microscopic observations under polarized and reflected light. After the obser-
vations, the surfaces were coated with a carbon film to prevent electrostatic charging during
the analyses with a scanning electron microscope equipped with an energy-dispersive X-ray
spectrometer (SEM-EDS). In addition, 1.0 g of the representative samples was powdered
for X-ray powder diffraction (XRD) and X-ray fluorescence (XRF) analyses.

Textural observations and chemical analyses of clay pastes and minerals in the samples
were performed by using a SEM-EDS (JSM-6010LA, JEOL, Tokyo, Japan) with an accelerat-
ing voltage of 20 keV and a beam diameter of approximately 2 pm. Measurement data were
quantified by the ZAF method, and the quantified data were further corrected by using
standard materials of albite, plagioclase, sanidine, biotite, chlorite, jadeite, Cr-diopside,
diopside, rhodonite, kaersutite, almandine, and pyrope (Astimex Standards Ltd., Tronto,
Canada). The quantified data were normalized to a total of 100 wt.%.
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The major mineral compositions of the pottery samples were determined by us-
ing an X-ray diffractometer (MiniFlex600 D/teX Ultra, Rigaku, Tokyo, Japan) with a
monochromized Cu Ka X-ray (40 kV and 30 mA) and scintillation counter. The 20 scanning
angle ranged from 3° to 65°, with 0.02° steps and a scanning speed of 2° /min.

Bulk chemical compositions of the pottery samples were also analyzed by a wave-
length dispersive X-ray fluorescence spectrometer (MagiX PW2424, Philips, Eindhoven,
Nethertlands) using an Rh target X-ray tube operated at 2.4 kW (Paleo Labo Co., Ltd., Japan,
Saitama, Japan). Glass-bead samples, fused with a mixture of a powdered specimen and
Li;B4O7-LiBO; (1:5), were used for XRF analysis. We measured 10 major oxides (Na,O,
MgO, Al;O3, SiO,, P,05, K70, CaO, TiOz, MnO, and FeO). The concentrations of these ox-
ides were quantified by a calibration-curve method using 16 standard materials (reference
rock powders JA-1, JA-2,JA-3,]B-1, ]B-1a, JB-2, JB-3, JF-1, JF-2, JG-1a, JG-2, JG-3, JGb-1, JR-1,
JR-2, and JP-1) of the Geological Survey of Japan (National Institute of Advanced Industrial
Science and Technology, Tsukuba, Japan).

3. Results
3.1. Features of Pottery Samples and Clay Paste

All of the pottery samples were about 7 mm thick (Table 1), and the surfaces were
black to brown and were smoothed or burnished (Figure 3a,b). Cross sections of all of
the samples were black to reddish-brown, and the samples were produced from fine clay
with relatively large amounts of mineral grains and rock fragments (Figure 3c,d). A few
elongated voids and rare clay pellets were observed; chaff and other impurities were
absent. Minerals grains of muscovite and biotite showed a preferred orientation parallel
to the pottery surface (Figure 4a), indicating that the clay paste was kneaded sufficiently
during pottery making or possibly that a wheel-made production technique was used [38].
This preferred orientation was also observed for elongated voids in the pottery matrices
(Figure 3c). In the SEM observations of the clay pastes in all the samples, the clay minerals
showed good adhesion and no partial melting (Figure 4b).

Figure 3. (a) Local EBA2 pottery and (b) pottery with cord-impressed decoration (arrow). Scale bars
are 1 cm. Cross sections of local EBA2 pottery (c) and pottery with cord-impressed decoration (d).
White grains are mineral grains and rock fragments. Black elongated portions are pores. Scale bars
are 5 mm.
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Figure 4. (a) Photomicrograph of thin section for pottery sample (SVL24, plane-polarized light).
Abbreviations: Qtz—quartz; Ep—epidote; Kfs—potassium feldspar; Ms—muscovite; Opq—opaque
mineral (ilmenite); Ttn—titanite; Bt—Dbiotite. (b) SEM image of pottery sample (SVL12). Abbrevia-
tions: Ilm—ilmenite; Ab—albite; Pl—plagioclase; Rt—rutile; Clay—clay minerals.

3.2. Mineral Grains

The polarized-microscopic observations and SEM-EDS analyses demonstrated that
all of the samples included angular to sub-angular grains of dominant quartz, plagioclase,
alkali feldspar, potassium feldspar, muscovite, and epidote; subordinate ilmenite, titanite,
amphibole, chlorite, biotite, garnet, and staurolite; and trace amounts of zircon, apatite, and
rutile. The qualitative volume ratios for the mineral grains were approximately 30 vol.%
quartz, 15 vol.% feldspar, 5 vol.% muscovite, less than 1 vol.% other mineral grains and rock
fragments, and 50 vol.% clay paste. All of the grains were euhedral in shape or fragmentary.
Quartz grains often exhibited wavy extinction. Potassium feldspar and alkali feldspar
grains demonstrated a microcline texture and a perthite texture, respectively. Biotite and
chlorite were partially altered. Amphiboles were pleochroic and bluish-green and pale
green under uncrossed polars.

In the SEM-EDS analyses, most of the plagioclases were found to be rich in sodium
(Table 2). Muscovite was relatively enriched in Na and Mg, corresponding to the chemical
composition of phengite, which is observed frequently in metamorphic rocks from the
Sakar-Strandja Mountains [19,21] and the Eastern Rhodope massif [27,29,31]. Biotite was
poor in potassium as a result of alteration (Table 2), and epidote was rich in iron and
similar in composition to that from metamorphic rocks [19,29,30] or gabbro [33]. Amphi-
bole exhibited chemical zoning, and its composition corresponded to calcic amphiboles
(magnesiohornblende, edenite, ferroedenite, and rare pargasite). Garnet was enriched in
iron, corresponding to almandine garnet. Opaque minerals were mostly ilmenite and rarely
magnetite. Tiny grains, less than 10 um in length, of zircon, apatite, and rutile were always
observed, but their abundances varied across samples.

The mineral grains in all of the pottery samples showed the same combination of
mineral species independent of grain size and grain amount, and the chemical compo-
sitions of each mineral were very similar among the samples. The major features of the
grains were the similarity of mineral species, relatively large amounts of muscovite and
epidote, and a lack of olivine or pyroxene, which are commonly found in igneous rocks.
In addition, during the SEM observations, we observed an absence of minerals formed by
high-temperature firing and a lack of textures associated with thermal decomposition and
partial melting in the mineral grains. These features were identical in both the local EBA2
pottery and the cord-decorated pottery.
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3.3. Rock Fragments

Rock fragments were angular to sub-angular, 0.1 mm to 2 mm in size, and variable in
amount and size. Fifty mineral assemblages were distinguished in the fragments (Table 3).
The most abundant rock fragments were polycrystalline quartz with undulatory extinction
(Figure 5a), followed by assemblages of quartz + muscovite + epidote or plagioclase +
muscovite + epidote with a schistose texture (Figure 5b,c). Metagranitoids and amphibolite
with a deformed equigranular texture (Figure 5d,e) and garnet gneiss with a weak banded
texture were also observed (Figure 5f).

Figure 5. Photomicrograph of rock fragments in pottery samples (plane-polarized polar). The vertical
sizes are 200 pm. (a) Fragment of quartz aggregate with undulatory extinction. (b) Pelitic or basic
schist. (c) Pelitic or basic schist. (d) Metagranitoids or granitic rocks. (e) Basic schist or amphibolite.
(f) Garnet gneiss. Abbreviations: Qtz—quartz; Ep—epidote; Ms—muscovite; Pl—plagioclase; Afs—
alkali feldspar; Kfs—potassium feldspar; Bt—biotite; Am—amphibole; Grt—garnet; Opg—opaque.

The 50 mineral assemblages could be grouped into five assemblage types on the basis
of the mineral species combinations (Table 3). These five mineral assemblage types were
estimated to correspond to five kinds of original rock types based on the textures observed
in the assemblages: pelitic or basic schist; metagranitoids or granitic rocks; amphibolite or
basic schist; pelitic schist; and gneiss (Table 3). Because polycrystalline quartz is always
present in these metamorphic rocks, it was considered to have originated from all five rock
types. In addition, the chemical compositions of each mineral in the rock fragments were
in good agreement with those of the mineral grains in the samples (Table 2), indicating that
the mineral grains and rock fragments originated from the same source rocks.

3.4. Chemical Composition of Clay Paste

The chemical compositions of the clay pastes without mineral grains or rock fragments
were analyzed with SEM-EDS, and average values for five-point analyses were obtained
for 10 samples (Table 4).

All of the clay pastes were non-calcareous (<6 wt.% CaO [39]) and possessed relatively
lower KO contents than a typical illite [40,41]. The 5iO, and Al,O3 contents within each
sample exhibited a narrow concentration range (Table 4), and the other elements except for
CaO and P,05 showed similar tendencies. These narrow ranges demonstrate that the clay
paste had a relatively homogeneous composition within each pottery sample. In addition,
the pastes had a very similar oxide concentrations across all samples (Table 4), indicating
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that all of the pottery samples had been produced from a clay paste with the same chemical
composition. No systematic differences were observed in the chemical content between the
local EBA2 group and the cord-decorated group.

Table 3. Mineral assemblages observed in rock fragments within pottery and the estimated rock
type. Abbreviations: Afs—alkali feldspar; Am—amphibole; Ap—apatite; Bt—Dbiotite; Chl—chlorite;
Ep—epidote; Grt—garnet; Ilm—ilmenite; Kfs—potassium feldspar (or microcline); Mus—muscovite;
Pl—plagioclase; Qtz—quartz; Rt—rutile; St—staurolite; Ttn—titanite; Zrn—zircon. * Basic mineral
assemblages were estimated based on combinations of the mineral assemblages. Rock types were
estimated based on the basic mineral assemblages and textures observed in the assemblages.

Mineral Assemblages Basic Mineral Assemblages and Estimated Rock Type *
Qtz (polycrystalline with undulatory extinction) } Various metamorphic rocks
Qtz + Mus, Qtz + Ep

Qtz + Mus + Ep
Qtz + Mus + Ep + Bt
Pl + Mus, P1 + Ep, P1 + Ilm
Pl + Mus + Ep, P1 + Mus + Qtz, P1 + Ep + Qtz
Pl + Ep + Bt
Pl + Mus + Ep + IIm
Qtz + Ep + Afs, Mus + Ep + Afs
Qtz + P1+ Ep + Afs, Qtz + Mus + Ep + Afs
Chl + P1, Chl + IIm + Afs J
Qtz + Kfs, Qtz + Bt, Qtz + P1 7
Kfs + Mus, Kfs + Bt
Qtz + Kfs + Mus, Qtz + Kfs + Bt,
Qtz + Mus + Bt
Mus + Bt + Ap
Qtz + Kfs + Mus + Bt
Qtz + Kfs + P1 + Zrn, Kfs + Pl + Zrn + Ap
Qtz + Ttn, P1 + Ttn
Qtz + Mus + Ttn, P1 + Mus + Ttn

Type (1)
Qtz+Ms+Pl+Ep £ Afs£ Chl £ Ttv £ Bt = IA\p £ An
: pelitic or basic schist

Type (2)
- Qtz + Kfs + P1 + Mus &+ Bt = Ttv + Zpv & A7
: metagranitoids or granitic rocks

Qtz + Kfs + Mus + Bt + Ttn J
Qtz + Am, Am + Ilm, Am + Ep 7 Type (3)
Qtz + Ilm, IIm + Rt, IIm + Zrn - :Qtz+Pl+ Am + Ilm & Afs £ Rt + Zrn
Qtz + P1+ Am, PI + Am + Ilm, Ilm + Rt J : amphibolite or basic schist
Qtz + Grt + St q Type (4)
Qtz + Grt + St + Bt + [Im L : Qtz + Grt + St +£ Bt + Mus + Ilm + Rt
Qtz + St + Mus + Ilm + Rt - : pelitic schist
Qtz + Bt + Grt, Qtz + Kfs + Grt Type (5)
} : Qtz + Bt + Kfs + Grt: gneiss

3.5. X-ray Fluorescence (XRF)

The bulk chemical composition of six pottery samples was analyzed by XRF. The
oxide contents were very similar among the samples, and no systematic differences were
observed between the pottery types (Table 4). The results for two major compounds, SiO,
and Al;O3, agreed within approximately 7% among the samples (Table 4), but the values
were higher than the corresponding SEM-EDS values of the clay pastes without mineral
grains or rock fragments. The higher SiO, and Al,O3 contents were thought to result from
the contributions of quartz and feldspar as mineral grains and rock fragments. The average
values for each compound were within one standard deviation of those estimated for an
average mixture of clay paste and mineral grains (Table 4). The clay paste and the mineral
grain values in the average mixture were selected from Tables 2 and 4, respectively. The
mixture ratio was assumed to be 47.6 vol.% clay paste, 25.7 vol.% quartz grains, 16.4 vol.%
plagioclase grains, 5.0 vol.% potassium feldspar grains, 4.2 vol.% muscovite grains, 0.8 vol.%
ilmenite grains, and 0.3 vol.% apatite grains. The volume ratios of the major minerals were
very close to those of the mineral grains observed with the optical microscope.
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In addition, the average XRF values agreed within one standard deviation with those
of alluvial flood-plain sediments near the Maritsa River [42] (Table 4). The alluvial sed-
iments include clay, mineral grains, and pebbles or gravel [42,43], as well as pebbles of
metamorphic rocks [44]. Mineral grains in the sediments consist mainly of quartz, plagio-
clase, potassium feldspar, and muscovite; trace amounts of amphibole, epidote, titanite,
zircon, opaque minerals; and variable amounts of calcite [42-44]. Calcite was not present in
some layers of the sediments [42,43], and an assemblage of mineral grains excluding calcite
was in good agreement with that of the mineral grains in the pottery samples. Therefore,
the average chemical composition of the alluvial sediments in Table 4 was estimated based
on the analytical data of low-calcareous sediments [42], excluding water contents.

3.6. X-ray Diffraction (XRD)

In six representative samples, major diffraction peaks of muscovite, quartz, and
sodium-rich plagioclase (albite) were observed (Figure 6). Diffraction peaks of clay minerals
and high-temperature firing minerals such as mullite were absent. The peak intensities
of muscovite relative to those of other minerals were strongly lower in some samples,
although the abundance of muscovite in the mineral grains was nearly constant in the
clay pastes in the microscopic observations. Thus, the attenuation of the peak intensity in
muscovite is thought to have originated from the deterioration of its crystal structure as a
result of thermal alteration. A very weak peak of chlorite was also observed in one sample.
Because chlorite was observed microscopically in many samples, the rare detection of a
chlorite peak may also be the result of thermal decomposition.

20,000——— T
Q Q: quartz
r M: muscovite ]
P: plagioclase
— 15,0001 C: chlorite
»
§ 3 M F.M )
2'10,000r SVL24 |
C
q) B -
E SVL0o4
5 000F ek S SVL11
SVLO1
I i:j VL1127
0L st A L b b JSVE25
0 10 20 30 40 50 60 70

20(°)
Figure 6. XRD patterns of pottery samples (SVL01, SVL04, SVL11, SVL12, SVL24, and SVL25).

4. Discussion
4.1. Origin and Source of the Mineral Grains and Rock Fragments

Both the rock fragments and the mineral grains in the pottery samples were inferred to
have originated from metamorphic and metagranitoid or granitic rocks. Such metamorphic
and granitic rocks are distributed widely in both the Sakar-Strandja Mountains and the
Eastern Rhodope massif. Therefore, we examined the source area of the fragments and
grains by comparing the mineral chemistry of the grains, fragments, and rocks in both
areas using data from previous publications.

The atomic ratios of Ti/Fe in muscovite from metamorphic and granitic rocks exhib-
ited different trends for the Sakar-Strandja Mountains and the Eastern Rhodope massif

12



Minerals 2022, 12,79

(Figure 7a), and the majority of mineral grains and rock fragments plotted within the
Sakar-Strandja region. The Ca/Fe atomic ratios in amphibole in the rocks also had dif-
ferent trends in the Sakar-Strandja and Rhodope areas (Figure 7b) and the grains and
fragments plotted within the Sakar-Strandja region. These trends show that the mineral
grains and rock fragments in the pottery originated from metamorphic and granitic rocks
in the Sakar-Strandja Mountains. A similar trend was also observed in a Fe + Mg vs. Al
plot for staurolite (not shown). These kinds of differences in correlations among elements,
however, were unclear for plagioclase, alkali-feldspar, epidote, and garnet.

Upper Miocene to Pleistocene sediments (Ahmatovo Formation) are widely distributed
from the southern slope of the Sakar-Strandja Mountains to the area surrounding the
site [16]. The Ahmatovo Formation is also exposed within a few kilometers of the site;
northwest of the site, it includes pebbles and gravel (up to boulder size) derived from
metamorphic and granitic rocks of the Sakar-Strandja Mountains [24]. Typical raw-material
sampling distances are thought to be within approximately 7 km of a given site [45], so
the raw materials of the grains and fragments were probably derived from the Ahmatovo
Formation. The alluvial sediments near the Maritsa River are also a possible raw-material
source because sand grains occur in the same mineral assemblage as the pottery mineral
grains and metamorphic rocks are present as pebbles [42-44]. Because the pottery mineral
grains and rock fragments were angular to sub-angular, sub-angular sand grains and
non-abraded pebbles in the sediments may have been the source material.
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Figure 7. (a,b) Correlations of cations per formula unit (pfu) of minerals in mineral grains and rock
fragments from pottery samples and metamorphic and igneous rocks from the Eastern Rhodope
massif and Sakar-Strandja Mountains. (a) Ti vs. Fe in muscovite. Open circles, muscovite in
gneiss and pelitic schists from the Eastern Rhodope massif [27,29,31]; solid circles, muscovite in
gneiss and pelitic schists from the Sakar-Strandja Mountains [19,21]; closed squares, muscovite
as mineral grains; solid squares, muscovite in rock fragments. (b) Fe vs. Ca in amphibole. Open
circles, amphibole in schist, amphibolite, metamorphosed gabbro, and gabbro from the Eastern
Rhodope massif [29,30,33,36]; solid circles, amphibole in amphibolite, metagranitoids, and gabbro
from the Sakar-Strandja Mountains [19,46]; closed squares, amphibole as mineral grains; solid square,
amphibole in rock fragments.

4.2. Chemical Features of the Clay Paste

The chemical features of the clay pastes were examined by using oxide correlation
plots based on the chemical compositions of representative clay minerals (kaolinite, illite,
smectite, and illite/smectite mixed-layer clay minerals [41]) and the SEM-EDS results for
the clay pastes without mineral grains or rock fragments (Table 4). In the SiO, vs. Al,O3
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diagram (Figure 8a), the clay paste data were plotted in the compositional region between
representative illite and smectite or representative illite/smectite mixed-layer clay minerals.
In the NayO + K0 vs. CaO diagram (Figure 8b), the clay pastes also fell within the region
of the representative illite/smectite mixed-layer clay minerals, although some clay pastes
demonstrated an excess of CaO content outside the range of the mixed-layer clay minerals.
The excess CaO may have resulted from the presence of nano-sized fragments of calcite
dispersed in the clay pastes. The compositions of the clay pastes are basically thought to
correspond to those of illite/smectite mixed-layer clay minerals or a mixture of smectite
and illite.
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Figure 8. (a,b) Correlations of oxide contents in pottery clay pastes and representative clay minerals
(kaolinite, illite, smectite, and illite/smectite mixed-layer clay minerals). Solid squares, clay paste from
pottery samples; open triangles, kaolinite [41]; open circles, illite [41]; open squares, smectite [41];
crosses, illite/smectite mixed-layer clay minerals [41]. (a) SiO; vs. Al,O3 and (b) Na,O + K;O
vs. CaO.

Illite /smectite mixed-layer clay minerals are often formed by the chemical weath-
ering of basic schist [41,47]. On the eastern slope of the Sakar Mountain, mixed-layered
illite/smectite and kaolinite were found to be the predominant clay minerals in clay from
Miocene sediments corresponding to the Ahmatovo Formation [48]. Illite and smectite have
also been identified in the clay sediments [48]. In addition, Holocene fluvial sediments from
the Maritsa River consist mainly of clayey-silty sediments, sands, and gravels. Smectite
is the principal clay mineral in the clayey-silty sediments (about 77%); illite (13%) and
kaolinite (10%) are subordinate [43]. Thus, the outcrop area of the Ahmatovo Formation
(i.e., the flood plains of the Maritsa River) was most likely the collecting site for the raw
clay materials.

4.3. Estimated Firing Temperature

Melting textures for the clay pastes and feldspar grains were not identified in the SEM
observations. The starting points of melting for clay minerals are approximately 750-800 °C
under reduced conditions and approximately 800-850 °C under oxidized conditions [39];
thus, the pottery samples were considered to have been fired at temperatures of less
than 800 °C.

Some pottery samples demonstrated a marked decrease in the diffraction intensities
of muscovite and chlorite (Figure 2), regarded as indicative of thermal decomposition
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during pottery firing. The diffraction peak of muscovite in a clay matrix disappears at
a temperature over 850 °C [49-51], and a decrease in the diffraction intensities is clearly
observed at a temperature range of 700-800 °C [52]. Chlorite in a clay matrix is completely
decomposed at a temperature of 750 °C under reduced or oxidized conditions [53,54].
Taking these factors into account, the firing temperature of the pottery is thought to have
been 700-800 °C, which is close to the values of 750-850 °C reported for EBA pottery in
northwestern Thrace, Bulgaria [55]. In addition, the existence of dark cores in the present
samples indicates a firing of short duration or in an incomplete state of oxidation. Such
firing conditions may be a feature of EBA pottery in the Thrace plain.

4.4. Relationship between Petrographic and Typological Features of Pottery

The studied pottery samples contained chemically homogeneous clay pastes with
rare clay pellets and without impurities. We presume that levigation was performed
during the preparation of the clay raw materials. As a mixture of well-sorted clays and
abundant angular mineral grains and rock fragments is exceptional in a naturally deposited
clay bed, the mineral grains and rock fragments in the pottery samples are interpreted
as artificially tempered materials introduced after the levigation step. The presence of
artificially tempered materials in the samples appears to be consistent with the large volume
ratios of tempered minerals and fragments observed under the microscope. Large volume
ratios of mineral grains were also estimated in the calculations of the mixture compositions
of clay paste and mineral grains (Table 4). The preferred orientation of muscovite grains
and elongated voids in the clay pastes indicated that a high-skill technique was used during
pottery making.

The techniques for pottery making, mineral species of the grains, rock types of the
fragments, and chemical compositions of clay pastes were nearly the same in both the
local EBA2 group pottery and the cord-decorated pottery. These results indicate that both
pottery types were produced from the same raw materials and using the same production
techniques. Thus, the cord-decorated pottery samples were probably local pottery made
under the influence of a foreign culture.

5. Conclusions

The EBA pottery samples from the Svilengrad-Brantiite site in southeastern Bulgaria
exhibited dark-colored surfaces and orange to reddish-brown cross sections with a dark
core. The pottery was produced from non-calcareous clay pastes with abundant mineral
grains and fragments of metamorphic and granitic rocks, was created using high-skill
techniques, and was fired at moderate temperatures (700-800 °C). The two typological
groups, local-made EBA2 and cord-decorated types, were quite similar in terms of mineral
grains, rock fragments, clay pastes, and production techniques; thus, both types of pottery
from Svilengrad-Brantiite are considered to be of the local style, most probably made by
the inhabitants.

The mineral grains and rock fragments were inferred to have originated from metamor-
phic and granitic rocks in the Sakar-Strandja Mountains. Because fragments and separated
grains of these rocks are present as gravel, pebbles, and sand in Neogene sediments and
Maritsa River sediments, they were most likely collected from an area near the site. The clay
materials were also likely to have been procured from river sediments or Tertiary sediments
on the slopes of the Sakar-Strandja Mountains. The procurement of the raw materials near
the site and the high-skill techniques used to make the pottery may be characteristic of EBA
pottery from the southeastern part of the Upper Thracian Plain.
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Abstract: In this paper, we addressed the chemical composition and main features of a glazed
Almohad ceramic assemblage recovered from Puig de Sa Morisca, a rural Islamic site located in
southwest Mallorca. The glazes were analyzed by means of scanning electron microscope equipped
with energy-dispersive spectrometer (SEM-EDS). The archaeometrical analysis conducted allowed us
to characterize the technological choices applied by potters from the end of the 12th century and the
beginning of the 13th century. The exclusive use of lead-silica glazes was confirmed, which in some
cases was opacified with tin. We also established that some tableware vessels, which were imported
to the island, have shown glazes with a particular composition within the analyzed record.

Keywords: pottery; Almohad period; Al-Andalus; lead glazes; tin glazes; SEM-EDS

1. Introduction

Archaeometric methodologies are relatively recent in the study of Al-Andalus Al-
mohad ceramics, but they have proved excellent for studying distribution networks and
vessel technology elsewhere [1-6]. In addition, there are many analytical studies that have
addressed the technology of Andalusi ceramic glazes, covering a broad chronology be-
tween the 10th and 15th centuries AD [7]. However, such works have been mainly focused
on pottery assemblages from southern areas of the Iberian Peninsula associated with the
early and late Islamic periods, related to the Nasrid kingdom period of Granada [3,8-11].
Some attention has also been paid to glazed ceramics recovered from archaeological sites
located in the northeast of the Iberian Peninsula associated with the Taifa period (12th
century AD) [12] and Hispano-Moresque glazed ceramics [13-16]. Although abundant
information is available on the glaze recipes and the technological choices applied by
Islamic potters related to diverse chronology and locations, few studies have addressed the
compositional characterization of Almohad ceramic glazes and their connection to previous
pottery productions.

In the case of Mallorca (Balearic Islands, Spain), the technological study of Islamic
ceramics by means of archaeometric methods has only recently been implemented in
relation to the petrographic study of pottery pastes [6,17]. Regarding the glazes of the
vessels from this island, only the composition and technology of a very few samples (1 = 6)
related to the Taifa period (11th century AD) have been characterized [7,16]. A specific and
systematic study of the technological choices and recipes applied by the Almohad potters
in the production of glazed ceramics has never been conducted on the island. In this paper,
we carry out the archaeometric study by means of SEM-EDS of the chemical composition
and technology of an Islamic glazed ceramic assemblage for the first time on the island. The
pottery studied was retrieved from the Almohad rural site of Puig de Sa Morisca (Figure 1).
In this sense, it must be highlighted too that this is also the first time that the composition
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and technological features of a glazed ceramic assemblage recovered from a rural site of
the Balearic Islands are studied.

Figure 1. Geographic location of Mallorca and the archaeological sites mentioned in the text (1, Puig
de Sa Morisca; 2, Madina Mayiirqa/Palma).

The research that we present here focuses on approaching the Islamic glazed ceramics
found on this archaeological site with three objectives. First, we aim to continue with the
analyses conducted by other scholars [7,18] and characterize the chemical composition
and microstructure of late 12th and early 13th century glazes produced in the pottery
workshops located in the main city of the island, Madina Maytirqa. Additionally, we will
consider the features and particularities related to certain Islamic glazed ceramics that were
imported to the island and subsequently distributed to some rural contexts. Finally, all this
technological information will also be used to address the role played by the archaeological
rural site of Puig de Sa Morisca during the Almohad period in order to provide a better
understanding of the complexity of Islamic settlement before the Christian conquest of the
island in 1229 [19].

2. Archaeological Context

The Islamic settlement at Puig de Sa Morisca is located in a rural area in southwest
Mallorca (Balearic Islands, Spain). The Islamic site was built on top of an Iron Age site,
reusing a prehistoric wall that protected the most accessible part of the 120 m hilltop
where the site was placed. The rest of the 8500 m? settlement has abundant Islamic
ceramics on the surface and is inaccessible due to the steep rock face. The earliest Islamic
occupation included a hearth reoccupying a prehistoric tower in the fortified hill dated
to 970-1160 Cal AD (UTC-10027), i.e., an early Islamic occupation corresponding to the
Taifa period (1009-1115). However, the largest Islamic remains recovered up to now were
located on the hilltop and included three rooms of Almohad date (1202-1229) organized
around an Iron Age tower with abundant Islamic ceramics on the surface [20].

The excavations inside these rooms carried out between 2002 and 2007 yielded a large
collection of domestic and utilitarian ceramics similar to other rural contexts [21]: pitchers,
jugs, marmites, ataifors (serving dishes), large jars, lids, tripods, alcadafes (basins), oil
lamps, etc. [22]. The typologies and decorative techniques, together with the simplification
of the stamped decoration, evidenced that the majority of the ceramic production dated
back to the 12th and beginning of the 13th century AD, corresponding to the Almohad
period [20,22].

The petrographical and chemical analysis (WD-XRF) of the Islamic pottery recovered
from the Almohad rural site of Puig de Sa Morisca [6,17] allowed us to identify the presence
of a large set of ceramics, many of them glazed (Table 1), that were made with fine-textured
calcareous clays with mudstones, calcimudstones, foraminifera and quartz (Petrofabric 1).
The WD-XREF analysis conducted in 30 vessels from Petrofabric 1 allowed us to confirm the
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presence in the archaeological site of a monogenic and chemically very homogeneous group
with a very low total variation (vt = 0.29), thus evidencing a common origin for all samples
from this fabric. The petrographical features of the samples included in Petrofabric 1 and
the study of the planktonic foraminifera present in the thin sections allowed us to relate
the raw materials used in the production of these vessels to Pliocene clay deposits located
on the Palma basin. Therefore, the archaeometric data available show that most of the
vessels (78%) recovered from the rural site of Puig de Sa Morisca had a local origin and
were possibly made in pottery workshops located in the urban center of Madina Maytirqa
(current city of Palma, Figure 1).

In addition, the petrographical analysis allowed us to verify the existence of a limited
number of glazed vessels related to loners with a particular mineralogical composition
on the rural site. These petrofabrics include intermediate—felsic plutonic igneous rocks
(Petrofabric 4), low-grade metamorphic rocks (Petrofabric 5) or have a distinctive amount
of quartz and K-feldspar (Petrofabric 8). Given the calcareous nature of Mallorca and the
absence of igneous and metamorphic formations in the local geology, it is clear that these
vessels were imported to the island and subsequently consumed and deposited on the rural
site under study.
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3. Materials and Methods

We analyze in this paper the chemical and mineralogical composition and the mi-
crostructure of 25 glazed ceramic samples that comprehend the wide typological diversity
of glazed pottery identified on the archaeological site of Puig de Sa Morisca: pitchers,
jugs, serving dishes, jars, lids, oil lamps, etc. (Table 1; Figure 2) [22]. The vast majority
of the samples under study (n = 20) were classified in Petrofabric 1 and are, therefore,
related to local productions. In addition, the other five glazed ceramics, classified by their
particular petrographic composition as loners and associated with imported wares, were
also considered in the analysis (Table 1). The analysis of the glazes was conducted by
cutting small fragments of the glazed pottery samples perpendicular to the glaze-body
interface (including the body and the glazes located on the inner and outer surface of the
vessels) with a diamond saw.

Figure 2. Photos and drawings of some of the glazed vessel typologies studied from Puig de Sa
Morisca: (a) juglet (redoma), (b) candle-style oil lamp and (c) serving dish (ataifor). All the scale
bars = 10 cm.

Polished cross-sections were prepared for examination in a JEOL JSM 6610 LV scanning
electron microscope (SEM) (Jeol Ltd., Tokyo, Japan) equipped with an Oxford Instruments
XMAXN 50 energy-dispersive spectrometer (EDS) (Oxford Instruments, Abingdon, United
Kingdom). Quantitative analyses of the glazes were carried out using the EDS at 20 kV
and scanning large areas of the glaze at 2000, avoiding crystals related to the body-
glaze interface, inclusions and any weathered or contaminated surface layers. However,
sometimes evenly distributed inclusions, such as tin oxide particles, were necessarily
included in the analysis. The reported values of the glazes are the averages of 10 analyses
spread over the glaze layer in each sample.

Former WD-XRF data from Albero et al. [6] was used to record the CaO content of the
ceramic body. However, not all the glazed samples analyzed in this study were formerly
characterized by means of WD-XRF. In these cases, SEM-EDS scans of the clay matrix
were also conducted in order to approach the calcareous/non-calcareous nature of the clay
matrix. The CaO content of the matrix of each sample relates to the average of between
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two and three microanalyses at 2000 x magnifications, avoiding inclusions appearing on
the clay body.

The analysis of the microstructure of the clay body was also carried out at 2000 x
magnifications using secondary electrons. The stability of the beam current during all
these processes was monitored by calibrating against a cobalt standard. The accuracy and
precision of the systems employed were checked against Corning B, C and D reference
glasses. The limit of detection (LOD) of the instrument was only made possible to detect
those elements with a weight greater than 0.2% of the total sample. All quantitative results
of the glazes and clay matrix are reported as normalized weight per cent oxides with
oxygen determined by stoichiometry.

4. Results
4.1. Local Pottery Production (Petrofabric 1)

The glazes identified in the archaeological vessels related to Petrofabric 1 are often
slightly corroded, giving many samples a worn and dull appearance. The SEM-EDS
analysis of the glazes provides evidence of the application of a vitreous layer between
60 and 200 pm thick (although in some cases it can be up to 750 um) generally rich in
PbO (47-67%), thus suggesting the use of lead-silica glazes. The alkali content is low
(K20 < 2% and NayO < 2%) and probably related to impurities present in the raw materials
and chemical diffusion from the body paste during firing [7]. Therefore, lead is the main
flux in these vitreous layers, many of them translucent (e.g., SM-36, SM-37, SM-51), since
they did not incorporate colorants into their composition (Table 1; Figure 3a). However,
most sherds under study show a green or greenish-white color on their surface.

BEC 20kV WD10mm SS58 X 2 WD10mm SS59

BEC 20kV WD10mm SS58

Figure 3. (a) Back-scattered electron image showing a well-preserved thin glaze layer (SM-40),
(b) Secondary electron image of cassiterite crystals in glaze of the sample SM-44, (c) Secondary
electron image showing bubbles resulting from probably intentional gas release during the application
of the glaze (SM-14), (d) Back-scattered electron image (BSEI) showing aggregates of equant pyroxene
crystals in SM-14.

As could also be observed elsewhere and in other pottery samples from Al-Andalus [7,23,24],
we identify the use of tin glazes in six ceramics. In our case, the glazes have a significant
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PbO content (45.7-67.2%; average = 56.81%, o = 6.31) and a lower amount of tin oxide
(3-10%). Therefore, these are glazes made of lead, silica, a low amount of sodium-alkali
fluxes and SnO, as opacifier. In these cases, the presence of SnO; in the glazes (Figure 3b)—
probably related to the formation of cassiterite crystals [16]—allowed the potters to obtain
a white opaque layer. These crystals are usually between 700-800 nm in size, although
some of them can be up to 3.5 um. Generally, the crystals are heterogeneously distributed
through the glass, greatly affecting the tin oxide concentrations recorded in different parts
of the glaze. This variability can be clearly confirmed in the high standard deviation and
coefficient of variation recorded for the SnO, values (o = 1.45-7.15; c.v. = 0.33-0.71). The
low amount of tin used (usually <5%) would not have been enough to successfully opacify
the surface of the vessels. Therefore, semi-opaque glazes were obtained in which the color
of the paste would have been slightly visible, providing a pinkish-greenish tone to the
surface of the ceramics.

As observed in other tin-glazed Islamic ceramics from Mallorca [7], a small amount
of copper (1-2%) was also added to the tin glazes analyzed (Table 1). This element would
have generated a pale green-turquoise-colored glaze. As it is usual in this kind of tin glazes,
the surfaces of the samples under study are highly corroded. As we previously noted,
the loss of brightness and vitreous appearance is obvious even at the macroscopic level
in these cases. The alkali (Nay;O and K,0O) and alumina content is less than 4%. The iron
concentrations are up to 1.1%, which indicates that the ceramic body did not affect the
chemical composition of the glass.

It is interesting to note that there is one case (SM-14) without tin in which we observe
abundant microscopic bubbles (Figure 3c). These bubbles were formed by the occlusion of
gases released in the molten glass from the decomposition of particles from the ceramic
body (e.g., organic materials, carbonates, sulphates, hydrates) during the firing process.
In normal conditions, these bubbles dissipate when the glazes are melted at a proper
temperature. Once the cooling process starts, these bubbles cannot be eliminated. Therefore,
the presence of these micro-bubbles in this glaze can be related to a lower firing temperature
in this sample [25]. Other scholars recorded the presence of bubbles in ceramic glazes
from Al-Andalus [7,9,26]. Their presence in the glazes seems to be associated with firing
failures. Considering that this technological process has been identified (within the studied
assemblage) only in this single vessel, we can point to a production failure in this case.
However, we cannot dismiss that the formation of a significant amount of bubbles could
also have been intentional in SM-14. It is well documented that Islamic potters also used
gas bubbles locked in the glaze during the firing to reduce transparency and opacify the
surface of the vessels [25,27].

The regular presence of crystalline silicates (sometimes forming aggregates) in the
glazes studied, such as wollastonite (calcium silicate) or diopside (calcium magnesium
silicate) (Figures 3d and 4a), which originated during the firing process, would also have
contributed to opacifying the surfaces of the vessels [5,28].

It should also be noted that, as observed in other Islamic ceramics [7,29], there was
a clear preference in all the samples analyzed (i.e., in both lead glazes and tin glazes) for
using calcareous pastes to apply the glazes. The clay body of the local samples analyzed
shows CaO concentration between 6.2-17.5%. According to Tite et al. [30], the coefficient
of thermal expansion of calcite is very similar to that recorded in lead glazes. This aspect
would have prevented the formation and propagation of cracks and fractures during the
cooling and heating processes involved in pottery production. Moreover, the presence of
iron (an element that is very common in calcareous pastes) would have promoted a higher
degree of opacity in the tin glazes applied [31].

The thickness of the clay—glaze interface (Figures 3a and 4b)—usually of 5-10 um
(<20 um)—and the limited development of Pb K feldspars suggest that glazes were applied
in two separate firings in all samples analyzed [5,7,18]. Following the usual process of
Al-Andalus pottery productions [32], a first firing process took place in order to fire the
clay, while a second process was subsequently developed for glazing. In this sense, the use
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of a double firing would have promoted more homogeneous and flawless surfaces. The
diopside and wollastonite crystals identified in many samples would have been formed
during the firing of the glaze [18].

a ) b

BEC 20kV  WD10mm SS58 X3300  Sym  — X500

SEI 20kV  WD10mm SS58

Figure 4. (a) Back-scattered electron image (BSEI) showing acicular crystals of wollastonite (SM-28),
(b) Secondary electron image showing the growth of sanidine crystals in the interface located between
the glaze and the clay body (SM-37), (c) Secondary electron image showing the weathered alkaline
glaze and the tin oxide layer identified in SM-38, (d) Back-scattered electron image taken at low
magnifications showing the distribution of the tin oxide layer over the surface of the sample (SM-38).

In addition, we identified five samples (a juglet/redoma, a small closed container/orcita,
ajar/jarro, a serving dish/ataifor and a storage pot/orza) that are glazed on both the inner
and the outer surfaces (Table 1). The glazes on each side show a different composition. One
of them (usually the outer and most visible surface) has between 0.6% and 2.5% CuO, which
is the amount necessary to provide a neutral green color to the glaze. In all these cases, the
vessels were produced using lead-silica glazes, not tin glazes. Therefore, these ceramics
have a translucent glaze on one of their surfaces, while the other one shows the addition of
CuO with the aim to promote a green coloration [32]. These results demonstrate the use
of different recipes to produce the inner and outer surfaces of the vessels. Furthermore,
we document the addition of iron on the inner surface of the ataifor SM-39, probably with
the aim to provide a yellowish-brown coloration [32]. In this case, the amount of iron
(FeO = 5.2%) doubles the concentrations observed in the other samples.

4.2. Imported Wares

The glazed imported wares consist mainly of serving dishes or ataifor (n = 4) and a
colorless juglet (redoma). Although these vessels are associated with different petrofabrics
and origins [6], we document that almost all the glazes were applied following the same
technological choices observed in the ceramic assemblage associated with local productions.
On the one hand, we confirm the use of lead as the main flux in these vitreous layers
(PbO = 49-62%) and a low alkali content (K,O = <2%; Na,O = <0.6%). On the other hand,
the glazes were also applied on calcareous pastes (CaO = 5-17.5%). Finally, we also verify
the addition of copper (CuO = 1.7-3%) on the glazes located on the inner surface of the
serving dishes (ataifor) in order to provide their characteristic greenish color. In spite of
these similarities, we observe that some of these imported vessels are singular within the
ceramic assemblage under study. This is the case with the ataifor SM-59, which has the
typical inner green glaze (CuO = 3%) but also the addition of iron (FeO = 4.4%) on the outer
glazed layer, thus providing a yellowish coloration to the external surface of the vessel
(Table 1; Figure 5). Therefore, we can conclude that this imported ceramic was produced
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using more complex technological procedures and glazed recipes than the other vessels
located on the site, as it incorporates two different colorants on its surfaces.

Figure 5. Photos of the inner and outer glaze layers of the imported sample SM-59.

We could not detect the use of tin to opacify the surfaces of the imported ceramics
analyzed. However, we observed the use of a peculiar technological choice to opacify the
surface of the vessel in one case. This is the case of the ataifor SM-38 (Figures 4 and 6),
decorated with black strokes painted on a white background [33]. This pottery, which
was imported to the island, is certainly particular within the ceramic assemblage studied
for its decoration, typology, chronology (ca. late 10th century to 12th century AD) and
technology. This sample is the only one that shows the application of an alkaline glaze. This
glaze is completely degraded (Figure 3c), showing, as a result of corrosion, the presence of
phosphates and carbonates. The high degree of corrosion prevents an accurate quantitative
chemical analysis of this sample (this is the reason why SM-38 does not appear in Table 1).
However, some interesting technological aspects can be pointed out from its study by
means of SEM-EDS.

We are able to confirm that the presence of PbO in the glaze is much lower in this
sample, evidencing that it is not related to a lead-silica glaze. In contrast, the amount of
alkalis is significantly higher. Although we must consider that there could have been a loss
of alkalis (such as NayO) as a result of the degradation of the glaze, we observe that (in
spite of being degraded) the K,O content is four times higher in this sample. The glaze
located on the outer surface of the vessel shows a low amount of SnO,, which would have
contributed to opacify the layer. The glaze applied on the inner surface of the pot has the
same characteristics as the external one, but in this case, it is thicker (120 um) and shows a
layer very rich in SnO, between the glaze and the ceramic body (Figure 4d).

The location of this SnO; layer, together with the absence of the crystals usually
observed in the tin glazes, suggests that the surface of this ceramic was opacified using
a layer of powdered tin that was firstly applied to the ceramic body as a slip and was
subsequently coated with a transparent alkaline glaze. The distinctive features of this glaze
point to the use of a lead—tin alkaline frit [24]. Frequent rounded quartz grains of up to
50 um are documented in this glaze. Such relic silicate inclusions in the glazes suggest the
direct use of quartz-rich sand. As a consequence of the use of a high amount of tin oxide,
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the inner surface of this vessel has a high degree of opacity, something advisable if black
paint is going to be applied on such surface. While this technological choice to opacify
the pottery surface is unique within the analyzed record, it has been documented in the
Near/Middle East since the 8th century. It has been related to the deliberate application of
a tin oxide slip [23] but also as a result of settling out of tin oxide due to deflocculation that
occurs in a high-alkali glaze [23].

Figure 6. (a) Drawing of the imported ataifor SM-38 and (b) photos of the white opaque glazed layer
and the decorative motifs applied.

5. Discussion

The SEM-EDS analyses of the glazes associated with the local productions allegedly
related to Madina Maytirqa pottery workshops demonstrate the use of the same recipe for
vessels associated with a wide range of typologies. In this sense, we see how the amount
of PbO used as flux is highly standardized (CV = 0.11) in the ceramics classified in the
Petrofabric 1. This statement fits well with the high standardization and technical sophis-
tication recorded in Almohad pottery productions [34], which are traditionally related
to specialized productions developed in urban workshops [35]. In this sense, Almohad
ceramics have been typically regarded as an improvement on previous surface treatments,
indicating a sensible change in production strategies [36]. Nevertheless, the glazes studied
in this research provide evidence that there is a clear compositional continuity with the
glazed pottery productions developed in Palma in the 11th century AD [7], both with
regard to the use of lead as flux, the addition of tin as opacifier and copper as colorant.
The concentrations of these chemical elements (PbO, Sn,O and CuQ), and of the alkaline
elements recorded in the studied Almohad pottery glazes, fit well with the ranges observed
in ceramics from Madina Mayfirqa dating from the Taifa period (Table 2).
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Table 2. Comparison of the chemical average concentrations (%wt) observed by means of SEM-EDS
between Taifa and Almohad pottery glazes from Mallorca. * = Values recorded from Molera et al. [7].

Taifa Glazes * Almohad Glazes
(11th Century) (12-13th Centuries)
SiO, 31% 31.9%
PbO 54% 56.8%
Al,O3 3.2% 3.3%
SnO, 7-9% 5.2%
K,O 1.2% 0.9%
Na,O 1% 1%
CuO 1.6% 1.6%

Regarding the use of tin as opacifier, we see that this technological choice is usually
related to tableware, mainly with ataifors (SM-42, SM-44, SM-48) and two small bottles
(redoma). Likewise, the generation of bubbles, perhaps to provide an opaque surface, is
also documented in a tableware vessel related to a lid or tajeen (SM-14). In addition, we
also see some interesting correlations between the typology and the technology of certain
glazed ceramics intended for the same function. This is the case with the oil lamps; we see
how the oil lamp analyzed has a simple colorless glazed layer, while the candle-style oil
lamp studied is associated with a more elaborated technique, since in this sample, CuO
was added to the glaze in order to provide a greenish color to the outer surface of the vessel
(Figure 2).

In agreement with the data available from other studies and diverse locations [7], the
glazes of the imported ceramics recovered from the site show (except for sample SM-38)
the same technical choices identified in the production of local pottery. This provides
evidence of the high degree of standardization of the Al-Andalus ceramic productions
as a whole, where the techniques applied were well established and shared among the
different regions.

Despite the fact that most of the imported wares were made by means of the same tech-
nological procedures applied in the production of local glazed vessels, we also confirm that
there are certain glazed samples that are unique within the analyzed ceramic assemblage.
The decoration of these singular tableware potteries was clearly designed for exhibition
and visualization. Such luxurious Islamic ceramics are usually found in urban contexts,
being rather unusual on rural sites [37]. In this sense, two of the three bichrome serving
dishes recovered from the rural archaeological site studied are related to ceramics that
were imported to the island. Furthermore, one of them (SM-59) depicts higher technical
complexity, since it is the only vessel analyzed that shows the application of different kinds
of colorants on each of its surfaces.

The serving dish SM-38 is also unique within the ceramic assemblage studied, both
due to its older chronology and the use of a layer very rich in tin to opacify the surface of the
vessel. This ceramic represents a relic that clearly stands out among the Almohad pottery
recovered from the rural site of Puig de Sa Morisca. The presence of this vessel—which
is very unusual in rural contexts—on this site must be related to the owner’s interest in
keeping and protecting this object over time, perhaps because of its distinctive foreign
origin, its greater economic value or its social significance. In this sense, this vessel could
have promoted a sense of belonging related to the owner’s life history. This type of ataifor
can be related to the so-called bacini, which were imported to the Pisa area in Italy. The
archaeometric analyses carried out on these types of luxurious, technically elaborated
and exquisitely decorated masterpieces, suggest that they were imported from southern
Al-Andalus [38].

In Islamic times, commerce was mainly articulated by coastal navigation, resorting to
anchorage and coastal references [39]. In this sense, the geostrategic position of Puig de
Sa Morisca—located in the main port to the west of the island (i.e., Santa Ponsa) and one
of the most important references for coastal navigation in the region (Figure 7a)—could
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have favored the distribution of some imported items towards this settlement. In this sense,
given the strategic location of the Puig de Sa Morisca site in a coastal area with an intense
commercial tradition [6,20], the arrival of these imported singular vessels on the site due to
trade or plunder (activity well documented during the rule of Al-Muwaffaq and his son Ali
Igbal al-Dawla) cannot be dismissed. Thus, we can suggest that this vessel could have been
part of a larger set of ceramics, with its final destination being the ports of Tuscany, that
ended up in the port of Madina Maytirqa or perhaps even in the port of Santa Ponsa [33].

B

Figure 7. Location of the archaeological site of Puig de Sa Morisca. (a) Views of the site from the
sea (Source: ArqueoUIB research group) and (b) visual control of the coastal area and the port from
the hilltop.

The presence of unique and more elaborated imported tableware such as this in non-
urban contexts such as Puig de Sa Morisca allows us to perhaps rethink the role of this site,
which could have gone beyond a mere fortified rural location (hisn) linked to the peasant
communities that inhabited the area. In this sense, it can be suggested that, given its
geostrategic position, Puig de Sa Morisca could have developed some kind of function as a
coastal reference point for trade during the Islamic period and even for the visual control of
one of the main landing ports of the island (Figure 7b). In this sense, it is worth highlighting
that several Christian contingents landed in this area of the island during the 13th and 14th
centuries AD [19]. It is necessary to conduct further archaeometric analysis and multiproxy
approaches on rural ceramic assemblages and urban contexts from Mallorca in order to
shed light and confirm the singular nature of the rural site of Puig de Sa Morisca and its
role in the Islamic settlement pattern and trade networks.

6. Conclusions

The diverse recipes and techniques applied by Almohad potters from Mallorca to glaze
the ceramics were identified by means of SEM-EDS. The technological choices recorded are
in agreement with other pottery productions from Al-Andalus. The exclusive use of lead-
silica glazes is verified, which in some cases were opacified by the addition of tin or, less
commonly, by means of the generation of bubbles. In addition, the formation of crystalline
silicates also contributed to opacifying the surface of the vessels. The addition of CuO and
FeO to the glaze was also confirmed for the Almohad local productions of Mallorca. These
materials were added with the aim to provide a neutral green and yellowish-brown color
to the pottery surfaces, respectively. The thickness of the interface between clay and glaze,
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together with the limited development of sanidine crystals, demonstrates that these glazes
were applied in two firings and on calcareous ceramic pastes.

Finally, we confirm that some of the glazed ceramics that were imported to the island
show certain particularities. Two of the imported ataifors recorded on the site are bichrome
(one of them has a very high iron content), while another one features an alkaline glaze,
very unique in the assemblage. The presence of these particular ceramics allows us to
suggest that perhaps the site of Puig de Sa Morisca played a more complex role and carried
out functions that went beyond the defense of a peasant group.
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Abstract: Since medieval times, sugar production and consumption has had a huge impact on
European social, cultural, and economic development. The introduction of sugar cultivation entailed
knowledge transfer and new technological requirements, such as the manufacture of sugar pots used
to crystallise sugar, which requires a specific design, and thermal and mechanical properties. This
paper presents part of the results of the SPotEU project, funded under the Marie Sktodowska-Curie
Actions, which explores the development and impact of sugar production in western Europe through
the study of sugar pot manufacture from an interdisciplinary perspective, integrating archaeological
and historical research with material science and material culture approaches. This paper focuses
on sugar pots from Sicily, one of the main regions for sugar production in Western Europe in the
11-16th centuries A.D. Sugar pots were assessed from technological and performance points of view,
aided by instrumental analysis (petrography, SEM, XRE, XRD, mechanical, and thermal property
tests). The archaeological and analytical results are presented, revealing different centres of sugar pot
production on the island, and specific choices in the design of the vessels and their properties. This
allows us to discuss how craftspeople locally adapted their ceramic-making traditions to face the
new product demands from the sugar production industry in the Mediterranean.

Keywords: ceramics; technological choices; petrography; SEM-EDX; WDXRF; PXRD; heat transfer
properties; fracture strength

1. Introduction

In our industrialised and globalised world, separating the “local” from the ‘global’
elements in the design and production of objects is a difficult matter. This is a difficulty that
is not only practical but also emotional, as the concept of local is often paired with tradition,
identity, resilience, and the past, while the global concept goes in the opposite direction [1].
Nevertheless, objects intended for the same function, produced industrially or not, tend to
share strong similarities in design, although they probably will be highly varied if we can
analyse their production sequence as we do with past material culture. If we can go beyond
their common purpose and the impact this has on an object’s appearance, we may discover
that their production possibly involves raw materials, machinery, and product parts from
different areas, and even different countries, and a blend of past and present design, but
also different way of use. A can opener, now a common tool with the same functionality
despite cultural or geographical contexts, embeds in its design and manufacture much
more than what it may seem. If we compare a can opener sold in Italy and one sold in
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the UK, they have commonalities, such as two rotating wheels (one cutting), two opposite
levers, and a rotating handle. Probably both are ultimately made in Asia. The way these
parts are combined creates two different objects, which imply a slightly different way of
cutting: the first one cuts the can from the side (Figure 1a,c), whereas the other one from the
top (Figure 1b,d). Neither of the two is technologically more advantageous (they are two of
the multiple designs of the same object), and the first type was used in the UK until the
1980s, when the other type was invented and then rapidly adopted. One of the reasons for
this may be that, in the UK, safety policy is included in everyday practices. This may have
led to the acceptance of the top-cutting can opener, which allows opening a can without
inserting the finger into the top part, risking cutting. Although familiar with the object
per se, people living in the two countries may have difficulties in using a different type of
can opener, because they would lack the body movement and mental structure required
to operate it. Leaving aside the social acceptance factor, this example shows how similar
objects, aimed at the same purpose, may have those small differences that tell us about
product provenance, manufacturer design choices, and different mental attitudes and body
gestures that required for operation. It tells us the ways in which a global requirement, i.e.,
opening a can, can be interpreted differently by manufacturers, even in our interconnected
modernity, in response to different cultural attitudes.

© @

Figure 1. Design and use of a side cutting can opener (a,c) and a top cutting opener (b,d). Modified
after (a) Evan-Amos, Public domain, via Wikimedia Commons, (b) © Materialscientist at English
Wikipedia, CC BY-SA 3.0 https://creativecommons.org/licenses/by-sa/3.0 (accessed on 1 February
2022) via Wikimedia Commons, (c) © Whitestar1955 | Dreamstime.com https:/ /koit.com/96-5-koit-
blog/youve-using-can-opener-wrong-whole-time/ (accessed on 1 February 2022), (d) © Susan
Brown https://www.youtube.com /watch?v=zePEyRB6Hqo (accessed on 1 February 2022).

The SPotEU project (“Sugar Pot manufacture in Western Europe in the medieval and
post-medieval period (11-16th centuries AD)”, funded under the Horizon 2020 Marie
Sktodowska-Curie Actions (grant agreement: 797242)), of which this paper represents a
part, was developed to explore the ways in which craftspeople faced the demands from
the newly adopted sugar production in the Middle Ages. Although operating on a dif-
ferent scale than today, the Mediterranean has always been a medium for exchanging
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materials, objects, and ideas, often transcending territorial political divisions and cultural
differences [2,3]. Phenomena such as the production and consumption of sugar in the
Middle Ages could be considered one of these pan-Mediterranean occurrences, which
had, especially in the 14-16th century phases, a huge impact on European social, cultural,
and economic development [4]. The chronology of the introduction of sugar cane into the
Mediterranean suggests that it followed the Islamic expansion: it is documented in Egypt
from the 8th century AD, and progressively in Cyprus, Crete, Sicily, the African coast, and
the Iberian Peninsula by the 10th century AD [5]. However, what looks like a monolithic
phenomenon linked with the movement of communities from the eastern Mediterranean
may not have occurred in such a homogeneous way. Firstly, the ‘Arab agricultural revolu-
tion’, the label given to the set of intensive farming and irrigation technological novelties
developed by Muslim groups [6], has lately been critically reviewed [7-9]. Moreover, it
appears that in the Western Mediterranean, sugar production did not develop in the same
way as in the Eastern Mediterranean. Regionally focused studies are now starting to reveal
a more diversified picture of when and how the sugar industry was developed in each
region, shedding light on local responses to the growing sugar demand [10-16]. Regarding
commonalities, sugar production indeed required a specific sequence from its cultivation to
processing, types of machinery (i.e., mill, a press, large firing installations), and objects hav-
ing a specific purpose, such as cauldrons for sugar boiling and cone-shaped vessels for the
crystallisation phase. Therefore, its introduction and cultivation entailed new technological
requirements, and craftspeople and the local workforce needed to adapt or transform their
skills and products to these new demands. Nevertheless, sugar production in the Western
Mediterranean has often been observed from a top-down approach, from the point of view
of merchant, landowner, royal, and ecclesiastical interests. Little is known about the role of
craftspeople in the development of sugar production in modern Europe.

This paper explores the development and impact of sugar production in local crafts-
manship, using one of the core crafts linked with sugar production as a baseline, i.e., the
manufacture of sugar pots. These consist of a ceramic reversed cone with a hole at the
bottom, where the liquid syrup is poured, and left to cool and crystallise, called the sugar
mould cone (hereafter, sugar cone). They are often associated with molasses collecting jars
(hereafter, molasses jars) where the liquid molasses, a discard of the first boiling of the sugar
syrup, is collected when the sugar crystallised. The design and characteristics of this set
of vessels (so-called sugar pots) developed explicitly for sugar production, and they are
often the only archaeological evidence of past sugar production and consumption. Before
the introduction of sugar pot manufacture, the design of these vessels was unknown to
local potters, who faced several issues. First, the design of the sugar cone is dissimilar to
that of other vessels: Ibn al-"Awwam, in his handbook on agriculture, refers to the specific
shape for the sugar to crystallise [17] (p. 393), but he does not provide further specifica-
tions. Moreover, the dimension of the sugar cones seems to be linked to specific product
quality: the smaller the size, the more refined the sugar they contained [18] (p. 276) [13]
(pp. 59-77). In addition, sugar pots had to exhibit sufficient material properties and design
to withstand repeated thermal changes and mechanical stresses; they were intended to be
repeatedly used before discard and, therefore, we may suppose they were made to last.
Potters had also to contend with the high volume of ceramics required, as vessels were
frequently broken during the process and, in some other cases, shipped with the sugar
content [13] (pp. 76-77). All these features may have been shared with those operating in
sugar production, as suggested by the similarities in sugar pots across time and space [13]
(cf. pp. 59-77). However, as in the case of the can opener, potters also may have developed
different manufacturing strategies and organisations to meet these new demands.

Following a similar approach as that applied for sugar production materials in the
Near East [13,15], this paper focuses on Sicilian medieval archaeological evidence for
sugar production. For the first time, sugar pots from this region were examined in such
technological detail that allowed us to assess the places of production, movement, and
material properties of sugar pots. Specifically, this paper focuses on the micro-scale of the
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potters’ community, and their technological choices in manufacturing sugar pots within
their cultural context of manufacture. To explore this, we first needed to identify local
production, aided by chemical and petrographic characterisation. We then examined the
material properties by means of microstructure and textural analysis, and mineralogy,
and how the materials affect the thermal and mechanical properties of the vessels [19-21].
This allowed us to discuss whether potters produced vessels with different characteristics.
Considering their context of use, sugar pots require resistance to the thermal stresses of the
boiling sugar syrup poured in to them (thermal shock resistance), but also must allow the
dissipation of heat at a certain rate to allow the sugar to crystalise (heat transfer). In addition,
sugar cones can be stacked directly on molasses jars or placed over a hole in a wooden bench,
and were also frequently handled for production; in some cases, these pots travelled long
distances, either empty or filled with sugar. Sugar pots, and specifically sugar cones, would
need to withstand forces applied to them without failing (fracture strength and toughness).
The mechanical and thermal properties were used as predictors of the performance of
these vessels during use [22] because many parameters influence each other, and these
parameters cannot be disentangled in archaeological ceramics, as can be done during
experiments [23]. A further step, which will be published in another paper, simulated
whether these vessels perform in the same way under similar use conditions [24,25]. This
complex and multiphase set of examinations did not aim to assess functionality; rather, the
objective was to explore the reasons for these choices, other than performance [23]. As well
explained by Sillar and Tite [26] (p. 4), ‘it is impossible to account for any of these choices
without combining a consideration of both the material properties and the cultural context’.

2. Materials

According to the archive sources, authors have distinguished different phases in
the sugar production on the island [18,27-29]. From the first acknowledgement in the
mid-10th century until the beginning of the 13th century A.D., the production seemed
concentrated in Palermo, and was small scale and mainly devoted to the consumption
of the higher class and the pharmacopoeia. A crisis may have occurred before the 13th
century if Frederick II had tried to reinstall Palermo’s production. At the beginning of
the 14th century, and particularly during this century, sugar production intensified. The
number of sugar production centres increased considerably, leaving Palermo’s walls and
extending to the entire island. Sugar cane cultivation started taking up extensive portions
of land, although co-existing with other crops. It was transformed into on-purpose large
buildings (trapetum,-), involving several specialised workers, and exported to the whole
European market. An economic crisis may have occurred between the end of the 15th
century and the beginning of the 16th century, but sugar production flourished again in the
mid-16th century until its final collapse in the mid-17th century. From this summary, it is
clear that sugar production in Sicily had a long but discontinuous development. It could
be wondered whether, during these phases, knowledge about sugar production and the
manufacture of sugar pots was transmitted, and in which manner.

The archaeological evidence of sugar production on the island is concentrated in the
north-western part of Sicily (Figure 2). A recent diachronic examination of the archaeologi-
cal evidence [16] suggests that, despite the chronological issues, the design and volume
of sugar pots changed with the phases noted above. However, they are also site-specific;
that is, even sites of the same phase show differences in the design of the pots. Materials
from some of these sites were studied and will be discussed extensively in a forthcoming
publication [16], and are briefly presented here.
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Figure 2. Map of Italy (a); western Sicily with the site discussed (b) (black dots: site sampled, black
triangles: geological deposits sampled); and map of Palermo (c), with the sites discussed in the text.
1: Castello della Favara in Maredolce, 2: Convento di Baida, 3: Palazzo Steri-Chiaramonte.

(1) The Castello della Favara in Maredolce (MAR), in Palermo, was built with the
artificial lake by the Norman king Roger II; in the 14-15th centuries, the building changed
its function from residential to agricultural/industrial, and was also linked with sugar cane
production [30] (p. 473) [28] (p. 113). Here sugar pots were found during the excavation
of a filling of the lake of Maredolce [30,31]. They were dated to an earlier phase of sugar
production and consumption, before the end of the 13th century [16].

(2) The excavation of Palazzo Steri-Chiaramonte (STE), in the current Piazza Marina
in Palermo, by Tusa [32], revealed a long sequence of occupation of the site, which was
the residence of many Sicilian rulers from the 14th century. In layers corresponding to the
phase from the end of the 15th century to the beginning of the 16th century [33,34], some
sugar pots were found, probably related to sugar consumption in the palace, which at that
time was the residence of the Viceré.

(3) A large sugar cone was also found in the storeroom of the archaeological museum
of Palermo “A. Salinas”, and is related to an underwater finding (UND) in Palermo’s
waters.

(4) Another seven cones were found in the same museum; these were retrieved during
the restoration of the Convento di San Giovanni of Baida (BAD), where the cones were
used as the filling material of the vaults. The latter may tentatively be dated to before the
end of the 15th century [16].

(5) West of Palermo, the area of Partinico (PAR) was intensively dedicated to wine and
sugar cane plantations since the end of the 14th century [35] (pp. 41-42) [27] (pp. 101-111).
Here, some sugar pots were recovered during a survey and, therefore, only dated to after
the end of the 14th century, which is the first known date of archive sources for sugar
production in the area.

(6) Lastly, during the excavation of the Greek colony of Himera (HIM), near the
present-day town of Termini Imerese, conspicuous traces of a sugar production site were
found, with numerous sherds of sugar pots only partly recovered [36,37]. The few glazed
ceramic sherds allow us to date these vessels to between the end of the 15th century and
the beginning of the 16th century [16,38].

In summary, the sugar pots examined in this paper belong to different chronological
phases: one between the 11th and 13th centuries, to which only Castello della Favara a
Maredolce could be placed; and another from the end of the 14th to the beginning of the
16th centuries, where all the other contexts belong, most of them to the range from the end
of the 15th century to the beginning of the 16th century.
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Sugar pots from these sites were measured and grouped into types based on their
rim features and the typology previously used by Falsone for molasses jars [32] (Figure 3).
A total of 87 sugar pots (26 molasses jars and 62 sugar cones), in addition to five vessels
belonging to other types for comparison, were sampled for analytical study as represen-
tative of each site, chronological phase, and type (Table 1) (These comparison types were
noria vessels and cantaro. Noria vessels are usually bell-shaped vessels, with a pointy
bottom, used as water buckets on a waterwheel (noria), whereas a cantaro is a two-handled
cylindrical vessel. Both these shapes were found in conspicuous quantities at the Palazzo
Steri-Chiaramonte site [33,34]). Individuals were labelled with an acronym indicating the
location where they were found and a progressive number (Table S1). The complete list of
the individuals studied is published and openly accessible [39].
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Figure 3. Representative sugar cones and molasses jars for each type: sugar cone type 1 (MARO005),
type 2 (STE001), type 3 (BADO0O0?), type 4 (HIM007), type 5 (HIM148); molasses jar type A.1 (STE018),
type A.2 (HIM029), type A.3 (HIMO036), type B (STE019). (Drawings of STE001, BAD007, STE018 and
STE019 by S. Arrabito, others by R. Mentesana).
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Table 1. Archaeological sites studied and sampled for this study.

Vessel Shape Tot. Site
Site
Molasses Jar Sugar Cone Others
Underwater, Palermo (UND) 1 1
sampled 1 1
Castello della Favara in Maredolce, Palermo (MAR) 2 8 10
sampled 2 8 10
Convento di Baida, Palermo (BAD) 7 7
sampled 5 5
Palazzo Steri-Chiaramonte, Palermo (STE) 5 7 7 19
sampled 2 7 5 14
San Giovanni degli Eremiti? (PAM) 1 1
sampled 0 0
Himera-Buonfornello (HIM) 50 126 176
sampled 19 34 53
Partinico (PAR) 3 8 11
sampled 3 7 10
Tot. studied 60 156 7 225
Tot. sampled 26 62 5 93

Geological deposits near the sites under study were sampled to compare them with the
raw materials of the archaeological individuals, and to make the experimental briquettes
needed for the mechanical and thermal tests (Table 2). DHIMO1 was collected at the
present-day tile industry of Later Siciliana (Collesano, Termini Imerese), where deposits
of Terravecchia formation clay can be found. Two deposits of Ficarazzi formation were
sampled: DPAMO1 was collected on the beach of Ficarazzi, Palermo; DPAMO02 was gathered
on the beach of Santa Flavia (Palermo) near the archaeological site of Solunto. Lastly, for
Partinico, some deposits were sampled at the Baia di San Cataldo; only one resulted in being
adapted for ceramic making, and corresponds to a Numidian flysch formation. Except
for the deposit from Partinico, those of Ficarazzi and Terravecchia formations have been
extensively characterised [40,41].

Table 2. Geological deposits sampled for this study.

ID Location Geological Formation
Collesano (PA) .
DHIMO01 37057748 .8" N 13°50'58.8" E Terravecchia
Ficarazzi (PA), . .
DPAMOL 38°05'44.1" N 13°27'23.3" E Flearazzi
Santa Flavia (PA) . .
DPAMO2 38°04'53.1" N 13°32'14.1” E Ficarazzi
Baia di San Cataldo, cala dei Muletti (PA), 14
DPAROIL 38°05'06.0” N 13°05'02.0" E Numidian flysch
3. Methods

3.1. Theoretical Framework

Sugar pots started to be produced with the introduction of sugar cultivation in Sicily.
The design and the property requirements of these vessels were unknown to potters before
this time. Sugar pots were made with the same intended function as in other places in
the Mediterranean where sugar was produced; it may thus be wondered whether this
implies a similarity in the material requirements, and therefore, the choices of potters.
The link between material properties, shape, and function has been advocated in many
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studies: choices were directed towards creating the best-fitting, best-performant solu-
tion [42—46]. It has been argued that material culture is adapted to different natural or
cultural circumstances, and survives and is transmitted according to its fittingness [47].
The evolutionary explanation has been successfully adopted to explain changes in the
ceramic making in different contexts [48-50]. Many studies interpret their findings in
this way, even if it is not clearly stated. Some of the authors share some aspects with the
systemic approach [51], whereas others consider that this approach does not encompass
other reasons that come into play during manufacturing processes. Technological choices,
as formulated by Lemonnier [52], represent the conscious and unconscious adoption of
certain technical features, and the dismissal others, based on multiple intermingled factors,
such as material properties, ways of doing, the environment, beliefs, and, in short, the
entire socio-cultural system of the individual and the group. This concept goes past the
division between technique and technology, and the functional and style aspects of material
culture, thus allowing an understanding of the material culture as a whole. However, it
becomes difficult to translate the technological choice approach into a methodology for
examining these choices, especially if it implies analytical techniques. Jones [53], amongst
other authors [54,55], discusses the challenges of interpreting human actions starting from
analytical data, but he argues that the finer the analytical technique used (i.e., chemical
characterisation), the greater the tendency to interpret the results within the framework
of general histories (macroscale); and the coarser the technique (i.e., macro-observations),
the more the results will be interpreted as a local development (microscale). It has been
argued elsewhere [56] that, rather than the analytical techniques, the research objectives
define the scale of analyses—macro or micro—and that chaine opératoire [57] can be one
of the best operational frameworks to overcome the issue of merging different data types
and scales of research. The chaine opératoire approach helps in following a structured recon-
struction of the sequence of ceramic manufacture, which goes from raw material selection
and manipulation, to forming, surface treatment, and firing, and is able to incorporate
elemental to macroscopic data [58]. The chaine opératoire approach is a useful framework to
understand the manufacturing sequence, but becomes meaningful only when embedded in
the learning context of practice. This concept, created by Bourdieu [59,60] and transformed
by Lave and Wegner into the community of practice [61,62], allows us to understand the
way in which technological choices are generated and reproduced by people in their ev-
eryday practical activities. In our case study, dealing with an input external to ceramic
manufacture, the communities of practice approach can help understand how individuals
and collective choices are created and negotiated through the already existing ceramic
manufacturing practices.

3.2. Analytical Approach

Petrographic examination (PE), wavelength dispersive X-ray fluorescence (WD-XRF),
and powder X-ray diffraction (PXRD) analyses were used to characterise the petrographic,
chemical, and mineralogical composition of the paste. PE was also used to infer forming
techniques coupled with a macroscopic examination of forming traces [63]. Scanning
electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) enabled the
study of the microstructure, estimation of the vitrification stage, and microanalysis of
features of interest [64,65]. The combination of these different techniques allowed the
study of provenance, raw material manipulation, forming, firing regimes, and surface
treatments. All the ceramic samples and the fired geological deposits were analysed by
WDXRE, PE, and PXRD. In addition, in a multiphase sampling strategy, a subsample of
20 previously analysed individuals was sampled for study under SEM-EDX, according
to the classification revealed by the XRF, PE, and XRD analyses in terms of meaningful
compositional groups and mineralogical fabrics [51]. Both archaeological and experimental
ceramics were characterised and tested for mechanical and thermal properties to investigate
textural and microstructural variables and their impact on material performance. Sample
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preparation and instrumental conditions are available in the Supplementary Material
2 [20-22,35,40,41,65-77].

4. Results
4.1. Macroscopic Examination, Chemical, Mineral-Petrological, and Microstructural Results

The results of elemental concentrations of the individuals analysed by WD-XRF [78]
correspond with a special case of the projective d + 1-dimensional space where the pro-
jective points are projected into the simplex S”. Points are represented by homogeneous
coordinates that have a constant sum k (k € R,):

Cw)=x=1[x1, ..., x5, x301] | x;,>00G=1,...,d,d+1),x1+... + x5+ Xx45:1 =k

(in this case, k = 100). The projective points’ vector space is the positive orthant. Hence,
for the statistical data treatment, the raw concentrations were additive log-ratio (alr) trans-
formed, according to:

x € 8 %y:ln( xd ) e R?
Xd+1
where S7 is the d-dimensional simplex and x; = [x1, ..., x5]. They were also centred
log-ratio (clr) transformed following the equation:

x € §¢ —>z:lr1(x) € H c RH1

g(x)

where S7 is the d-dimensional simplex, g(x) the geometric mean of all d + 1 components of
x, and H C R9*1 a hyperplane vector subspace of R¥*! [67,79-81].

The statistical treatment was performed on 88 archaeological individuals (HIMO015,
029, 070, 072, 146 were removed as only major and minor elements were measured) and
the four geological deposits, for a total of 92 individuals. The statistical data treatment
of the chemical data was performed on the retained values using R [82], and the first
step was to measure the existing variability in the dataset. This variability results from
the difference in the chemical data, and how evenly the chemical differences relate to
the retained components [51,83]. In this case, total variation (tv = 0.75) was higher than
expected for a monogenetic set [84]. Focusing our attention on the compositional evenness
graph (Figure 4), most of the variability is linked to the relative concentrations of CaO,
MnO (tv/ T < 0.3), and to a lesser extent, to Na,O, K,O, Rb, Ga, and Zr (0.3 < tv/ T < 0.5).
The compositional evenness was measured according to information entropy (H;), also
known as the Shannon index [85], on the T, values in decreasing order [51]. Looking at
the scatterplot matrix using the three clr-transformed components that introduce more
variability, CaO, MnO, and Na,O (Figure 5), the distribution of samples into two groups
seems clear; one of these corresponds to the samples recovered from Himera—Buonfornello,
and the other from the different sites in Palermo. In addition, the plot In(CaO/g(x)) vs.
In(MnO/g(x)) also shows a few samples placed together that may form a small group
related to Partinico.
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Figure 4. Compositional evenness graph of all the measured individuals according to the entropy
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As a second step of exploring chemical data, we provide the dendrogram from the
cluster analyses (Figure 6) and the form and covariance biplots (Figure 7). The dendrogram
presents results from the clr-transformed data, using the square Euclidean distance and the
centroid agglomerative algorithm; whereas the form and covariance biplots present results
from the singular value decomposition of the double-centred clr transformation [86-88].
The resulting form and covariance biplots of the first two principal components explain
more than 70% of the variance (VE = 72.84%). Both in the dendrogram and the biplots,
a structure of four groups and five ungrouped individuals can be observed: CGHIMO01,
CGPARO1, CGPALO1, and CGPALO2. The same structure of groups is observed when treat-
ing the data independently by finding location, that is, individuals recovered in Palermo
and Partinico together separated from those from Himera—-Buonfornello. According to the
biplots, the most significant components in this discrimination are those already revealed
by the compositional evenness graph of Figure 4. The first component exhibits the oppo-
sition of CaO, MnO, and Zr in the negative values, and K,O, Rb, and Ga in the positive
values, which is responsible for the distinction of CGHIMO1 from the other groups. For
the second component, mainly NayO, Zn, and Sr in the positive values are responsible for
the discrimination of groups CGPAL01 from CGPAL02, and for the intra-group differences
of the group CGPALO02. Regarding the ungrouped individuals, those corresponding to
the clay samples DPARO1, DPAL01-02 remain isolated, whereas the one from underwater
recovery is plotted close to CGPARO1 and CGPALO(2, indicating compositional similarities
(Table 3).

Table 3. Mean (X), standard deviation (s), and total variation (tv) of the groups of more than two
samples and values of the loners (as normalised values). Major and minor elements (expressed as
oxides) in w%. Trace elements in pg/g.

DPAR0O1 DPAMO02 DPAMO01 UNDO001 CGPARO1 (n=4) CGPALO01 (n = 6) CGPALO02 (n = 31) CGHIMO1 (n = 47)

X s X S X s X S
Na,O 0.48 1.6 1.25 1.19 0.73 0.13 0.46 0.08 0.88 0.2 1.16 0.11
MgO 1.99 2.14 1.24 6.28 2.18 0.06 2.33 0.19 1.87 0.28 2.66 0.17
AlL,O3 17.97 17.33 9.59 14.93 12.76 0.54 14.35 0.93 13.96 0.85 17.77 0.62
SiO; 64.04 58.42 66.42 57.8 60.00 1.08 59.24 1.18 61.51 1.44 59.91 1.28
K,O 2.24 2.29 1.42 1.65 1.78 0.16 1.64 0.11 1.73 0.31 2.92 0.30
CaO 4.61 10.1 14.13 10.17 15.79 1.83 14.18 1.57 12.62 15 7.37 0.79
TiO, 0.97 0.93 0.64 0.85 0.72 0.03 0.81 0.04 0.79 0.05 0.90 0.03
\% 147 143 87 100 101 7 96 5 86 6 134 9
Cr 125 121 88 89 81 11 87 4 83 8 125 7
MnO 0.04 0.04 0.06 0.11 0.05 0.00 0.11 0.01 0.10 0.01 0.06 0.01
Fe; O3 7.52 7.00 5.13 6.88 5.85 0.29 6.74 0.38 6.39 0.37 7.08 0.21
Ni 39 35 20 42 30 2 40 2 37 4 49 3
Zn 91 88 52 78 70 6 78 3 96 27 104 4
Ga 21 19 9 14 13 1 14 1 13 2 22 1
Rb 108 101 62 62 68 5 73 2 71 10 124 7
Sr 181 344 348 290 340 18 312 57 274 37 322 29
Y 27 26 20 27 23 1 30 2 30 2 27 1
Zr 251 225 287 248 232 12 265 14 276 13 212 10
Nb 29 26 18 23 22 1 24 2 23 1 25 1
Ba 304 224 216 284 370 55 326 41 345 52 363 44
Ce 105 104 49 80 72 12 87 9 85 7 90 6
Th 15 15 11 14 14 1 16 1 14 1 16 1
tv 0.12 0.13 0.33 0.08
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Figure 7. Covariance (a) and form (b) biplots of the principal component analysis using the singular
value decomposition of the double-centred clr-transformed sub-composition Na,O, MgO, Al,O3,
Si0,, K0, CaO, TiO,, V, Cr, MnO, Fe, 03, Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb, Ba, Ce, and Th.

The first large group on the left of the dendrogram is composed of 47 individuals
recovered from the production centre of Himera-Buonfornello, except one individual that
corresponds to a geological deposit (DHIMO01), collected near the site. This group is very
homogeneous and can be considered calcareous, although the CaO content is not very
high (around 7 w%, Table 3). PE confirmed this grouping, as all these individuals were
grouped in fabric PHIMO1 (Supplementary Material 2). This is a fine- to medium-grained
fabric composed mainly of monocrystalline quartz, feldspars, and mica in both the fine
and coarse fraction; some sedimentary rocks (quartzarkose to quartzwacke, limestone,
and chert) and metamorphic rock fragments (quartzite) are frequently to scarcely present
in the coarser fraction. This fabric was divided into two sub-fabrics on the basis of the
size distribution and frequency of the coarse fraction, larger and more homogeneously
distributed in PHIMO1b (Figure 8a,b). These differences may reasonably be due to intra-
source variation rather than to technological reasons, as the sample shows a continuum
of this feature, sometimes without a clear division amongst the two subgroups. This
subdivision is not mirrored in the dendrogram resulting from the statistical manipulation
of chemical data (Figure 6). The five individuals from the same site for which only major
and minor elements were measured fit into this group both chemically (related only to
these elements) and petrographically. The fabric is highly compatible with Terravecchia
formation deposits available near the site [41] and the collected one, DHIMO1, is strongly
comparable with the ceramic samples, especially with subgroup PHIMO1a (Figure 8g), as
chemical data previously showed. Both sugar cone and molasses jars are included in this
group (Tables S2 and S3).
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Figure 8. Fabric PHIMOla: macrophotograph (a) and photomicrograph in XP (b) of individual
HIM178; fabric PHIMO1b: macrophotograph (c) and photomicrograph in XP (d) of individual
HIMO078; fabric PPARO1: macrophotograph (e) and photomicrograph in XP (f) of individual PAR002;
photomicrograph of DHIMO1 (g) and DPARO1 (h) fired at 850 °C.
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A group of four of the nine individuals from Partinico included in this study join
together in the centre of the dendrogram (CGPARO1), showing clear differences from
Palermo individuals, placed to the right (Figure 6). Covariance and form biplots confirm
the discrimination of this small group, although its similarities with the individuals from
Palermo, especially in the CaO content, placed both groups very close to each other. These
individuals were grouped in the fabric PPARO1, which is a fine-grained fabric, mainly
characterised by quartz and feldspars in both the fine and coarse fractions with a coarser
fraction, when present, characterised also by chert, quartzite, and limestone; microfossils are
common (Figure 8e,f; Supplementary Material 2). The fabric may be compatible with some
deposits present in the area of Partinico [75]. However, the Numidian flysch geological
sample, DPARO1, did not provide a clear matching fabric for the archaeological individuals
in terms of composition and grain size distribution (Figure 8h). In addition, chemical results
show that this deposit differs in multiple elemental concentrations from individuals in
CGPARO1, amongst which it strikes the lower concentration in CaO and Sr, and the highest
in Cr and Ce, compared to the archaeological individuals (Table 3). The composition of
this deposit matches other Numidian flysch deposits analysed from western Sicily [40,41]
which differs from the archaeological individuals grouped in this study. Montana et al. [41]
(p- 96) note that the clay deposits collected in Palermo show a higher concentration of CaO
but they differ from the CGPARO01 individuals. The Marnoso-Arenacea del Belice formation,
present in the area of Partinico, is excluded as a possible source of raw materials as being
highly calcareous, in addition to other differences in composition [40]. Therefore, the area
of Partinico would need further investigation to locate possible raw material sources. In
this group, only sugar cones are present (Tables S2 and S3).

At the right side of the dendrogram (Figure 6), calcareous individuals with the highest
CaO content (12-15 w%) show a structure divided into two groups along with three isolated
individuals. The latter correspond to the underwater recovery (UNDOQO1), one of Palermo’s
geological deposits (DPAMO1), and an individual (STE004) from the site of Palazzo Steri—
Chiaramonte (Palermo). Another ungrouped individual can be found on the extreme
left of the dendrogram and corresponds to the other geological deposits from Palermo
(DPAMO02). Some individuals from Palermo join in a small group, labelled CGPALO1,
composed of four sugar cones from Convento di San Giovanni at Baida (BAD) and two
molasses jars from Castello della Favara a Maredolce (MAR). Finally, the largest group
plotted on the right, labelled CGPALO02, includes 14 individuals recovered from Palazzo
Steri-Chiaramonte (STE), eight from Castello della Favara a Maredolce (MAR), and one
from Convento di Baida (BAD), all at Palermo; it also includes two individuals from Himera
(HIM174-HIM175) and six from Partinico (PAR). Sugar cones, molasses jars, noria vessels,
and cantaros are present in this large group (Tables S2 and S3). Moreover, in this case, PE
shows the grouping of these individuals in one fabric, PPALO1 (Supplementary Material 2),
although with an internal variability, as also seen in the biplots discussed above. PPALO1 is
a fine- to medium-grained fabric composed mainly of quartz with a minor frequency of
feldspars, mica, and pyroxenes, and a variable presence of a coarser fraction composed
of limestone, chert, and sandstones (Figure 9a,b). The coarse fraction is larger and more
frequent in subgroup PPALO1b. In most of the individuals grouped in this fabric, voids are
filled by micritic inclusions, such as those described by Cau Ontiveros et al. as micritic clots
and fringes along pores [76] due to the recrystallisation after firing of residual CaO already
present in the paste. This fabric is compatible with the characteristics of Ficarazzi deposits
available in the Palermo area [40]. Its chemical and fabric variability, although not matching,
may be due to intra- and inter-variability of the clay deposits. Compared to the Ficarazzi
formation deposits previously characterised by Montana et al. [41], the concentration
of MnO, Zr, Ba, and Zn is higher in the archaeological individuals. Moreover, the two
geological deposits analysed, DPAMO01 and DPAMO2, differ from the published dataset for
the same elements. These two share similar rock fragments with the archaeological material
but are also dissimilar regarding different points. DPAMO1 is well packed with silt size
inclusions, whereas DPAMO2 has a finer groundmass with heterogeneously distributed
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sand size inclusions (Figure 9e,f). From the chemical perspective, DPAMO1 has a lower
concentration of many elements, mostly in Al,O3, Ce, Rb, and Ga, and a high concentration
of S5i0, compared to DPAMO2. Our archaeological group fits in the middle of these two
extremes, both from a fabric and chemical point of view. Nevertheless, DPAMO01 was
chosen for the mechanical and thermal performance test as the one more resembling the
archaeological individuals for the grain size distribution and packing.
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Figure 9. Fabric PPALOla: macrophotograph (a) and photomicrograph in XP (b) of individual
HIM174; fabric PPALO1b: macrophotograph (c) and photomicrograph in XP (d) of individual BAD007;
photomicrograph of briquettes DPAMO1 (e) and DPAMO2 (f) fired at 850 °C.

Regarding the isolated individuals, STE004 suffers severe contamination of Pb because
of analytical interference caused by Pb, in addition to other chemical elements (Rb, Y, Ce,
Th) [89,90]; however, by removing these elements from the statistical treatment, it groups
with CGPAMO2, and PE confirmed this grouping [91].

PE allows hypotheses to be drawn regarding formation [69,70], although macroscopic
observations are, in this case, most suited due to the large size of these vessels. Individuals
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of PHIMO01-CGHIMO1 seem wheel-thrown (Figure 8b), probably in segments; in some cases,
the joint of the section is visible by the change in the preferred orientation of voids and
inclusions. These features can be better observed macroscopically for the clear traces of a
wheel on the body (Figure 10a), and by areas of depressions in the vessel’s body (so-called
Y marks) [63] on the possible junction with the rim part (Figure 10c). Moreover, the bottom
part of the cones shows a variation of thickness towards the hole, probably due to the fact
that the bottom part was thrown upside down (Figure 10b). External cordons seem rolled
up and outwards from the rim (Figure 10d). Strong orientations of voids and inclusions
that may be due to wheel throwing were found in a few individuals grouped in fabric
PPALO1 (especially BAD001-007), but the majority show no to poor preferred orientation
of voids and inclusions. Moreover, individuals in PPARO1 show poor orientation of voids
and inclusions. Macroscopically, these individuals show uneven wall thicknesses along
the two sides of the cones, in addition to traces of the wheel on the surface, suggesting the
use of hand-forming methods and possibly rotary devices only for finishing (Figure 10d,e);
holes are not always centred and also here there are signs of the bottom part being added
(Figure 10f), probably upside down as a variation in thickness towards the hole can be
observed. A systematic study of the forming traces coupled with experimental reproduction
will support these initial hypotheses.

g

() (d)

® (@

Figure 10. Some examples of the forming macro-traces observed on the sugar cones: (a) body of an
individual from Himera (not numbered), rings produced by the wheel; (b) bottom part of HIM082,
change in wall thickness towards the hole; (c) inside part of the upper part of HIM172, Y marks;
(d) section of the rim of HIM057, rolling and folding of the clay outwardly; (e) inside bottom part
of HIM175, wheel ring, and traces of finger pulling clay towards the hole; (f) outside upper part of
HIM175 showing wheel rings; (g) inside bottom part of PAR005, change in thickness towards the
hole, and joint of two sections of the vessel. Arrows indicate points where the features described can
be observed. Not to scale.
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Regarding firing strategies, PE suggests that most of the individuals from PHIMO01
and PPAMO1 show signs of being fired at a high temperature according to the micro-mass
optical activity. Individuals in PPARO1 seem to have been fired at a low temperature and in
oxidising conditions. Individuals of each group were mineralogically and microstructurally
characterised by means of XRD and SEM to verify these initial observations.

In order to contribute to the knowledge of technical aspects of the production of the
artefacts considered in this study, chemical results show that the analysed individuals are
ceramics considered as being calcareous (5-6% < CaO < 20-25%). Accordingly, calcareous
ceramics commonly develop high-temperature phases and a light microstructure with
a progressive formation of a vitreous phase [65,92,93]. The ceramic phase triangle (CaO
+ Fe; O3 + MgO)-Al,03-510; (Figure 11) shows how all the individuals analysed in this
study are positioned in the quartz—anorthite—wollastonite triangle, which is characteristic of
calcareous ceramics. With this in mind, mineralogical and microstructural characterisation
is explained below based on the chemical and petrographic results. The complete set of
XRD diffractograms and SEM photomicrographs was previously published [94,95].

Ceramic triangle

(w %)

Qz

¢ CGHIMO01
*CGPALO1
@ CGPALO02
* CGPPARO1
2UNDO001
+«DPAMO1

o DPAMO2
«DPARO1

Si0,

F9203 +
MgO +
CaO

100

0 25 a0 748 100
Al,O;

Figure 11. Ternary diagram of the system (CaO + Fe,O3 + MgO)-Al,O3-S5i0,. An: anorthite
(Ca[Al;SipOgl); Gh: gehlenite (Ca2Al[AlISiOy]); Mul: mullite (Alg[SizO43]); Qz: quartz (SiO,); Wo:
wollastonite (CaSiO3) (abbreviations according to [96]).

The study of the XRD diffractograms of the 47 individuals of the CGHIMO1 chemical
group allowed the identification of four fabrics (F1 to F4), i.e., different categories of
association of crystalline phases, representing four different equivalent firing temperatures
(EFT) (Table 4). F1 (HIMO001, 015, 070, 99, and 121) presents the three characteristic peaks
of illite-muscovite at lower angles, quartz, plagioclase, alkali feldspar, an intense peak
of calcite, and hematite (Figure 12a, HIM099). Amongst these phases, only the presence
of the three illite-muscovite peaks, which are usually present in EFT up to 950-1000 °C,
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points to an EFT below this range for F1. Hematite is observed in individuals of all fabrics
and therefore fails to provide indications to estimate the EFT. The microstructural study
of HIM099 shows a generally no-vitrification (NV) microstructure with a few areas on
the margins that are starting the vitrification process (Figure 13a). These observations
allow us to estimate an EFT of below 800 °C for these individuals. Diffractograms of F2
(HIMO36, 042, 044, 047, 080, 091, 098, 135, 142, 146, and 158) show a decrease in the peaks
of calcite, a clear development of plagioclase, and the development of gehlenite and initial
peaks of pyroxene, firing phases that crystallise above 800 or 850 °C. The three peaks of
illite-muscovite are still present, which indicates an EFT in the range of (850-950/1000) °C
(Figure 12a, HIM091). Two individuals were examined by SEM from this group, HIM091
and 142, revealing an extensive vitrification stage (Vc) (Figure 13b). The EFT may be in
the range proposed. F3 (HIMO013, 21, 35, 50, 75, 112, 148, 176 and 177) shows the almost
complete decomposition of illite-muscovite, which preserves only one peak visible for most
of the cases, and of calcite, which is completely decomposed or showing a very reduced
peak. On the other side, pyroxene, plagioclase, and alkali feldspar are now well-developed
phases. Gehlenite is still present but with significantly reduced peaks (Figure 12a, HIM075).
All this evidence enables us to estimate an EFT of around 950 °C. SEM examination of
individuals HIM035 and 075 reveals a well-developed vitrified microstructure with many
areas having micro- and macro-pores (Figure 13c). According to this microstructure, the
EFT is estimated at around 950-1000 °C. Finally, illite-muscovite and calcite completely
disappear in the diffractograms of fabric F4, and gehlenite peaks are greatly reduced or
decomposed for most of the cases (HIMO003, 005, 7, 8, 18, 19, 23, 29, 31, 34, 45, 55, 56, 57, 60,
62,71,72,82,84,92,109, 113, 147, 167, and 178). In addition, an important development of
plagioclase, hematite, and pyroxene is observed (Figure 12a, HIM178). These characteristics
indicate an EFT above 950/1000 °C. From SEM, both HIM031 and 178 showed a total
vitrified microstructure with macro-pores (Figure 13d); this suggests a higher EFT than the
previous groups, probably in the range of 1000-1100 °C. Sugar cones and molasses jars can
be found in all the fabrics but most of the molasses jars (13 over 17) are included in the
highest EFT fabric, F4.

Table 4. Table of the estimated equivalent firing temperature (EFT) according to X-ray diffraction
(XRD) fabrics and vitrification stages by scanning electron microscopy (SEM, in bold individuals,
examined). Afs: alkali feldspar; Cal: calcite; Px: pyroxene; Gh: gehlenite; Hem: hematite; Ilt: illite-
muscovite; Pl: plagioclase; Qz: quartz; Spl: spinel (abbreviations according to Whitney and Evans,
2010). NV: no vitrification; IV: initial vitrification; Vc: extensive vitrification; TV: total vitrification.
low calc.: low calcareous, calc: calcareous.

Vitrification

XRE Petrogra‘p hic XRD Fabric Individuals Stage Calcareous/Low EFT °C
Group Fabric . Calcareous
Core/Margins
F1—Afs, Cal, Mg-Cal,
UNDO001 PPALO1 Hem, PI, Px, Qs Spl UNDO01 / low calc. >950-1000
F1—Afs, Cal, Hem, IIt, HIMO01, 015, 070, 099,
Pl Qz 121 NV calc. <800
HIMO36, 042, 044, 047,
Fz_cg}l{ I;’i gim Tt 080, 091, 098, 135, 142, Ve calc. (850-950,/1000)
b 146, 158
CGHIMO1 PHIMO1 F3—Afs, Di, Hem, Ilt  HIMO13, 021, 035, 050, Ver cale (950/1000)
(1-2/3),Gh,Pl,Qz 075,112,148, 176,177 :
HIMO003,005, 007, 008,
018, 019, 023, 029, 031,
F4—Afs, Cal, Gh, Px, 034, 045, 055, 056, 057,
Hem, P1, Qz 060, 062, 071, 072, 082, v cale. (1000-1100)
084, 092, 109, 113, 147,
167,178
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Table 4. Cont.

. Vitrification
XRE Petrogra{p hic XRD Fabric Individuals Stage Calcareous/Low EFT °C
Group Fabric . Calcareous
Core/Margins
CGPARO1 PPARO1 F1—Cal, IlIt, P1, Qz PAR002, 003, 006, 009 NV calc. <800
F1—Cal, Hem, Ilt BADO001, 02, 006, 007
¢ ’ o Ve calc. (950-1000)
2 h, Pl MAR
CGPALO1 PPALO1 (2/3), Gh, P1, Qz 008
F2—Cal, g’; Hem, Pl, MARO006 TV calc. (1000-1100)
F1—Cal, Ilt (1/3), P, STEO011, 013, 014,
Qz PAROOS NV/IV calc. 800
F2—Cal, Ilt (1/3), STE003, MAROO5,
Hem, P1, Qz PAR004 NV/IV cale. 800
F3—Cal, Gh, 11t (1/3),  STE012, PAR007, 008,
Hem, P1, Oz 610, 011 \% calc. (950-1000)
STEO001, 002, 005, 006,
F4—Afs, Cal, Px, Gh, 008, 009, 016,
CGPALO02 PPALO1 1t (1/3), Hem, Pl, Qz BADO004, TV calc. (1000-1100)
HIM174, 175
F5—Afs, Cal, Px It MARO009 MARO0O01, -
(1/3), Hem, P1, Qz 004, 007, STE004 v cale. (1000-1100)
F6—Afs, Cal, Px, MARO003 and
Hem, PL, Oz MAROLO / calc. (1000-1100)
F7—Cal, Px, Hem, P,
Oz Gh STE010 v calc. (1000-1100)
F8—Afs, Di, P1, Qz MARO002 TV+ calc. (1000-1100)

The four individuals belonging to the CGPARO01 group are four sugar cones that
exhibit peaks of illite-muscovite, quartz, calcite, and plagioclase (Figure 12b) (Table 4). No
firing phases are present, which would indicate an EFT below 800 °C. SEM examination of
PARO002 confirms this interpretation by showing an NV microstructure (Figure 13e). In spite
of the small number of individuals from this group, a low temperature can be characteristic
of these products.

Regarding the six individuals in CGPALOQ1, the examination of the diffractograms
allowed the identification of two fabrics (Table 4). F1, which includes most of the individuals
(BADO001, 002, 006, 007, and MARO08), exhibits two of the three peaks of illite-muscovite at
lower angles, calcite, quartz, plagioclase, hematite, and gehlenite and, in some instances,
the low-intensity peaks of pyroxene are observed (Figure 12c). By SEM, BAD006 and 007
show a Vc core with micro-bloating in a few areas at the core of the section (Figure 13f).
The only individual corresponding to F2 (MARO006) shows the total decomposition of
illite-muscovite, the decrease in the gehlenite peak, and development of pyroxenes; the
high peak of calcite is due to post-firing crystallisation, as was verified by PE (Figure 12c).
According to these results, an EFT in the range of 950-1000 °C can be proposed for F1 and
around 1000-1100 °C for F2. SEM examination of MAR006 shows a TV microstructure
and confirms the higher temperature proposed for F2. Therefore, it would seem that high
temperatures would be the option preferred by the potters in this case, for both sugar cones
and molasses jars.
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Figure 12. Diffractograms of some of the archaeological individuals discussed by the chemical groups.
(a) CGHIMO1: individual HIM099, F1; individual HIM091, F2; individual HIM075, F3; individual
HIM178, F4. (b) CGPARO1: individual PAR002, F1. (¢) GCPALO1: individual BADO007, F1; individual
MARO006, F2. (d) GCPALQ2: individual PAR004, F1; individual HIM174, F4; (e) individual UNDOO1.
Afs: alkali feldspars; Cal: calcite; Gh: gehlenite; Hem: hematite; Ilt: illite-muscovite; Hem: hematite;

45
020

Mg-Cal: magnesium calcite; Pl: plagioclase; Px: pyroxene; Qz: quartz; Spl: spinel (abbreviations
according to [96]).
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(2

Figure 13. SEM photomicrograph (SE) of some of the archaeological individuals discussed. Chemical
group CGHIMO1: (a) HIM099, F1, NV microstructure; (b) HIM091, F2, V microstructure; (c) HIM075,
F3, V+ microstructure; (d) HIM178, F4, TV microstructure. Chemical group CGPARO1: (e) PAR002,
F1, NV microstructure. Chemical group CGPALO1: (f) BAD007, F1, V microstructure. Chemical group
CGPALOQ2: (g) PAR004, F2, IV microstructure; (h) HIM174, F4, TV microstructure. Photomicrograph
taken at x2000, except for (c,d) at x1000 taken with a JEOL J6510.

The second group related to Palermo, CGPAL02, is the second-largest group identified
in this study, formed by 31 individuals. Their diffractograms show up to eight fabrics
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indicating a wide range of EFT from <800 °C to >950/1000 °C (Table 4). The F1 (STE011, 013,
014, PARO005) and F2 (STE003, MAROO5 and PAR004) exhibit the same mineral phases: illite-
muscovite, quartz, calcite, and plagioclase, with the exception of hematite, which is only
present in F2 (Figure 12d, PAR004). In both cases, only the illite-muscovite peak of 4.5 A
is visible, a fact that might lead us to think about the decomposition of primary minerals
of clay and calcite and the crystallisation of firing phases. According to the mineralogical
characterisation of other Ficarazzi formation deposits [41], these are not as rich in illite-
muscovite as in other clays and therefore the development of illite-muscovite peaks may
not be an explanation for firing temperature changes. In addition, the presence of the peak
of calcite, which is prominent in both fabrics, cannot be used for the estimation of a low EFT;
PE indicates that almost all these individuals show the presence of calcite recrystallised after
firing. In the samples examined by SEM from these two fabrics, a similar microstructure can
be observed: STE011 and 014 are generally NV but with a few spots showing IV; PAR004
shows an NV core and IV margins (Figure 13g). According to these observations, an EFT
~800 °C is estimated. The next three fabrics, F3 (STE012, PAR007, 008, 010, and 011), F4
(STE001, 002, 005, 006, 008, 009, 016, BAD004, MARO01, 004, 007, and HIM174, 175), and F5
(MAROQ9) still show the peak of 4.5 A of illite-muscovite, but now the clear crystallisation
of gehlenite is observed for F3 together with an important development of plagioclase
and hematite. Some individuals present an initial development of pyroxenes, clear for F4
(Figure 12d, HIM174) and more developed for F5, a fabric in which gehlenite is not present.
All the individuals from these three fabrics present a peak of calcite to a greater or lesser
extent. Consequently, an EFT >850 °C is clear for the three fabrics and an EFT around
950/1000 °C can be estimated for F4 and F5. SEM examination allows this temperature to be
increased to the 950-1100 °C range; PARO11 from F3 shows a V¢ microstructure with some
areas at the core showing an advanced state of Vc*; both individuals from F4 (BAD004,
HIM174) show dense vitreous masses (TV, Figure 13h), whereas individual MAROQ09 has an
over-vitrified microstructure. Finally, three more fabrics were identified: F6 (MARO003 and
MARO010), F7 (STE010), and F8 (MARO002), which would be clearly fired above 950/1000
°C. None of the individuals from these fabrics show the presence of the illite-muscovite
peaks; the peak of gehlenite is absent in F6 and F8, and the peak of calcite is completely
decomposed in F8. The microstructure of STE010 is characterised by total vitrification,
whereas in the MAROO2 the microstructure is very disturbed but areas totally vitrified are
recognisable. The variety of microstructures and XRD fabrics encountered in this group
does not seem correlated to ceramic shape or archaeological context. Only the five molasses
jars and the three noria vessels of this group are included in F3 and F4, which are the
products fired at a high temperature, as was observed for Himera; however, the number of
these is too small compared to that of sugar cones to consider this result significant.

The underwater individual UNDOO1 was included in fabric PPAMO1 (Supplementary
Material 2), but chemically it seems that it does not match the other individuals from
CGPALO01-02. Compared to these groups, UNDOO1 shows clear chemical changes that
typically are found in sherds from marine environments [97-105]: a high concentration of
MgO, which often occurs in underwater findings, causing a decrease in CaO, although in
this case, CaO is still high (around 10 w%). The diffractogram of UND001 shows the absence
of hydrotalcite, a mineral phase reported as usually developing in seawater environment,
but the presence of magnesium calcite has also reported as being formed in the same
environment; a peak of spinel is also evident (Figure 12e). This suggests that the significant
amounts of both MgO and CaO are allochthonous, and fixed by secondary phases, and that
UNDO01 is a low calcareous individual. In addition to the CaO and MgO content, UND001
has strong similarities to other CGPAL01-02 individuals, and when removing MgO and
CaO from the statistical treatment of the data, it fits within the CGPAL02 group. However,
as CGPALO01-02 individuals usually bear higher CaO content, UNDO0O1 is considered a loner
at present. The firing temperature of this individual is probably in the higher range due to
the absence of any of the illite-muscovite peaks and the presence of spinel. The pyroxene
peak is probably due to its primary presence in the paste.
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700 °C

Based on the chemical and petrographic results, two geological deposits were chosen to
further perform mechanical and thermal tests on experimental briquettes fired at different
temperatures (Figure 14). DHIMO1 perfectly matches the archaeological individuals in
group CGHIMO1, whereas DPAMO1 was considered the closest to the individuals in
groups CGPAL01-02. DPAMOL is the closest to the CaO content, which influences the
microstructure development, and the packing and grain size of inclusions that also affect
the thermal and mechanical properties. SEM examination of these experimental briquettes
allows the consideration of the development of the microstructure of these fabrics at
different temperatures (Figure 15). In both DHIMO01 and DPAMO01, a major change occurs
between 950 and 1100 °C when areas with a denser mass are formed. In DPAMO01, one can
see some areas where macro- and micro-pores are still present, whereas in DHIM the latter
prevail. The difference in CaO content between the two deposits (around 7 and 14 w%,
respectively) is the cause of this different development. Comparing microstructures, a
good correspondence between the experimental briquettes and those of the archaeological
ceramics is observed.

i | 3% & (b)
850 °C 950 °C 1100 °C

Figure 14. Experimental briquettes of DHIMO1 (a) and DPAMO1 (b) fired at different temperatures.
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Figure 15. SEM photomicrographs (SE) of the microstructure developed by the experimental bri-
quettes of the two geological deposits sampled: (a) DHIMO01 and (b) DPAMO]1 fired at 700 °C showing
an NV microstructure; (c¢) DHIMO1 and (d) DPAMO1 fired at 850 °C, IV microstructure; (¢) DHIMO01
and (f) DPAMO1 fired at 950 °C, Vc microstructure; (g) DHIMO01 and (h) DPAMO1 fired at 1100 °C, TV
microstructure. Magnification: x2000.

In terms of surface treatment, sugar pots present a heterogeneously distributed white
appearance, which is clearer when examining complete vessels (Figure 16a,b). Macroscopic
examination of the surface and section suggests that vessels were not slipped with a cal-
careous material; the white area is found in patches on the surface, and in the section the
white is very thin, almost invisible (Figure 16c) or fading into the margins. SEM exami-
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nation confirmed this hypothesis because no significant microstructural or compositional
differences could be detected between the body and the surface (Figure 16d). A similar
heterogeneous white layer was observed in the experimental briquettes of DPAMO01, visible
only on those fired at 850 and 950 °C (Figure 14b). In the archaeological materials, however,
it is not clearly related to temperatures because it could be observed on individuals fired at
low to high temperatures.
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Figure 16. (a) Sugar cone MAR005 showing heterogeneously distributed white patches on the surface;
molasses jar HIM031: (b) showing similar white patches on the rim and body, (c) in section showing
a very thin layer of whitish colour on the surface, (d) SEM photomicrograph showing the surface and
the body (<1000, SE).

4.2. Mechanical and Thermal Properties
4.2.1. Heat Transfer Properties

As expected, the fired geological deposit samples presented thermal conductivities
correlated with the firing temperature (Figure 17). This can be explained by the den-
sification of the ceramic matrix during firing and the increasing degree of vitrification
(Figure 15) [19]. The specimens of the fired geological deposit sampled close to Himera—
Buonfornello (DHIMO1), however, presented higher thermal conductivity compared to the
fired geological deposit from Palermo (DPAMO1), particularly at firing temperatures of
above 950 °C. This might be related to the higher CaO content in the paste from Palermo,
which apparently results in a higher porosity of the ceramic fabric. The two archaeological
individuals measured, HIM178 (CGHIMO01, F4) and BAD007 (CGPALO1, F1) presented
thermal conductivity values at a level comparable to that of the Himera clay (DHIMO01)
fired at 1100 °C. Although the EFT of BADO007 is estimated to be lower on the basis of the
mineral phases developed, the micromorphology observed under the SEM of both the
archaeological samples (Figure 13d,f) resembles the micromorphology of the Himera clay
fired at 1100 °C. The thermal diffusivity, which describes the rate of heat transfer, indicates
a similar correlation with firing temperature, although in the case of the clay from Palermo
(DPAMO1) the specimens fired at 950 and 1100 °C are at the same level as the fired clay
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from Himera (DHIMO1). Hence, ceramics fired from these two clays will transfer heat
at the same rate, which concerns, for example, the capability to withstand thermal stress
and thermal shock, or the rate at which the content of the vessel exchanges heat with the
environment.
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Figure 17. Thermal conductivity (a) and thermal diffusivity (b) measured in the fired geological
specimens and in the two archaeological individuals HIM178 and BADO007: the values are plotted
versus firing temperature and the EFT estimated for the two archaeological individuals. Raw data
are available in [106].

4.2.2. Fracture Strength

The fracture strength measured in biaxial flexure tests and three-point bending tests
also indicates, as expected, a correlation with firing temperature (Figure 18). Particularly in
the case of the Himera clay (DHIMO1) a significant increase at firing temperatures from 700
to 850 °C can be observed, which can be explained with the development of the micromor-
phology and the increase in vitrification in the ceramic fabric [20]. The geological deposit
sampled at Palermo (DPAMO1) presents comparably lower fracture strength, probably
due to the higher content of non-plastic inclusions observed, which introduce flaws and
imperfections in the ceramic matrix [21]. By comparison, the recorded load-displacement
curves indicated a potentially increased toughness, which can be expected based on the
coarser microstructure [20]. The archaeological specimen from Himera HIM178 presents
increased fracture strength even in comparison with the Himera clay specimen (DHIMO01)
fired at 1100 °C. For this, an efficient clay paste preparation and refinement can be assumed
before this clay was possibly used for ceramic manufacture. The same may apply to the
archaeological specimen from Palermo (BADO007). Although it presents a lower fracture
strength than the fired clay specimens from Himera, its fracture strength is increased
compared to the fired clay specimens sampled at Palermo.
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Figure 18. Fracture strength measured in the fired clay specimens and in the two archaeological
individuals HIM178 and BADO007: the values are plotted versus firing temperature and the EFT
estimated for the two archaeological individuals. The left plot presents the results of the biaxial
flexure tests (a) and the right plot the results of the 3-point bending tests (b). Raw data are available
in [106].

5. Discussion
5.1. Sugar Pots Production Areas and Circulation

The results of the chemical and petrographic analyses of the archaeological and ge-
ological deposits at least three production areas to be suggested for sugar pots: Palermo,
Himera-Buonfornello, and another that we might provisionally assign to Partinico. Further
research is needed on archaeological ceramics and local geology in this last case. Palermo
production seems more varied than that of Himera, which is most probably due to two
factors. First, the sugar pots from Palermo cover a larger chronological range, at least from
the 11th to the beginning of the 16th century A.D.; therefore, a certain variability within the
same source is expected [107], considering that all the workshops in the city use this source
for this entire period. By comparison, Himera—Buonfornello production is dated within a
smaller timescale, from the end of the 15th century to the beginning of the 16th century
A.D. For this latter case, we are dealing with a sugar production centre, which probably
included a ceramic workshop for sugar cones and other wares in its premises [16,38]. In
the second instance, regarding Palermo, none of the contexts examined can be considered a
production centre per se; the production of sugar probably occurred in the surroundings
of Palazzo Steri—-Chiaramonte and Castello della Favara a Maredolce, as historical studies
confirmed [28] (p. 67) [18] (p. 283), but these were mainly residential areas during the
phases under study [30,31,34]. Castello della Favara a Maredolce seems to be have been
transformed from a residential agricultural function, probably in the mid-13th century [30].
In a second phase, probably by the 15th century, part of its activity was devoted to sugar
production, as a larger quantity of sugar cones and molasses jars were found in contact
with the four kilns [108]. The ceramics pertaining to this last phase were not examined in
this project, however [16]. In addition, the sugar cones found at Convento di San Giovanni
di Baida were reused there as building materials [16]. By not being primary production
places, sugar pots were probably produced in different workshops operating within the city
of Palermo, and reaching the contexts in our study for consumption or secondary purposes.
These differences between the two areas are also visible in the vessel design, which is much
varied in terms of dimensions and profiles in Palermo compared to Himera-Buonfornello
(Figure 3, [16]). This variability can only in part be explained by differences in chronology,
and is related to the context of the production of these vessels.
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From this study, it emerges that ceramics needed for sugar production were mainly
produced in the surroundings of the sugar production centres. In the cases of Himera—
Buonfornello and Partinico, the archival record refers to the construction of kilns by sugar
production owners to cut the high transport costs and to facilitate the production of large
quantities of the vessels [29] (p. 245) [18] (p. 279). Nevertheless, sugar pots produced
in Palermo reached the other two areas. In the case of Partinico, although this study
concerned survey material, half of the vessels retrieved there match those of Palermo
production. Moreover, in terms of design, these vessels resemble those from Palazzo
Steri-Chiaramonte [16]. Similarly, two sugar cones found at Himera—Buonfornello belong
to the same typology and, indeed, it was found that they were produced in Palermo. In
contrast, the circulation of sugar pots from these sugar production centres to Palermo,
one of the main consumption and distribution centres, is missing from the archaeological
point of view. On the one hand, sugar pots were re-used in their production and their
use as transport vessels is not common. On the other hand, the archival record refers
to the transport of sugar within sugar cones, for example, from Carini to Palermo [18]
(p. 265). The cone found underwater, which was produced in a yet to be defined location
in Sicily, suggests that these vessels were circulating, even over long distances. Further
archaeological research may contradict this hypothesis but, at present, the only indication
we have from archaeological data is that sugar pots from Palermo reached Partinico and
Himera—Buonfornello, but not the opposite. It may be wondered whether these were
circulating with sugar or empty, to be filled and returned to Palermo; at present, however,
we do not possess enough data to discriminate amongst these two scenarios.

5.2. Sugar Cones Material Properties across Phases and Contexts

In terms of raw material choices and manipulation, generally calcareous fine-grained
pastes were used. At least for Palermo and Himera—-Buonfornello, we do not have evidence
of those manipulation processes, such as the addition or removal of rock fragments or
organics that would drastically alter the properties of the raw materials available. The
calcareous content of the two pastes is, nevertheless, different, which may create differences
in the microstructure developed during firing and, therefore, in the final properties of the
vessel [65,92,93].

Regarding forming techniques, the present evidence suggests that most of the sugar
pots were wheel-thrown. Sugar cones have traces of being wheel-thrown in a different
section, that is, first the body, then the rim, and finally the bottom part. By comparison,
some of the cones found in Partinico and Castello della Favara a Maredolce, and the two
found at Himera—Buonfornello but produced in Palermo, show signs of a combination of
hand-building and wheel-forming/finishing techniques. These belong to different phases of
sugar production and sites; therefore, it is unclear whether we can assign these differences
to an earlier phase of sugar pot production or to a different means of forming.

Regarding surface treatment, the whitening effect on the surface is not obtained by
applying a calcareous slip. A known method of obtaining the same effect is by mixing
seawater with the paste or by smoothing the surface of the vessel with it as a finishing
method; during drying and firing, the water evaporates, causing the migration of sodium
chloride to the margins and/or the surface, which causes the whitening [99,109]. This
method was used since prehistory in the Near East [109] and in Sicily, at least since the 8th
century AD [110]. Rye [111] (pp. 35-36) reports that the use of seawater mitigates the effect
of calcite decomposition during firing, also lowering the temperature of vitrification. In
the case of the sugar pots from Himera—Buonfornello, the addition of seawater may have
led to the production of a white surface, rather than mitigate the presence of calcium-rich
inclusions, which are not very common in the paste. In contrast, the paste used in Palermo
is richer in calcareous content due to the presence of large limestone inclusions. However,
in this case it cannot be confirmed that potters always added seawater; the experimental
briquette shows the development of this effect without the addition of seawater, probably
because this paste is naturally rich in soluble salt. Rather than adding seawater to produce
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this surface effect, potters may have chosen those clay deposits which allowed them to
produce the desired final result.

Finally, the study of the mineralogical and microstructural development in the exam-
ined individuals allows us to discuss some patterns. An EFT in the range of 950-1100 °C
is most commonly encountered in individuals from the Himera—Buonfornello group and
is probably the intended one to be reached by the potters. A few sugar cones seem to be
fired at lower temperatures, and this may have occurred accidentally or resulted from
different firings within the same production area. In the case of Palermo production, a
variety of EFTs was reconstructed; most of the individuals were in the high ranges of firing
temperature (950-1100 °C) and some were fired at lower temperatures. The molasses jars
and the noria vessels seem to be fired at high temperatures; otherwise, however, no clear
correlation could be found between the estimated EFT and the site, chronology, or vessel
shape. This diversity in firing may have resulted from the presence of several workshops in
the production of these artefacts, using a technique probably related to their own way of op-
erating. In addition to the diversity in EFT, the microstructure developed between Palermo
and Himera—Buonfornello individuals fired at high temperatures is similar, although larger
pores could be observed in Palermo individuals. Conversely, all the individuals from
Partinico were fired at low temperatures (EFT below 800 °C). As only four individuals
belong to this group, it is unsure whether this may be considered a dissimilarity or just the
result of an information gap.

These technological profiles were tested for their mechanical and thermal properties.
Our results on experimental and archaeological individuals show that, when individuals
are fired at high temperature (>950 °C), similar capabilities to transfer heat and to reduce the
liability to thermal stress and thermal shock can be observed. Below this firing temperature,
the results from the two pastes diverge more, with the Himera sample showing higher
thermal conductivity. Similarly, resistance to crack initiation (mechanical strength) and
propagation (toughness) changes as a function of the temperature and the developed
microstructure. The paste from Himera shows higher fracture strength. By comparison, the
Palermo paste appears to show a tough behaviour, enabling the ceramic fabric to absorb
energy even after initial crack development. The frequency and size of inclusion in the
Palermo paste surely plays a role in this different behaviour [21].

5.3. Sugar Pots in the Context of Ceramic Manufacture in Sicily in the Medieval and
Post-Medieval Phases

As mentioned above, the sugar pots examined here belong to different phases. Al-
though detailed knowledge of ceramic production is not available for all of these phases,
we can try to situate the sugar pots in their manufacturing context. For the first phase
(11-13th century AD), the most detailed study available comes from Testolini’s research
of the operational sequence of 8-11th century ceramics in Sicily [110]. Her reconstruction
suggests that, in the 11th century, the glazed and unglazed wares in Palermo were pro-
duced with the local Ficarazzi clay, but then differed in terms of the other steps of the
manufacturing sequence, thus creating distinguishable final products; she also referred
to the whitening of the surfaces on the same wares [110] (pp. 180-202). Of interest is
the case of cooking pots, which are made with the same clay with the addition of chert
fragments, but then wheel-thrown or coil-built, and fired at high or low temperatures in
an oxidising or reducing atmosphere; each chaine opératoire corresponds to a specific shape
which, according to Testolini, is a link to the different workshops manufacturing cooking
pots in Palermo [110] (pp. 177-179). Previous works on medieval ceramics confirmed the
use of Ficarazzi clay for the production of amphorae [112], glazed and unglazed wares
for later phases [113-115], and the addition of chert for cooking pots [113,116]. Giarrusso
and Mulone [113] also found that a low calcareous paste, probably of Numidian flysch
formation, to which chert was added, was also used for cooking pots. Sugar pots, therefore,
were manufactured in Palermo, at least with the same paste used for glazed and unglazed
materials, but not cooking wares; the whitening on the surface seems to be present also
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in other wares, both glazed and unglazed, and both hand and wheel-forming techniques
co-existed. Unfortunately, not much knowledge of production processes is available for the
15-16th century phase in Palermo. In contrast, the spatial organisation of the manufacture
of the city has been tackled by many scholars [117-120]. In the 10-12th century phase, the
ceramic manufacturing activities were located mainly within the city’s urban area and along
the river Kemonia, with some extension outside the city near the river Oreto, where the clay
was extracted [117,120]. These areas continued to be devoted to ceramic manufacture, even
in a later phase (from the end of the 13th century to the 14th century), when a southern
part of the city walls also seemed to be dedicated to ceramic manufacture [120]. It is not
clear from the archive sources whether there was a specialisation of workshops for the
manufacturing of specific wares, but craftspeople working with clay for ceramics or tiles
were clustered in this part of the city, and were therefore in close contact [118]. A few trapeti
in Palermo were also located between the Kalsa and the Albergheria neighbourhoods, on
the eastern side of the city, but most of the others were in the western part of the city [18]
(p. 283). Although the topography of the ceramic and sugar production areas need further
research, at first glance it seems that the two forms of production were not concentrated in
the same areas (Figure 19).
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Figure 19. Map of Palermo with the sites sampled (1: Castello della Favara in Maredolce, 2: Con-
vento di Baida, 3: Palazzo Steri-Chiaramonte), and the areas of sugar production according to
archival sources [18,28] and the areas of ceramics production according to archival and archaeological
sources [117-120]. The localisation of the areas has to be considered to be broad.

In contrast, in the case of Himera—Buonfornello, the production of sugar cones took
place within the premises of the trapetum [29] (p. 245), as was common in this second
phase of sugar production on the island, when it spread outside the urban boundaries
of Palermo. Termotto [121] describes in detail the organisation and the labour division
of the trapetum of Galbinogara, one of the biggest sugar production centres, and which
was not far from that of the Himera—Buonfornello. He mentions that the clay sources of
Collesano, a nearby town, may have been used to produce the sugar pots, which were most
probably fired at the trapetum. Around this place grew a number of crafts and structures
linked with the lives of the workers connected with the sugar production, who were
often from other territories and worked seasonally in the trapetum [122]. In the case of
Himera—-Buonfornello, different potters moved their production near the trapetum, where
the vessels were immediately used and where potters worked in the same restricted area
with the other workers of the trapetum. Regarding our knowledge of ceramic production in
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the area, the use of Terravecchia formation deposits has been attested to since the Greek
phases [123,124]. In contrast, for the chronological range, the only available study is that
of D’Angelo et al. [125], which indicates that this clay was used for the production of the
polychrome glazed Polizzi ware. Kiln wasters of this ware were retrieved together with
sugar pots at Himera-Buonfornello, suggesting that the production was performed by the
same craftspeople manufacturing the sugar pots. The individuals examined came from
Polizzi and not from Himera—Buonfornello, but they share the same type of raw material.
However, D’Angelo et al. [125] reported that Polizzi ware was slipped with a different
material compared to that used for sugar pots. Future research should examine whether
the Polizzi ware vessels made at Himera—Buonfornello share the same characteristics.

5.4. One Function, Multiple Choices

In the reconstructed chaine opératoire of sugar pots from the three areas considered,
some common patterns were identified: the conical shape with a hole at the bottom; the use
of calcareous raw material, and a raw material used for other wares (but not for cooking
pots); a whitened surface; the use of the wheel-throwing method, at least for some part of
the manufacture; the manufacture of the cones by sequential section. Some of these choices
are directly related to the function of these pots. Their conical shape provides an easier
release of the crystallised sugar loaf, and the hole at the bottom enables the discharge of
the excess liquid. The use of the wheel-throwing method allows faster production and
vessels having more standardised dimensions. A calcareous raw material produces a
microporosity that may have favoured heat dissipation [22]. Conversely, some features
were not related to the function of sugar pots; rather, they were part of the habitus of the
potters; for example, the use of whitening the vessel surface can be also encountered in
other wares and for more or less calcareous pastes. Some of these choices are linked to
the manufacturing context in which these vessels were made, and cannot be explained
only with regard to their function. In addition to these commonalities, the examined sugar
pots diverge in terms of the characteristics of the clays (more or less calcareous), the firing
strategy (generally fired at high temperatures, but also at low temperatures), the means
of obtaining the white surface (use of seawater, or perhaps a raw material naturally rich
in soluble salt), and the choice of the dimensions and design of the vessels, which were
the most visible aspects [16]. These differences have a geographical correlation, i.e., sugar
pots in Palermo are distinct from those made at Himera-Buonfornello and from those of
Partinico, but are also site related. In Palermo, we can observe a variety of choices in the
making of sugar pots, which can only in part be explained by a chronological aspect, and
may be related to the organisation of the production of these pots. Although this point
needs further research to integrate our results with archival sources, we can suggest two
different scenarios. In the case of Palermo, the ceramic manufacture area is separated from
that of the sugar production: sugar pots from different workshops reached the trapetum,
but there was no immediate feedback to the potters about their product (Figure 19). In
the case of Himera—Buonfornello, ceramic production took place in the trapetum: although
potters did not neglect the production of other wares, as the case of ware produced in
Polizzi shows, their production was focused on the needs of the sugar industry, and they
may have worked together with other craftspeople in the trapetum. Although a certain
degree of variability is observed in the production of in Himera-Buonfornello, the design
and manufacturing sequences are strikingly more homogeneous than those of Palermo. It
may be suggested that the community of practice at Himera—Buonfornello was focused on
sugar production, whereas that in Palermo was focused on ceramic production itself.

6. Conclusions

Due to the pioneering research of archaeologists and historians who have shed light on
many aspects of sugar production in Sicily, this project could move forward and consider the
archaeological evidence from a different point of view, aided with an analytical examination.
Three main areas of production of sugar pots were defined: Palermo, Himera-Buonfornello,
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and one, for the present time, labelled Partinico. Completing the information from archival
sources that refer to sugar pots circulating from other places to Palermo, this study revealed
that sugar pots also circulated from Palermo to the other two areas. Further research
is needed to discern whether these sugar pots were travelling filled with sugar to be
consumed, or empty, to be filled with sugar and then returned to Palermo. The underwater
discovery, probably also made in Sicily, shows that sugar pots were also circulating by sea.

The ways in which sugar pots were designed and manufactured followed some
common features, such as the conical shape, the forming methods, and the adoption of
calcareous pastes. The specific function of these vessels clearly constrained some potters’
choices. Conversely, some technological characteristics were specific to each area, such
as the firing strategies, the vessel profile, and the means of obtaining a white surface. In
terms of the analysis, vessels showed similar heat transfer properties when fired at high
temperatures; however, the vessel of Himera-Buonfornello were more capable of resisting
thermal shock and crack initiation, whereas Palermo’s vessels were probably tougher.
When considering the forces these were subjected to during use, sugar cones from Himera
and Palermo would perform in the same way when the hot syrup was poured inside, but
those of Himera would remain stronger during continuous handling and travelling. Sugar
cones produced in Palermo, in contrast, would crack more easily but withstand longer
use after use. These differences reinforce the hypothesis that there does not seem to be a
“standard” for sugar pot design and technology; rather, a local re-interpretation of common
and generic requirements can be observed [16]. These idiosyncrasies may have originates in
the context of manufacture; that is, the choices made by potters in making other wares and
in the production organisation. The community of practice of potters in Palermo working
on a wide range of ceramic products may have been very different from that of Himera—
Buonfornello, where sugar pot manufacture was closely related to sugar production. The
variety observed in Palermo sugar pots compared to those of Himera-Buonfornello may
be explained by the different levels of connection of the ceramic manufacture to the sugar
production. For Partinico, we cannot generate any hypotheses on this aspect at present due
to the scarcity of the materials found.

As in the example of the can opener, would the reconstructed design and technological
differences have a consequence for the actual performance of the vessels? Would their
utilisation differ? Finite element analyses have been used in other cases to solve these
questions [24,25], and will be further applied to the sugar pot case study.

Robertson argues that the terms globalisation and glocalisation should not be seen
as opposing. He also argues that these terms involve the ‘simultaneity and the interpen-
etration of what are conventionally called the global and the local or ... the universal
and the particular’ [1] (p. 30). We do not argue in this paper whether sugar production
and consumption in the Mediterranean can be considered a ‘globalised” phenomenon;
however, this concept also fits well in explaining the response of local potters to the par-
ticular demands for specific vessels from the sugar industry: potters thought globally but
acted locally.
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Abstract: In a period spanning from the 7th to the 1st century BC, the exterior surfaces of civil
and sacred buildings in Italy were mainly decorated with terracottas. The aim of this study is to
determine the skills and technological level reached by ancient manufacturers of painted ceramics
from the sanctuary of Hercules in the archaeological site of Alba Fucens (Abruzzo, Central Italy). A
multi-analytical approach including X-ray Powder Diffraction (XRPD), p-Raman and portable X-ray
fluorescence (pXRF) was applied to determine the mineralogical composition of terracotta samples
and to identify the pigments decorating the ceramics. The studied terracottas were decorated using
valuable pigments such as Egyptian blue as well as a palette of colors common in the Roman period
from the 3rd to the 1st century BC. The mineralogical composition of the ceramics allows estimating
a firing temperature lower than 800 °C. Finally, a local origin of raw materials is suggested by the
presence of alluvial and lake deposits outcropping in the Fucino area.

Keywords: architectural terracottas; production technology; archaeometry; Alba Fucens

1. Introduction

Ceramic artifacts are particularly common in archaeological sites as they are gener-
ally resistant to alteration and weathering. Therefore, archaeometric analysis on ancient
ceramics can provide significant data for reconstructing the cultural and technological
development of the context in which they were produced [1-3].

Ancient ceramics had different functions: cult objects, decorations, vessels, refractory
materials, and building materials [4,5].

Between the Archaic and the Late Republican period (7th—1st century BC) in Italy,
terracotta (or fired clay) was the main material used for decorating the exterior surfaces of
civic and sacred buildings. Painted revetment plaques in terracotta were nailed to facades
in stone or wood, and the material was also used to cover ceiling beams or columns. On
roofs, terracotta was used for tiles, antepagmentum, antefixes, and simas, which often carried
lavish figural schemes too. In preparation for painting, but also as a protection against
weathering, the upper surfaces of architectural terracottas were usually refined with a
fine slip of diluted clay. After air-drying, clay-based colors (essentially colored slips) were
applied to the visible surface with brushes. Some pieces also show a thin white slip of
clay minerals as a primer for the color layers. After the final firing, the surfaces could be
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further refined with pigments, dyes, and gold leaf attached with an organic binder. The
Italic tradition of using terracotta as a surface material was particularly strong, and it only
decreased during the late 1st century BC, when stucco and marble became predominant [6].

In this perspective, the present work is the first archaeometric study aimed at recon-
structing the technological knowledge reached by the ancient manufacturers of painted
ceramic materials (3rd—2nd century BC) collected from the sanctuary of Hercules in the
Latin colony of Alba Fucens (Abruzzo, Central Italy) [7].

The terracottas belong to different phases of the architectural decoration of the sanctu-
ary. The main interest behind this research is the absence of previous archaeometric studies
on these ceramics characterized by extraordinary craftmanship. Moreover, such materials
are not easily found in archaeological contexts and for this reason their characterization
could significantly contribute to reconstruction of the skills and material knowledge of
ancient artisans.

The goal of this study was achieved by means of a multi-analytical approach including
X-ray Powder Diffraction (XRPD) analysis to investigate the mineralogical composition
of terracotta samples and the combination of u-Raman and portable X-ray fluorescence
(pXRF) analysis for the identification of the pigments decorating the ceramics.

2. Archaeological Context

The archaeological area of Alba Fucens, located in the current municipality of Massa
d’Albe (Abruzzo, Central Italy), a few kilometers north of the city of Avezzano, preserves
the remains of the Latin colony founded by Romans at the end of the 4th century BC [6].

The toponym Alba comes from the Indo-European root and means “high ground”,
while the adjective Fucens is linked to the name of the ancient Fucino lake (in Latin Ficinus),
at that time the third largest lake in Italy. The first work of reclamation of the lake was
carried out by the Emperor Claudius (41-52 AD) and the final drainage occurred in the
second half of the 19th century [6].

The central area of the city is occupied by a series of public buildings: the Basilica, the
macellum (market) with tabernae, the baths, and the sanctuary of Hercules. Other preserved
public buildings are the theater and the amphitheater, while the church of St. Peter was
built on the temple of Apollo [7]. The abandonment of the city was gradual and due to
several causes. First of all, the violent earthquake that occurred between 484 and 508 AD [8]
followed by floods and colluviums of the plain, along with the decadence of the Roman
Empire.

Since 2006, the Soprintendenza for Archaeological Heritage of Abruzzo carried out
some excavations in the square of the Sanctuary of Hercules. The excavations brought to
light hundreds of fragments of painted terracotta (3rd—2nd century BC), which had been
used as filling material below the pavement slabs [9]. In 2011, the excavations brought
to light a large well (1st century BC) where numerous fragments of terracotta have been
found [9,10]. Four different types of antefixes were identified: (a) with satyr’s head, (b)
with head of maenad, (c) with potnia (Mediterranean goddess that feeds all beings that
inhabit the Earth), and (d) with winged victory.

Besides the antefixes, different types of antepagmentum and sime have been brought to
light. Although these terracottas are attributable to the presence of a building, no structures
have been identified to date referable to it, traced back to the “Etruscan-Italic” model and
suggested by the remains of the ceramics found [9,10].

3. Geological Context

Alba Fucens was founded on a hill of pre-Pliocene carbonate rocks, Plio-Pleistocene
clayey-sandy deposits and carbonate breccias, overlooking the ancient Fucino lake [7]. This
is the largest intramontane basin (20 x 15 km) of the Apennines chain, a fold-and-thrust belt
developed during the Alpine orogeny [11]. The Fucino Basin is surrounded by mountains
comprising Triassic-middle Miocene carbonate platform, slope, and ramp sequences. The

74



Minerals 2022, 12, 346

Plio-Pleistocene and Holocene alluvial fan and lacustrine deposits of the ancient Fucino
lake largely cover the carbonate sequences [11].

The sanctuary of Hercules is located on Pliocene colluvial sediments, above which a
thick soil evolved during the Holocene. Peaty levels were found beneath the lake sediments,
evidence of stagnant water and the presence of a marshy environment. On the top of the
marsh sediments a thin pedogenetic layer is identified, connected to the reclamation of the
area before the urbanization. To obtain the floor of the Roman city, it was necessary to fill
the lake depression with a considerable thickness of yellow silt-clay and large limestone
blocks. The origin of these limestone blocks could be linked to the works at the base of the
western flank of the eastern hill (Pettorino) for the building of the theater.

4. Materials and Methods

Thirteen samples (A, 2,C,4,E, F G, H, I, L, M, N, O) were selected from different types
of architectural elements (slabs, antefixes, and frames), based on macroscopic analysis of
the color of the matrix, the abundance and nature of inclusions of terracotta, and decorative
pigments.

All these samples were recovered from the large well, except the sample M (Figure 1)
that comes from the square of the Sanctuary.

Figure 1. The 13 samples analyzed by XRPD (front and back). Labels (A-O) indicate the studied
samples.

The pigments decorating the terracotta of five selected samples (1, 2, 3, 4, 5) were
analyzed by pXRF and p-Raman (Figure 2).

The sample 1 comes from the square of the Sanctuary while the remaining ones from
the well.

The samples were analyzed by a multi-analytical approach, including portable X-ray
fluorescence (pXRF), X-ray powder diffraction (XRPD), and p-Raman spectroscopy.
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Figure 2. The five samples analyzed by pu-Raman and pXRF. Labels 1-5 refer to the studied samples.

For pXRF analysis, a portable X123 Amptek Inc. tool was used to analyze the back and
the painted side of the samples. It consists of a cooled thermoelectric detector with an area
of 6-25 mm?, resolution between 139 and 260 eV, and FWHM at 5.9 keV, a PC for signal
processing, a pulse generator, and an X-ray source Moxtek 10-50 kV Bullet. The spectra
were processed with the Winaxil 4.0.1 software. Spectra were normalized, making the ratio
of the relative counts of each peak compared to the total counts. pXRF has a small stage,
that can scan areas up to 20 x 20 cm? with a lateral resolution of 1 mm. The focus between
the scanning head and sample was set manually with the aid of a laser triangulation system.
Spot size was dictated by the X-ray focusing optics chosen (collimator). At about 1 cm from
the sample’s surface, it was roughly 2 mm diameter for both tubes.

p-Raman measurements were performed with a RenishawInVia Raman spectrometer
equipped with a 532 nm laser (used for all pigments except pink) and one UV at 355 nm
(used for pink pigment) (ICT Laboratory, LFoundry, Avezzano). The instrument uses two
gratings, one at 1800 rows/mm (green) and one at 2400 rows/mm (UV). Wtics used were
50x for green and a special NUV 40x lens for UV. The baseline and the background noise
were subtracted by the WirETM Software available in Ranishaw Raman instrument [12].

pXRF data (Tables S1 and S2) were easily visualized through principal component
analysis (PCA), a multivariate technique that summarizes the information of a dataset by
means of a smaller set of “summary indices” emphasizing the differences among data [13].
The intensity of pXRF peaks (X) and the number of samples (N) were arranged in a
matrix (N, X). The PCA aims to compress the original hyperspace into a new principal
component (PC) space of reduced dimensionality, while retaining as much of the data
variation as possible. In general, the PC space contains a total of 2 or 3 principal axes
(called score plot) to be easily visualized. A second plot called loadings plot is reported
too. The loadings express the magnitude (large or small correlation) and manner (positive
or negative correlation) in which the original variables contribute to the scores or PC. In
such a plot, high positive correlations are indicated by small angles between vectors, no
correlation is indicated by right angles and inverse correlations are indicated by angles
close to 180. PCA, ternary diagram, and scatter plot were carried out using algorithms in
the JMP Pro software package from SAS Institute [14].

Finally, a fragment of terracotta from the back of each sample was collected and ana-
lyzed by XRPD to determine the mineralogical composition, to estimate firing temperatures,
and to infer the provenance of the raw materials. A small part of the sample (about 5-10 mg)
was ground with agate mortar and pestle. The ceramic powder was then analyzed using
a Bruker D8 focus diffractometer (Department of Earth Sciences, Sapienza University of
Rome, Italy) with Cu Ko radiation, operating at 40 kV and 30 mA. The following instrumen-
tal set-up was chosen: 3—60° 26 range, scan step of 0.02° 28/2s. Semiquantitative analysis
based on the “Reference Intensity Ration Method” was performed using XPowderX®© soft-
ware. The International Centre for Diffraction Data Powder Diffraction Files (ICDD-PDF)
were used for the identification of the mineral phases by XRPD.
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5. Results
5.1. Ceramic Body

For the ceramic body analysis, XRPD, p-Raman, and XRF were applied. The last two,
the main purpose of which was the pigment analysis, were applied on the ceramic body to
better identify the pigment’s spectra peaks.

5.1.1. XRPD Analysis

The XRPD analysis allowed the identification of the minerals that compose the ceramic
body. All samples reported in the Table 1 showed a high content of quartz and the com-
mon presence of plagioclase. Only some samples showed the presence of calcite, augitic
clinopyroxene, and illitic clay, while muscovite is present only in sample A.

Table 1. Semiquantitative summary of the mineralogical phases present in the terracotta. Legend:
XXX = abundant (100-50 wt%); XX = common (50-30 wt%); X = scarce (30-5 wt%). (Qtz: quartz; Cal:
calcite; Plg: plagioclase; Cpx: augite; Ill: illite, Ms: muscovite).

Sample Qtz Cal Plg Cpx m Ms
A XXX XX X X X
2 XXX XXX X X X
C XXX XX X X X
4 XXX X XX X X
E XXX XX X
F XXX XX X XX XX
G XXX XX XX X X
H XXX X XX X
I XXX X X X X
L XXX XX X X
M XXX XX X X XX
N XXX X X X X
O XXX XX X X X

5.1.2. p-Raman Analysis

The ceramic body of sample 5 was analyzed to investigate the composition of architec-
tural terracottas on which the pigments were applied. The spectrum (Figure 3g) shows the
peaks of quartz (S5i0,) and calcite (CaCO3). Specifically, quartz was identified thanks to the
peak around 470 cm~! due to the symmetric bending vibration of Si-O-Si [15], and calcite
because of the peaks at 290 and 1100 cm ™! connected to the symmetric stretching of the
carbonate group [16].

5.1.3. pXRF Analysis

The pXRF analyses of the matrices of the samples 1, 2, 3, 4, and 5 show high in-
tensity lines, related to Fe (E = 6.40 keV and E = 7.06 keV) and Ca (E = 3.69 keV and
E =4.01 keV) [17], while Mn, Ti, and Sr are only present in traces (Table S1).

5.2. Pigments
5.2.1. p-Raman Analysis

The p-Raman spectroscopy was used to identify the nature of the different pigments
on the surfaces of terracottas (samples 1, 2, 3, 4, and 5). All the pigment spectra were
compared to the ceramic body to better identify the characteristic peaks of each pigment.

Sample 1 was used to analyze the pink layer. The first granule analyzed appeared
whitish (Figure 3b) and the relative p-Raman peaks are characteristic of calcite. The band at
about 1086 cm ™! is associated with the symmetrical stretching of the (CO3)?~ group, while
the band at about 710 cm ! is due to the bending vibration of the same group. There is
another weaker band, at about 275 cm !, linked to the vibration of the lattice [18]. A second
granule analyzed appeared red under the microscope (Figure 3a), with peaks characteristic
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Raman Intensity (a.u.)

of hematite (Fe,O3). Specifically, the band at 222 cm ™1 is due to the symmetrical stretching
of Fe-O, the band at 410 cm™! to the bending vibration of O-Fe-O, while the band at
612 cm ™! is due to the symmetric bending [15].
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Figure 3. p-Raman spectra of the Alba Fucens samples and relative peak identification (compound ab-
breviations: Cal-calcite; Hem-hematite; Qtz-quartz; B.E-Egyptian blue [CaOCuO(SiO;),]; C-carbon).
(a) Pink pigment layer; (b) background of pink pigment; (c) red pigment layer; (d) light blue pigment
layer; (e) white pigment layer; (f) black pigment layer; (g) matrix.

Sample 2 was used to analyze the red pigment. The spectrum (Figure 3c) shows bands
around 275 and 1100 cm !, attributed to calcite, whereas those at 222 and 290 cm ! were
attributed to hematite. The 222 cm~! band is due to symmetric Fe-O stretching, while the
290 cm ™! band is due to symmetric Fe-O bending [15].

Sample 2 was used also to analyze the light blue layer. The Raman spectrum allowed
the identification of Egyptian blue, CaOCuO(5i0;)4 [19,20] (Figure 3d). In particular, the
peak at 430 cm ! is due to the bridging O breathing [21], that at 475 cm ! is related to the
stretching and rocking bending of Si-O, whereas the peak at 570 cm~! is due to scissoring
bending of O-Si-O. Finally, the peaks at 780 and 1084 cm ! are connected to the stretching
of Si-O [22].

Sample 3 was used to investigate the white pigment identified on several of the
architectural terracottas analyzed. The peaks in the spectrum (Figure 3e) at about 290, 720,
and 1100 cm ! are all attributed to calcite [16].

Sample 4 was analyzed to investigate the black pigment. The spectrum (Figure 3f)
shows the characteristic peaks of amorphous carbon at 1370 and at 1600 cm ™! [23].

5.2.2. pXRF Analysis

The chemical composition of the pigments was determined using pXRF analysis.
Pink pigment is only present in sample 1 and it is mainly composed of Ca and Fe. In
addition, Sr occurs in traces (Table S1).
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Red pigment occurs in samples 1, 2, 3, 4, and 5. The main chemical components are Fe
and Ca, except for sample 5 which also shows the presence of Cu. In addition, in some of
these samples Mn, Ti, Cu, and Pb were identified in traces (Table S1).

The light blue pigment is present in samples 1, 2, 4, and 5. It contains mainly Cu and
Ca. In addition, Fe, Pb, Sr, and Mn are identified in traces (Table S1).

White pigment is present in samples 2, 3, 4, and 5. The main constituent present in all
samples is Ca. Fe is present as the main component in sample 5, while in the other samples
it is present only in traces. Sample 2 only shows traces of As (Table S1). The As could
be related to the proximity of the sample to a wooden object restored and protected with
compounds containing As or from the presence of burying soil traces on the surface of the
analyzed pigment.

The black pigment is present in samples 2, 3, and 4. The main constituents of this
pigment are Ca and Fe. In addition, in some samples, traces of Mn, Pb, and Cu were also
identified (Table S1).

6. Discussion
6.1. The Terracotta: Production Technology and Provenance

For the first time a detailed mineralogical characterization of the architectural ceramic
materials from the Sanctuary of Hercules in Alba Fucens has been carried out.

Two terracotta samples (F and O) showed a greyish color of the matrix whereas the
others were mainly reddish. Red and brown colors are usually associated to an oxidizing
atmosphere of firing, whereas firing in reducing conditions generally results in the grey
color of the ceramics [24].

The XRPD analysis allowed the identification of the minerals constituting the ceramic
body and then to estimate the firing temperature. All studied samples contain quartz
and plagioclase, while only some of them show the presence of calcite, augite, and illite.
Muscovite is only present in sample A (Table 1). The presence of illite and calcite suggests
a firing temperature of the clays below about 800 °C [25]. Among the clayey minerals,
in fact, kaolinite is the first to destabilize due to dehydration, below 550 °C, followed
by illite, chlorite, and smectite that are dehydrated at a temperature between 459 and
900 °C [26]. At higher temperature, around 850-950 °C [27,28], carbonate-free CaO reacts
with silica and alumina from the degradation of clayey minerals, resulting in the formation
of calcium silicates or aluminum and calcium silicates, such as gehlenite, diopside, and
wollastonite [29-31].

A further confirmation of the low firing temperature is the absence of neo-formation
phases such as gehlenite and diopside in the terracotta matrix [26]. Indeed, gehlenite is
formed from about 850 °C and remains stable up to 1100 °C [26]. The diopside, on the
other hand, begins to enucleate at about 900 °C and it remains stable up to 1100 °C [26].
The absence of these mineral phases in the analyzed samples allows to suppose a firing
temperature lower than about 800 °C. The presence of illite-muscovite and the scarce
presence of plagioclase further supports this hypothesis.

The presence of augite can be related to the numerous volcanoclastic levels intercalated
in the lake and alluvial deposits of the Fucino Basin. The archaeometric analyses carried out
in this work support the hypothesis of a local origin of the raw materials as in the Fucino
area, alluvial and lake deposits (rich in clay) are the main outcropping lithologies [11].

The pXRF spectra of the ceramic body show similar chemical composition for all the
analyzed samples (1, 2, 3, 4, and 5), with high Fe and Ca contents. A similar pXRF pattern
seems to suggest similar starting raw materials used for the realization of the architectural
elements. The homogeneity of the analyzed matrices is further reinforced by the PCA
elaboration of pXRF data [13] that shows all the samples within the “ellipse score” at 95%
confidence limit (CL at 20) (Figure 4). For this reason, the mean value of the elements of all
the analyzed samples (Average Matrix) was used for comparison between the peaks of the
colored pigments and those of the matrices (Table S2).
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Figure 4. Principal component analysis of terracotta matrices.

The ceramic body p-Raman spectroscopy analysis showed the presence of quartz and
calcite (Figure 3g), confirming the results of XRPD (Table 1). The Fe component (presumably
its oxide), highlighted by the pXRF analysis, was not identified by the XRPD, most likely
due to a low concentration below the instrument detection limit, nor by p-Raman analysis,
most likely because of the difficulty in locating granules within the matrix.

6.2. The Pigments: Identification of Pigments” Palette

The red pigments analyzed on all the surfaces of architectural terracotta by pXRF
show similar chemical composition, with the exception of sample 3. The majority of
samples, located in the 2nd square of PCA plot (Figure 5A) (explaining more than 60% of
data variability), are characterized by a consistent component of Fe (Figure 5A,B). On the
contrary, sample 3 is closer to the pink of sample 1, influenced by a high content of Ca and
a low content of Fe. The ternary diagram Ca-Fe-Cu (Figure 5C) further confirms that the
red pigment of sample 3 has a chemical composition much closer to pink, black, and white,
than to the other reds. This pigment, in fact, shows a higher amount of Ca than the others
and a minor component of Fe.

The p-Raman analysis confirmed the presence of calcite and hematite in the red
analyzed samples. Unfortunately, in the absence of a stratigraphic analysis of the pigment,
it is impossible to determine whether calcite was mixed with hematite, or it was related
to a preparation layer. However, it should be noted that the architectural terracottas were
sometimes coated with a relatively thick white layer that was used as a background to
obtain a brighter and more nuanced polychromy [32]. The presence of Pb in traces in almost
all pigments analyzed with pXRF technique could reinforce the hypothesis of a coat with
an additional white pigment based on Pb.

All pigments analyzed in this study, except for light blue, are placed along a straight
line in the Fe-Ca plane (Figure 6). Red pigments tend to have an excess of Fe compared to
Ca, while in the white and black pigments the Ca becomes predominant at the expense of
Fe as expected. Light blue pigment forms a cluster outside the line because of its Cu nature.

The Fe/Mn ratio gives an idea of the mixture of iron oxides and manganese oxides
used to obtain different shading of the color by the artist. The red pigments, in fact, show
the presence of Mn with different ratios, most likely due to the artist’s desire to darken the
shade of red, given by the mixture of calcite and hematite. An example is the red pigment
of sample 5, which has a Fe/Mn = 31 [33] (Table S3).
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The white pigments result very similar to each other and to the black and pink
pigments (Figure 5A,B), as confirmed by the ternary diagram Ca-Fe-Cu (Figure 5C). The
main constituent of the white pigment is Ca, linked to calcite, whose presence has also been
confirmed by p-Raman spectra (Figure 3e). The presence of Fe most likely is due to the
clay matrix. In addition, Pb is present, although at limited concentrations, which would
allow hypothesizing the use of a mixture of white lime and white lead. Only the white
pigment of sample 3 showed traces of Cu, which may suggest the artist’s possible intention
to obtain different color tones [34].

The black pigments show a homogeneous nature (Figure 5A), mainly composed of
Ca (Table S1) and amorphous carbon (Figure 3f). The presence of Ca contents higher than
in red pigments and in the ceramic matrix seems to indicate that the black pigment is of
animal origin. However, the presence of Ca could also derive from the underlying matrix,
and therefore it cannot be excluded at all that the black is of vegetable origin. Comparing
the Fe/Mn ratio of the three samples, a low Mn content in the pigment of sample 4 was
found, compared to those of samples 2 and 3. Again, the lower Mn content of sample 4
could indicate a different shading of black voluntarily obtained by the artist [33] (Table S1).
Traces of Cu (samples 2 and 3) could suggest the use of Egyptian blue pigment, probably to
give different shades to the black. The presence of Pb may be linked to the presence of a
layer of white lead below the pigment, as discussed above.

The difference in the sample 2 pigment is clearly visible in Table S1 because of a higher
percentage of Cu with respect to Ca and the higher Fe contents with respect to the Mn (~50
vs. ~15). It is worth noting the presence of small amounts of Zn in the pigments of samples
1 and 4. Deviations from the ideal compositions of the Egyptian blue, in general, may be
due to inclusions present in the source material or from the matrix in which the pigment
was incorporated. This often results in additional elements in the compositional analysis
such as Na, K, Mg, Al, Fe, Ti, and Zn [35].

The analyzed pink pigment is only present in sample 1. The p-Raman analysis showed
the presence of calcite and hematite (Figure 3a) confirmed by the identification of Ca and
Fe in the pXRF spectrum (Table S1). The ratio Ca/Fe = 1.3 of the pink pigment, when
compared to the matrix equal to Ca/Fe = 0.17, allows to hypothesize that it may be a color
of earth (clay) with a higher content of Ca than that of terracotta. As there is the possibility
of the use by ancient manufacturers of a white layer of calcite to cover the terracotta before
painting, it is not excluded that the pink pigment was obtained from the combination of
calcite and hematite, laid on the layer of calcite. Unfortunately, since a stratigraphic analysis
of the sample is not available, it is impossible to determine the presence of calcite below
the pink pigment. The elemental composition of the pink color is very similar to that of
the red pigment of sample 3 (Figure 5A). Both colors have a Ca/Fe ratio greater than 1,
while the red pigments have a value well below 1. This leads to the conclusion that the red
of sample 3 attributed on the basis of a visual analysis, is to be considered a lighter red
pigment, tending to pink, compared to other red pigments.

7. Conclusions

This first archaeometric study of painted architectural terracotta, dating back to the 3rd—
2nd century BC, from the archaeological site of Alba Fucens (Italy, L’Aquila), allowed the
identification of the production technologies, the provenance, and the nature of pigments
used.

The studied materials are characterized by a good manufacture, probably coming
from an Etruscan-Italic temple, built immediately after the establishment of the colony. The
analytical results of this study highlighted the use of valuable pigments such as Egyptian
blue. The other analyzed pigments confirmed the use of a palette typical of the Roman
period from the 3rd century BC to the 1st century BC. The red pigment was obtained by
using hematite, the hue of which was modified using lime white and perhaps also white
lead. Regarding the black pigment, the analytical results did not allow to determine its
origin (animal or vegetable). Despite the few colors used, it was noted that for the same
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color different shading was used. In the case of Egyptian blue, for example, we can see
how the artist went from a bright shade to an opaquer one, by modulating the Egyptian
blue with white (white lead or calcite) or black (manganese oxide).

The analysis of terracotta showed a firing temperature lower than 800 °C, due to
the presence of illite-calcite and the absence of neoformation phases such as gehlenite
and diopside. The presence of augite is related to the numerous volcanoclastic levels
intercalated in the lacustrine and alluvial deposits of the Fucino Basin. The archaeometric
analyses, conducted in this study, allow the suggestion of a local origin of the raw materials,
since alluvial and lake deposits (rich in clay) are the main lithologies emerging in the Fucino
area. However, more in-depth analyses are needed to establish the source.

Finally, p-Raman and pXRF analyses seem to indicate the presence of a white layer
of calcite and lead as primers before applying the pigments, even though a stratigraphic
analysis of the pictorial layer of terracotta is essential to confirm it.

The preliminary results of this study are part of a larger project and will be validated
hereafter.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/min12030346/s1, Table S1: pXRF counts (%) for all pigments of samples 1-5, Table S2: pXRF
counts (%) for all ceramic bodies of samples 1-5, Table S3: pXRF counts (%) of Mn and Fe for red
pigments.
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Abstract: Northern Chile is home to the world’s largest copper ore deposits, which have been ex-
ploited for thousands of years by different groups, at varying scales and for different purposes. In
this context, it is important to develop new protocols to characterise the mineralogical variability of
archaeological copper ores. A comprehensive and representative methodology in the analysis of min-
erals, the application of non-destructive analytical techniques, and the combination of insights from
geological, archaeological and local knowledge are key to developing a copper mineral repository of
the Atacama Desert area. Geochemical analyses were applied to the study of 568 samples from the
archaeological site Pukara de Turi, with different techniques such as micro-XRF, XRD, QEMSCAN,
Raman spectroscopy and technological studies. This exhaustive analysis allowed for the recognition
of two mineralogical associations: atacamite/brochantite (99%) and azurite/chrysocolla (1%). The
study of various minerals allows data to be interpreted more reliably and to trace the likely geological
sources of these minerals. The azurite/chrysocolla samples appear to belong to the same mineral
association found in the Cerro Verde district, which is probably the source of these samples. The
atacamite/brochantite samples appear to come from more than one geological source, including, but
not limited to, Chuquicamata-Radomiro Tomic and El Abra-Conchi.

Keywords: copper minerals; micro-XRF; archaeometry

1. Introduction

The Atacama Desert is home to the world’s largest copper deposits, which have
been exploited for thousands of years by different groups, at varying scales and for dif-
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ferent purposes (Figure 1). Since pre-Hispanic times, a mining economy in the Atacama
Desert supplied regional and interregional demand for copper ore uses such as metallurgy,
lapidary, pigmentary and ores (in the form of powder, nodules and fragments).

Copper mining has a deep-rooted history dating back to the Formative Period
(ca. 1500 BC—-400 AD) to the Inca Horizon (ca. 1400-1540 AD) [2-4]. Mining districts
in the Atacama Desert were exploited by the Incas from the mid-15th century, who kept
their technology and reorganised mining activity [5-9]. However, these activities almost
entirely ceased after the Hispanic Conquest and the installation of the colonial system.
Nonetheless, the production and use of copper continued during colonial times, the Repub-
lican Period and is even carried out today by local indigenous communities [10]. Unlike in
other regions of the South-Central Andean Area, where complex metallurgical industries
developed [11,12], on the western side of the Circumpuna, metallurgy was a secondary
activity during prehistory [13,14]. The bulk of mining production was destined for lapidary
uses and, particularly, to supply the needs of local ritual ceremonies, in which copper ores
played a prominent role as offerings. In the Andean world, the geological and mineral
landscape was not part of an inert mineral world—since time immemorial, Andean peoples
have personified the landscape, considering it alive. Copper minerals were offered in
various contexts, identified in a range of settings: residential, agricultural (terraces, water
holes, springs and wells), rock art (in paintings or offerings to them), funerary (nodules,
beads, powders, pigments), monumental (tumuli), in paraphernalia (tablet and inhalation
tube inlays, mortars, pylons and spoons), on top of certain hills, on ceremonial tables (walls
and boxes) and in passageways, openings and routes (e.g., [15-22]). Given this variety of
uses, copper minerals are among the most ubiquitous remains to be found in archaeological
sites throughout the Atacama Desert.

The abundance of mineral sources in the area has also led to deep levels of local
knowledge and expertise in the fields of mineralogy and geochemistry [23-25] among
others; therefore, the Atacama Desert is a privileged place to research copper ores and
their uses over long timescales of human civilisation. Since the variability and complexity
of copper deposits in the area make them challenging to characterise, many researchers
have developed different mineral study methodologies based on this zone [26-29], among
others. In addition, there is an extensive body of archaeological literature on the problems
of copper mineral source characterisation and the limitations of such approaches.

In this study, samples were collected from the Pukara de Turi, an extensive 4 ha archae-
ological site from the Late Intermediate and Inca Periods (ca. 11th-16th centuries), located
in northern Chile (Figure 2). We analysed 568 samples with geochemical analyses using
micro-X-ray fluorescence (u-XRF). In addition, the following analyses were performed: X-
ray diffraction (XRD), Raman spectroscopy and QEMSCAN, which allowed us to improve
the understanding of pre-Hispanic copper ore technologies in the Atacama Desert in the
context of mineral raw materials, as well as knowing how they were used in archaeological
times through the recognition of mineral paragenesis. In addition, we carried out a techno-
logical study of the mineral assemblages. This was intended to characterise the diversity
of copper ores from the Pukara de Turi and its diverse uses within the site. The analyses
detailed in Sections 4.1-4.4 were carried out at Unidad de Equipamiento Cientifico-MAINI,
at Universidad Catolica del Norte, Antofagasta, Chile.
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Figure 2. Location map, showing the copper and silver deposits in the area. Pre-Hispanic copper
mines are highlighted with a green symbol and modern copper mines with a red symbol.

2. Geochemical Characterisation of Pre-Hispanic Copper Ores in the Atacama Desert

The regional extent and distribution of the mining landscapes of the Atacama Desert
can be characterised by considering the distances between populated nodes, based on water
availability from rivers and oases, and mining districts [9], whose location is controlled by
the underlying geology. Over the course of prehistoric times, Atacama societies developed
an understanding of regional geography based on the needs of their social, technological
and ritual systems that required access to mining districts to extract minerals and then
redistribute them in their various contexts of use. To understand these mining landscapes,
studies must, therefore, take into consideration the location and characteristics of mining
districts and their relation to the areas where minerals were used.
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The Pukara de Turi archaeological study sites lie within the Upper Eocene-Oligocene
metallogenic belt (43-31 Ma) defined by [1,25,30], among others (Figure 1), where several
pre-Hispanic mines have been identified and studied [6,7,9,14,31-38]. Copper deposits
have a geochemical signature that is strongly dependent on the geological context of their
formation [39]. Supergene ores form from the reaction of hydrothermally derived ores
with near-surface meteoric water. The paragenesis of copper oxide minerals reveals that a
specific series of progressive mineralogical changes take place during supergene oxidation,
transport and precipitation [40]. Thus, to determine the sources of copper, it is important to
define the paragenesis of minerals from pre-Hispanic mining districts and their impurities,
which can be expressed as minor elements (comprising 0.1-1% of the rock mass) or as trace
elements (<0.1%). These signatures are unique to each deposit and thus correspond to
markers of the sample’s geochemical origin [39]. Oxidised copper minerals may also have
visible variations in their macroscopic characteristics which indicate the heterogeneity of
their mineralisation [41]. In summary, the detailed study of trace element geochemistry
allows each mineral type to be characterised in copper ore samples, thus delimiting their
probable origin [42].

In the past 10 years, several analytical techniques have been used to characterise a
range of mineral samples from archaeological sites in northern Chile. These include tech-
niques such as X-ray diffraction (XRD) [43,44], X-ray fluorescence (XRF) [43,45], Particle-
Induced X-Ray Emission (PIXE) [46,47], Scanning Electron Microscopy with Energy Disper-
sive Spectrometers (SEM-EDS) [48,49], Raman Spectroscopy [20] and automated mineralog-
ical analysis (QEMSCAN) [6,28]. Copper ores primarily exploited by pre-Hispanic miners
correspond to those found in the oxidised zone (i.e., antlerite (Cuz3SO4(OH)4), atacamite
(CuyCl(OH)3), brochantite (CusSO4(OH)g), chrysocolla ((Cu,Al),H,Si;O5(OH)-nH20),
pseudomalachite (Cus(POy4)2(OH)4) and turquoise (CuAlg(PO4)4(OH)g-4H,0), among oth-
ers), which precipitate close to the surface [40] and whose exploitation was possible with
pre-Hispanic mining technology [2].

On the basis of these previous studies, we attempted to gain new insights into the
geochemical characterisation of pre-Hispanic copper ores. In particular, although several
analytical techniques have recently been used to characterise mineral samples from archae-
ological contexts in northern Chile with increasing precision, we suggested that the study
of archaeological copper minerals requires an integrated approach, taking into account
other variables (e.g., ore deposition, distribution, gravity, gangue, technology, rituality, etc.).
Such an approach is crucial to develop a broader understanding of copper production in
this context, such as contemporary technology, mobility and exchange.

3. Selection and Description of Samples

Turi was a residential and administrative centre, occupied in the Late Intermediate
Period (LIP) (ca. 1000-1400 AD) through the Inca (ca. 1400-1540 AD) period and early
colonial times (16th and with a small 17th century occupation [50]). Pukara de Turi has
many copper ore concentrations (mineral concentrations) both inside and outside the site.
The enclosures studied correspond to both the LIP and Inca occupation of the site.

Some of the concentrations correspond to stocks of copper mineral offerings. In this
work, MC2, MC3, MC5 and MC21 (Figure 3a) were excavated and studied (Figure 4). Our
proposed methodology starts from the excavation itself since the selection of samples will
affect the subsequent results. In this study, each excavation unit measured 50 x 50 cm and
was excavated following natural strata. Strata exceeding 5 cm of thickness were divided
into arbitrary 5 cm levels. Sediments were passed through a 1/8” screen and minerals and
other cultural material was recovered. Minerals from each concentration were then labelled,
and the total bulk material collected was then separated into samples, each comprising 1/8
by weight of each level by units, which were sent to the geochemistry laboratory (Table 1).
The samples from the excavation were observed using a geological magnifying glass (14 x
magnification) to identify fragments that showed copper mineralisation, including partially
or fully mineralised rock fragments (Figure 3b).
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The samples were small angular fragments of copper ore between 3 and 5 mm in length.
The fragments can be described as (i) small fragments of pure minerals, (ii) quartz fragments
that are green in appearance due to traces of copper mineralisation and (iii) minerals with
little gangue. In some fragments, the mineralisation appears as a patina on the rock and
with intergrowth textures.

For the analytical techniques mentioned above, the archaeological samples did not
need to be specifically prepared. Using this approach, 568 mineral fragments were selected
and analysed via u-XRF (Figure 4). To confirm the mineralogy, we used XRD to analyse four
of the samples previously examined with pu-XRE. The use of XRD is a destructive approach
as it was necessary to pulverise the mineral fragments. In addition, we applied automated
mineralogy (QEMSCAN) to seven mineral fragments from the MC samples of Pukara de
Turi, and, in addition, to four mineral fragments relatively close to the possible geological
sources from the AB-20, Chu-2 and Chu-4 mining sites [7] (located close to El Abra-Conchi
and Chuquicamata-Radomiro Tomic mining districts, respectively (see Figure 2, mines
mentioned are identified with symbology of the mining districts and numbers 6-9 on the
map). Additionally, we analysed a sample from a vein composed of quartz and feldspar
with copper mineralisation. The vein fragment was a core (a mass of raw material fractured
to obtain flakes or blanks through knapping) and was found in a typical building of the
Inca architecture called a Compound Perimeter Enclosure (also known by the Spanish
acronym RPC (Recinto Perimetral Compuesto)) (Figure 3d).

574700

574600 574700

0

30 80 120

(d)

Figure 3. (a) Location of the samples in the place where mineral concentration (MC) was excavated on the site. (b) Sediments

and minerals collected in the grid. (c) Samples selected for analytical analysis in u-XRF from MC21 (layer 2, level 3). (d) Core

sample collected in Inca building (RPC); the two sides of the sample can be seen, one weathered and the other a fresh side.
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Stage 1
Field

Excavation
of each unit

Separate material
and labelling per level
within each unit

7/8 of the total 1/8 of the total
for each level for each level
Additional Mineralogial
studies studies

Figure 4. Outline of the analytical protocol.

Stage 2
Laboratory

Observe the sediments
on each level with a
14x magnifying glass

Separated partially
or completely
mineralised sediments
from the sterile sediment

Save and label each
mineralised fragment
selected in the previous
step

micro-XRF analysis
of each labelled
sediment

Table 1. Excavated units (MC2, MC3, MC5 and MC21) by layer and level. In the code, U means a

unit, C means layer and N means level.

Unit Code Weight (1/8 Total Weight) Samples Analysed
UICIN1 3529 g 21
U1C2N1 1931¢g 14
U1C2N2 4135¢ 36
MC2 U1C2N3 56.13 ¢ 26
U1C2N4 2764 12
U1C2N5 05 50
UICIN1 1874 g 6
MC3 U1C2N1 2414 21
U1C3N1 643 g 5
UICIN1 10724 g 50
U1C2N1 4786 g 26
U1C3N1 7765 40
MCS U1C3N2 3245¢ 25
U1C3N2-rasgo 1128 g 9
U1C3N3 10034 g 17
U2CIN1 105.67 g 31
U2C2N1 1478 g 48
Me21 U2C2N2 11433 g 11
U2C2N3 76.08 g 120

4. Analytical Methodology
4.1. Micro-X-ray Fluorescence (y-XRF)

Automated mineralogy, mineral element maps and major trace element mineral
chemistry were obtained using a Bruker M4 Tornado“MI“S .-XRF (Berlin, Germany).
All these techniques could be acquired during a single analysis, with post-processing
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conducted using the Bruker M4 and ESPRIT software. We selected the u-XRF analysis
technique because this approach allows for the analysis of many samples, providing fast
and detailed mineralogical information, and it is a non-destructive technique that does
not require sample preparation. For high precision of elemental data, we carried out
supplementary individual point analyses. Analytical conditions and times vary depending
on the information required and the sample type, among other factors. The Bruker u-XRF
allows the distribution of elements with Z > 11 (i.e., Na and above) and trace elements
(down to 20 pg/g) to be characterised; due to its polycapillary optics, an X-ray spot size of
less than 20 um can be achieved. To optimally utilise this spot size, the stage has a step size
resolution of 4 um [51].

The p-XRF instrument was equipped with dual XFlash® energy-dispersive silicon drift
detectors (SDD) with 60 mm? active areas and Be windows with parallel signal processing
(for maximum throughput). Standard instrument conditions for X-ray beam excitation of
the Rh target tube are 50 kV and 600 pA, without a primary filter. For the 60 mm? setup,
this resulted in total input count rates of ~500 kcps on heavier elements (such as copper)
and ~60 kcps on lighter elements (such as silicon). The current was adjusted depending on
sample type and detector setup or size; the tube current could commonly range from 100
to 600 pA. The measurement dwell time per pixel was approximately 50 ms and was based
on the pulse throughput on silicates (ideally quartz) to obtain a minimum of 2000 counts
per pixel for mineral identification. This requirement resulted in dwell times typically
in the range of 20 to 50 ms; for the throughput of the XSPV 130 spectroscopic amplifier
(equivalent to 0.8 pus shaping time), the intensity was approximately 50 kcps for quartz and
maintained a spectrometric energy resolution of 145 eV at Mn K. The X-ray spot size was
approximately 15 um and the samples were analysed using a variety of stepping intervals,
e.g., 100, 50 or 20 pm. The source X-rays interacted with the sample at a fixed position, and
analytical measurements were performed by moving the highly precise and rapid servo
stage [51]. The analytical conditions applied in point analyses for the protocol were also
used for the next measurements, namely a time of 60 s per point analysis, tube current of
200 pA, a polycapillary value of 50 kV and total input count rates of 130 kcps.

4.1.1. Mineral Classification Using p-XRF Data

Each of the mineral definitions in the M4 TORNADOAMICS mineral list contains
numerous sub-definitions for different specific minerals. For example, the Cu-sulphides
group contains definitions for chalcopyrite (CuFeS;), bornite (CusFeS,), chalcocite (Cu,S),
etc., each of which has a fixed composition and, thus, a relatively robust classification in
the standard mineral library. In other cases, minerals or mineraloids must be added to
the database due to their rarity, e.g., black-Cu and green-Cu ores [51], or due to variable
compositions as a result of solid solution, e.g., silicates such olivine, pyroxenes, feldspars,
etc. This classification is important if the p-XRF results are to be used to calculate elemental
concentrations or behaviour. When examining spectra for trace elements, quantifying solid
solutions or confirming stoichiometric minerals, the standardised parameter quantification
in the M4 software provided precise results. However, for higher accuracy, the imperial
or Polynomial methods were also used with a large pure element and mineral standard
database acquired with the instrument.

4.1.2. Elemental Maps and Point Analyses Using p-XRF

To characterise the samples, an elemental map was made to gain a general overview
of each sample’s major and trace elements, and individual point analysis was used to refine
the results. The samples were observed macroscopically and based on the macroscopic
features of the minerals, we selected the point upon which to conduct the analysis. The
point analyses were made on the predominant mineral in each sample. This decision does
not exclude the fact that some samples contained a mixed association of minerals; however,
if a sample visually contained >50% of a particular mineral phase, the point analysis was
conducted on this mineral and the sample was classified as this mineral type.
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4.2. X-ray Diffraction (XRD)

XRD is an analytical technique that allows the crystalline phases of a solid to be
determined by bombarding the sample with an X-ray beam at varying angles [52]. To
determine the mineralogy of a sample, the sample must first be pulverised and then
placed in a briquette. In our analytical protocol, this technique was used in addition to
u-XRF to confirm the mineralogy of the samples. Samples were prepared in the Applied
Geochemistry Laboratory, Geological Sciences Department, Universidad Catodlica del Norte,
Chile. The analytical conditions are presented in Table 2.

Table 2. The operating conditions of an automatic and computerised X-ray Diffractometer, Bruker
brand, Model D8 Advance, are presented.

Analytical Parameter Selection
Goniometer Vertical Bragg—Brentano
Radiation Cu Kal (I=1.5406 A)
Voltage 40 kv
Intensity 30 mA
Detector Scintillation counter
Secondary monochromator Not applicable
Slits 1 mm/1 mm/0.2 mm
Scan range 3-70° 20
Step size 0.020° 26
Step time 1.10s
Data base ICDD (International Centre for Diffraction Data)
Quantification program TOPAS (Total Pattern Analysis Software)

4.3. Raman Spectroscopy

Raman spectroscopy is based on the interaction of light from a laser with chemical
bonds in a sample. Raman spectra are unique to each chemical composition and provide
qualitative and quantitative information about a material. The Raman spectra of minerals
are very well defined, as they have a specific crystalline structure. These spectra can be
found in freely accessible databases. Like u-XRE, this technique is advantageous in that
it is non-destructive, which is particularly important in some archaeological contexts. In
our protocol, we applied Raman spectroscopy to confirm the mineralogy of the anomalous
samples, which corresponded to 5 out of 568 (i.e., <1% of the total number of samples
analysed); this non-destructive approach was favoured as the preservation of these ar-
chaeological samples is essential for future studies. The samples were analysed using the
He-Ne 633 nm laser.

4.4. Automated Mineralogy (QEMSCAN)

QEMSCAN® (Quantitative Evaluation of Materials by Scanning Electron Microscopy)
analysis measures the mineralogical variability of a sample based on its micrometre-
scale geochemistry. The analytical results obtained through the automated mineralogy
approach are received and analysed in the form of spectra signals, where each mineral
has a specific spectrum according to its chemical composition. This technique provides
information relating to mineralogy, mineral textures and the relative content of chemical
elements through mineralogical maps [28]. Each sample was mounted in a 30 mm circular
epoxy resin briquette; the briquettes were then cured, polished and carbon-coated prior to
conducting the automated mineralogical analysis. The equipment was used in Field Scan
mode [28] with the following parameters: field size 2500 pm, point spacing 5.0 pm and
500 points across the field.

4.5. Technological Study

To understand the diversity of minerals in the social context of their production,
we also carried out a technological study regarding the Turi assemblages, adapting the
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methodologies that are typically used for lithic industries [53]. The study was aimed at
understanding the manufacturing techniques and chaine opératorie [53] of the final products.
In the first stage, the assemblages were separated according to the variability of their
minerals; subsequently, they were classified into general technological categories (cores,
blanks, gangue-waste and final products), and the pieces were then measured and weighed.
By comparing archaeological artifacts with the results of our experimental analyses, the
production techniques were identified, and the different stages of the operational chains
were reconstructed.

In order to identify the reduction technique, we carried out experimental tests on min-
erals. These tests were aimed at distinguishing the use of grinding (used in metallurgical
industries and “challa” offerings of minerals) from knapping techniques, generally used in
lapidary industries. As raw materials, chrysocolla, atacamite, turquoise and green onyx
from local sources were employed. The following techniques were performed on these min-
erals: (1) hard mineral percussion (stone hammer); (2) hard mineral percussion supported
on an anvil (bipolar percussion or split fracture); (3) organic soft tangential percussion with
a wooden hammer (carob or algarrobo); and (4) pressure with a bone compressor (vicufia
metapodium) [54,55]. A pumice pebble was used for platform preparation. In addition,
we ground the minerals on a basalt stone anvil, using a hand-prepared granite grinding
approach to reduce the mineral to fragments of 5 mm diameter.

Through a comparison of the technical stigmas (impact point, percussion cone, bulb,
waves, lancets and lip) of the debris and negatives based on both experimental references
and the archaeological samples, the different reduction techniques were recognised. In
addition, taphonomic processes such as macroscopic fractures and abrasion were evaluated
using a microscope.

5. Results
5.1. Mineralogy of Samples with Micro-X-ray Fluorescence, X-ray Diffraction and
Raman Spectroscopy

The predominant mineralogy corresponds to an association between atacamite
(CuyCI(OH)3) and brochantite (CusSO4(OH)g), dominated by atacamite (Figure 5).

In addition, some samples were classified as gangue (188 out of 568; i.e., quartz
and feldspars with copper mineralisation or dyed blue or green). These samples were
analysed to understand the source of the copper ores more precisely and thoroughly. In the
point analysis of samples classified as atacamite, two peaks in the spectrum were clearly
observed, i.e., Cl and Cu (Figure 6b). These samples are not characterised by any distinctive
trace elements. For the samples classified as brochantite, two peaks were observed in the
spectrum, corresponding to S and Cu (Figure 7b).

The mineralogy of both minerals was confirmed with XRD (Figures 6a and 7a). The
mineral gangue is almost exclusively composed of quartz; the corresponding point analyses
indicated that quartz contains Sr and Zn as trace elements. In all excavated units (i.e., MC2,
MC3, MC5 and MC21), the mineralised samples represent the highest percentage of the
analysed samples. Layer 2 contains the highest proportion of copper ore samples (>60% of
the total samples). In all units, the layers are numbered with increasing depth, with layer 1
being the shallowest and 3 being the deepest.

In unit MC2, there are two natural layers, from which a total of 159 samples were
analysed. In layer 1 (superficial), a total of 21 samples were analysed, of which eight
samples were classified as atacamite and six as brochantite; the remaining seven samples
correspond to gangue minerals. In layer 2, a total of 138 samples were analysed, of which
78 were classified as atacamite, 21 were classified as brochantite and 39 samples were
gangue minerals (Figure 8a).
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Mosaic

Figure 5. Atacamite/brochantite association common in the samples. Atacamite is the dominant copper mineral. Dark
green is atacamite and light green is brochantite. Code sampleTu_U1C1N1_x11 from mineral concentration MC2, layer 1,
level 1. Abbreviations: Qz: quartz, Ata: atacamite, Bet: brochantite.
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Figure 6. Atacamite sample, code Turi_U2_C2_N3_m10 from mineral concentration unit MC21, layer 2, level 3. (a) XRD
spectrum of atacamite. (b) u-XRF spectrum of Cl and Cu.
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Figure 7. Brochantite sample, code Turi_U2_N3_m?76 from mineral concentration unit MC21, layer 2, level 3. (a) XRD
spectrum of brochantite. (b) u-XRF spectrum of S and Cu.
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Figure 8. Abundance of minerals in each mineral concentration. (a) Unit MC2. On the left: percentages of mineralogical
results including gangue are shown. In layer 1 and layer 2, atacamite predominates over brochantite and gangue. On the
right: the percentages of minerals excluding gangue are shown. In layer 1, the percentage of samples classified as atacamite
and brochantite is similar. On the other hand, in layer 2, there is a significant presence of atacamite over brochantite.
(b) Unit MC3. On the left: layers 1, 2 and 3 show a predominance of sediments classified as gangue, i.e., quartz stained
blue or with very little mineralisation in the form of patina. On the right, excluding the gangue, there is a predominance of
atacamite in all the layers of the unit. (¢) Unit MC5. On the left: layer 1 shows a predominance of gangue over mineralised
samples. In layers 2 and 3, the percentage of gangue decreases, and the predominant mineralisation is atacamite. On the
right: excluding gangue, the predominance of atacamite over brochantite is observed in all the layers of the unit. (d) Unit
MC21. Right: in layer 1, gangue is more abundant than atacamite. In layer 2, there is a predominance of atacamite over
gangue and, in addition, samples of azurite/chrysocolla were found, representing 3% of the total samples analysed from
the layer. On the right: the graphs excluding gangue show that in both layers, atacamite is the predominant mineral. The
representation of azurite/chrysocolla mineralisation is very low with respect to atacamite/brochantite and is therefore
considered anomalous.

The MC3 unit contains three layers in which a total of 32 samples were analysed. In
layer 1 (surface level), a total of six samples were analysed, of which two samples were
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classified as atacamite and the rest were gangue minerals. In layer 2, a total of 21 samples
were analysed, six of which were classified as atacamite, two as brochantite and thirteen
samples were gangue minerals. In layer 3, a total of five samples were analysed, one
of which was classified as atacamite, and the other four samples were gangue minerals
(Figure 8b).

The MC5 unit comprises three layers, with a total of 167 samples analysed. In layer 1
(surface level), a total of 50 samples were analysed, of which 18 samples were classified
as atacamite and 4 as brochantite; the remaining 28 samples were gangue minerals. In
layer 2, a total of 26 samples were analysed, of which 12 were classified as atacamite, 4
as brochantite and 10 as gangue minerals. In layer 3, 91 samples were analysed, of which
42 were classified as atacamite, 30 samples were classified as brochantite, and 19 samples
were gangue minerals (Figure 8c).

The MC21 unit has two layers, and a total of 210 samples were analysed. In layer 1
(surface level), a total of 31 samples were analysed, of which 13 samples were classified
as atacamite and the remaining 18 samples were gangue minerals. In layer 2, a total of
179 samples were analysed, 121 of which were classified as atacamite, 7 were classified as
brochantite, 5 were classified as azurite and 46 samples were gangue minerals (Figure 8d).
Notably, only this unit contained azurite. In addition, in macroscopic observations of the
azurite samples, chrysocolla and a dark mineral phase were recorded. To confirm these
macroscopic observations, we used Raman spectroscopy and found that the samples con-
tained azurite (Figure 9a), malachite (Figure 9b), manganosite (Figure 9c) and amorphous
chrysocolla (Figure 9d).

5.2. Mineralogical Maps with Automated Mineralogy (QEMSCAN)

The modal mineralogy is summarised graphically in Figure 10 and numerically in
Table 3. The samples contain a mixture of copper mineralisation and gangue minerals
(e.g., silicates). Cu mineralisation extent varies between 0.43% (CDG960Q3) and 47.51%
(CDGY960Q5) and the mineral species present are mostly chrysocolla, atacamite and brochan-
tite, except in sample CDG960Q5, where Cu mineralisation is mainly attributed to minerals
such as cuprite/tenorite and chalcocite/digenite (Figure 11, Table 4). The content of other
minerals is varied, with some samples containing Fe oxides, for example, CDG960Q1,
which has an Fe oxide content of 0.31% (Figure 12, Table 5).

Table 3. QEMSCAN® modal mineralogy: grouped by Cu-bearing mineral and common gangue minerals.

Mineral Mass (%) CDGY960Q01 CDG960Q02 CDG960Q03 CDG960Q04 CDG960Q05

Chalcocite/Digenite 0.34 0.02 0.00 0.43 7.67
Covellite 0.00 0.00 0.00 0.03 0.38

Native Copper 0.00 0.00 0.00 0.00 2.00
Chrysocolla 0.22 1.96 0.65 2.86 5.07
Cuprite/Tenorite 0.00 0.00 0.08 0.00 17.52
Malachite/Azurite 0.00 0.01 0.06 0.01 1.24
Brochantite 0.00 0.00 0.11 2.36 32.56
Atacamite 0.30 0.00 0.00 2.38 0.17

Other Cu Minerals 0.14 0.01 0.02 0.17 0.66
Cu-bearing Phyllosilicates 0.40 0.33 0.19 1.56 8.24
Cu-bearing Fe Oxide/Hydroxides 0.02 0.04 0.09 0.10 0.07
Cu-bearing Wad 0.23 0.24 0.11 0.97 5.62
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Table 3. Cont.

Mineral Mass (%) CDGY960Q01 CDGY960Q02 CDGY960Q03 CDG960Q04 CDG960Q05
Hematite 0.22 0.00 0.00 0.00 0.01
Other Fe Oxides/Hydroxides 0.02 0.00 0.01 0.00 0.00
Gypsum/Anhydrite/Bassanite 4.95 0.23 0.01 0.01 0.01
Alunite 20.43 0.01 0.01 0.01 0.81
Quartz 43.14 92.05 90.96 56.42 8.86
Feldspars (Orthoclase, Plagioclase) 11.72 0.63 0.65 27.27 0.81
Kaolinite Group 5.56 0.01 0.01 0.43 0.14
White Micas (Muscovite, Sericite and Illite) 5.57 4.23 6.71 4.62 7.83
Smectite Group (Montmorillonite, Nontronite) 391 0.01 0.02 0.10 0.07
Pyrophyllite/ Andalusite 2.51 0.01 0.01 0.03 0.04
Others 0.32 0.22 0.29 0.26 0.20
Total 100.00 100.00 100.00 100.00 100.00
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Figure 9. Raman spectrum. (a) azurite; (b) amorphous malachite; (¢) manganosite; (d) amorphous chrysocolla.
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Figure 10. QEMSCAN modal mineralogy: grouped by Cu-bearing mineral and common gangue minerals. Samples came
from the following sites: CDG960Q01: Chu-2 (located close to Chuquicamata-Radomiro Tomic mining district). CDG960Q02:
Chu-4 (located close to Chuquicamata-Radomiro Tomic mining district). CDG960Q03: RPC (Pukara de Turi). CDG9600Q04:
MC2 (Pukara de Turi). CDG960Q05: AB-20 (located close to El Abra-Conchi mining district).
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Figure 11. QEMSCAN modal mineralogy: distribution of Cu supply by mineral species. Samples came from the following
sites: CDG960Q01: Chu-2 (located close to Chuquicamata-Radomiro Tomic mining district). CDG960Q02: Chu-4 (located
close to Chuquicamata-Radomiro Tomic mining district). CDG960Q03: RPC (Pukara de Turi). CDG960Q04: MC2 (Pukara de
Turi). CDG960Q05: AB-20 (located close to El Abra-Conchi mining district).
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Figure 12. QEMSCAN modal mineralogy: distribution of Fe supply by mineral species. Samples came from the following
sites: CDG960Q01: Chu-2 (located close to Chuquicamata-Radomiro Tomic mining district). CDG960Q02: Chu-4 (located
close to Chuquicamata-Radomiro Tomic mining district). CDG960Q03: RPC (Pukara de Turi). CDG960Q04: MC2 (Pukara de
Turi). CDG960Q05: AB-20 (located close to El Abra-Conchi mining district).
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Table 4. QEMSCAN modal mineralogy: distribution of Cu supply by mineral species.

Mineral Mass (%) CDGY960Q01 CDGY960Q02 CDGY960Q03 CDGY960Q04 CDGY960Q05
Chalcocite/Digenite 0.27 0.01 0.00 0.34 6.06
Covellite 0.00 0.00 0.00 0.02 0.26
Chalcopyrite 0.00 0.00 0.00 0.00 0.01
Bornite 0.00 0.00 0.00 0.00 0.00
Tennantite / Tetrahedrite 0.00 0.00 0.00 0.00 0.02
Native Copper 0.00 0.00 0.00 0.00 2.00
Cuprite/Tenorite 0.00 0.00 0.07 0.00 14.97
Other Cu Minerals 0.14 0.00 0.01 0.45 0.68
Cu-bearing Phyllosilicates 0.02 0.02 0.01 0.10 0.47
Cu-bearing Goethite 0.00 0.00 0.00 0.00 0.00
Cu-bearing Wad 0.06 0.06 0.03 0.21 2.67
Chrysocolla 0.07 0.66 0.22 0.95 1.61
Atacamite 0.11 0.00 0.00 1.07 0.10
Malachite/Azurite 0.00 0.00 0.03 0.01 0.36
Brochantite 0.00 0.00 0.06 1.32 18.30
Total 0.69 0.76 0.43 4.48 47.51
Table 5. QEMSCAN modal mineralogy: distribution of Fe supply by mineral species.
Minerals CDG960Q01 CDG960Q02 CDG9%0Q3 CDG9%0Q4  CDG960Q5
Chalcopyrite/Bornite 0.00 0.00 0.00 0.00 0.02
Tennantite / Tetrahedrite 0.00 0.00 0.00 0.00 0.00
Other Cu Minerals 0.01 0.01 0.01 0.01 0.11
Cu-Goethite 0.01 0.02 0.05 0.05 0.04
Magnetite/Hematite 0.16 0.00 0.01 0.00 0.01
Goethite 0.00 0.00 0.00 0.00 0.00
Other Fe Oxides/Hydroxides 0.00 0.00 0.00 0.00 0.00
Pyrite/Pyrrhotite 0.02 0.00 0.00 0.00 0.00
Other Fe Sulphides 0.00 0.00 0.00 0.00 0.00
Jarosite 0.01 0.00 0.00 0.00 0.00
Chloride Group/Biotite 0.00 0.00 0.00 0.01 0.00
Other Phyllosilicates 0.04 0.03 0.04 0.04 0.06
Others 0.06 0.00 0.00 0.00 0.01
Total 0.31 0.06 0.11 0.12 0.25

Mineral fragments collected from the mining sites have textures and mineralogies which
are macroscopically very similar to those found in the Pukara de Turi excavations. These findings
were confirmed by analytical results using automated mineralogy (QEMSCAN).

The samples exhibit a wide range of copper minerals as well as gangue mineralogy.
Although these results do not indicate the mineralisation percentages of the parent sources,
they can, nonetheless, be used as a clear guide for comparison.

Through this technique, we verified that the mineralised rock fragment found in
the RPC site has the same texture and mineralogy as a fragment from the archaeological
site Chu-4 [7,56], located very close to the active Chuquicamata mine, one of the largest
copper mines in the world. The fragment from the RPC site (Figure 13a) is dominated
by quartz (90.9%); in addition, the sample contains 0.65% feldspars, 0.65% chrysocolla
and 6.71% white micas (muscovite, sericite and illite). In comparison, the sample from
the Chu-4 site (Figure 13b) shows very similar mineral content, specifically 92.05% quartz,
0.63% feldspars, 1.96% chrysocolla and 4.23% white micas.
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Figure 13. QEMSCAN results (2500 um scale view). Both samples show similar percentages of mineralisation in quartz,

feldspars, white micas and chrysocolla. (a) Sample CDG960Q03, which corresponds to a fragment found in an Inca
architecture of the Pukara de Turi (RPC). (b) Sample CDG960Q02 corresponding to a mineral found in the Chu-4 (located
close to Chuquicamata-Radomiro Tomic mining district).

In addition, we analysed one mineral fragment from the archaeological site AB-20 [7]
(located very close to the pre-Hispanic mining district E1 Abra-Conchi) and two mineral
fragments from the MC2 excavation of Pukara de Turi. The selected samples are macroscop-
ically very similar (Figure 14a,b). Both show evident copper mineralisation (brochantite
(18,30%); cuprite/tenorite (14.97%); chalcocite/digenite (6.06%); Cu-bearing wad (2.67%);
native copper (2.00%); chrysocolla (1.61%) in a quartziferous host rock with iron oxides. The
samples mineralogy was confirmed using QEMSCAN automated mineralogy (Figure 14c).

Finally, we analysed a sample from Chu-2 (located close to the Chuquicamata-Radomiro
Tomic mining district [7,56]) (Figure 15b(2)) and compared it with a sample from the MC2
excavation of Pukara de Turi (Figure 15b(1)), as both are macroscopically very similar
(Figure 15a(1),(2)). The sample from Pukara de Turi has a high percentage of gangue min-
erals (27.27% feldspars and 56.42% quartz), whereas the sample from the Chu-2 site also
contains alunite (11.72% feldspars, 43.14% quartz and 20.43% alunite). Therefore, although
both samples macroscopically resemble each other, their mineralogies differ. However, a
relationship between the two samples cannot be ruled out; alunite is an alteration mineral
formed by the reaction of acid with a rock rich in potassium feldspars or orthoclase. This
suggests that the two samples may be genetically similar; the rock from the archaeological
excavation at MC2 in Pukara de Turi is the fresh, unaltered rock, while the rock from the
Chu-2 site is the same rock type but with a degree of alteration, where a percentage of the
feldspars are altered to alunite.

5.3. Technological Study of the Copper Minerals

After a technological study, it was found that the main objective of the production
appeared to obtain small angular fragments of atacamite /brochantite up to 5 mm in length.

The exceptional finding of a core in this raw material (Complex 11, Room 279) suggests
that the production modes were based on the roughing of single-platform cores with an
orthogonal débitage surface distributed along one of the faces (Figure 16). The technical neg-
atives of the detachments on this piece, as in the related knapping debris, suggest that the
predominant technique of detachment was direct hard percussion, probably on an anvil at
an angle between 80° and 90° This mode of processing allows split fractures of the raw ma-
terial to be obtained (also known as bipolar knapping in the Anglo-Saxon literature [53,57]).
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Based on our experimental tests, despite the scarce samples, this technique appears to be
the most suitable for working on heterogeneous rocks with high crystal content.
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Figure 14. QEMSCAN results for the samples from AB-20 (located close to El Abra-Conchi mining district) and from the
MC2 excavation of the Pukara de Turi. The samples macroscopically present similarities that were corroborated by the
analyses carried out. (a) Macroscopic photograph of sample CDG960Q05 from site AB-20. (b) Macroscopic photographs
of sediments from MC2. (c) Mineralogical maps: (1) sample CDG960Q05 (sample of approximately 2 cm in its maximum
dimension, 2500 pum scale), (2) sample Turi_U1C2N5_x16 (sample of approximately 0.5 cm in its maximum dimension,
2500 pm scale), (3) sample Turi_U1C2N2_3 (sample approximately 0.7 cm in maximum dimension, scale 2500 pm).
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Figure 15. QEMSCAN results for samples from Chu-2 (located close to Chuquicamata-Radomiro Tomic mining district) and
from the MC2 excavation of the Pukara de Turi. (a) Samples macroscopically present similarities that were corroborated by
the analyses carried out: (1) macroscopic photograph of sample CDG960Q01 from site Chu-2, (2) macroscopic photographs
of sediments from MC2. (b) Mineralogical maps: (1) sample CDG960Q04 (sample from MC2 of approximately 0.2 cm in its
maximum dimension, 2500 pm scale), (2) sample CDG960Q01 (sample from Chu-2 of approximately 1 cm in its maximum
dimension, 2500 pum scale).
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Figure 16. Simple platform core with split fractures and reflected detachments.

The blanks obtained were mainly backed flakes or slices that provided more manage-
able raw material volumes. However, both the detachment technique and the heterogeneity
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of the raw material led to a high fracture rate and reflected and step damage, along with
a large amount of small and medium debris. The blanks and resulting fragments were
subsequently crushed and ground on a hard surface using a grinding stone, with the aim
of selecting and isolating the areas with the highest percentage of ore and separating them
from the less productive areas. In this phase of the operational chain, the final products
were obtained. The abrasion and rounding of angles, in addition to the cracked surfaces
observed in most fragments under a magnifying glass, may have originated during this pro-
cessing phase and, therefore, could serve as discriminant criteria. However, taphonomic
processes should not be ruled out; mechanical weathering may have occurred during
transport due to the percussion of fragments or due to post-depositional factors such as
trampling and wind abrasion.

6. Discussion

Throughout the total samples analysed, a consistent atacamite /brochantite ratio is
observed in all the layers of the units. This association of minerals is a common paragenesis
recorded in the copper veins of the Atacama Desert. Quartz fragments with atacamite
and/or brochantite are part of the gangue contained in mineralised veins. The size of the
samples is homogeneous with a maximum dimension not exceeding 10 mm, indicating
that these fragments were previously crushed. The 568 samples analysed indicate that
those selected from the vein were atacamite and that the quartz was a waste product. The
results also indicate that the atacamite /brochantite mineral association is present in all the
mineralised samples analysed, suggesting that the crushed minerals from the Pukara de
Turi come from the same mineral source. Furthermore, the vein sample found in Complex
11 is compositionally identical to the crushed material from the units and allows some of
the characteristics of the source to be inferred. Although these results do not represent
samples from an in situ mine, they can, nonetheless, be used as a guide to relate the samples
to their exact source.

To constrain the geographical origin of the samples, specific analytical techniques
(i.e., PIXE, Radiogenic and Stable Isotopy) are required to understand the geochemical
markers of specific mineral sources. However, recent studies have shown that isotopes
in veins do not necessarily match those obtained in the porphyry copper ore; there may
also be no large isotopic variations between geographically distant locations [58]. Instead,
the analytical techniques applied in this study represent an adequate tool to search for
other characteristics in the studied minerals. First, it is necessary to establish the mineral
associations—generally, these characteristics will allow us to rule out possible geological
sources and narrow down potential provenances. Although mineral-source correlations
could not be found in all cases, thanks to the mineralogical study and analytical techniques
usually applied in geology, we were able to infer archaeological conclusions that allowed
us to determine the minerals’ raw materials and understand their consumption. In prove-
nance studies, it is necessary to compare more than one sample from the same deposit.
Furthermore, there is the potential that veins from large mines may no longer exist; thus,
it is necessary to access museum collections that may hold samples of old veins from the
19th or early 20th century to make comparisons with ores from pre-Hispanic mining sites.
This aspect is essential—contemporary mining does not necessarily represent the minerals
that were mined in ancient times. There are few pre-Hispanic mines that have not been de-
stroyed with the advancement of modern mining. El Abra and Cerro Verde are exceptional,
and their conservation is no small feat for pre-Hispanic mining archaeology. However, the
mineral wealth of the Atacama Desert presents a great challenge, as copper deposits are not
an anomaly. For example, atacamite and brochantite are common minerals in the supergene
zones of different deposits in northern Chile, such as those at El Abra, Mantos Blancos,
Chuquicamata, Radomiro Tomic, La Escondida, among others [23,24,59-63]. While the
geological literature is a guide and a first start in the search for provenance, the integration
of these constraints with archaeological information will allow us to come closer to defining
the minerals’ geological sources.
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6.1. Atacamite/Brochantite Association

Some aspects of mineral formation are relevant to understanding the nature of the
atacamite/brochantite ratio. Atacamite is a copper hydroxy-chloride mineral (Cu, CI(OH)3)
present in the supergene mineralisation zone; its formation, as a result of supergene enrich-
ment, requires a hyper-arid climate, and the water filtering through the deposit must also
be relatively saline [61,62]. Atacamite/brochantite paragenesis is fairly common as both
minerals precipitate under alkaline conditions [40,62]. There is a consistent relationship
observed between atacamite/brochantite in all units (~80%/20%, respectively) and the
vein fragment examined in this study. This ratio is consistent with the stability fields of ata-
camite, which are wider than those of brochantite [62]; therefore, more atacamite is present
than brochantite because the precipitation of brochantite is limited to certain conditions,
whereas atacamite precipitates in a wider range of conditions. Another important factor is
that atacamite and brochantite are intergrown—this suggests co-precipitation; thus, the
ratio of these minerals would more likely result from a specific ratio of chlorite to sulphate
in the meteoric water. Both minerals display intergrowth textures, meaning that it would
be exceedingly difficult to manually separate these them, supporting the hypothesis that
although they are crushed fragments, the relationship between the two mineral phases is
natural rather than anthropic in origin. However, the copper content in both minerals is
similar, i.e., 59.51% in atacamite and 56.20% in brochantite; therefore, if manual separation
had taken place, it would not have been related to the grade of the minerals.

6.2. Azurite/Chrysocolla Association

For the precipitation of copper carbonates, such as azurite or malachite, the circulation
of carbonate-rich, copper sulphate-bearing waters is required. These minerals precipitate,
for example, in sedimentary environments where carbonate sources exist under pH-neutral
or alkaline conditions [40]. These carbonates, along with mineraloids such as chrysocolla,
commonly occur together and comprise paragenetically late-maturing minerals.

The stability field of azurite does not match or overlap with those of atacamite and
brochantite [62]; therefore, these minerals have different formation conditions. This sug-
gests that the samples showing an atacamite /brochantite mineral association belong to a dif-
ferent source from those with the azurite/chrysocolla association. The azurite/chrysocolla-
associated samples found in the MC21 unit are, therefore, anomalous compared to the bulk
of the samples we examined and likely do not originate from the same source as the other
minerals studied.

Recent associative surveys with the indigenous community of Caspana in their ter-
ritory allowed us to review mineralogy present in four mining pits. Three of them were
recently exploited (Rio Pila pit, San Santiago mine and the current Cerro Verde mine), and
one of them was originally exploited during pre-Hispanic times (Cerro Verde mine) [47].
Macroscopic study of the rocks in these locations and Raman spectroscopy confirmed that
all the pits present rocks with azurite/chrysocolla as their main mineral association, in
addition to manganosite, which is a characteristic mineral of these samples.

We suggest that the geological source of the minerals with the azurite/chrysocolla
association is a mining pit similar to those observed around Caspana. This mineral parage-
nesis is representative of this mining district and matches well with the pre-Hispanic mine
at Cerro Verde [63,64].

6.3. The Known Pre-Hispanic Ores of Atacama La Baja

Pre-Hispanic mining districts corresponding to Late Intermediate and Late Period
times have been identified at El Abra, Conchi Viejo, Cerro Verde and, possibly Chuquica-
mata and San Bartolo. In terms of straight-line distance, El Abra is located 68 km from
Turi and Cerro Verde is 15 km from Turi, whereas Chuquicamata is located at a distance of
65 km, Conchi Viejo at 62 km and San Bartolo at 54 km (Figure 2).

The Inca mines of El Abra are famous for their turquoise veins [14,33]; however, they
are not as well known for their atacamite; a similar situation is recorded at Chuquicamata-
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Radomiro Tomic [7]. However, some samples of atacamite/brochantite in Turi may have
originated from these districts. The arguments in favour of this interpretation are mainly
based on the bulk macroscopic observations of all the sediments extracted from the mineral
concentrations of Pukara de Turi, i.e., not only the sediments with copper mineralisation,
but also of the sediments with little or no mineralisation. Based on their mineralogy
and textures (Figures 13-15), these samples are comparable with some samples from the
AB-20, Chu-2 and Chu-4 excavations, all of them sites associated with the pre-Hispanic
exploitation of El Abra-Conchi and Chuquicamata-Radomiro Tomic. Notably, no turquoise
was analysed in any of the Turi samples of the structures we studied in this work, a mineral
in high demand during pre-Hispanic times for lapidary work, which is characteristic of the
El Abra, Chuquicamata and San Bartolo pits. A little further south, the pre-Hispanic district
of San Bartolo does present atacamite/brochantite. However, the occurrence and host
rock of the mineral is different. Specifically, the copper mineralisation is disseminated and
hosted in sandstones; in addition, native copper and cuprite are found in these locations. It
would appear that the material targeted in Turi was specifically high-grade ores, such as
atacamite, rather than turquoise-type ores. It is also important to note that the sediments
with mineralisation in Pukara de Turi are not eroded; therefore, they do not seem to have
arrived there by transport, but rather, they have straight edges, indicating that they may
have undergone a previous grinding process.

The observation of minerals with an azurite/chrysocolla association in Turi is the first
direct evidence of the presence of minerals from one Inca mining district in another Inca
site. Although the azurite specimens only comprise a few samples and do not represent
the majority mineral of Turi, they are nonetheless an important finding. In this context,
the nature of the Cerro Verde site is of particular interest. This site was one of the most
important provincial centres built by the Incas in the Loa River basin and has a direct
relationship with mining [65]. The mining settlements are connected to the ushnu, the
ceremonial area of Cerro Verde, via the Inca Road, and there is also a pre-Hispanic mining
camp. As noted by [65], the ushnu has a direct relationship with the mining areas and it is
proposed that this characteristic may be interpreted as a mining centre and its correspond-
ing wak’a (sensu [66]). The ritual dimension of the raw material and its precise location
in the territory was a potentially crucial aspect of Inca mining activities that should be
addressed in the future in the context of Pukara de Turi.

6.4. Copper Mineral Technologies and the Production Context

Unlike the lapidary industries of Atacama, no evidence of direct percussion (hard
and soft) or pressure were recorded. Objects such as mineral beads, pendants or carved
figures are absent from the enclosures studied in this work; however, these are probably
present in other specialised areas of Turi. Considering the evidence, we suggest that the
technological structure of the assemblages was related to a single operational chain that
focused on the production of small angular fragments of atacamite/brochantite. The fact
that only a few cores were recorded in situ, together with the absence of blanks, suggests
that the initial stages of the operational chains (i.e., acquisition of the raw material, initial
reduction and roughing of cores) were performed in the extraction areas themselves or in
intermediate workshops.

The reduction of blocks through split fracturing did not necessarily require greater
skill in technique and had the objective of obtaining blanks of a determined morphology
according to the final product. We consider that this was likely an intermediate stage to
obtain more suitable volumes of raw material for transport and to facilitate grinding in
the workshops where small angular fragments were obtained. According to our study;,
only the final stages of production were carried out in Turi, i.e., those related to grinding,
selection and use in offerings, implying a high spatial segmentation of the operational
chains probably related to a social division of the production process.

In this context, copper mineral technology would be considered a ritual technology
(production rituals, sensu [67]), which was an integral part of the productive technologies
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in the Andes. Enabling the non-human agents that inhabit the Andean world was seen
as fundamental to the success of daily and productive activities. In this sense, copper
technology was a true ritual technology, as the mineral constituted a central substance used
in the various production rituals of the Atacamefio Andean agro-pastoralists, miners and
caravaners to ensure the success of their various activities and needs.

7. Conclusions

By systematically evaluating the characteristics, chronology, contextual associations,
architecture and spatial distributions of the main areas where copper minerals were offered
in the Pukara de Turi, we can confirm that a minimum of two entirely different types of min-
eralisation were used: a vein of atacamite /brochantite and another of azurite/chrysocolla.
In the first case, mineralisation occurs in veins. Such mineralised quartz veins are character-
istic of small-scale mining in northern Chile and their associated mineralisation generally
originates from the circulation of hydrothermal fluids.

The azurite/chrysocolla association appears to belong to the same mineral association
found in the Cerro Verde district [47], which is probably the source of these samples. The
study of copper mineral powder from an Inca site in Caspana (a few kilometres from Cerro
Verde) yielded atacamite [48]. The origin of the atacamite /brochantite may lie within the
Late Eocene-Oligocene Metallogenic belt where the districts of Chuquicamata- Radomiro
Tomic and El Abra-Conchi are located and where atacamite /brochantite veins have been de-
scribed. Some mineral products from Turi are similar to those of Chuquicamata-Radomiro
Tomic and El Abra-Conchi, based on our analysis of copper minerals from AB-20, Chu-2
and Chu-4. However, based on the macroscopic characteristics of the samples, from Pukara
de Turi, there is undoubtedly at least a third set of minerals that originate from a vein
of translucent quartz with vetiform atacamite. This mineral association does not present
similarities with those of known mining sites, so we must continue searching for pits (for
example, in the Salado River area) that present similarities to these minerals, which would
allow us to make comparisons to get closer to the geological source.

Complementarily, the use of an extensive categorical database (~380 samples) of
mineral types (atacamite, brochantite and azurite) as an exploratory random sampling tech-
nique can reveal unobserved mineral associations in the analysed archaeological batch. As
an example, following a basic analysis of categorical data proposed by [68], the minimum
number of samples needed to satisfy the dominant proportion of atacamite/brochantite
(~80%/20%) is ~400 samples with a maximum error of 5% at the 99% confidence level,
suggesting a reasonable adjustment to the preliminary sampling design proposed.

Our systematic research in the Pukara de Turi documented various indigenous ritual
practices associated with copper minerals. To understand the types of copper minerals
that were consumed and how they circulated, the starting point of the study was the
development of a comprehensive methodology, developed based on archaeological and
geochemical perspectives in addition to constraints from indigenous geology, in one of the
largest copper-producing environments in the world. This protocol will help contribute to
understanding the production, demand and consumption of minerals through an improved
understanding of the changes and continuities in the mining districts and pre-Hispanic
circulation areas of copper minerals in the Atacama Desert.

The development of an ad hoc methodology for mineral analysis in archaeological
sites allows data to be interpreted more reliably. In particular, the application of non-
destructive analyses is paramount for samples originating from archaeological sites. The
description of such minerals allows improved future comparisons to be made with copper
minerals from candidate source areas in the Atacama Desert. As noted above, although
there are many copper veins in the region, integrating constraints from a combination
of a broad selection of samples, both geological and archaeological, and the traditional
geological knowledge of indigenous communities allows improved correlations to be made
between districts. Although it is not the focus of this article, it is necessary to emphasise
the relevance of traditional ecological knowledge specifically related to Andean geologies.
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As part of the scientific practice of contemporary geological research, it is essential to
find common ground with traditional ecological knowledge through horizontal scientific
partnerships with local communities, in particular, those that preserve the indigenous
mining heritage, especially from contemporary mining extractivism.

The geological study of archaeological samples is important to adequately reconstruct
the long history of human interaction with minerals, how these interactions developed, and
changes in the know-how needed to identify, process and use these geological resources.
Working on provenance is a matter of patience, so while there is hope in this, there is still a
long life for mineralogical studies.
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Abstract: Despite the importance of weapons and armour as part of material culture in the Mediter-
ranean during the first millennium BCE, such objects have generally not been studied beyond stylistic
analyses. Bronze was extensively used in the construction of these materials; however, its characteri-
sation is complicated due to patination and the different manufacturing techniques used. We used
portable XRF (pXRF) to non-destructively characterise bronze material in a way that mitigates the
distorting effects of patina. Analysis was conducted on 23 pieces of pre-Roman Italian bronze armour.
Assays were taken using two different techniques; ‘single point” assays and ‘cluster” assays. There
is variability visible across assays both on and between items, grouped both geographically and
chronologically. We highlight significant trends visible in the results over time and different object
types and discuss the utility of pXRF on ancient bronze with recommendations for best practice.

Keywords: Italy; military equipment; bronze; pXRF; museum collections; non-destructive analysis

1. Introduction

Given the generally accepted cultural significance of weapons and armour within the
societies of the ancient Mediterranean during the first millennium BCE (e.g., [1,2]), it is
perhaps surprising that the actual physical properties of weapon and armour finds from this
region and period remain largely unexplored by modern scholars. Although long studied
for their stylistic and artistic merits, very few analyses have been conducted on the physical
nature and composition of equipment finds from the ancient Mediterranean during the first
millennium BCE beyond the recording of their basic dimensions and the identification of
material used, which are typically described as simply ‘bronze’ or ‘iron’ (e.g., [3-5]; notable
exceptions include [6,7], see [8] for discussion, and more recent work [9]). This is despite
the fact that the ancient literary sources themselves explicitly discuss the use of different
types of alloys in the production of items—most notably Pliny (esp. NH 34) but also Cicero
(Tusc. Disp. 4.32) amongst others—and the obvious differences in technology, construction,
and performance which the use of different alloys and materials would entail. Admittedly,
the lack of work in this area is partly due to the relative difficulty in analysing such objects,
as we discuss below. The items under investigation are often heavily patinated, repaired,
or conserved, and the vast majority of ancient military equipment finds have long been
housed in museums and private collections, which necessitates the use of non-destructive
analytic methods. However, this has not stopped others (e.g., [10]) from exploring similar
issues in earlier weapons and armour from the European Bronze Age.

The elemental characterization of military equipment has the potential to reveal varia-
tions in manufacturing processes over time and space as well as differences between and
within specific categories of items (e.g., helmets, cuirasses, etc.). Comparison of elemental
compositions across an object, and on its different components, may also highlight how
different alloys were used in the manufacturing process. Likewise, comparison of the
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elemental compositions of objects in a particular depositional context (such as a tomb),
between different tomb assemblages, and between different regions, may identify local
and regional variations as well as indicate trade and distribution patterns. Differences in
production techniques may be observed, as well as the differential sourcing of materials
and changes in material use over time. Variations in these processes have the potential to
inform on the nature, development, supply, and maintenance of bronze military equipment.

To this end we examine military equipment from the Gaudo Necropolis (Paestum),
Necropoli dell’'Osteria (Vulci), Necropoli di Malpasso (Gualdo Tadino, Umbria), Casal del
Fosso (Veii), Cava della Pozzolana (Ceveteri) (Figure 1) to explore these issues in central
Italy from c. 900-300 BCE.

Figure 1. Location of the provenances where military equipment examined in this paper are from
(Squares) and the location of Rome and Naples for reference (Circles).

2. Elemental Characterization of Bronze

As noted above, non-destructive characterization of bronze alloys (defined here as
being composed of predominantly copper (Cu) and tin (Sn), typically with other trace
elements) from archaeological contexts is notoriously difficult, primarily because non-
destructive techniques are limited to analyses near the surfaces of objects, which often are
patinated. Patina has a different elemental signature from the base metal it forms on, and its
formation varies over time; starting fast, gradually slowing, and eventually stabilizing [11].
The composition of patina is variable, depending on original composition of the metal and
the post-depositional environment, and is formed when an alloy is exposed to the corrosive
effects of soil, water, and air. The chemical composition of the depositional environment,
its pH level, and resistivity all play a part in its formation, as does the thickness of the
alloy and how it was formed. The formation of patina alters the elemental signature of the
alloy in a number of ways, and specifically the structure of the surface, the form of which
is influenced by the aforementioned factors [11]. Most notably, the formation of patina
can often result in depletion of copper and the surface enhancement of a range of other
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elements pulled from both the depositional environment and the core metal [12]. Due to
the patination process, elements such as Sn often appear in increased percentages in surface
readings, even on cores/bases which were initially composed of medium-to-low Sn alloys.
Indeed, Sn at the surface can sometimes reach levels comparable to those found in items
that had undergone tinning, therefore rendering the two processes indistinguishable from
each other [11,13-15]. Patinas also often vary across a single object, forming localised or
non-uniform areas of corrosion due to a range of different factors related to both the alloy
and the depositional context [16].

Another related factor which complicates this sort of work is the fact that ancient
bronzes are themselves rarely uniform in composition [17,18], even within a single item (let
alone across a context, site, or culture), and often feature a complex array of trace elements
found in varying ratios across the item. Trace elements can also be introduced in a range of
different ways. In a study of ancient copper, and the potential analyses of it to determine
provenance, Pernicka [19] investigated changes in trace elements during the smelting
processes. Elements were classified as either remnants from the original ore, a result of
metallurgical practices (incl. patination), or a combination of the two [20]. Elements such
as iron (Fe) and sulphur (S) can either be a result of the smelting process, intentional
additions, or form part of a corrosion layer during deposition [19]. Lighter elements, such
as oxygen (O), carbon (C), and chlorine (Cl), were found to relate to corrosion processes (i.e.,
patina formation). Elements like Sn are often overrepresented as a result of patination and
studies have also demonstrated that concentrations of other elements, such as Fe, reduce
when copper is re-melted and recycled [21,22]. The aim of the studies by Pernicka and
Merkel was to investigate the feasibility of determining the provenance of different copper
sources by elemental composition alone, which could be used to discuss larger processes of
resource availability and trade and exchange. Complications caused by patination, both on
the surface and in the core of the metal, meant that this was largely ineffective and there are
more suitable methods, such as lead isotope analysis, that can be used for these purposes
(e.g., [23]). However, the work of Pernicka and Merkel clearly demonstrates the range of
issues and complexities which arise during all stages of the life-cycle of, not only a bronze
artefact, but also the ore it is made from and where and how it is deposited. Further, the
widespread evidence for the recycling of bronze items in the ancient Mediterranean, and
particularly Italy [24], complicates provenancing items by elemental signature and hints
that this sort of analysis may only be useful for very specific artefacts and contexts.

Due to the issues caused by patina, elemental characterization of bronze alloys has
therefore often been a destructive process, where items are cleaned to remove the patina or
the item is cut or drilled to access the core or ‘base alloy’ (e.g., [25]). As is often the case and
often cited as the case (e.g., [23]), the destructive sampling of objects from antiquity is not
possible (or indeed desirable) due to the aesthetic value of the object, or indeed the object’s
integrity, both physically and as an excavated item existing in its modern context. The
value of destructive analysis is therefore often debatable and its utility certainly depends
on what the investigator wishes to discover, as well as the nature of the object itself. For
artefacts made from thin bronze sheets, there may be little effective difference between
destructive and non-destructive, ‘surface based’ techniques. Patinas often form quickly on
exposed bronze, reaching thicknesses of 0.1 mm within the first three months, although
slowing in subsequent periods, only reaching 0.13 mm after two years [26]. Additionally,
while patinas start on the surface, they are not strictly surface phenomena and typically
penetrate the metal along grain boundaries and may ultimately convert the entire core to
cuprite [27] (p. 5). This is particularly true for thin sheets (under 0.5mm, which is typical
for archaic bronze armour), with the result that there often appears to be no untouched
core of metal left to test even if destructive techniques were employed. Perhaps ironically,
to confirm this, destructive metallographic analyses would need to be carried out.

PXRF has increasingly been touted as a quick, affordable, non-invasive, surface-based
technique, which might be able to provide a non-destructive method by which to elemen-
tally characterise an object. As a consequence, it has been regularly deployed in a wide
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range of situations (e.g., [25,28,29] etc.). This work is complicated by the aforementioned
difficulties in determining what is being measured, the patina or core metal, and in deter-
mining a measure from the ‘original” surface of the object. Indeed, it is clear that for many
bronze items, and for many research questions (which require any degree of objective
specificity in the results), pXRF is decidedly ill-suited [30]. However, as Pearce noted in
his critique of the wider use of pXRF on corroded bronze, “portable XRF is a useful tool
for the preliminary analysis of metal artefacts” ([30], p. 84). Similar issues have previously
been raised with the use of pXRF on other materials which largely argue between scientific
precision’ versus internal consistency of readings, which can still be deployed in pursuance
of appropriate research questions (see debate between [31,32] for an example with obsidian
sourcing). Further, depending on the items being investigated and their level of patination,
the benefits of destructive techniques over pXRF can also vary.

As pXRF analyses are often carried out on unmodified artefact surfaces, the results do
not necessarily represent the bulk composition of the core metal alone but also include the
composition of surface patinas, which can vary considerably in extent. When compared
to other methods, such as multicollector inductively coupled plasma mass spectrometry
(MC-ICP-MS) and electron probe microanalyser (EPMA), the measurement of some ma-
terials, such as copper, by pXRF has still demonstrated similar accuracy under certain
conditions [23,28,33,34]. Cleaned copper has shown to provide similar results between
destructive methods and pXRF [23,28]. Dussubieux and Walder [34] were able to distin-
guish American native copper from European copper fragments using pXRF alone and on
uncleaned surfaces. Some success has also come with the use of pXRF through the imple-
mentation of Monte Carlo simulations, as a way to circumvent the effects of patina [35-39].
Monte Carlo simulations are often tested on experimental data and, when implemented
on artefacts, are accompanied by a contrasting destructive analysis. The issue with the
implementation of Monte Carlo simulations is that it currently still requires knowledge of
the cross-section of a corroded alloy. The thickness and composition of a patina are required
to simulate the original bronze alloy [36]. In the absence of a comparative assay taken on
a clean surface, it is not possible to verify the results of the analysis. One is effectively
comparing a surface reading with a hypothesised ideal reading, without any firm way to
confirm the hypothesised ideal is correct. Future work may remove this barrier, but as yet
it does not provide the answer to the long-standing issue of patination.

Another approach to the issue of elemental characterisation of bronze alloys with
PXRE and in particular bronze alloys with varying degrees of patina, is to examine the
signatures from the patina itself [40]. The aim of such an analysis is to investigate what the
patina can say about the post-depositional environment of the artefacts. With enough data
about the patina, and enough readings from the item, it may be possible to ‘filter out’ or
compensate for this layer of material to achieve at least a qualified and comparative set of
results. The risk with such an approach is that equifinality arguments are likely, but in such
cases more information is known than was previously. Given patina and cuprified material
forms the vast majority, if not totality, of many of the thin items explored, in addition to
the fact that the items are currently housed in museums and private collections and were
therefore unavailable for destructive sampling, we apply such an approach here. However,
as will be described, within this approach some methodologies are more illuminating
than others.

3. Case studies

Twenty-three items of bronze armour were examined, from nine contexts that come
from five sites across central and southern Italy (Figure 1, Table 1). The objects are dated
between 750-350 BCE (Table 2) and generally come from what may be considered as
primary sealed contexts (i.e., tombs). Little is known about the specific provenance of most
of the objects beyond what is reported here, and, as is often the case, the details which
do exist do not include sufficient information about the specific depositional contexts in
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which the objects were found to make informed inferences regarding the formation of
their patinas.

Table 1. Provenances and descriptions of the objects analysed.

Site Tomb Item(s) Date (BC) Location
Tomb 136: Male, 25-30 y/o
Figure S1.1 Y e Triple disc cuirass (P001). ID#: 103957 420-400
. Samno-Attic Helmet (P005) ID#: 104106
Paestum/Poseidonia: Gaudo  Tomb 164: Male, 17-20 y/o °® Triple disc cuirass (P004). ID#: 104110 National Archaeological
Necropolis [41-44] Figures S1.2-6 e Belt (P006). ID# 104108 380-370 Museum of Paestum
. Left greave (P003) ID# 104110
. Right greave (P002) ID# 104110

Tomb 197: Adult male e Triple disc cuirass (P008) ID#: 104376

Figure S1.7
Cerveteri: Cava della Tomb 72
Pozzolana [45,46] Figure 51.12 d Belt (VG006) ID#4999 €700
. ) . Negau Helmet (VG002) ID# 44429
Gualdo .Ta'dmo, Umbria: ] Tomb 12 ° Negau Helmet (VG003) ID# 44430 400-350
Necropoli di Malpasso [47] Figure S1.9-11 . Seven pieces of a single shield
boss/decoration (VG004a-g) ID# 44434
_ Tomb 871 e Crested helmet (VG015) ID#61913 730-720
Figures 51.18-19 . Shield (VG013) ID#36455 )
National Etruscan
i Museum of Villa
Veii: Casale del Fosso [48-50] ° Crested helmet (VG012) Giulia, Rome
Tomb 1036 . Armour discs (VG016, VG019)
Figure 51.17,20-23 ID#37391-2 750-730
. Composite shield (VG017, VG018)
ID#37393-6
. Negau helmet (VG010) ID#63579
Tomb 47 [ ] Left greave (VGOOg) ID#63575 530-510
Figures S1.13-16 ich
Vulci: Necropoli g . . ng t greave (VG009) ID#63575
dell’Osteria [51] . Shield (VGO011)

Tomb 55 . Etrusco-Thracian helmet (VG001) 400-350
Figure S1.8 ID#63688

Table 2. Location and date of the different tomb assemblages examined here across time.

BCE Paestum Vulci Gualdo Tadino Veii Cerveteri

750 Tomb 871 Tomb 1036 Tomb 72
700

650

600

550 Tomb 47

500

450 Tomb 136

400 Tomb 164 Tomb 197 Tomb 55 Tomb 12

350

Most of the objects examined were made from a single piece of bronze, although
some (most notably helmets) featured some additions. These include decorative pieces,
flanges, cheekpieces, and attachments which may be of a different material, or attached via
a different material (e.g., solder) but these are visually distinguishable. Cuirasses represent
a rather different set of items as well, as they are consistently composed of multiple large
pieces (e.g., front and back plates, along with shoulder straps, side plates, etc.), and the
materials and alloys of the different components may be different. In addition, clasps,
hooks, rings, and rivets may all have slightly different compositions. This creates another
potential complication when distinguishing the compositions of metal objects, as when
variability is sought between assemblages, it first needs to be investigated across single
objects. Museum identification numbers were also often found to be insulfficient to clearly
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identify the objects, as a single item may have no clear identification number or multiple
numbers depending on how and when it was found, reconstructed, and classified. Many
items are conventionally described in scholarship using tomb contexts and not museum
inventory number. Identifiers localised to this study were assigned to each object and
are presented in Table 1 with the provenance information for the objects and museum
identification numbers where possible. Objects are patinated to varying degrees, which
caused some issue during the analysis and is discussed with the results below. It was not
possible to clean or destructively sample the objects that were examined, and as discussed
it is questionable what merit there would be in doing so.

4. Methods

In this study we used a Tracer III-SD portable X-ray Fluorescence (pXRF) analyser
(Bruker, Billerica, MA, USA; see Appendix A for calibration details, Supplementary Materi-
als for the locations of assays on each object). PXRF assays were taken for 60 s each, and
their locations were recorded on annotated photographs and transcribed to a photogram-
metric model of each object. At the first level, assays were compared across single objects.
This involved the analysis of a combination of single assays as well as clusters of five assays
(as proposed by Ferretti [52]) that were taken in a circular fashion across a 1cm diameter
circle on an object (Figure 2). The aim of these cluster assays was to measure variation over
a relatively contained surface area, where both the core metal and depositional conditions
should have been largely consistent. Microscale heterogeneity remains a problem with any
ancient bronze alloy, and this type of approach falls into the category of “area mapping”,
as proposed by Karydas et al. [53], to ascertain mean values of elemental intensities across
an area. Assays were targeted at the cleanest areas possible (i.e., those with perceived
low surface roughness caused by patina) and other areas of interest, as determined from a
visual analysis, including decorative sections, rivets, areas of potential repair, rings, and
separate sheets of metal.

-

Figure 2. Example of a cluster of five assays and the order they were recorded in. The circle is 1em in
diameter. This is represented as a cross-hair symbol on object figures.

5. Results

The results of each assay are presented by item and location in Table 51, with accom-
panying figures in the Supplementary Materials Figure S1 for where assays were taken
on each object. Due to the heterogeneous nature of the artefacts in their current state, the
percentages of the elements recorded do not add up to 100%. Cu-Sn bronzes develop
patinas consisting of various copper salts which feature significant amounts of carbon (C)
and oxygen (O), along with chlorine (Cl) amongst other elements [54]. These elements
are not within the detectable limits of current pXRF devices. In addition, patinas are not
only surface phenomena and alter the elemental signature of the metal, a point we return
to below. As a result, even given what might be considered “almost optimal’ conditions,
between 4 and 20% of the elements in the material will not be calibrated for. Working on
the assumption that uncalibrated elements must be part of the patina requires caution as
the character of the ‘actual bronze’ being measured can be skewed by both the calibration
standards used and the underlying assumptions of the normalization.
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Data from the patinated items from museum collections suggests that patina might
account for up to 70% of the elements in some assays, and this fact very likely skews the
remaining elements as well. Some measurements provided an even lower total percentage,
although these were from areas which were visually identifiable as being composed of
other elements, often Fe rivets or Pb attachments.

An interesting feature of the study was the variation visible in the measurements
across each item. This confirms the work from other studies on ancient bronzes (e.g., [18])
which shows ancient bronze items, and particularly weapons and armour, typically do not
have uniform compositions — even across a single item. It is noteworthy, though, that the
vast amount of the variability occurred in the levels of Cu identified in each assay, which
likely relates to cuprification. Levels of other key elements, most notably Sn, Pb, Fe, zinc
(Zn), and arsenic (As), stayed largely stable within clusters.

It is clear that increased levels of patina exacerbated many of the factors visible in the
assays on relatively clean items — albeit in largely predictable ways. Looking at the total
amount of material which fell within the calibrated elements, this varied by wider amounts
depending on the amount and type of patina on the items, ranging up to 40% on a single
item. However, again, the vast majority of this variation was due to the amount of Cu.
Other elements stayed largely stable, varying by less than 2%, across individual pieces of
bronze, for all elements except for tin (Sn). Measurements for tin (Sn) varied by up to c. 10%
across single pieces. Although, much of this may have been due to the impact of patination
and readings from assay clusters typically revealed more stable numbers (within a range
of +/— 3% from the average), which is supported by results from comparable studies [55].

Cluster Assays

Values for the cluster assays are the mean values of the five readings in each cluster.
Only elements determined ‘stable” across the item and by the calibration were used in this
process; Mn, Fe, Zn, As, Sn, Pb. Copper was found to be too variable across objects in
both percentage and composition. It was concluded that Cu is affected too much and too
variably by patina formation, and so was excluded from the analysis of the cluster assays.

The cluster assays provide a method by which the relative homogeneity of the material
may be identified. Again, it must be noted that these readings include the patina and are
not strictly a result of the base of metal, however, given the thinness of the items (c. 0.1mm)
they can be taken as roughly indicative of patina and base combination. The analyses
show low variation within each cluster, demonstrating the roughly homogenous nature
of the materials (patina and base), with the exception of one. One example from P004
(PO04_4—assays 23-27) has three of the five assays with relatively homogenous readings,
and two have higher Fe concentrations (Figure 3). In the case of P004_4, the remains of a
visually identified rivet were the target of analysis, but the area was so small that multiple
readings were undertaken. The fortuitous result being that the assays which ‘missed’ the
rivet resulted in the identification of it due to their differential composition.

Figure 3. Location of cluster assay P004_4 (assays 23-27) on the right flap of P004 with values of Fe.
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The cluster assays can also help to reveal modern interventions. On item VG013,
a heavily reconstructed shield from tomb 871 of the Casale del Fosso necropolis at Veii,
individual (6, 13-16) and cluster assays (1-5) revealed a markedly different material,
featuring much higher levels of Pb and much lower levels of Sn, from that measured by
most of the various single assays (7-12, 17) taken at other points on the artefact (Figure 4).
This particular area encompassed by assays 1-5 was targeted for a cluster of assays as it
appeared to be, from an initial visual examination, a roughly representative section of the
artefact. However, upon reviewing the totality of the results, alongside macro photography
and earlier publications, it was clear that it was likely in fact a heavily reconstructed section,
along with assays 6 and 13-16 (Grey in Figures 4 and 5). For this reason, this particular
cluster, as well as others shown to group with it, has been removed from the wider analysis
of ancient materials, although it is illustrative of the effectiveness of pXRF for identifying
modern repair (Figure 4).
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Figure 4. (a) Scatter plot of Pb and Zn, (b) scatter plot of Zn and Sn, (c) Assay locations on VG013 (shield from Veii, Casale
del Fosso, tomb 871). Grey represents assays on reconstructed material. Red represents assays represent assays on ‘original’

material. Dashed lines indicate the limits of detection.
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Figure 5. Detail photograph of the cluster assay location on VG013 (shield from Veii, Casale del Fosso, tomb 871).

Examination of the composition of all objects by century identified some trends
(Figure 6). On average, the amount of Fe tends to decrease over time, with some outliers.
The general trend towards less Fe and other trace elements in the objects may suggest the
recycling of bronze, which allows for the gradual removal of unwanted elements with
each iteration [21,22,56], while the outliers may represent objects where new sources of
bronze were introduced or where Fe was perhaps even purposely added. Arsenic generally
decreases over time as well, as does Sn and Pb. Additionally, the range within which these
elements appear also seems to shrink, suggesting less variability in (and perhaps more
control over) the alloy over time. Mn and Zn remain largely stable over time, with one
outlier from the eighth century BCE, which is the shield VG013 commented on above.
However, as Mn in particular could not be reduced to the metallic state with ancient
smelting technologies (modern techniques require a blast or electric furnace), this likely
relates to corrosion. There is also some variation in As and Sn in objects from the fourth
century which is related to their geographic distribution.

When the averaged elements are viewed by the type of object, patterns are also
observed (Figure 7). In general, objects which have more embellishment, and which
seem to represent more decorative pieces (including belts and shields), tend to have
less consistency within the elements measured. This suggests a range of manufacturing
processes were practiced and that different elements may have been added to achieve
different visual impacts. It is possible that this is also reflected in the relatively variable, and
often high, levels of As present in those objects, as As could be used to create a more ductile
medium for manipulation which was more conducive for producing thin sheets [57]. This
suggestion is complicated by the fact that it is uncertain whether As had actually been
identified as a discrete element/metal during this period, although the qualities of high-As
bronze, whether produced deliberately or accidentally, were certainly known [58].
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It is possible that As was added, along with elements like antimony (Sb) and nickel
(Ni), through the addition of fahlore, or fahlerz ores or the recycling of high-As items.
Conversely, items like greaves, which seem to have seen little innovation or variation in
either form or production techniques across the period in question, remained remarkably
consistent and stable in terms of the chemical composition of the alloy used.

6. Discussion

Both single pXRF assays and cluster assays seem to have merit and value indepen-
dently. However, they can be best deployed in tandem. Clustered assays provide a base
characterisation for the item by which other single assays can be validated. Single assays
seem to give an accurate reading of the material at the specific point which is measured,
but given variability across items, caused by both the natural heterogeneity of the bronze
and variations in corrosion and patina, it can be difficult to use any single measurement
as a standard reading. The above being noted, results from the analysis reveal that pXRF
on ancient bronze can currently, at best, be used to make relative comparisons. This is
particularly true if the item is heavily patinated. Indeed, even within a relative context
and on relatively ‘clean’ pieces, levels of Cu vary significantly, suggesting they should
not be seen as consistently reliable. However, certain other elements (Mn, Zn, As, Sn, Pb,
and we would suggest Fe), offer more stable readings and, again taken relatively, can be
understood to function with minimal variability across a single piece of bronze.

Fe has, to date, represented something of a problem for bronze analyses, and is usually
seen as either an impurity if found in the alloy (given the typically negative characteristics
it brings to bronze) or a part of the patina derived from the soil [10]. Fe (like Mn and
Ni, as lighter elements with lower x-ray energy) is only detectable to a depth of between
0.05-0.1 mm in bronze matrices and their associated patinas (e.g., cuprite, atacamite),
compared to 0.2-0.4 mm for heavier elements like Cu and Zn. When these lighter metals
are detected, particularly on heavily corroded pieces, it is more likely that they come
from the patina. Our work has suggested that Fe may sometimes be included in the more
stable readings typically associated with the alloy, although this must be done carefully.
Destructive analyses have indicated that Fe does often appear in higher quantities in the
upper layers of patinas on many bronze objects, suggesting it may originate in the soil
and not the alloy in some contexts [59]. However, in our samples, Fe variations followed
patterns similar to other alloy-based elements with a general decrease over time and no
significant variation due to location. In later periods (c. 400 BCE), there appear to be shifts
in the use of Fe in ancient bronze in Italy, which is detectable via pXRF on both cleaned
and patinated pieces (this is explored further in a forthcoming publication). Although
not conclusive, it is suggestive that we should perhaps pay more attention to temporal
variability in Fe in future studies.

In addition to Fe, our study indicates decreasing concentrations of As, Pb, and Sn
over time (Figure 6). In particular, the eighth century BCE pieces possess both higher
concentrations and increased variability of these elements, which may suggest a lower
degree of standardization at that time. Sn varies slightly more than other elements (apart
from Cu), likely due to making up a slightly higher percentage of the initial core metal and
its tendency to appear in higher quantities in many patinas [60]. It is also worth noting that
some types of armour seem to have distinctive chemical signatures, no matter where they
are from or their period, likely by virtue of their means of construction and function. For
instance, greaves were shown to consistently have low levels of Pb. This is likely a result
of both their creation through extensive hammering and the need for them to maintain a
degree of spring tension to be equipped.

Accordingly, it is also important to understand the depositional environment in
which objects were found. For instance, an oxygenated corrosive environment adjusts the
distribution of some elements [37]. This is an area where changes in conservation practice
could help with future work, as an analysis of the soil removed from excavated bronzes
during the initial cleaning of an artefact and from various sections of the excavated bronze
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would be useful in understanding the patination process and how it may have impacted
the readings. There is also some opacity about conservation practices, particularly in
earlier periods of modern cultural heritage management, due to the different objectives of
academic and heritage institutions [61]. Since the 1980s, conservation often includes being
cleaned mechanically and being treated for bronze disease using benzotriazole, before
any fragments are jointed together, gaps filled with plasticine vel sim and modelling paste,
and then being painted [62]. However, practices vary over time and location, as do the
compounds used, and all known methods would involve leaving some residue or material
on the surface which would be detected by the pXRF.

Repairs and interventions on ancient items are relatively easy to identify when ana-
lyzed with pXRF. This is evident in the analysis of shield VG013 discussed above. This
shield is certainly ancient, with a secure archaeological provenance (excavated in the early
20th century [48,50,63]), but was heavily reconstructed and restored multiple times post-
excavation (Figure 8). The cluster reading taken was initially thought to be on an ancient
part of the shield, although closer analysis of the results combined with detailed visual
analysis of the macrophotography and previous photographs and line drawings, revealed
it to be a partially restored section. The pXRF readings, however, were not wholly out of
line from what one might expect from a decorative piece of ancient bronze, which seems to
underlie the repair—i.e., this location contained a layer of restoration over an ancient core.
This is visible in the lower levels of Cu and Sn measured in these sections, compared to
other sections where the original material was exposed (e.g., assays 7-12 and 17), coupled
with higher levels of Zn and Pb. While all of these elements are often impacted by the
patination processes, the ratios here are abnormal. With a normal piece of patinated bronze,
and indeed on other sections of this shield, both Pb and Sn are typically enhanced, while
Zn is depleted [55].

Figure 8. Example of the early reconstruction on VG013, after Drago Troccoli [64] (p. 102).
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The lower Sn, but higher Pb and Zn, seen in these readings on VG013 may therefore
relate to the compound used to reconstruct the artefact, an interpretation also supported by
the lower Cu which may be a result of an extra material on top of the bronze. Cluster assays
using pXRF, and particularly when done across the totality of an artefact, are therefore most
beneficial for identifying repairs, but although perhaps not outright forgery. Again, they
are best used for relative readings within a single piece. The technique could be usefully
combined with radiography, which has long been deployed to detect reconstructed section
of artefacts [65], as a quicker technique which can occur ‘on site’.

Although it is difficult to compare readings outside of a single piece, due to the
variability noted above, some basic trends were also visible. For instance, given the
significant differences visible in the readings from items from individual contexts, and even
from different components of a single piece, our work supports the suggestion that ancient
craftspeople were using particular alloys for particular items, and even for particular
aspects of a single, composite item [66]. The use of specific bronze alloys for specific items
is attested in Italy going back to the Eneolithic [67], while bronze alloys seem to standardise
during the Bronze Age, there is evidence that they began to diversify again in the Iron
Age [68]. There is also evidence for, again stretching back to the Bronze Age, using different
alloys for helmet caps and knobs. As Modlinger noted ([69], p. 188), referring to helmets
from the European Bronze Age: “Whereas all caps show an alloy composition with tin
ranging from 7 to 12 wt.%, the smaller components of the helmets (such as the knobs) were
cast from much more heterogeneous tin alloys.” It is likely that these differences related
to production practices, with the higher tin content of the caps explained by the desire to
create a thinner, harder, and stronger sheets.

In the items analysed in this study, the most obvious examples of the use of specific
alloys and materials for specific purposes is the use of rivets. In later items these are often
made of Fe, although in earlier pieces they are made from different types of bronze alloys.
Many decorations, which appear to have been cast and then soldered on (as solder is often
still visible around the base of items and in places where pieces have broken off — as on
the Samno-Attic Helmet (P005)), are also composed of a different alloy. For instance, the
earpieces on VG001 contain a significantly higher percentage of lead (Pb), presumably in
order to lower the melting temperature, increase fluidity, and make casting easier. The same
is true for the decorative attachments to VG010. One can also clearly identify locations
where pieces were soldered on, typically using Sn.

Our work confirms the current communis opinio, that accurate pXRF measurements of
the original or core metal (if it still exists in its original form) are effectively impossible on
patinated bronze. If one is attempting to get an accurate elemental signature of the core
metal, destructive techniques must be employed. However, it is worth considering whether
this is advisable in all cases. As noted above, even on a cleaned piece of bronze, patination
processes (esp. intercrystalline corrosion) can change the elemental composition of what
might appear to be the core metal, meaning that not only will the resultant readings be
variable, but they will not reflect the original material. This is particularly problematic
with items produced from thin sheets, like the armour examined in this study, where a
thick core of untouched alloy is not available. Additionally, as demonstrated by the range
visible in the readings taken across a single (even cleaned) artefact, the inherent variability
of ancient bronze means that an ‘accurate’ reading, taken using destructive techniques,
may not be indicative of the overall composition of an item rather that of the specific point
analysed. The patina certainly causes significant issues in interpretation and the level of
uncertainty it introduces is greater than that which comes with destructive testing, but not
by orders of magnitude.

We suggest that non-destructive, surface-based, elemental analysis (pXRF) is a viable
technique for analysing ancient bronzes particularly where destructive analyses are not pos-
sible. Complimentary information from methods such as radiography, multimodal images,
and the trained eye of a conservator are also useful. Both destructive and non-destructive,
surface-based techniques return results which must be understood as approximate, given
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both the inherent variability within ancient bronze and the variable nature of mineralization
and patination processes across an artefact. While the patina certainly increases the range
and nature of this variability for non-destructive, surface-based techniques — particularly
with regards to Cu and Sn—we would suggest that the benefits do not outweigh the myriad
issues involved in damaging or destroying an artefact. Additionally, when working with
ancient items made from thin bronze sheets, there is little to be gained from destructive
testing as there is often no core metal left to test due to cuprification. This being noted,
the issues involved in surface-based techniques must be accounted for. First, we would
recommend taking a series of assays across each individual piece of bronze analysed. A
single assay will not allow the comparison required to understand the relatively variability.
These assays should include areas of low patina if possible. They should also include areas
where the patina is visually different. If practical, multiple readings (in a grid or cruciform
pattern) should be taken of each area (Figure 2). The goal is to gain as comprehensive an
understanding of the elemental signature of the surface across the entire piece as possible.
This set of readings can then be compared and contrasted. In the analysis, reading for
Cu should be largely discounted and patination processes always considered when look-
ing at trace elements. However, initial results suggest that some relative measurements
may be achievable, both within a single piece and assemblage, and across multiple pieces
and assemblages.

7. Conclusions

The elemental characterization of ancient bronze, although problematic, still offers
potential benefits for scholars. When exploring issues of provenance, production, or use,
the evidence pXRF offers does add to the dataset of these items. In particular, its ability to
give an indication of trace elements within ancient bronze can add to our understanding
of how specific alloys were deployed in particular contexts and periods. For instance, in
the items analysed in this study there is a decrease in Sn and Fe concentrations over time,
possibly due to recycling and purification of the alloy over time. The results also suggest
the use of specific materials and different bronze alloys for different items and aspects of
ancient military equipment, particularly shields and helmets. It is evident that for ancient
smiths, all bronze was not the same. While they might not have been able to achieve the
same levels of homogeneity and exactness in their mixtures and recipes which are available
today, pXRF data suggests that they were consciously manipulating their alloys to achieve
specific results with specific aspects of the equipment and that these aims and methods
changed over time. Clearly more work needs to be done on this, but we are confident
that, if the techniques are appropriately deployed and the results appropriately interpreted,
there is much more we can learn.
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Appendix A. Portable X-ray Fluorescence Calibration Procedures

One approach for ancient bronze studies has been to use the in-built factory cali-
brations supplied with some instruments (e.g., [25,70]). These types of calibrations are,
however, generally intended for the rapid identification of modern bronze and brass alloys
and, as such, are not necessarily optimised for ancient alloys. For this reason, Hegin-
botham and colleagues [71] developed the CHARM set of reference materials especially
for the analysis of heritage copper alloys. Unfortunately, the CHARM set is not currently
in production, which necessitated the use of nine modern copper-based alloy reference
standards instead (Table A1). Although these standards have a similar range of elemental
concentrations as the CHARM set, the range of elements is more limited.

In this study we used a Bruker Tracer III-SD portable X-ray Fluorescence (pXRF)
analyser. The instrument employs an x-ray tube with a Rh target and a 10 mm? silicon drift
detector (SDD) with a typical resolution of 145 eV at 100,000 cps. For analysis of copper-
based alloys, we found that operating the x-ray tube with a setting of 40 keV at 5.0 pA in
an air-path and through a window composed of 12 mil Al and 1 mil Ti filters (Bruker’s
Yellow filter) provided a good count rate for the elements of interest. Assays of artefacts
were taken for 60 seconds each, which was sufficient time for the count rates to stabilise,
and is in line with other researchers using similar instruments [25,72,73]. Each reference
standard was analysed twice and the results averaged. Assays of artefacts were taken
using the same instrument and settings outlined above, and their locations were recorded
on annotated photographs and transcribed to a photogrammetric model of each object.

Given the relatively small number of standards available, the calibration procedure
was kept as simple as possible. Linear regressions on the net characteristic element peaks
(normalised to counts-per-second) were employed, and corrections for interference peaks
were included in the regression formulas where necessary (Table A2, Figure Al). For
example, the escape K« peak of Cu (6.306keV) overlaps with the characteristic K« peak of
Fe (6.405keV) and introduces error if not accounted for in the regression equation.

Table A1. Reference standards used for the calibration with given values (%). Uncertified values are
underlined. ! Outlier removed from calibration.

Mn Fe Ni Cu Zn As Sn Sb Pb
Given Values
BCR-691-A 0.20 0.20 0.10 76.50 6.02 0.19 7.16 0.50 7.90
BCR-691-B 0.40 0501 0.20 81.00 14.80 0.10 2.06 - 0.39
BCR-691-C 0.20 0.20 - 95.00 0.06 4.60 0.20 0.50 0.18
BCR-691-D 0.10 0.10 0.30 80.50 0.15 0.29 10.10 0.30 9.201
BCR-691-E 0.30 0.30 0.50 91.50 0.16 0.19 7.00 0.70 0.20
MBH-32X PB11 0.04 0.37 0.72 92.09 1.60 0.19 3.20 047 1.08
MBH-32X SN6B 0.09 0.38 0.30 85.73 2.00 0.80 6.78 0.30 1.64
MBH-33X 54400A - 0.07 0.24 86.79 3.87 0.02 3.97 0.04 4.69
MBH-33X RB2 B 0.08 0.50 0.33 82.02 9.01 0.04 4.65 0.05 2.99
Calibrated Values

BCR-691-A 0.17 0.21 0.07 78.21 5.72 0.19 6.72 0.46 8.00
BCR-691-B 0.42 - 0.25 85.34 15.10 0.11 2.04 - 0.43
BCR-691-C 0.21 0.20 - 96.21 -0.01 4.62 0.10 0.54 0.25

BCR-691-D 0.10 0.11 0.29 79.50 0.46 0.30 9.79 0.27 -
BCR-691-E 0.27 0.32 0.48 86.63 0.31 0.19 7.40 0.68 0.22
MBH-32X PB11 0.09 0.37 0.71 91.33 1.56 0.19 3.22 0.49 1.06
MBH-32X SN6B 0.11 0.34 0.34 83.00 2.00 0.72 7.14 0.34 1.75
MBH-33X 54400A - 0.09 0.22 86.89 3.86 0.07 3.97 0.04 4.59
MBH-33X RB2 B 0.06 0.52 0.35 84.04 8.68 0.07 4.77 0.05 2.80
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Table A2. Calibration parameters. 1 Detection limit calculated as 3.3 x (¢/S).

Conc. R? RMS Mean Abs. Det. Element Interference
Element
Range (%) Error (%) Error (%) Lim. ! Peak Corrections
Mn 0.04-0.40 0.944 0.03 0.02 0.05 Mn Kal -
Fe 0.07-0.50 0.989 0.02 0.01 0.06 FeKal  CuKol (Escape peak)
Ni 0.10-0.72 0.976 0.03 0.03 0.05 NiKal  CuKal (Peak overlap)
Cu 76.50-95.00  0.806 2.59 2.08 34.84 CuKal -
Zn 0.06-14.80 0.998 0.21 0.17 0.24 ZnKal  CuKp1 (Peak overlap)
As 0.02-4.60 0.999 0.04 0.02 0.04 As K1 -
Sn 0.20-10.10 0.992 0.26 0.20 0.44 Sn Kol -
Sb 0.01-0.70 0.987 0.03 0.02 0.06 Sb Kl -
Pb 0.18-7.90 0.999 0.10 0.08 0.12 PbLp1 -
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Figure A1. Scatterplots of given versus calibrated values for the reference standards. The

dashed black lines show the ideal 1:1 x-y line. As and Pb are shown with logarithmic axes.

In the case of three elements (Ni, Sb and Pb) slightly negative values were occasion-
ally obtained from the calibration. Examination of typical spectra indicates that, at low
concentrations, the peaks for these elements are swamped by the tails of the much larger
Cu Ka and K3 peaks at low concentrations (Figure A2).
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Zn Ka1
Fe Ka1
Mn Ka1 As Ka1
+Pb L§1 As Kp1

8 0 12

Figure A2. Spectrum of a typical bronze piece, showing the Cu K« peak overlap on Ni and the Cu K overlap Zn. The
spectrum is shown in orange and the fitted peaks (using Bruker’s Artax v.8.0 software) as a blue line.
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Abstract: Construction materials from the internal ducts of Aqua Traiana, a still operative Roman
aqueduct built in 109 AD to supply water to Rome, were characterized by optical microscopy (OM),
scanning electron microscopy (SEM-EDS), X-ray powder diffraction (XRPD) and electron microprobe
analysis (EMPA). Petrographic analysis and XRPD revealed that mortar aggregates are compatible
with Vitruvius’ harena fossicia and allowed the distinction of the original mortars from those of the
17th-century papal restoration. The first showed an amorphous binder while the latter have a typical
lime binder. By SEM-EDS and EMPA, the microstructure of mortar aggregates was analyzed and the
composition of specific minerals quantified. Microanalysis testifies the Romans’ great expertise in the
selection of pozzolanic building materials, giving evidence of the possible use of local tuffs from the
Sabatini Volcanic District. It also confirms the exploitation of red pozzolan from the Roman Magmatic
Province, specifically from the Alban Hills district. OM also proves a high compatibility with local
supplies for bricks and cocciopesto. Of these, the first were fired at moderately low temperature, while
the latter show an amorphous binder as in the original Trajan mortars. All building materials thus
stand for similar technological choices and a coeval production.

Keywords: Roman mortars; aqueduct; microanalysis; red pozzolan; Sabatini Volcanic District

1. Introduction

Knowledge on ancient societies develops through the study of customs, traditions,
beliefs and relationships with other populations. Important information can be obtained by
the analysis of the materials these societies produced. In this perspective, archaeometry has
recently paid increasing attention to the mineralogical and chemical study of geomateri-
als [1-10] to reconstruct technological knowledge and skills acquired by ancient populations.

Roman aqueducts are the greatest expression of these competencies, material aware-
ness being merged with the creation of architectural solutions to ensure survival over time.
Although these monuments reflect the set of engineering knowledge of the past, historical
sources dealing with their raw materials and supplies are few: Vitruvius’ De Architectura,
Pliny the Elder’s Naturalis Historia or Strabo’s Geographica [11]. Similarly, archaeometric
studies taking into consideration material analysis on aqueducts are rare. Mortars and
bricks from the Antioch aqueduct of Syria (Turkey) have been most recently analyzed to
identify their production technology and deterioration [12]; mortars and plasters from
the aqueduct of Naxos island (Greece) have been studied to define their hydraulic fea-
tures [13]; finally, mortars, pilasters and arches of the ancient aqueduct of Carthage have
been characterized [14]. Even the Italian literature is scarce: in the Roman aqueduct of
Padua only stone materials were characterized [15]; Rizzo et al. [16] characterized the
hydraulic mortars used in Pantelleria aqueducts and finally ceramic pipes of the Roman
aqueduct of Raiano (L’Aquila) were analyzed to identify its raw materials [17].

Aqua Traiana is one of the few still functioning Roman aqueducts and the characteriza-
tion study hereby presented is a unique opportunity to document its building materials.
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The aqueduct, with its 57-km route from Lake Bracciano to Rome and the strong
difference in height between the starting and arrival point (from 320 to 72 m asl), is a
perfect example of Roman engineering skills (Figure 1a). Inaugurated in 109 AD, Aqua
Traiana was built to supply energy to the mills located on the Janiculum (eastern part of the
city of Rome). The main duct is variable, both in size and height, and it is characterized by a
mixture of construction methods and materials. During barbarian invasions, the aqueduct
was damaged several times. It was finally restored by Pope Paul V, between 1609 and
1612 [18-20]. Since that moment, it has never stopped functioning and supplying water
to Rome.

The present study evaluates the mineralogical and physicochemical composition of
mortars, cocciopesto and bricks from the Aqua Traiana to define the building technology. Of
these, cocciopesto is the term applied to a mortar containing either crushed terracotta or
pozzolan [21]. A multianalytical approach was applied including optical microscopy (OM)
in thin section and X-ray powder diffraction (XRPD). Scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDS) and electron microprobe analysis (EMPA)
were then applied to determine chemical composition and microstructure of the mortars.

The results obtained from the different samples allow a complete characterization of
the materials used in the monument and the comparison among those used in the Trajan
Era and the ones related to the restauration of Pope Paul V.

Brief Geological Setting

Lake Bracciano is part of the Sabatini Volcanic District, which belongs to the Roman
Comagmatic Province [22]. The high-K feature of these products has been related to a
metasomatized mantle source, i.e., to a phlogopite-bearing peridotite recording subduction-
related fluids and/or melting processes [23-25]. The occurrence of silica-undersaturated
ultrapotassic rocks (e.g., leucite-bearing) is related to the subduction of carbonate-rich
pelites [26]. Volcanic activity was mainly characterized by widespread pyroclastic flows
and sub-Plinian to Plinian fallout, the activity area (ca. 1800 Km?) having originated the
Bracciano system (W) and the Sacrofano system (E) [22,27].

The Sabatini Volcanic District is characterized by volcanic rocks ranging from leucite-
tephrites to leucite- and hatiyne-phonolites. The activity of the area can be divided in five
main phases, which generated the volcanic products shown in Figure 1a.
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Figure 1. (a) Geological map of the Sabatini Volcanic District, modified after [28]: the light red line
represents the path of the Trajan aqueduct around Lake Bracciano; (b) segment of the aqueduct with
the location of each sampling point (A-N) and corresponding sample (Table 1).
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Among them, the Tufo Giallo della Via Tiberina (yellow tuff of Via Tiberina, TGdVT)
leucite phono-trachytic pyroclastic succession includes lower (LTGdVT) and upper (UT-
GdVT) sequences, Tufo Giallo di Prima Porta (yellow tuff of Prima Porta, TGdPP) and
the Grottarossa Pyroclastic Sequence [22,29]; above it the emplacement of extensive airfall
tuffs and ashes interbedded with surges and minor pyroclastic flow units corresponds to
the Sacrofano stratified tuffs, alternating with sporadic lava flows; a large pyroclastic-flow
forms the Tufo Rosso a Scorie Nere (red tuff with black scoria, TRaSN); finally, a succession
of pumice and scoria fall deposits underlies the Tufo Giallo di Sacrofano (yellow tuff of
Sacrofano, TGdS) [30].

Table 1. List of samples analyzed, with the reference period and sampling point.

Sample Dating Description
mortars
TRA 2 Trajan Age Mortar between bricks
TRA5 Trajan Age Mortar between the bricks of the stairs near TRA 4
TRA 6 Papal restoration Mortar of the vault that covers the access stair
TRA 8 Trajan Age Mortar between leucitite blocks (between the stair
and the vault)
TRA 11 Trajan Age Mortar in the junction betwggn leucitite blocks and
opus latericium
TRA 12 Trajan Age Mortar of the vault, over sample TRA 11
TRA 14 Trajan Age Mortar of the vault
TRA 19 Trajan Age Mortar of the vault
TRA 21 Trajan Age Mortar between leucitite blocks in the well
TRA 23 Trajan Age Mortar between the bricks
TRA 24 Trajan Age Mortar between leucitite blocks in the well
TRA 25 Trajan Age Mortar of the vault
TRA 34 Papal restoration Plaster on the wall
TRA 35 Papal restoration Mortar of the vault over TRA 34
cocciopesto
TRA 29 Trajan Age Cocciopesto from the wall
TRA 33 Trajan Age Cocciopesto from the floor
brick
TRA 3 Trajan Age Brick near TRA 2
TRA 4 Trajan Age Brick of the stairs
TRA 20 Trajan Age Brick from the floor of the well
TRA 26 Trajan Age Bipedal brick from the floor

2. Materials and Methods
2.1. Samples

Samples of ancient mortars, bricks and cocciopesto (Table 1, Figure 1b) were collected
inside a secondary duct of Trajan’s aqueduct, at Settebotti-Trevignano Romano, in the
northern area of Lake Bracciano (Rome, Italy). Fourteen mortar samples belong to different
types of masonry (mortars between bricks in opus latericium, mortars between stone blocks
in opus reticulatum or the hydraulic plaster). They are also representative of different
building phases (Trajan Age and papal restoration), as recognized by the archaeologists
based on macroscopic features, stratigraphic context and construction phase; two cocciopesto
(or opus signinumy) fragments were collected from the covering of the duct, whereas four
brick fragments were sampled from both the masonry and the bipedal bricks used on
the floor.

2.2. Experimental Methods

A preliminary macroscopic analysis was performed by the naked eye on dried samples
to define the colour and size of the aggregates and the possible presence of additives.
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Thin sections were then analyzed by a Zeiss D-7082 Oberkochen polarized optical
microscope. Microscopic analysis in both parallel (PPL) and crossed polarized light (XPL)
was performed according to Pecchioni et al. [31] and the normal 12/83 [32] for mortars,
through which it was also possible to qualitatively estimate the binder/aggregate ratio and
porosity by visual comparison. Whitbread’s criteria [33] were indeed used for brick and
cocciopesto fragments.

The identification of material providing hydraulicity is easy by OM. However, if
this component is finely ground or interference colours are similar to that of the matrix,
microstructural analysis combined with chemical investigations can help [31]. Hence, SEM-
EDS investigation was carried out on representative mortar samples. Based on microscopic
analysis, macroscopic features and discrimination given by the archaeologists, two Papal
samples (TRA 6 and TRA 35) and five Trajan samples (TRA 2, TRA 11, TRA 12, TRA 21
and TRA 23) were analyzed. A FEI Quanta 400 scanning electron microscope coupled with
energy dispersive spectroscopy was used to define the microstructure of the samples and
chemical composition of the aggregates and possibly highlight different microchemical
features between original and restoration materials.

EMPA was also carried out on samples representative of the different function of the
mortar: in the junction between leucitite blocks and opus latericium (TRA 11); between
leucitite blocks in the well (TRA 21) and between bricks (TRA 23). A Cameca SX50 micro-
probe was used, equipped with five wavelength-dispersive spectrometers and operating
at 15 kV accelerating voltage, 15 nA beam current and 10 um beam size. Element peaks
and background were measured with counting times of 20 s and 10 s respectively. Wol-
lastonite was used as a reference standard for Si (TAP, thallium (acid) phthalate crystal)
and Ca (XET, pentaerythritol crystal), augite for Mg (TAP), corundum for Al (TAP), jadeite
for Na (TAP), rutile for Ti (XET), fayalite for Fe (LIF, lithium fluoride), rhodonite for Mn
(LIF), orthoclase for K (XET), chalcopyrite for Cu (LIF), galena for Pb (XET), cassiterite
for Sn (XET), apatite for P (XET), barite for Ba (XET) and sphalerite for Zn (LIF). Matrix
corrections were calculated by the PAP method with software supplied by the Microbeams
Services [34,35]. The relative analytical error was 1% for major elements and it increased
as their concentration decreased [36,37]. The detection limits under the specified working
condition ranged between 0.01 and 0.1 wt %.

Finally, a small amount of each mortar sample was finely ground in an agate mortar
for XRPD analysis by a Bruker D8 focus diffractometer with CuKo radiation, operating at
40 kV and 30 mA. The following instrumental set-up was chosen: 3-60° 26 range and a
scan step of 0.02° 26/2 s. Data processing, including semiquantitative analysis based on
the “Reference Intensity Ration Method”, was performed using XPowderX software.

3. Results and Discussion
3.1. Mortars

The preliminary macroscopic analysis highlighted that the mortars samples are hard
and compact, i.e., resistant and not friable. They are characterized by a binder fraction
varying in colour from beige to yellow and a pozzolan-based aggregate with tuff-ash
fragments. Grains vary in size and shape (from rounded to subrounded) and are mainly
represented by dark, reddish and yellow tuff fragments. Specifically, Trajan samples present
a light-grey, whitish colour binder fraction.

Optical microscopy first permitted to distinguish the microstructure of the binder:
a carbonate one with micritic texture and high birefringence for the papal samples and
an amorphous gel-like cementing matrix in the Trajan mortars. In addition, OM analysis
allowed the estimation of the binder/aggregate ratio. Papal samples show a ratio of 1:2,
whereas Trajan Age samples have a binder/aggregate ratio of 1:3 or near this value.

XRPD spectra of papal restoration samples show very abundant calcite related to the
binder. Minerals mainly related to the aggregate, which are possibly linked to a volcanic
origin, are present in variable amount: clinopyroxene; K-feldspar, anorthoclase or sanidine;
and zeolites, like analcime. Clay minerals are absent. On the contrary, most of the samples,
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which correspond to the original Trajan Age samples, are characterized by the absence
of calcite and a more abundant presence of clinopyroxene, clay minerals being present
or in trace (Table 2). Specifically, the absence of calcite in these samples could be due
to a complete portlandite consuming during the pozzolanic reaction (preventing calcite
formation) or connected to alteration processes [38].

Table 2. Mineral assemblage of mortar samples and relative abundances (++++ very abundant; +++
abundant; ++ common; + present; t trace; - not detected), calculated by the reference intensity ratios
(RIR) method in XPowderX. Anl: analcime, Cpx: clinopyroxene, Bt: biotite, Cal: calcite, Fsp: feldspar,
Lct: leucite, Qtz: quartz, Cbz: chabazite, Pl: plagioclase, Amp: amphibole.

Sample  Anl Cpx Bt Cal Fsp Clays Lct Qtz Cbz P1 Amp

TRA 2 +++ ++ + - ++ + - t t - -
TRA 5 +++ t - + t - - t -
TRA 6 - + + ++++ + - + t - - -
TRA8  ++++ ++++ t - t - - - - - -
TRA 11 +++ ++ - t t - - - - -
TRA12  +++ ++ t - ++++ t t - - - -
TRA 14  ++++ + ++ - +++ t - - - + -
TRA19  +++ ++ t - ++++ t - - - - -
TRA 21 ++ t t - ++++ t - - - - -
TRA23  +++  ++++ t - ++ t - - tr - -
TRA 24 ++ t t - ++++ t - - - - t
TRA 25  +++ ++ + - + + - - - +++ -
TRA 34 t + t ++++ + - - - - - -
TRA 35 ++ ++ t +++  +++ - - - - - -

Additionally, based on the amount of alkali feldspars, two subgroups of Trajan samples
can be described. One subgroup has K-feldspars generally very abundant in samples com-
ing from the vault or between leucitite blocks in proximity of the first wall (see Figure 1b,
samples TRA 12, TRA 14 and TRA 19 from the vault and TRA 21, TRA 23 and TRA 24
between leucitite blocks in the well or bricks nearby). Another subgroup indeed shows
K-feldspars as present or in trace, mainly coming from the stairs (TRA 2, TRA 5 and TRA 8
in Figure 1b). Micaceous minerals, specifically biotite, are ubiquitous in lower amount. A
feldspathoid typical of the Roman volcanic activity, leucite, was identified only in sample
TRA 6, as already found by OM. Traces of clinopyroxene were found in TRA 14 and quartz
in sample TRA 11.

Petrographic and SEM-EDS analysis highlighted that the aggregate is mainly com-
posed of volcanic rock fragments, such as pyroclastic rock fragments with pozzolanic
behavior. The pozzolanic material mainly consists of pumice clasts, tuff and lava fragments
with primary phenocrysts surrounded by a vitreous fine-ash matrix. Porosity, size, shape
and distribution of the aggregate are highly variable among the samples (Figure 2).

Specifically, it was possible to identify different inclusions belonging to the aggre-
gate fraction. The pyroclastic rock fragments with porphyritic texture, variable porosity,
sphericity, shape and colour ranging from brown to red or rarely yellow can be defined as
pozzolanic tuff-like materials (Figure 2). This type of aggregate is the most abundant in all
samples and less diffusive in samples TRA 6 and TRA 34. They are either highly porphyric,
with augite-crystals, or sometimes surrounded by illuvial clays (PYR Figure 2c).

Some big porous reddish-brown fragments with a very low porphyritic character
and leucite microcrystals showing star-like habit were also recognized by OM as red
pozzolan (RP in Figure 2c), especially in the original Trajan samples coming from the
vaults (samples TRA 14, TRA 19, TRA 24 and TRA 25). Dark brown-to-black scoria
fragments are also common in all samples, showing lower porphyritic texture, high porosity
(subrounded vesicles are predominant) and colour comparable to the matrix by OM. They
are characterized by the diffuse presence of elongated crystals of sanidine. Pores are either
filled with acicular zeolite crystals or show reaction rims only.
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Figure 2. Optical Microscopy micrographs of two Trajan mortars in thin section (parallel (left) and
crossed polarized light (right): (a,b) sample TRA 5; (c,d) sample TRA 25; PYR = pyroclastic rock
fragment surrounded by illuvial clay; RP = red pozzolan.

Additionally, some lava fragments showing analcime replacing leucite, feldspar, sani-
dine, ilmenite microcrystals and small volcanic rock fragments exhibiting apatite inclusions
(Figure 3) were also identified.

Both original and restoration mortars are hydraulic and they are characterized by
pozzolanic aggregates that favored the hydraulic reaction [39-41], as constantly found in
Roman architecture [31]. In particular, the use of pozzolan is attested starting from 250 BC
and the masonry technique of cocciopesto has been used since ancient times, probably the
2nd century BC [21,40]. Granular volcanic aggregates are either sand-sized or gravel-sized
tephra and they correspond to Vitruvius’ harena fossicia as described by Jackson et al. [42].
Raw materials at Aqua Traiana in fact correspond to highly altered volcanic glass scoriae,
hard lavas, dispersed crystals and glassy fragments, frequently highly altered. Even the
binder/aggregate ratio (1:3), estimated by petrographic analysis, suggests that Trajan
mortars have been produced following Vitruvius’ instructions for harena fossicia. However,
it is now proposed for the first time that harena fossicia could possibly be exploited not only
from the lithostratigraphic units of the Alban Hills volcano, but also from the deposits of
Sabatini Volcanic District.

Trajan samples do not show high porosity (lower than 40%), suggesting that wet
concrete could had been pressed to obtain a coherent, well-cemented final product [42]. Ad-
ditionally, their grey-to-white colour may suggest the washing of pozzolanic aggregates to
remove dirt and dust before their addition to the mortar [21]. These features are comparable
with the original description by Van Deman [43], later confirmed by Jackson et al. [41], of
high-quality mortars produced for monumental buildings during the Trajan era, such as the
Trajan Market and the Baths. Moreover, lime lumps do not occur in the Trajan Age mortars
of the present study; testifying great knowledge of the manufacturing process and high
control of each step [44]. This considerable expertise is even attested by a deep knowledge
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of supplies and by precise mixing and selection of the raw materials, strongly depending
on the mortar function: lighter aggregates in fact predominate on the vaults. Specifically,
the occurrence of red pozzolan (dark-red scoria fragments with starry leucite) was only
documented in the Trajan mortars used to build the upper elements of Aqua Traiana. This
is in agreement with coeval technological choices: at the Trajan’s Baths, which indeed
followed Domitian’s building procedures [42,45,46], but also in the lightened mortars of
the vault of “Aula Grande” at the Markets of Trajan [47] and of the “Sala Trisegmentata” at
the Forum of Trajan [48].

Figure 3. Scanning Electron Microscopy (SEM) micrographs from sample TRA 23: lava fragment
(a) and a magnified view of the red area (b) showing analcime (Anl) replacing leucite, clinopyroxene
(Cpx), sanidine (Sa) and ilmenite (Ilm) microcrystals; volcanic rock fragment (c) and the red area
(d) at a higher magnification, with microcrystals of clinopyroxene (Cpx), apatite (Ap), recognized by
the contemporary presence of P and Ca in the Energy Dispersive X-ray Spectroscopy spectrum (e),
feldspar (Fsp) and ilmenite (Ilm).

EMP analysis was performed to identify specific mineral phases that could be useful
to characterize the aggregate and reconstruct the possible provenance of raw material.
Therefore, aggregates were analyzed to obtain the chemical composition of specific miner-
als. Particularly, augite crystals analyzed in representative samples highlighted enrichment
in Fe. Figure 4 shows an augite crystal in the Trajan sample TRA 11, whose compo-
sition (Table 3) is representative of the augite crystals also found and analyzed in the
other samples.
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Figure 4. Representative augite crystal in a volcanic rock fragment of the Trajan sample TRA 11
identified by SEM (red cross, see Table 3 for chemical data); in the same micrograph, acicular crystals
filling porosities can be also seen.

Table 3. Chemical composition of the representative augite crystal of Figure 4 The relative formula
was calculated on 6 oxygens from Electron Microprobe analysis (EMPA).

Oxide wit% * apfu
Si0O, 44.66 Si 1.680
Al,O5 7.64 Al 0.339
MgO 10.10 Mg 0.567
Cr,05 0.00 Cr3 0.000
TiO, 1.37 Ti 0.039
FeO 11.27 Fet? 0.086
Fe, O3 0.00 Fet3 0.268
MnO 0.27 Mn 0.009
CaO 24.02 Ca 0.968
Na,O 0.53 Na 0.038
K,O 0.13 K 0.006
Total 100 Cat. Sum 4.000

* normalized to 100.

Additionally, in these pyroclastic rock fragments, secondary minerals also occurred
(analcimised leucite) and porosities were filled with recrystallized zeolite. These crystals
were very fine, with a thickness lower than 5 um, therefore only one measurement could
be performed on each crystal. However, numerous (more than three for each sample) point
analyses were performed to evaluate the chemical composition of zeolites, according to [49].
By EMPA, these acicular crystals were identified as Mg-enriched chabazite (Table 4).
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Table 4. Chemical composition and relative formula, calculated on 24 oxygens and 12 H,O molecules,
of different representative chabazite crystals identified in different pyroclastic rock fragments.

TRA 23 TRA21 TRA11 TRA 23 TRA21 TRA11
Oxide wt % Element apfu
SiO, 46.807 51.835 55.020 Si 7.962 8.959 8.971
Al O3 21.280 15.019 16.684 Al 4.272 3.063 3.210
Z-site 12.234 12.022 12.182
CaO 6.553 5.336 4.707 Ca 1.196 0.989 0.823
Na,O 0.166 0.271 0.205 Na 0.027 0.045 0.032
K,O 2.023 2411 2.350 K 0.440 0.532 0.489
MgO 0.888 0.726 0.582 Mg 0.225 0.187 0.142
Total 77.717 75.598 79.548 X-site 1.888 1.754 1.487

Pumice clasts in the mortars have a round shape and high porosity, with colour
ranging from white to yellow or grey in PPL.

Single crystals such as amphiboles, pyroxenes and feldspars (plagioclase—mainly
albite—orthoclase, anorthoclase and sanidine), all attributable to volcanic rock fragments,
are dispersed in the binder. Some of them, especially pyroxene and feldspar crystals,
sometime show alterations, such as partial dissolution or fractures with recrystallizations.

Fragments of volcanic rocks (leucitite type), with big crystals of leucite, clinopyroxene
and plagioclase, were only present in TRA 6 and TRA 34, which were both related to the
papal restoration and may imply a slightly different supply.

Grog, namely crushed ceramic fragments, is the only artificial material with pozzolanic
behavior identified in the sole sample TRA 34 as predominant, while natural materials
with pozzolanic behavior are less common in this sample. The use of ceramic fragments as
aggregates in ancient mortar is widely attested [40,50]. The role of ceramics is comparable
to that of pozzolan, the vitreous or amorphous fraction reacting with the binder to produce
a hard and waterproof material, even if the reaction is not as strong as with pozzolan [38].

The strong compositional difference between papal and Trajan Age samples allows an
easy differentiation of the two building phases.

Our results show that the original bedding mortars of the Trajan aqueduct were
produced from a mixture of lime, water and fine-grained material with pozzolanic behavior.
The aggregate is exclusively constituted by the natural material of volcanic origin, while
artificial components are absent. These major components are typical in the volcanism
of the Roman Magmatic Province [51] and compatible with the geological setting of the
Sabatini Volcanic District with rocks ranging from leucite-tephrites to leucite- and hatiyne-
phonolites. Analcime characterizes the secondary assemblage of these volcanic products,
being leucite subjected to analcimisation [52], as it is commonly found in lithified deposits
of this area [53,54]. Microsubhedral ilmenite has been also described as a typical, ubiquitous
accessory mineral in the Sabatini dark-grey porphyritic lava fragments [55]. The black
fragments in our mortars may indeed correspond to the description given for glassy clasts
from the upper lithified deposit of Tufo Rosso a Scorie Nere (red tuff with black scoria) [56].
Finally, the recognition of apatite in some vitreous fragments corroborates the hypothesis
of local supply. In fact, apatite occurs as an accessory mineral in the tephriphonolite,
latite and phonotephrite of the Martignano Units [57]. The use of this kind of supply is
expressed by the compatibility in chemical composition of the clinopyroxenes calculated in
the present work and those provided by the literature [55,57,58] in leucite-tephrites from
the middle Martignano Unit. However, it must be remarked that apatite has been also
found in the low porphyritic scoriae of Pozzolane Nere and Pozzolanelle formations of the
Alban Hills [59]. Indeed, the concomitant presence of pozzolanic aggregates from further
areas of the Roman Magmatic Province is possible, especially if we consider that in the
Roman imperial period the supply from far away quarries had become common [41]. For
example, sanidine-bearing pumices, which are frequent aggregates in the mortars from
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Aqua Traiana, are also described in the San Paolo formation, deposited by the Tiber River
and its tributaries at the base of the Capitoline Hill [41,48].

Independently of the nature of the aggregate and binder, needle-shaped recrystalliza-
tions occurred in the pores. These recrystallizations were also found in local tuffs [60,61].
However, chabazite in the present work showed a slightly higher Mg content and less K
and Na, suggesting the presence of zeolite (phillipsite and chabazite) as the secondary
weathering mineral or related to the hydraulic reaction [62-64].

3.2. Bricks and Cocciopesto

Brick samples are characterized by fine grain-sized inclusions and a clayey matrix.
The nature of the inclusions, their packing and mean size were considered to distinguish
two petrographic fabrics (Table 5).

Table 5. Microscopic characteristics of brick and cocciopesto fragments.

Sample Porosity Matrix Inclusions
90% 5% Predominant: quartz (0.1-0.3 mm),
50 non Calce:reous Equant-elongated; feldspars (0.2-0.3 mm)
TRA 3 Meso—mac;)ovesicles brown-ereen angular-subrounded; Common: pyroxene (0.3-1.2 mm)
ac tivéi; open spaced; Frequent: iron oxide nodules
ty not aligned (0.2-1 mm)
o Predominant: quartz (0.1-0.2 mm)
85% 5% Common: pyroxene (0.5-1.2 mm)
10% ’ Equant-elongated; on: pyr o
. . non calcareous Few: iron oxide nodules (0.2-1
TRA 4 Micro-macrovesicles angular-subrounded;
Macrovughs brown-green open-spaced; mm), quartz (0.3-1.2 mm)
activity . ! Very rare: siliceous rock fragments
not aligned (1 mm)
50, Predominant: quartz (0.1 mm),
90% ° feldspars (0.2-0.3 mm)
o Equant-elongated; . i
TRA 20 5% non calcareous aneular—subrounded: Dominant: pyroxene (0.4-1.3 mm)
Meso—-microvesicles brown-green & open-spaced: ’ Few: quartz (0.5-1 mm)
activity pen-sp ’ Very rare: volcanic rock fragments
not aligned (5 mm)
40% .
55% Predominant: quartz (0.1-0.3 mm),
o Equant—elongated; .
TRA 26 5% non calcareous aneular—subrounded: Few: quartz (0.6-1.3 mm)
Meso-microvesicles red-brown & open-spaced: ” Rare: pyroxene (0.3-0.5 mm), iron
activity pen-sp ’ oxide nodules (0.3-0.8 mm)
not aligned
50, Predominant: quartz (0.1-0.3 mm),
90% ’ Common: pyroxene (0.7-0.8 mm)
o Equant-elongated; Few:
TRA 29 * 5% non calcareous angular—subangular; ew: quartz (0.7 mm)
Microvesicles brown-green sinele-spaced: ! Very rare: fragments of siliceous
activity n§t alipne d ’ rocks (1.0 mm), iron oxide nodules
& (0.3-0.5 mm)
90% 5% Predominant: quartz (0.1-0.3 mm),
o Equant—elongated; )
5% non calcareous aneular—subaneular: Common: pyroxene (0.6 mm)
Microvesicles brown-green & swar Very rare: iron oxide nodules

activity

single-spaced;
not aligned

(0.3-0.5 mm)
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Table 5. Cont.

Sample Porosity Matrix Inclusions
909, 5% Predominant: quartz (0.1-0.3 mm),
o ’ Equant—elongated; Few: quartz (0.7-1.3 mm),
. 3% non calcareous
TRA 33 . . angular-subangular; pyroxene (0.5-0.7 mm)
Microvesicles brown-green . . .
activit single-spaced; Very rare: iron oxide nodules
y not aligned (0.3-0.7 mm)
o 87% 10% Predominant: quartz (0.1-0.3 mm),
3% Equant—elongated;
. . non calcareous Common: pyroxene (0.5-1.2 mm)
Microvesicles angular-subangular;

meso—-macrovughs

brown-green

single-spaced;

Few: quartz (0.2-0.8 mm),

activity not aligned pyroxene (0.4-0.6 mm)
90° 5%
5% ’ Equant-elongated; Predominant: quartz (0.1-0.3 mm),
. . non calcareous
Microvesicles angular—subangular; Few: quartz (0.5 mm), pyroxene

meso—macrovughs

brown-green
activity

single-spaced;

(0.5-0.6 mm)

not aligned

* TRA 29 and TRA 33 are cocciopesto samples where three different brick fragments were recognized and described.

The first fabric A-matrix is characterized by a low percentage of inclusions (5%), equant
and elongated, from angular to subrounded, open-spaced and not aligned with respect
to the margin of the sample. Predominant fine quartz and plagioclase, common pyroxene
crystals and iron oxide nodules were identified. In addition, some very rare fragments of
rocks were also present. The porosity was estimated to be between 5 and 10% and was
mainly represented by mesovesicles and vughs, not aligned and without any secondary
calcite. The non-calcareous matrix ranged in colour from beige to brown-green and it was
optically active. The results obtained for the samples belonging to fabric A-matrix suggest
that the starting raw material consisted of a purified clay containing fine quartz, plagioclase
and pyroxene inclusions. The material underwent a selection process to remove the coarser
fraction, as suggested by the absence of coarse inclusions. This process had good efficiency,
as testified by the low percentage of inclusions and by the very fine grain size.

The second fabric B-inclusions, including only bipedal samples, was distinguished by
the higher percentage (40%) of very fine grain-sized inclusions. Fine quartz is predominant
in the samples, whereas coarser crystals were few in the matrix; rare pyroxene and nodules
of iron oxides were also identified. The low porosity was represented by meso- and
microvesicles without any secondary recrystallization. The non-calcareous matrix had a
red-brownish colour and optical activity.

Concerning the cocciopesto fragments, the matrix was similar to the amorphous gel-
like cementing matrix identified in mortar samples. It was impossible to distinguish
crystals and it had very low colours ranging from green to brown. The aggregate was only
represented by grog. Its inclusions show a clayey matrix with a brown-greenish colour,
optically active. Predominant fine quartz and rare coarser crystals of pyroxene and quartz
were identified among aggregates. The porosity was low and both inclusions and pores did
not exhibit a preferred alignment. In addition, porosities were filled by secondary calcite.

Fabric B-inclusions could have been produced with a different clay respect to fabric
A-matrix, the first being characterized by a higher amount of fine quartz and subjected to a
lighter purification step during the production.

The difference in the granulometry and percentage of inclusions is probably connected
to the end-use of the materials. The fabric A-matrix includes brick samples used in the
masonry, which are not subjected to continuous attrite, whereas bipedal bricks in fabric
B-inclusions are typical, squared, Roman bricks with a 60-cm side, used for flooring.

The strong optical activity of the matrix observed in both fabrics gives preliminary
information about the firing temperature, which is suggested to be lower than 850 °C [17],
in agreement with the literature [65].

144



Minerals 2021, 11, 703

The rest of the minerals identified are compatible with the volcanic geological setting
of the area, suggesting a local supply of the clay.

Cocciopesto fragments show a matrix similar to the amorphous binder of mortar
samples dated to the Trajan Age. The inclusions, only represented by grog, are comparable
to the bricks of fabric A-matrix. Therefore, a supply of similar raw materials is suggested,
and comparable technology and contemporary production are hereby hypothesized.

4. Conclusions

The current research for the first time permitted a complete characterization of the
building materials of the ancient Aqua Traiana aqueduct.

Concerning the mortars, they are all hydraulic, with fine aggregates of volcanic origin.
Specifically, Trajan Age samples are characterized by a calcite-free amorphous binder, while
a lime binder characterizes the samples of the papal restauration.

The compatibility of the pozzolanic aggregate with local supplies from the Bracciano
area is for the first time inferred; however, supplies from more distant areas of the Roman
Magmatic Province are co-occurrent. Raw materials are likely described as Vitruvius’ harena
fossicia and their use is highly compatible with the building technology of the Trajan Era,
with specific aggregates for different parts of the masonry.

The great differences among Trajan and papal samples documented in this study
may allow the future dating of other parts of the aqueduct, based on mineralogical and
chemical characterization. Indeed, an increased number of mortar samples will allow
collecting a systematic overview of the mineralogical assemblage in the mortars from Aqua
Traiana. In addition, a multivariate statistical analysis using chemical data may be planned,
investigating the role of the elements with lower mobile behavior in surface environments,
such as K, Sc, Ga, Rb, Cs, REE and other elements such as Hf, Ta and Th, for a deeper
differentiation of mortars.

Concerning ceramic components, bricks were produced with local materials and fired
at a low temperature, with specific features connected to the end-use. Cocciopesto fragments
showed a matrix similar to the amorphous binder of Trajan mortar samples and fragments
of bricks as inclusions.

The compatibility of materials used in the production of Trajan mortars, bricks and
cocciopesto suggests similar technological choices and may be explained by a coeval produc-
tion. However, further investigation is ongoing and it will include samples from the main
ducts of the aqueduct.
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Abstract: A set of 14 glass fragments and production remains dated to the 16th and 17th centuries was
collected during rescue archaeological works conducted in Granada, Spain, and was characterised
by pu-PIXE. This preliminary study constitutes the first analytical approach to glass manufacturing
remains from a Spanish production dated to the early-modern period. p-PIXE allowed for the quan-
tification of major, minor and some trace elements of the glass fragments. It also allowed mapping
the elemental distribution on the fragments that were identified as an interface of crucible/glass. This
analysis constitutes an evaluation of the ionic exchange between glass and crucible. The glass colours
vary from the natural green and blue hues to completely colourless samples. The results show that
the majority of the glass samples are of soda-lime-silicate composition, and only one proved to be of a
potassium-rich composition. From this, one can hypothesise that glass rich in sodium (following the
Mediterranean tradition) and potassium-rich glass (following a central and north European tradition)
were both locally produced. Since this location was known as la Calle Horno del Vidrio (Glass Furnace
Street) and several production evidences were found, it is highly probable that an artisanal glass
production existed in this area.

Keywords: glass production; Spain; 16th century; uPIXE; glass kiln; production remains; objects

1. Introduction

Glass manufacturing in Spain during the 16th and 17th centuries was a well-established
and flourishing craft. The existence of glass production in the Peninsula is explicitly re-
ferred to by written sources from the 12th century onward and the making of luxury glass
in Barcelona, Murcia, Malaga and Almeria is frequently mentioned by documents. The
rapid diffusion of the innovations of the art in the Muslim-ruled area of the Peninsula and
the role played by Barcelona in the import and sale of enamelled glass from Syria and
Egypt were probably relevant factors for the development of a local production, which
ended up being influenced by these imports. The allusions to glass in “Damascus style”
appearing in Catalan documents dated to the end of the 14th century and to the first half
of the 15th century have been interpreted in this sense [1,2]. Glass production has also
been recorded in Valencia and the Baleares, territories that, in the 13th and 14th centuries,
formed a political unit with Catalonia, under the Crown of Aragon. A few archaeological
objects dated to the 14th century are known, including those found in a kiln excavated at
Sant Fost de Campsentelles (Barcelona). They consist mainly of glass of everyday use, with
few enamelled fragments [3-5].

At the beginning of the 15th century, the most important technical developments in
European glassmaking were achieved in Venice. The accurate selection of raw materials
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and the purification processes allowed for Venetian glassmakers to produce very fine
colourless glass, exported to the rest of Europe and to the East. The success of the Venetian
production soon led several manufactures in many countries to adopt a Venetian-style
production, often employing expatriated Venetian glassmakers, even if they were not
legally allowed to work outside the island of Murano. These manufactures attempted to
imitate shape and colours, producing the so called facon-de-Venise glass [6].

Fagon-de-Venise was a term that first appear in a document in Antwerp dated to 1549, to
describe glass objects made outside Venice but following the Venetian tradition in terms of
shapes and decorative features [7]. To achieve the quality of the Venetian glass was a desire
that rapidly spread through Europe, especially the ability of the Venetian glassmakers
to attain a perfectly colourless glass, the cristallo, which became the ultimate object of
fascination by the wealthiest collectors [8].

From Venice, luxurious and rare glass objects were also brought to the Iberian Penin-
sula and the first Venetian glassmakers are documented in Spain already during the first
half of the 16th century. The spread of Venetian glassmaking techniques greatly enhanced
the 16th and 17th century glass production in the country and the many pieces preserved
in the collections of important museums are clear proof of the great value of these cre-
ation [2,9].

According to the literature, the two main regions producing facon-de-Venise glass in
Spain were Catalunya and Castile [1,2]. The Catalan production during the 16th and the
first half of the 17th century was particularly significant. Chalices, footed cups, serving
dishes and jugs were blown in thin, high quality colourless or coloured glass. They were
often gilded and enamelled or decorated with applied white glass. Among the most
common decorative features were the green enamelling and the diamond-point engraving.
The colourless glass of Catalan origin appears to have a different hue when compared
with other fagcon-de-Venise European production centres, with shades of smoky yellow or
amber [1,2]. Most of these objects had mainly a decorative purpose. They were produced
to satisfy the well-known passion for collecting glass that characterised the kings and
the nobility [2,9]. The data revealed by archaeology, although scarce, provide a more
varied picture of the glass circulating in the region, where the more exquisite pieces are
accompanied by objects of common use [2]. No kilns connected to the production of the
16th and 17th century are known; the written documents locate two main settings for
them, Barcelona and Mataro, a centre in the province of Barcelona [1]. The existence of
an important glass activity was recorded in Majorca, which benefitted from the arrival of
Venetian masters on the island [5].

In Castile, there is a record of glass furnaces active from the 15th century onward.
None of them have been located so far. The Castilian glass preserved in the collections
is generally accredited to originate from Cadalso de los Vidrios (Madrid) and Recuenco
(Guadalajara). The Venetian style was reinterpreted here in peculiar ways, with singular
shapes and using glass with a special hue, especially in the objects identified as coming
from the Recuenco’s production [1,2,10].

A different character, markedly distinct from the glassware until now examined, is
evident in the Andalusian (southern Spain) production. Together with Almeria, the main
furnaces were in the area of Granada, known for the production of glass since at least the
17th century. Documentary sources refer to furnaces in Castril de la Pefia, a municipality
located in the province of Granada. Castril production was considered among the most
significative in the region [1,11-13]. Castril glasses were exhumed in an archaeological
excavation in Murcia, but most information on them stems from written sources and objects
preserved in museums collections [2,11,14].

In Almeria and Castril, glass of everyday use was produced, such as cups, mugs, jars
and bottles. The Andalusian glass is characterised by bright colours: mainly green and
yellow (believed to be due to the unintentional presence of iron in the sands), brownish-
black, purple and shades of blue. The many bubbles indicate some technological constraint
during the fining processes of the melt. Applied decorative elements abound, such as
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threads, ribbons and crested handles [1,2,15]. The glass objects attributed to a Granada
provenance are often composed of two coloured glasses combined in one object, for instance,
green and amber tonalities. This colourful glass, usually blown with thick walls and
considered a direct revivalism of the Islamic repertoire, has been related to Syrian glass
dated to the 14th century [1].

It is generally acknowledged that Andalusian glassmakers inherited the Islamic glass
manufacturing traditions, including shapes, decorative features and techniques. In Almeria
and Granada, the Islamic Al-Andalus influence was present and reflected in the glass
production long after the end of the Islamic occupation, that began in the 8th century and
lasted until the end of the 15th century. Moreover, the permeability between Christians
and Muslims was dynamic and the Islamic influence in the production technology of
other materials is undeniable, as is the case with lusterware. As already noted [16], this
interconnection and transfer of technology is never restricted to one sole craft.

In the Iberian Peninsula, considering the Portuguese territory, no fagon-de-Venise
production location has so far been identified. However, a great number of archaeological
remains has been unearthed from the north to the south of the territory. Due to the
typological and compositional characteristics that some of these objects present, it was
proposed that some of the pieces were locally produced [17-19].

Concerning archaeometric studies applied to glass unearthed in Spain, more sys-
tematic work is being done to older chronologies, namely to glass assemblages dated to
between the 5th and the 12th centuries [20-26], although singular case-studies can also be
found for later chronologies [27]. With regard to the southern regions, it was concluded
that the glass was of a soda-rich nature; however, glass rich in lead has been systematically
identified, which appears to constitute a characteristic of local production, believed to be
the result of Islamic influence. During the Nasrid period (roughly dated to between 1230
and 1492), glass production from the Cérdoba region appears to be more homogeneous in
terms of glass colour and composition, which can be related to a higher control from the
authorities and also to the existence of a guild [26]. When traveling south, in Malaga, one
faces a different reality, where recycling was very important within the glass production
line and in terms of colours the variety is greater. This has been attributed to the position
that this city has in the trading routes in the Mediterranean Sea [26]. This shows that
even within the Al-Andalus region, one cannot assume an organised and homogeneous
production of glass.

The assemblage under study allows for an outstanding opportunity to examine a
later chronology, after the Islamic occupation. This research will combine the study of the
archaeological context together with historical data, the glass formal characteristics and
the determination of its chemical composition in major, minor and some trace elements.
Provenance suggestions will be based on the relation of all these aspects. With this study, we
hope to contribute to enrich the knowledge about glass production in Europe, specifically
the Spanish territory, during the late medieval/early modern periods.

1.1. Archaeological Context and Description of the Glass Fragments

A set of 14 glass fragments and production remains was collected during rescue
archaeological works conducted in Granada (Spain), at a location known as Calle Horno
del Vidrio (Glass Furnace Street). Excavations revealed continuous occupation of the area
between the 11th and the 17th—18th centuries, with scant traces of domestic buildings. No
evidence of structures related to furnaces was discovered so far. Thus, the massive concen-
trations of glass wastes led archaeologists to suppose the presence of a glass production
site in the immediate surroundings of the excavated parcels (Figure 1). The finds were
stratigraphically dated between the 16th and 17th centuries [12].

Considering the 14 fragments under study, three fragments can be identified as
probably belonging to objects and nine belong to production remains. Two fragments were
collected very close to the crucible walls and will be discussed separately because of the
different compositional characteristics (see Table 1).
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Figure 1. Example of the glass remains found during the excavation at Calle del Horno del Vidrio in

Granada, Spain.

Table 1. Description of the fragments under study and the respective photography.

Inventory Number

Fragment Description

Photography

HV-1

Fragment of Millefiori decorated glass. It
belongs to the lower part of the object’s body,
possibly a small globular vase.

The body is of a transparent blue glass
decorated with an opaque red pick-up
decoration. The degradation layers do not
allow for an appreciation of the colour nor to
interpret the appearance of the applied
murrine.

HV-2

Glass sample collected very close to the
crucible wall. It is a fully melted fragment of
frit. The colour is a transparent bluish green.

HV-3

Production waste. It may be a pontil
knock-off. The glass is transparent green.
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Table 1. Cont.

Inventory Number

Fragment Description

Photography

HV-4

Object or production waste? Transparent
colorless glass with a slight yellowish green
tone that can be perceived in the thickest
parts. The minimum thickness is half a
millimeter.

It is not clear if this fragment belongs to an
object; the circular opening does not seem to
be part of a piece mouth.

HV-5

The fragment could be the mouth of a piece.
At the top, it ends as if it were a rounded,
straight rim with a thickness less than 3 mm.
The maximum thickness at the bottom is 6
mm. The glass is transparent olive green.
The fragment is quite irregular and it seems
that this was the result of a less cared for
production.

HV-6

Production waste. Glass can be seen attached
on the two faces of a ceramic fragment that
could belong to a crucible. The ceramic paste
is blackened on the outside. A slightly purple
interior of the ceramic paste is visible on the
edges of recent cracks. On one side, the glass
has an homogeneous layer that has cracked.
The other glass layer looks very uneven. The
glass is transparent bluish green.

HV-7

Fragment of a transparent blue glass rod,
with a turquoise blue hue. The rod is not
perfectly cylindrical and it has a 5.5 mm of
diameter at its widest part.
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Table 1. Cont.

Inventory Number

Fragment Description

Photography

HV-8

Production waste. Opaque green glass. The
narrowest part has a crack that shows a shiny
glass interior. It appears to be a drop.

HV-9

Production waste. Deformed glass chunk,
fully melted, with a bottle green colour. On
one side it has attached impurities that may
have come from the furnace wall.

HV-10

Production waste. Since on one side it has a
central area that seems to correspond to a
cylindrical shape, it may be of a pontil
knock-off.

The glass is transparent green with a slight
yellowing hue. Inside one may see a
medium-large bubble.

HV-11

Possible production waste from the interface
area where the molten glass gets mixed with
the crucible wall. The batch is not fully
melted.

HV-12

Production waste. Glass fragment of
transparent bluish colour, fully melted.
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Table 1. Cont.

Inventory Number

Fragment Description Photography

Production waste. Glass fragment of bluish
green colour. Although homogeneous, it

HV-13 seems that the batch did not melt completely
and it seems to present some opacity.
Production waste. It seems that this fragment
might have been attached to the furnace

HV-14 walls. On one side it has the remains of

material with a totally calcined aspect. The
attached glass is cracked and presents a
transparent bluish green colour.

The production remains’ samples belong to lumps of green/bluish glass, apparently
at different degrees of melting; some show the mark left by the blowing cane or by the
pontil. The colour of the glass can be compared and related to the glass manufactured
during the 16th and 17th century at Castril de la Pefia. Castril production is characterised
by objects with thick walls in several shades of green and the typologies focus the daily
utilitarian needs [1,13]. This seems to relate with the type of glass under study here.

The glass of the sampled objects differs. In particular, sample HV-4 is made of
colourless glass, with very thin walls and it seems to have belonged to a delicate glass
(see Table 1). Sample HV-5, on the other hand, probably belongs to a vessel (shape not
identified) with thick walls and a green hue, which is very characteristic of the Castril
production type [1,9,13]. The third object (sample HV-1) is a fragment of blue glass with
red millefiori decoration.

It is more likely that sample HV-4 relates to objects from the Nasrid tradition [12].
Nasrid glass production is characterised by objects with thin walls and less tinted glass
(some objects are close to transparent and colourless glass), which seems to indicate two
hypotheses: glassmakers from the Nasrid tradition had a greater domain over raw materials
and production techniques than the ones that followed and were part of the Castril-type
production, or the Castril production was responding to a different taste from the market
demand. When looking to the production wastes, apparently, no relation in terms of glass
colour can be found between sample HV-4 and the remaining samples.

Finally, the millefiori fragment (sample HV-1) is likely to have been imported. Fol-
lowing what was said for sample HV-4, this fragment has no relation with the production
remains recovered by the archaeological excavation. Since facon-de-Venise glass was known
to be produced in the Catalonian region, it will be important to try to understand if this
fragment was imported from abroad (from Italy for instance) or if it was coming from
another Spanish region such as Catalonia.

The relation between the fragments’ characteristics (such as glass colour) and compo-
sitional results will be explored. The results will be compared with published compositions
of coeval glass from Spain and also from other production centres in order to try to propose
a provenance for the samples. This will be especially relevant for samples HV-1 and HV-4.
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Regarding the location of the furnaces, it is important to mention that Calle Horno
del Vidrio was very close to the Palacio de Castril, a palace whose land was the property
of Don Hernando de Zafra, the founder of the glass factory in Castril de la Pefia. This
location is characterised for having a series of streets with names related to what was
being produced there, such as Horno de Vidrio (Glass Furnace) and Horno de Oro (Gold
Furnace), among others. This may lead to the hypothesis that these were active crafts in
the neighbourhood; however, apart from the glass production remains, no other material
remains from these activities had been found so far. Don Hernando de Zafra was secretary
of the catholic kings and played a central role during the conquest and organisation of
the Granada kingdom [28]. According to M. Garzon Pareja, Don Hernando de Zafra was
an entrepreneur, who travelled and got in contact with the Catalonian and the Gerona
glass production traditions, which probably was one of the reasons for him to pursue
the glass production business, which might have started in smaller furnaces and evolved
after to a larger production in the Castril factory [29]. However, other authors believe
that glass production at Castril probably started later, after the death of Don Hernando de
Zafra [28]. In spite of this discussion, it is safer to assume that if this important figure had
any relation with the beginning of glass production at Castril, following the example of
other magnates of the time, it would have been as an entrepreneur [28]. It is relevant to
clarify that the Castril property and surrounding lands stayed in the de Zafra family long
after Don Hernando died [28], which leads to suggest that glass production at Castril may
have started during the regency of the de Zafra family.

Noteworthy is the relation this important figure had with the royal family. At the
end of the 15th century, glass collecting in Spain started to have some importance among
royalty [9]. Later, in the 16th and 17th centuries, it evolved to a different level, where glass
also had a prominent place related to its transformative nature. Glass (some produced
in Spain) was present in the Spanish royal collections as early as the 15th century [9];
together with the trading and entrepreneurial spirit of Don Hernando de Zafra, this might
somehow be related. Looking from different perspectives, it appears that the royal secretary
was connected to glass, including trading it and probably establishing and financing
its production.

1.2. Mineralogy of the Silica Source: Implication in the Study of Glass Prodution

Considering the archaeometric research that has been developed in glass studies, its
main focus are the raw materials that compose this material. Raw materials are the group of
basic components that are put together and submitted to a transformation process to obtain
a final product, in this case glass. The raw materials out of which glass is made can come
directly from nature, can be manufactured, or can result from previous recycling actions.
In many cases, the combination of the three situations are observed when analysing glass
compositions [30]. In the history of glass making, the most frequently used raw materials
to obtain silica—the main component and vitrifying agent of glass—are quartz pebbles
and sand. The quartz crystal structure is composed of silicon with an ionic valency of Si**
that, although having a very small ionic size, still has the capacity of incorporating small
amount of other elements, such as Al, Ti and Fe [31]. Additionally, apart from the silica,
the sand used in the glass batch always contains different types of impurities or accessory
minerals, among which one may find clay minerals, iron and titanium oxides, and more
complex minerals such as zircon and pyroxenes, among others [31-33]. All these accessory
components, including the rare earth elements (REE), will enter the glass batch and become
part of the composition of the final pieces. Alumina, iron and titanium oxides are the main
elements and trackers for sand, allowing discussion about the provenance of raw materials
and, consequently, the provenance of the glass object [34].
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2. Materials and Methods
2.1. Sample Selection and Preparation

Samples were selected from the set of production remains (represented in Figure 1),
where all fragments presented the same morphological characteristics (such as the glass
colour). Some fragments belonging to objects were also selected to be studied. For the
choice of these fragments, the criterion was to select among those who presented similar
characteristics to the production remains present in Figure 1. In addition, some objects that
did not show any resemblance to the production remains from Figure 1 were also selected
to be studied, since these may represent objects that might have been made elsewhere.

In order to avoid erroneous results by analysing and quantifying corrosion layers
instead of the uncorroded bulk glass, it was decided to sample all selected objects. Small
glass samples of 2-4 mm? were dry cut from the selected glass fragments with a diamond
wire. Samples were embedded in an epoxy resin and polished with SiC sandpaper down
to 4000 mesh. This sampling procedure was performed only on broken objects and on
individual fragments without possible connections.

2.2. u-PIXE

Quantitative results were achieved with the p-PIXE ion beam analytical technique
using an Oxford Microbeams OM150 type scanning nuclear microprobe (the p-PIXE system
is located at the Center for Nuclear Sciences and Technologies—C?TN, Lisbon University,
Lisbon, Portugal) setup with the in-vacuum configuration. To allow efficient detection
of low energy X-rays, such as the ones of Na, all the glass fragments were irradiated
in vacuum with a focused 0.7 MeV proton beam and the produced X-rays collected by
a 8 um thick Be windowed Si(Li) detector. In order to avoid or detect possible local
glass heterogeneities, X-ray imaging (2D elemental distribution) and spectra were generally
obtained from an irradiated sample area of 750 x 750 um?. For trace elements quantification
(typically elements with atomic number above the one of Fe), a 2 MeV proton beam was
used with a 50 um thick Mylar foil positioned in front of the Si(Li) X-ray detector. Its
use as an X-ray filter reduces the strong Si X-ray spectrum contribution, thus allowing an
increase of the beam current and accumulated beam charge to attain higher sensitivity
(lower detection limits) for elements such as Cu, As and Sb. The samples were also coated
with a thin carbon layer in order to prevent sample beam-charging, and consequently,
X-ray spectra degradation. Operation and basic data manipulation, including elemental
distribution mapping, was achieved through the OMDAQ software code (version 5.1,
Oxford Microbeams, Oxford, UK), and quantitative analysis with the GUPIX program
(version 2.1.4, University of Guelph, Guelph, Ontario, Canada) [35]. The results are
expressed in weight percentage of oxides and were normalised to 100%. To validate the
obtained concentration results, a glass reference standard, Corning B, was also analysed.
Those values are presented in Table 2. The measurements uncertainties were considered
as the combined uncertainties of spectra counting statistics and spectra deconvolution fit
uncertainty. This implies a relative uncertainty below 1% for SiO,, below 5% for Na (except
for HV8 sample), Mg, Al, K and Ca oxides and below 30% for all the remaining oxides.
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3. Results and Discussion

The studied material can be divided in: glass waste and glass remains attached to
crucibles or furnace walls, production remains of loose glass and, finally, glass fragments
from objects. The presentation and discussion of the results will be made following
this division and a relation between production remains and the objects’ fragments will
be made.

From the 14 samples that were analysed, it was possible to determine the type of glass
for 12 of the samples. For these 12 samples, 11 are of a soda-rich silica glass and only 1
(sample HV-8) was identified as being of a potassium-rich glass. Two samples, still attached
to the crucible material, do not present alkali values that permit a glass type identification.

For the soda-lime-silica glass, the contents of MgO (1.5-4.2 wt%), KO (3.8-6.9 wt%),
P,0s5 (0.2-0.4 wt%) and the presence of chlorine (>0.5 wt%) are consistent with the use of
coastal plant ashes, the usual alkali source identified for Mediterranean glass productions,
such as the Venetian one [37,38].

Results and discussion are divided in a Glass Waste and Crucibles section and Produc-
tion Remains and Glass Fragments section to help explore results and identify relations,
similarities and differences among data. The obtained glass composition will be compared
with coeval glass from Spain and from other production centres.

3.1. Glass Waste and Crucibles

Samples HV-2 and HV-11 are the ones considered to belong to this category. Sample
HV-2 was collected very close to the crucible wall and presents alkali values that prevent
us to discuss its nature (see Table 2). This was confirmed by the very high level of alumina
(11.0 wt%), and for this reason, no further conclusions were explored for sample HV-2.

Considering sample HV-11, due to the aspect of the fragment, it seemed to come
from the interface area where the molten glass gets mixed with the crucible wall. It has
a blackish/greyish colour and there was a great number of bubbles or pores present in
the sample. A u-PIXE mapping was performed on the fragment in order to observe the
distribution of some elements in the sample (Figure 2). It is possible to observe an area
richer in Si, which is also richer in Ca and K. This area is probably the one closer to the
crucible, which is the area more susceptible to ionic exchange [39].
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2mm

Sample Fe

Figure 2. u-PIXE elemental distribution in sample HV-11 for elements Si, Al, Ca, K and Fe. The two
maps on top row have dimensions of 2.25 x 2.25 mm? and were obtained with a 0.7 MeV proton
beam and the remaining maps have dimensions of 2.64 x 2.64 mm? and were obtained with a 2 MeV
proton beam.

3.2. Production Remains and Glass Fragments
3.2.1. Silica Sources

Before looking at the samples of production remains and glass fragments separately,
in Figure 3, the main components of the silica source for all these samples are plotted in
order to verify if the assumptions made previously when looking to the glass colours and
forms, could be verified.
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Figure 3. Binary plot of weight ratios of Al,O3/SiO; vs. the weight ratio of TiO, /Al,O3. The Castril
Glass values were taken from [13].

The plot shown in Figure 3 allows for the comparison of the mineralogy of the
glassmaking sands. As mentioned previously, titania and alumina are among the most
important oxides to study the origins of the silica source. With the presented combination of
oxides, it is possible to create a chart where the mineralogical characteristics of the silica raw
material is related to the glass composition, namely the quartz content (SiO,), the feldspar
contribution (Al;O3) and the heavy minerals contribution (TiO,) [40,41]. This relation
suggests that the group of eight samples marked with an oval dashed line (designated
Group 1) and which represents the majority of production remain samples with very similar
green/bluish hues are also very similar in terms of the composition of the silica source,
strongly suggesting that these glass samples were made from the same source of silica.
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What is very interesting and noteworthy is that this group, composed of soda-lima-silica
glass, includes a glass drop with the only potassium-rich composition (sample HV-8) found
in the set, which seems to indicate that despite the fact that a different flux and consequently
a different recipe were used, the silica source is the same used for the production of the
batch with a sodium-rich composition. All samples within this group were identified as
belonging to production remains (samples HV-3, HV-6-10 and HV-12-14) while presenting
a greenish/bluish colour, which seems to be in accordance with the Castril production
style [12].

Still looking to the binary plot represented in Figure 3, the composition of the glass
samples retrieved from Granada were also compared with the published composition for
Castril glass [13]. One can find a very straight relation between the Castril glass composition
and the analysed samples shown within the oval dashed line of Figure 3. Together with
the previously mentioned Castril characteristics, this group of eight samples can be clearly
correlated to the Castril glass.

The second relation that can be identified is between samples HV-4 and HV-5. As
one can see in Table 1, sample HV-4 was collected from a colourless and thin fragment
(shape not identified), possible related to a Nasrid tradition. Sample HV-5, on the other
hand, probably belongs to a vessel (shape not identified) with thick walls and a light green
hue, very characteristic of the Castril production type. Due to the similarity of the two
samples in terms of the mineralogic characteristics of the glass, it is proposed that for both
samples, the same source of silica was employed. This seems to suggest that the same silica
source was being exploited during different chronological periods, such as the Nasrid and
the Castril ones. This hypothesis needs to be further explored, since it is not possible to
fully understand such a relation with only two samples showing this behaviour. It is also
important to notice that these two samples are somehow close to the group of samples
previously described, which may indicate that, even though these two glasses were made
with a different source of silica, these were not probably very distant (geographically) from
each other.

Looking now to the two samples that appear isolated on the chart from Figure 3,
sample HV-7, which belongs to a blue rod, is similar to the main group of samples firstly
described here. Following what was proposed previously for the group of two samples
(HV-4 and HV-5), it seems that the silica source used for the making of sample HV-7 is
geographically related to the one used for Group 1 samples. Regarding sample HV-1, this
sample stands out on account of its decorative feature: a blue glass body with millefiori
decoration in red glass. Concerning its composition, it also appears completely separated
from all the other samples, showing no relation with the other glass, having the poorest
content in alumina and titania from all characterised samples. However, despite these low
values, the body glass has alumina and titania contents higher than the ones that have
been measured for genuine Venetian glass so far, preventing in this way to attribute this
fragment to a genuine Venetian production [42,43]. Two hypotheses can be considered:
either the fragment is of local production or it was imported from elsewhere. When
comparing the composition of this fragment with the other analysed remains, it is clear
that it cannot be compared with any, which seems to indicate that the second hypothesis
is more likely to be correct. It is, however, very interesting that a millefiori fragment was
found amongst the glass production remains. This fragment might have been part of a
piece from a habitational house and just got mixed with the furnace production remains
or collected for recycling. Other facon-de-Venise glass were found during the excavations
and these were considered imported products, either from Venice or from other Spanish
locations such as Catalonia, known for its facon-de-Venise production of high quality, or as
Castille, where during the 16th and 17th centuries, the production of facon-de-Venise glass
was of outstanding quality and manufactured by immigrant glassmakers from Venetian
and Flemish origins [12,44].
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3.2.2. Alkali Sources

When studying the alkaline sources, the great majority of the analyzed glass is of a
soda-rich composition, with the exception of one fragment which is of a potassium-rich
composition (sample HV-8). Looking to Figure 4, the fractions of Na,O and K,O were
normalised to the content of all alkaline and alkaline-earth oxides and plotted, in order to
observe the distinct fractions of these oxides employed in the flux, and consequently, to
distinguish amongst the different possible fluxes employed in the glass.

The two dashed lines marked on the chart (Figure 4) represent the use of unpurified
ashes (correlation line of Nay,O* + K,O* = 0.6) and purified ashes (Na,O* + K,O* = 0.75).
Na,O* and K,O* values are obtained through the division of the respective oxide by every
com-ponent introduced by the ash (Na,O, MgO, P,05, KO and CaO). The purification of
vegetable ashes was introduced in glassmaking during the 15th century in Murano. The
ashes were ground, dissolved in water and then boiled. The resulting solution was filtered
and left to dry. These steps led to the formation of a white salt—sale da cristallo—that was
mixed with the silica source in the right proportion, and calcined in order to obtain Cristallo
glass [37]. This purification process resulted in the removal of iron compounds as well
as calcium and magnesium, the presence of these last two being essential to the chemical
stability of the glass. Unpurified ashes refer to the use of the same vegetable ahes with no
treament applied. In this period, the source of alkali used by the Venetians was inported
from Levantine region; however, in the Spanish mediterranean coast line, barrilla (Salsola
soda) was mostly likely the source for the ashes, with the Alicante barrilla being the most
famous one for glass production [37,45].

Adding to the samples from the Granada glass furnace, the values for Castril glass
for the 14th/15th century Portuguese glass from Beja (PMF) and the values for 1the
5th/16th century glass from Savona, Italy (two samples) were also plotted. The areas for
Levantine treated ash (usually related to Cristallo), Levantine untreated ash (usually related
to Vitrum Blanchum and Venetian common glass), 16th/17th century facon-de-Venise glass
from different provenances, 17th century mixed alkali glass and 17th century potassium-
rich glass, the latter two both made by employing purified raw materials, were marked on
the chart to help visualising where the Granada glass samples would correlate the most.
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Figure 4. Binary plot of Na,O* vs. K;O*. NayO* and K,O* values are obtained through the division
of the respective oxide by every component introduced by the ash (Na,O, MgO, P,05, K,O and
Ca0). The two correlation lines represent the purified ash (NayO* + K,O* = 0.75) and the unpurified
ash (Nap,O* + K,O* = 0.6) [46]. Samples from the Horno del Vidrio were plotted together with Castril
glass [13], 14th/15th century PMF samples [17] and 15th/16th century glass from Savona, Italy [46].
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Analysing the chart from Figure 4, it can be immediately observed that samples
identified in Group 1 appear again all together aligned on the correlation line that belongs
to the employment of purified ashes; however, in a different way than the Levantine ashes
employed in the Venetian Cristallo glass. The purified Levantine ashes have a lower K,O*
value, which implies higher soda contents. The ashes employed for the production of
Group 1 samples have a higher K,O* value, and as far as we know, no other coeval samples
showing this behaviour have been reported in the literature. One can hypothesise that
local plants rich in sodium were being purified and employed in the production of this
group of samples with similar characteristics to Castril glass. What is interesting to notice
is that Castril glass appears much lower on the chart, very close to PMF samples, showing
no relation with Group 1 Granada samples.

When looking to the other plotted samples from the Granada furnace, samples HV-1
and HV-5 appeared in close proximity to each other in the area identified for the 16th/17th
century facon-de-Venise glass from different provenances. This is in accordance with what
had already been verified when the silica sources were discussed. Sample HV-1, which
belongs to millefiori glass, showed characteristics for the silica source not compatible with
genuine Venetian glass. This is emphasised when studying the alkaline source, since no
relation with the use of Levantine ashes (purified or non-purified) is identified and, on the
other hand, the glass seems to be in accordance with the recipes used for facon-de-Venise
glass produced throughout all Europe. Concerning sample HV-5, no shape or decoration
feature is perceived that allows for a deeper discussion; however, one can suggest that
a very similar source and recipe for alkaline content was used for both samples HV-1
and HV-5.

Regarding sample HV-7, it falls within the boundaries for Levantine treated ash. This
fragment, which seems to belong to a glass rod, was made employing Levantine treated
ashes. When crossing this information with the study of the silica source, it seems that this
fragment was probably locally made (the silica source seems highly related to the Group 1
Si source).

When looking at sample HV-4, it appears related to one sample from Savona, Italy.
The Savona sample was identified as been made with a type of ash that was named as West
Mediterranean Ash (WMA). This alkaline source is characterised by being produced with
a soda-rich ash with a higher potassic content when compared with the Levantine one [46].
According to Cagno et al. (2012), there are different possibilities for the origin of this flux,
with the most probable being a mixture of plant ashes from different origins.

Finally, sample HV-8 shows a very different behaviour than expected, since this sample
has a potassium-rich composition. This sample appears in the upper part of the chart and
does not relate with 17th century potassium-rich glass made using purified ashes. It is
important to recall that this sample, in terms of silica source, falls within Group 1, which
was identified as to probably have been made with a local source related to Castril glass.

In sum, raw materials from different sources were identified in the Calle Horno del
Vidrio samples, especially with regards to alkaline sources. Not only different sources,
but also different recipes were identified, showing that the knowledge circulation and
also probably glassmakers’ circulation was very active in this period. Additionally, the
adaptation of recipes to local raw materials seems to be a normal procedure. However,
more samples need to be analysed to further explore these results.

3.3. Iberian Peninsula and beyond

In Figure 5, a comparison between the production remains and the pieces from
Granada furnace was made with coeval glass from other Spanish, Italian and Portuguese
contexts to try to identify differences and similarities [13,18].
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Figure 5. Binary plot of weight ratios of Al,03/SiO; vs. the weight ratio of TiO,/Al,O3 for the
samples from the Horno del Vidrio together with the Castril glass, the 14th/15th century glass
unearthed in Beja, Portugal (PMF) and the 15th/16th century glass from Savona, Italy [13,46,47].

Again, here, concerning Spanish contexts for this chronology, only the analytical
results for Castril glass samples were used, since no other published compositions for glass
from this chronology were found. As discussed before, one may find a straight relation
between the cohesive group of eight samples and the Castril glass, indicating that probably,
the same source of silica was used to produce the group of samples from Granada.

Concerning the comparison with glass found in Portugal, it was decided to compare
with samples dated to the 14th up to the 17th century [18]. In Figure 5, one can see the ratios
of alumina/silica versus titania/alumina for the Granada samples, the Castril glass [13]
and for the 14/15th centuries Praga Miguel Fernandes (Beja) samples (PMF) [47]. Still, in
Figure 5, a grey shadow was marked, which represents the area to which the great majority
of the Portuguese samples dated to the 17th century belong (more than 100 samples) [18].
It is possible to propose that 17th century glass samples unearthed in Portugal and some
samples from the 14/15th centuries from PMF assemblage were made with different silica
sources that do not compare with the Granada samples or with Castril glass. The silica
source employed in the glass found in Spain have different mineralogical characteristics
when compared with the ones employed for 17th century glass found in Portugal.

What is striking when analysing the binary chart in Figure 5 is the resemblance of two
samples dated to the 14th/15th century from PMF assemblage, with glass from Granada,
more specifically from Group 1 samples. The two PMF samples are made of colourless glass,
with very thin walls, resembling Nasrid glass. These fragments belong to two drinking
glasses. Fragment PMFO0401 is a colourless glass with a natural light yellow hue, and it
belongs to a drinking glass with a cylindrical or cylindrical-conical body, with vertical
ribs that resulted from mould-blowing, and has a string applied from the same glass that
composes the body [19]. Some objects decorated with mould-blown ribs and applied
glass strings were found among the Nasrid glass from the Alhambra Museum collection;
however, these are not from drinking glasses but belong to jars instead [44]. Fragment
PMFO0691 is colourless with a natural light greenish hue, and it belongs to a drinking glass
with a foot, blown into a mould, which gave the object vertical ribs. No parallel for this
type of shape was found among Nasrid glass so far. Since these two PMF fragments are
comparable with Group 1 samples (with Castril glass characteristics) and the same source
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of silica was probably employed for the production of both PMF and Granada samples,
this might indicate that this specific silica source was used for the production of glass with
different characteristics and probably during a long period of time.

Finally, concerning sample HV-1, which belongs to a blue glass with millefiori dec-
oration, in Figure 6, the contents of alumina and iron oxide for this sample were plotted
and compared with facon-de-Venise glass from different production locations. It is possible
to see that this millefiori sample is quite distant from the region defined for the genuine
Venetian Cristallo and Vitrum Blanchum glass. This comes in accordance with what was
said before about this sample not being of genuine Venetian provenance. Granada sample
appears close to one of the millefiori samples that was found in the excavations performed
to the Monastery of Santa Clara-a-Velha in Coimbra, Portugal [48]. Most studied millefiori
fragments from the Monastery of Santa Clara-a-Velha in Coimbra were not compatible
with genuine Venetian glass or even with known facon-de-Venise production centres. The
millefiori fragment from Granada furnace seems to follow the same tendency, and even
though it seems to be related to one of the Santa Clara-a-Velha monastery, Coimbra (SCV)
millefiori samples, no probable provenance can currently be proposed for this fragment.

What is striking and worth mentioning is that, in the majority of the literature available
about millefiori glass, this decorative technique is mainly attributed to a genuine Venetian
provenance because of the complexity that its production involves. It is, however, clear
that by looking into Figure 6, millefiori glasses found in Portugal, Amsterdam, Antwerp,
London and Tuscany cannot be attributed to a Venetian production, which seems to suggest
that the production of these glasses was more spread that one might expect, a hypothesis
that has already been proposed elsewhere [49].
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Figure 6. Binary chart of alumina versus iron oxide in weight percent of oxides. The grey shadow
represents the values for genuine Venetian cristallo and vitrum blanchum. Samples from Amsterdam,
Antwerp, London, Spain and Tuscany belong to fagon-de-Venise glass that was locally produced and,
finally, the Portuguese samples belong exclusively to millefiori fragments unearthed in the Santa
Clara-a-Velha Monastery in Coimbra.

4. Conclusions

A set of 14 glass fragments, including objects and production remains dated to the 16th
and 17th century and unearthed in Granada, were studied and their chemical composition
was characterised by p-PIXE, which allowed for the discussion of the nature and origin of
the employed raw materials and types of produced glass.
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The area where these glass production remains were excavated was known as Calle
Horno del Vidrio (Glass Furnace Street), which in the past was the way used to indicate or
designate the type of activity that was being developed in the street.

All the analysed glasses are soda-lime-silica glass, excluding sample HV-8, which is a
potassium-rich glass. Concerning the silica sources, one group composed of eight samples
was identified. This group presents cohesive characteristics allowing one to propose that
these samples were made from the same source of silica, which is comparable with the
so far analysed Castril glass. Within this very cohesive group, one may find one sample
with a potassium-rich composition. This reinforces the suggestion that the furnaces were
probably producing different glass types from the same silica source, meaning that for this
specific sample, HV-8, the alkali source was different but the employed source of silica was
not. However, with only one sample showing this behaviour, it is not possible to make any
further conclusions. Still, analysing the silica sources, two samples, one showing Nasrid
characteristics (HV-4) and the other with Castril characteristics (HV-5), are slightly different
from the main group but appeared in close proximity to each other, leading one to propose
that the same silica source (probably geographically close to the one employed for Group 1
samples) was used to produce both Nasrid and Castril glasses.

When crossing data from the Granada furnace with data from the analysis performed
to glass excavated in Beja, Portugal (PMF), it is possible to strongly relate two PMF frag-
ments with Group 1 samples. This could suggest that glass was already manufactured in
Granada during the 14th/15th century, not only for local consumption, as the objects were
also exported, at least to the south of Portugal. More data are needed in order to support
this hypothesis.

Finally, when analysing the alkaline sources and apart from the K-rich sample, the
same grouping observed for the silica sources is maintained. The whole set of samples is
distributed along the previously defined groups in the literature as a function of the use
of unpurified or purified ash treatment and the millefiori sample for instance appears in
the area defined for facon-de-Venise glass from different provenances. What is striking is
that Group 1 samples, which in the majority presents Castril characteristics, appear all
together aligned in the region of purified ashes, forming a new group with characteristics
not reported in the literature so far. We hope in the future, with further analysis, to be able
to better explore this group, trying to disclose the followed recipe that implies the step of
purifying the ashes.

This preliminary work reinforces the need to further study glass from the 14th to 17th
century, chronologies that are not well explored. Moreover, glass from this period and from
the Andalusian region is a ‘rough diamond” with recipes and trading patterns yet to be
found, which will probably change the current beliefs about glass production in the Iberian
Peninsula.
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Abstract: This research provides a characterization of ancient Roman mortars from “Villa del Capo di
Sorrento” (commonly known as “Villa di Pollio Felice” or “Bagni della Regina Giovanna”). A deepened
analysis of cementitious binding matrix and aggregates was conducted with the aims of determining
possible sources of raw materials and the mix recipe, and to evaluate the minerogenetic secondary
processes. Twenty samples taken from the Villa were investigated by means of a multi-analytical
approach, including polarized optical microscopy on thin sections, X-ray powder diffraction, scanning
electron microscopy analysis, energy dispersed spectrometry, simultaneous thermal analyses, and
mercury intrusion porosimetry. Bedding mortars were made with slaked lime mixed with volcanic
materials, whereas coating mortars were made adding to previous recipe as ceramic fragments.
All samples were classified as hydraulic mortars. Cementitious binding matrix was characterized
by gel-like C-A-S-H, calcite, hydrocalumite, and gypsum, deriving from lime/pozzolanic material.
Geomaterials used for mortar production had a local origin. Pozzolanic materials, such as volcanic
fragments, scoriae, pumice, and crystal fragments derived from both pyroclastic rocks of the Campi
Flegrei district and from rocks of the Somma-Vesuvio complex; porosity test suggest that the products
related to minerogenetic secondary processes, make mortars more resistant.

Keywords: ancient mortars; analytical characterization; Sorrento Peninsula

1. Introduction

The Campania region was renowned during ancient times as Campania felix, thanks to
its climate, beautiful landscapes, and fertile land. For these reasons, the region was among
the favorite places to live in Roman times, with highly populated cities and otium villae on
the coast [1].

Nowadays, the region has plenty of major archeological sites, such as the eternal
Vesuvian cities, Pompeii, and Herculaneum, the Campi Flegrei, which were often visited by
rich Roman senators because of the natural baths and the stunning villae maritimae, found
from Posillipo to Punta Campanella [2].

These sites, like other remarkable examples in the Campania region, are still preserved
despite their location in an aggressive environment, such as the seaside, and the impact of
waves and weathering, which is why they have been the object of many scientific studies.

The Department of Earth Sciences, Environment, and Resources (DiSTAR), Federico II
University of Naples, for more than twenty years has been engaged in the application of
mineralogical and petrographic studies of several ancient finds and monuments, especially
of Campania region, such as Roman concrete, mortars, and ceramics, e.g., [3-7].

169



Minerals 2021, 11, 469

In this study the area of interest is the Sorrento Peninsula, between the village of Aequa
(near Vico Equense) and the far side of the Sorrentine peninsula with its adjoining islets
(Figure 1a). A total of 24 ruins have been identified as structures related to villae maritimae,
commonly dated, based on their building techniques, between Late Republican period
(133-21 B.C.) and the start of the 2nd c. A.D. [2]. In particular, we have focused the study
on ancient roman mortars of one of the most remarkable villa maritima of the Sorrento
Peninsula: Villa del Capo (commonly known as Villa di Pollio Felice or Bagni della Regina
Giovanna; Figure 1).

Twenty lime-based mortars were carefully selected from different structures of Villa del
Capo (Figure 1c) with the aim of characterizing them, especially regarding the cementitious
binding matrix and aggregates, to determine the provenance of raw materials and mix
recipe, improve the knowledge of Roman construction techniques, and study the secondary
minerogenetic processes affecting the investigated mortars.

o

.
|8

Figure 1. (a) Map of Italy and location of Sorrento in the Campania region (Italy); (b) satellite picture
of Villa of Capo; (c) sketch map of Villa del Capo with sampling points in red (modified after [8]).

2. Geological Context

Villa del Capo is located along the northwestern sector of the Sorrento Peninsula at the
base of the north facing slope of the Corbo Mt. The ancient building is placed on the distal
part of a small promontory that developing in NNW-SSE direction forms the so-called Punta
del Capo. Being part of the Sorrento Peninsula horst, the Corbo Mt. is formed of Cretaceous
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limestones, that widely crop out in the Sorrento Peninsula promontory, overlined by
a transgressive Miocene succession, locally covered by quaternary rocks [9] (Figure 2).
Forming a morphologic boundary between two semi-grabens located to the north and
to the south (i.e., Gulf of Naples and Gulf of Salerno, respectively [9,10] (Figure 2), the
Sorrento Peninsula is characterized by a structural setting dominated by NNW-SSE normal
faults, resulting from the Plio-Quaternary transcurrent and extensional tectonics [10-12].
Less significant is the structural expression of the Late Miocene-Pliocene compressive
tectonics. Similar to the Corbo Mt., the Lattari Mts. Range, forming the Sorrento Peninsula,
is consistently mantled by pyroclastic soils representing the product of the activity of
the Somma-Vesuvio and the Campi Flegrei. Such deposits have a thickness ranging from
few centimeters to ten meters [12] and were mostly produced by the Holocenic Vesuvius
eruption of 79 A.D. Between 18 ka ago and 79 A.D., the Lattari Mts. did not receive any
significant fallout deposits, because during this time span, the Vesuvio Plinian eruptions
were dispersed in other directions (NE to E; [13]. The pyroclastic cover has been subject
to both mass wasting and fluvial denudation processes that completely removed it from
steeper slopes.

%z

Massa

Punta
Campanella

Villa del Capo

Castellammare

di Stabia [ quatemary rocks

I: «Calcari e calcari dolomitici del Monte Faito»

{ Barremiano-Santoniano

—| «Arenarie del Deserto» e Formazione di Punta Lagno|
Tortoniano

[ <Arenarie di Termini» Serravalliano

=) «Calcareniti di Recommone»
Burdigaliano-Serravaliano

E «Calcari a radiolitidi», a: brecce
Aptiano sup. p.p.-Santoniano

2 km

B «<Mame a orbulina» Aptiano sup. p.p.
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Figure 2. Geological sketch map of the Sorrento Peninsula (modified after [14]).

3. The Roman Villa del Capo

Roman Villa del Capo, which the popular tradition knew as I bagni della regina Giovanna
(the baths of Queen Giovanna) or Villa di Pollio Felice, was identified by antiquarian tradition,
since the sixteenth century, as well as by part of archaeological studies [15]. Located in a
unique position, due to the presence of a circular basin, the villa is part of a dense network
of maritime residences that studded the entire Gulf of Naples between the first century B.C.
and the first century A.D. [16].

The Roman residence, organized with different living areas and services, was located
on the top of the promontory, and characterized by several continuous terraces along the
slope, about 200 m long, down to the sea where there were dockings [15]. The central
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area was characterized by four levels with a compact nucleus of buildings; the presence
of a peristyle with backyard and central basin on the upper terrace has been documented,
where open rooms paved in opus sectile and a system of ramps and stairs linked this place
with others. The structures of the Villa, facing the Sorrento side, due to the irregularly
ascending shape of the area was leveled with the basis of the Villa made by opus caementicium
foundations, exhibiting arches on the first floor and a covered porch with residential rooms
at the second one [15]. The thermal area is identified by several rooms near the sea, where
traces of their decoration survive, although partially destroyed by sea storms [2]. Finally,
Villa del Capo continued to be inhabited for several centuries despite the damages caused
by Somma-Vesuvio eruption of 79 A.D. [16].

4. Materials and Methods

In the context of the ongoing collaboration and related authorization of the former
Soprintendenza archeologia della Campania and to the assistance of archaeologists, who have
carried out several studies on the investigated area, mortar samples were carefully collected
in the most representative architectural structures of the archaeological site of Villa del Capo
(Figure 1c, Table 1).

Table 1. Sample list, group, typology, and location.

Sample Group Typology Location
BG1 C floor mortar external landing platform
BG2 A bedding mortar noble residential area
BG3 A bedding mortar noble residential area
BG4 B coating mortar bridge and input structures of sea bath
BG5 B coating mortar bridge and input structures of sea bath
BG6 A bedding mortar quadriportico of sea Villa
BG7 B coating mortar cistern of sea Villa
BGS8 B coating mortar cistern of sea Villa
BG9 C floor mortar warehouses
BG10 A bedding mortar warehouses
BG11 A bedding mortar warehouses
BG12 A bedding mortar breakwater
BG13 A bedding mortar breakwater
BG14 A bedding mortar breakwater
BG15 A bedding mortar bridge and input structures of sea bath
BG16 A bedding mortar bridge and input structures of sea bath
BG17 B coating mortar cistern
BG18 B coating mortar cistern
BG19 B coating mortar cistern
BG20 B coating mortar cistern

The sampling of mortars was preceded by an accurate on-site survey to define the
most suitable samples to collect in terms of archaeological and architectural significance. A
total of 20 samples was collected comprising ten bedding mortars (Group A), eight coating
mortars (Group B) and two floor mortars (Group C).

Samples were removed mechanically with hammers and chisels, ensuring to avoid
external and clearly altered portions to study materials that are as close as possible to the
original conservation state.

In order to achieve this study’s goals, various analytical techniques were used to
obtain a mortar’s complete petrographic, mineralogical, and chemical characterization and
degree of hydraulicity.

The first approach to the study of mortar samples was macroscopic observation, for:
(1) identification of the materials and (2) planning of analytical procedures.

Polarized optical microscopy (POM) on polished thin section was performed to ob-
serve the textural features and the petrographic composition of the samples with a Leica
DFC280 microscope (Leica Camera, Wetzlar, Germany). Percentage of binder and aggregate
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was measured via modal analysis on four representative thin sections from each different
sector of the investigated area, selected on the base of their macro- and microscopical
features. 1500 points for each section were counted using a Leica Q Win image analysis
software. Maximum uncertainty of percentage for a total amount of 1500 points is about
2.8% [17].

Qualitative mineralogical analysis was performed by X-Ray Powder Diffraction
(XRPD) using a Panalytical X'Pert Pro diffractometer (Malvern PANalytical, Almelo, The
Netherlands) equipped with a RTMS X'Celerator detector with Cu-K« radiation, operating
at 40 kV and 40 mA. Scans were collected in the range 4-70° 26 using a step interval of
0.017° 20, with a step counting time of 120 s. Panalytical Highscore Plus 3.0c software
(Malvern PANalytical, Almelo, The Netherlands) and PDF-2/ICSD databases were used
for identification.

Micro-textural observations and quantitative micro-chemical analyses were carried out
by Scanning Electron Microscopy coupled and Energy Dispersive Spectroscopy (SEM/EDS;
JEOL JSM-5310 (Jeol Ltd., Tokyo, Japan) coupled with Oxford Instruments Microanalysis
Unit, INCA X-act detector (Oxford Instruments plc, Abingdon, Oxfordshire, UK). Measure-
ments were performed with an INCA X-stream pulse processor (ETAS group, Stuttgart,
Germany) using a 15-kV primary beam voltage, 50-100 pA filament current, variable
spot size, from 30,000 to 200,000 x magnification, 20 mm WD, and 50 s net acquisition
real time). The INCA Energy software was employed, using the XPP matrix correction
scheme, developed by Pouchou and Pichoir [18], and the Pulse Pile up correction. The
quant optimization was carried out using cobalt (FWHM—full width at half maximum
peak height—of the strobed zero = 60-65 eV).

Details of the utilized standard and precision and accuracy are provided in [19].

Micro-chemical analyses were performed to determine major chemical composition
of binder, lime lumps and aggregates. Hydraulicity index (HI) of binder was calculated
according to Boynton using the (S5iO; + Al,O3 + Fe;O3)/(CaO + MgO) ratio.

Thermal Analyses (TGA/SDTA) were carried out with a Mettler Toledo TGA /SDTA
851e instrument (Mettler Toledo, Columbus, OH, USA) and Mettler Toledo STARe SW
7.01 software, with the main goal of determining total (binder plus aggregates) hydraulic
features of these materials. Samples were previously dried at 40 °C in a drying oven for 48
h. Thermal analysis was performed within the temperature range of 25-1000 °C, heating
rate of 10 °C/min in nitrogen atmosphere (flow 60 mL/min).

Porosity was determined on fragments of mortar (binder and aggregate were not
separated) and was evaluated using mercury intrusion porosimetry (MIP), according
to ASTM D4404-18 [20]. Due to the scarce amount and small dimensions of samples,
on the bases of macroscopic and microscopic features, three fragments were selected,
approximately 1 cm3 in size. Selected fragments were dried in an oven for 24 h at 105 °C,
and then analysed on Thermo Scientific equipment PASCAL 140 (ThermoFischer, Waltham,
MA, United States) with a maximum injection pressure of 0.4 MPa and PASCAL 240 with a
maximum injection pressure of 200 MPa. Total volume of pores of radius between 3.75 nm
and 800 pm (expressed in mm?3/g) was determined; open porosity (expressed in vol %);
bulk density (g/cm3); apparent density (g/cm?), and specific surface (m?/g); graphical
and numerical representation of the distribution of pore sizes were also determined.

5. Experimental Results and Discussion
5.1. Texture and Optical Microscopy

From a macroscopic point of view, some samples appear to be intact with respect to
others that seem to be quite dusty and friable. In addition, they globally show grain size
from fine to coarse sand [21]. A brief macroscopic description of mortar Groups (A, B, and
C) along with representative sample images is summarized in Table 2.
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Table 2. List and brief macroscopic description of the examined groups of mortar samples on archaeological site of Villa del

Capo.
i A t Photographi
Goup  Typology  nderColor U Compacness  hologrhic

(BG15 sAample) Bedding mortars  light grey color Up to 10 mm ++

B : Light yellow to
(BG18 sample) ~ Coating mortars reddish Up to 1.5 cm 4+

C pale brown to
(BG9 sample) Floor mortars greyish Up to 10 mm +++

Degree of compactness: +: poor; ++: moderate; +++: high.

Optical microscopy shows that all mortars are characterized by presence of lime
lumps (mm to cm). Their formation generally is related to lime binder not well mixed in
mortars but sometimes they could be also formed due to not adequate slaking processes
of lime or to non-homogeneous temperature in the kiln (under/over-burnt fragments of
limestone) [22-24]. Secondary calcite on pore rims and pumice vesicles also occurs.

Binder phase in group A (bedding mortars) is characterized by pale brown/beige to
grey color and shows various grades of crystallinity from cryptocrystalline (36.8 Vol.%;
Figure 3a) to micritic (22.0 Vol.%; Figure 4b,c). The binder shows the presence of small and
fractured lime lumps (5.5 Vol.%, Figure 3b) and few percentages of sparite grains (0.4 Vol.%).
Aggregate is mainly composed by volcanic fragments (5.2 Vol.%), pumice (12.0 Vol.%;
Figure 3b), and scoriae with clear reaction rims (1.7 Vol.%), mineral aggregates (0.1 Vol.%)
formed by clinopyroxene, sanidine, plagioclase, biotite, and, sometimes, calcite, and crystal
fragments of sanidine, plagioclase, and clinopyroxene (5.2 Vol.%). Volcanic fragments
can be identified as volcanic tuff, characterized by pumice and obsidian fragments, lithics
and crystal fragments of sanidine, clinopyroxene, biotite, and plagioclase set in an ashy
matrix mainly constituted by volcanic glass shards, affected by secondary mineralization
processes [25]. In sample BG12 presence of acicular crystals was also observed, apparently
calcite, filling the vugs. (Figure 3c). The binder/aggregate ratio was about 2.7 (Table 3).

Group B (coating mortars) is characterized by a binder that ranges from greyish to
brownish color and shows a cryptocrystalline (31.4 Vol.%) and micritic texture (18.9 Vol.%;
Figure 3c), small and fractured lime lumps, with not well-defined edges (6.3 Vol.%), and
very small percentage of sparite grains (0.4 Vol. %). Aggregate fraction is characterized
mainly by ceramic fragments (21.5 Vol.%; Figure 3d—f) with occurrence of reaction rims.
Petrographic observations revealed a certain variability in types of ceramic fragments.
These sometimes contain temper of different mineralogical composition: for example, in
sample BG17 (Figure 3e,f), ceramic fragments containing pumice, scoriae, and small crystals
(Figure 3e), and other fragments presenting only crystals of different types (Figure 3f), can
be recognized. Moreover, they have also different degrees of porosity and optical activity.
The other secondary aggregates that characterize this Group (B) are volcanic and carbonate
fragments (2.8 Vol.%—-0.5 Vol.%), pumice, and scoriae with reaction rim (4.8 Vol.%; 2.2 Vol.%;
Figure 3g) and crystal fragments of plagioclase, sanidine, and clinopyroxene (5.8 Vol.%).
Particularly relevant is the presence of leucite-bearing scoriae in BG8 sample (Figure 3h)
and the presence of crystal fragments of garnet in BG7 sample (Figure 3i).

Mortars from group B can be identified as cocciopesto, a typical building technique
used in ancient Rome for waterproof structures, such as cisterns and floors [3,26]. The
binder/aggregate ratio is of about 1.5 (Table 3).
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Figure 3. Microphotographs of mortar components (in CPL: cross polarized light; PPL: plane polarized light). Abbreviations:

MM micritic matrix, CM cryptocrystalline matrix, Rr reaction rim, P pumice, Cf ceramic fragment, Cal calcite, Ls leucite-
bearing scoriae, Grt garnet. Group A: (a) cryptocrystalline matrix (CPL) in sample BG3. (b) pumice with reaction rim,
lime lumps, and micritic matrix in sample BG6 (PPL). (¢) micritic matrix and acicular crystal calcite in sample BG12 (CPL).
Group B: (d) cryptocrystalline matrix, micritic matrix, and ceramic fragments in BG19 sample (CPL). (e) ceramic fragment
with reaction rim in BG17 sample (CPL). (f) ceramic fragment in BG17 sample (PPL). (g) pumice in BG20 sample (PPL). (h)
leucite-bearing scoriae in BG8 sample (PPL). (i) crystal fragment of garnet in BG7 sample.

Floor mortars (Group C) are characterized by two different layers (1 and 0; Figure 4a,b).
In BG1 sample, layer 1 (L1, internal layer) is characterized by beige color of binder, with
cryptocrystalline to micritic aspect (27.5 Vol.%; 31.3 Vol.%; Figure 4c). Binder also shows
presence of small and fractured lime lumps (5.5 Vol.%, Fig; Figure 4c). Aggregates are
composed of different types of ceramic fragments (14.1 Vol. %), scoriae (6.2 Vol.%), leucite-
bearing scoriae (1.5 Vol.%), and crystal fragments of clinopyroxene, amphibole, plagioclase,
sanidine (5.9 Vol. %), and garnet (1.8 Vol.%). Between layers 1 and 0, carbonation processes
are evident. (Figure 4d). Modal analysis was performed only in layer 1 and the resulting
binder/aggregate ratio was about 2 (Table 3). Layer 0 (external layer) presents a grey
color binder and cryptocrystalline aspect (Figure 4d,e). The aggregates are poorly sorted
and composed by few leucite-bearing scoriae (Figure 4e), altered pumice, and rare crystal
fragments of clinopyroxene.
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Figure 4. Group C: (a) thin section scan of BG1 sample, L1 internal layer, LO external layer, (b) thin section scan of BG9
sample, L1 internal layer, LO external layer. (c-h) microphotographs of mortar components (in CPL: cross polarized
light; PPL: plane polarized light). Abbreviations: MM micritic matrix, CM cryptocrystalline matrix, Cf ceramic fragment,
Ls leucite-bearing scoriae, Cpx clinopyroxene, Amp amphibole. (c) cryptocrystalline matrix, micritic matrix, crystal of
amphibole, and clinopyroxene (CPL) in L1 of BG1 sample, (d) transition between L1 and LO (CPL) in BG1 sample, (e)
leucite-bearing scoriae in L0 (PPL) of BG1 sample, (f) micritic matrix and ceramic fragments in L1 of BG9 sample (CPL), (g)
transition of L1 and L0 in BGO sample (CPL), (h) micritic aspect of L0 in BG9 sample (CPL).

In BG9 samples, Layer 1 is characterized by a brownish color of the binder and presents
both micritic and cryptocrystalline texture (22.0 Vol.%; 38.0 Vol.%; Figure 4f). Binder phase
also shows presence of lime lumps (1.4 Vol.%). Aggregates are composed by different types
of ceramic fragments (10.3 Vol.%, Figure 4f), pumice and scoriae with clear reaction rims
(10.1 Vol.%—2.9 Vol.%), volcanic fragments (2.1 Vol.%), and crystal fragments (8.2 Vol.%) of
clinopyroxene, sanidine, and biotite. Volcanic fragments can be classified as volcanic tuff,
characterized by the presence of microcrystals immersed in an altered ashy matrix [8].

Transition between layers 1 and 0 is well defined and evident (Figure 4g). Modal
analysis, performed on layer 1, shows binder/aggregate ratio equal to 1.8.

Layer 0 (LO) is characterized by white color of the binder, with mainly micritic aspect
with no aggregates (Figure 4h).
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Table 3. Petrographic features of samples and their modal analysis. Mineral abbreviations from [27].

Group C Group C
Mortars Group A Group B (BG1) (BG9)
Constituents (Vol.%)
Feldspar (Sa, Pl) 37 3.6 4.5 53
Mafic Minerals (Cpx, Am, Bt) 15 2.2 14 29
Garnet - 0.1 1.8 -
Volcanic fragments 5.2 2.8 - 2.1
Scoriae 1.7 2.1 6.2 29
Leucite-bearing scoriae - 0.1 1.5 -
Pumice 12.0 4.8 - 10.1
Ceramic fragments - 215 14.1 10.3
Carbonatic fragments - 0.5 1.9 -
Sparite 04 0.4 0.1 -
Lime lumps 55 6.3 3.9 14
Micritic matrix 22.0 18.9 31.3 22.0
Cryptocrystalline matrix 36.8 31.4 275 38.0
Voids 11.1 24 4.7 4.7
Others 0.1 2.9 1.0 0.3
Total points % 100 100 100 100
Total Binder % 64.6 57.1 62.9 61.4
Total Aggregate% 24.1 37.6 31.4 33.7
Binder/Aggregate ratio 2.7 15 2.0 1.8

5.2. Mineralogy

Samples were separated in (1) binder and (2) aggregates (excluding ceramic fragments,
due to their extreme variability) according to the UNI-EN 11305 [28] document (mortar
characterization).

XRPD results confirmed occurrence of lime-based mortar with volcanic aggregate, as
shown by semi-quantitative analyses reported in Table 4.

Regarding binder phases (Figure 5), calcite is the most abundant phase with sub-
ordinate gypsum [CaSOy-2(H,0)] and hydrocalumite Cay AI(OH)g[Cl;-x(OH)x]-3(H,O).
Gypsum, since it is only in a few samples, could be ascribed to sulphation processes of
calcite as a consequence of the decrease in pH value, caused by dissolution of atmospheric
SO; [29].

Hydrocalumite, also known as Friedel’s salt or AFm phase in cement science, belongs
to layered double hydroxides (LDHs) family [8,30,31]. LDHs are among the few oxide-
based materials with permanent anion exchange capacity, developed through isomorphous
substitution [30]. Hydrocalumite has not only an ordered Ca-Al distribution in the hydrox-
ide layer, but well-ordered Cl” and water in the interlayer space. The interlayer order is
due to coordination of the water molecules to Ca in the hydroxide layer, which results
in an unusual 7-coordinate Ca environment. This phase occurs naturally and generally
forms by reaction of Cl-containing de-icing salts with the calcium aluminates of Portland
cement [32]. In Villa del Capo mortars hydrocalumite is ascribable to the reaction between
the Ca(OH);, sea-water, and hydroxyaluminate derived from pozzolanic materials [31].

As far as volcanic aggregates fraction is concerned (Figure 5), XRPD analyses sug-
gest that volcanic tuff fragments can be associated to Campi Flegrei ignimbrite products
(Neapolitan Yellow Tuff and/or Campanian Ignimbrite), due to the presence of typical
zeolitic association of this material, i.e.,: phillipsite, chabazite, and analcime [33,34]. In
addition, presence of sanidine, clinopyroxene, and mica could be also associated to the
Campi Flegrei ignimbrite formations.

All samples show the presence of halite, associated with marine aerosol.

XRPD analysis allowed to detect the presence of amorphous fraction, recognized by
the rising of the pattern background, related to volcanic glass components and C-A-S-H
(calcium, aluminum, silicate, hydrate) phases.
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Table 4. Qualitative mineralogical composition of samples, XRPD analysis. Mineral abbreviations

from [27].
Samples Group Main Binder Phases Main Aggregates Phase
BG1 C Cal, Hyc Anl, Sa, P1, Cpx, Mca, Cal
BG2 A Cal, Gp, H1 Anl, Sa, P1, Mca, Hl, Cal
BG3 A Cal, H1 Phi, Anl, Sa, P1, Cpx, Mca, Hl, Cal
BG4 B Cal, H1 Phi, Anl, Sa, P1, Cpx, Mca, Cal
BG5 B Cal Phi, Anl, Sa, P1, Cpx, Mca, Cal
BG6 A Cal, Hyc, HI Phi, P1, Cpx, Mca, HI, Cal
BG7 B Cal, Hyc, HI Anl, P1, Qz, Cpx, Mca, Lct, HI, Cal
BGS8 B Cal, Gp, Hyc, H1 Anl, Sa, P1, Qtz, Cpx, Lct, Mca, Hl, Cal
BG9 C Cal Phi, Cbz, Anl, Sa, P1, Qtz, Cpx, Mca, HI, Cal
BG10 A Cal, Hyc, HI Phi, Cbz, Anl, Sa, P1, Cpx, Mca, Hl, Cal
BG11 A Cal, H1 Phi, Anl, Sa, P1, Mca, Hl, Cal
BG12 A Cal, Gp, Hyc, H1 Phi, Cbz, Anl, Sa, P1, Cpx, Mca, Hl, Cal
BG13 A Cal, Gp, Hyc, H1 Phi, Cbz, Anl, San, P1, Cpx. Mca, HI, Cal
BG14 A Cal, Hyc, H1 Phi, Anl, Sa, P1, Cpx, Mca, HI, Cal
BG15 A Cal, H1 Phi, Anl, Sa, P1, Cpx, Mca, Hl, Cal
BG16 A Cal, Hyc, HI Phi, Anl, Sa, P1, Cpx, Mca, Hl, Cal
BG17 B Cal, Gp Phi, Anl, Sa, P1, Cpx, Qz, Mca, Cal
BG18 B Cal Phi, Cbz, Anl, Sa, Cpx, P1, Mca, Cal
BG19 B Cal Phi, Cbz, Anl, Sa, P1, Cpx, Mca, Cal
BG20 B Cal, Gp Phi, Anl, Sa, P1, Cpx, Qz, Mca, Cal
Counts b——BG1a
- BG1b
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Figure 5. XRPD patterns of selected mortars. BGla: BG1 aggregate fraction (group C); BG1b: BG1
binder fraction (group C); BG7a: BG7 aggregate fraction (group B); BG7b: BG7 binder fraction (group
B); BG10a: BG10 aggregate fraction (group A); BG10b: BG10 binder fraction (group A). Mineral
abbreviations from [27], Cal calcite, Gp gypsum, Hyc hydrocalumite, Phi phillipsite, Cbz chabazite,

Anl analcime, Sa sanidine, Pl plagioclase, Cpx clinopyroxene, Mca mica, Qz quartz, HI halite.
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5.3. Micro-Morphology and Chemical Analysis (SEM-EDS)
5.3.1. Binder and Lime Lumps

SEM-EDS analysis was carried out to obtain information about the type of lime used
to produce the mortars, defining the Hydraulic Index (HI) of the binder and lime lumps.

SEM-EDS analysis of binder showed presence of newly formed hydraulic phases (C-A-
S-H), and confirmed, as XRPD suggested, presence of halite and hydrocalumite (Figure 6).
Gel C-A-S-H derived from reactions between lime and pozzolanic material (volcanic and
ceramic materials). Pozzolanic materials consist predominantly of silica and alumina that
are able to combine with slaked lime in the presence of water to produce new reaction
products exhibiting a binding character, the so-called CASH phases [35]. Occurrence of
hydrocalumite recognized in relict pores of Villa del Capo mortars, is associated to the
migration of CI” anions from the sea-water saturated in Ca(OH); to aluminum-rich sites
along the edges of the relict lime clasts or in the voids of mortars [36].

EDS analyses on binder were realized averaging out four measurements for each
investigated mortar sample and the results were considered as representative of chemical
composition. Based on the mean values of the detected major elements (Table 5), binder
results composed by CaO + MgO ranging from a minimum value of 78.31 wt% for sample
BG17 to a maximum of 87.11 wt% for BG3 and values of 5iO; + Al,O3 + Fe;O3 varying
from 10.39 wt% for BG1 to 18.77 wt% for BG20.

HALITE
GEL C-A-S-H

4 - ¥
WS KBS 1l oo 188 m & Zekd B 8

 HYDROCALUMITESe

Figure 6. SEM images of (a) Gel C-A-S-H, BG17 binder sample; (b) halite crystals, BG10 binder
sample; (c¢) BSE-SEM image of hydrocalumite, BG8 sample; (d) EDS spectrum of hydrocalumite,
BG8 sample.

The Hydraulicity Index (HI), calculated according to Boynton’s formula [37], showed
values ranging between 0.12 and 0.25 wt%; in particular, mortar samples of Group A
and C should be considered as weakly hydraulic lime (0.10< HI > 0.15 wt%; Figure 7);
samples of Group B are moderately hydraulic limes (0.16 < HI < 0.31 wt%; Figure 7).
Regarding the investigation of lime lumps (Table 6), three measurements were performed
for each detected lump and performed in their central portion, to reduce the level of
contamination. Lime lumps were found to be composed mainly of CaO, with very high
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values of CaO + MgO ranging from 90.56 wt% (BG9) to a maximum of 96.56 wt% (BG6) and
low values of 5iO; + Al,O3 + Fe;Os3 all less than 5 wt%. The Hydraulicity Index related
to lime lumps shows values from 0.01 and 0.05 wt% (0.03 < HI < 0.05 wt%; Figure 7), as a
result of lumps with aerial properties (H.I. < 0.10). Considering these results, it is possible
to infer that mortars became hydraulic by addition of aggregates (volcanic materials
and ceramic fragments) with peculiar features. These aggregates, as said previously,
produced a “pozzolanic reaction”, due to their silica and alumina content, that reacted with
calcium hydroxide leading to the formation of calcium aluminum silicate hydrates, C-A-
S-H phases [8,38,39], furtherly testified and confirmed by reaction rims around pumice,
scoriae, and ceramic fragment (Figure 3).

Table 5. Average values of major oxides (wt%, recalculated to 100%, EDS) of lime lumps (L). SiO; + Al,O3 + FeyOs3,
CaO + MgO, HI (hydraulic index) is also shown.

Group A A A A A A A A A A B B B B B B B B C C
W% BG2 BG3 BG6 BG10 BG11 BG12 BG13 BG14 BG15 BGl16 BG4 BG5 BG7 BG8 BG17 BG18 BG19 BG20 BGl1 BGY
° L L L L L L L L L L L L L L L L L L L L
Si0, 1.95 1.55 134 287 191 1.79 2.34 2.46 152 214 373 1.25 0.52 1.92 172 288 1.93 2.83 234 221
TiO, 0.12 0.02 0.13 0.88 0.34 024  0.06 0.37

ALO; 2.02 1.16 132 086  0.99 1.03 1.19 039 1.43 154 082 213 243 1.83 210 1.08 2.06 1.08 1.32 1.21
Fe;,O3 0.09  0.20 - 037 038 031 - 034 050 0.10 - 037 050 044 - 0.41 - 0.21 - -
MnO - - - - - 0.12 - 009 042 006 015 022 042 032 041 020 042 011 - 0.19
MgO 056 114 187 248 245 056 1.87 280 0.55 1.73 128 060 055 046 213 026 112  0.36 1.87 219
CaO 9278 9480 94.68 91.12 93.04 9428 9380 91.89 93.11 93.61 91.09 9423 93.11 9347 92.07 9336 9379 93.70 93.68 88.38
Na,O 042 032 016 045 027 027 016 019 042 017 09 032 042 023 018 059 013 072 016 0.69

KO 016 - - - - : - - - 018 013 009 - - 009 055 008 051 - 003
P,0s 005 - - - - - - - - - - - - - - - - X - 048
BaO 049 - 049 - - 009 049 005 - 009 000 - - - - - 006 - 049 -
SO, 012 019 013 099 010 113 013 062 116 023 029 044 040 010 002 024 - 029 013 030
Cl- 089 065 - 087 08 023 - 08 040 015 030 016 116 104 020 043 - 014 - 370
F- 034 0.18 016 047 000 042 018 047 018 075 0.17 025

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
SiO,
+

A}rzo3 4.07 2.90 2.67 4.09 3.28 3.13 3.53 3.19 3.46 3.78 4.54 3.76 3.46 4.20 3.82 4.37 3.99 4.12 3.67 3.42
FEZO3
CaO

N;—gO 9334 9594 9656 93.60 9549 9484 95.68 9469 93.66 9534 9237 9483 93.66 9393 9420 93.62 9491 9406 9556 90.56

HI 004 003 003 004 003 003 004 003 004 004 005 004 004 004 004 005 004 004 004 0.04

Table 6. Average values of major oxides (wt%, recalculated to 100%, EDS) of binder (B). SiO, + Al,O3 + Fe;O3, CaO + MgO,
HI (hydraulic index) is also shown.

Group A A A A A A A A A A B B B B B B B B C C
wit% BG2 BG3 BG6 BG10 BG11 BG12 BG13 BG14 BG15 BGl16é BG4 BG5 BG7 BG8 BG17 BG18 BG19 BG20 BG1 BG9
B B B B B B B B B B B B B B B B B B B B

Si0, 803 824 776 804 88 834 9.03 952 679 873 982 1076 976 1027 1411 1290 1399 1432 794 885
TiO, 019 022 - 033 013 - 005 021 - - - - - - 026 024 028 0.14 - 0.40
ALO; 269 241 307 234 215 376 313 203 377 292 319 327 307 28 370 38 317 359 224 265
Fe,O3 017 025 028 018  0.11 012 015 002 019 021 070 078 028 020 090 127 035 087 021 0.00
MnO - 007 015 017  0.07 - 0.06  0.11 - 014 009 015 015 010 032 000 044 0.06 024 048
MgO 024 392 334 404 294 141 233 367 142 311 519 234 334 273 067 778 080 564 071 0.74
CaO 8572 8318 8256 83.02 8383 83.62 8254 83.02 8483 8261 7861 8047 8056 8206 77.64 71.74 78.62 7296 85.67 83.58
Na,O 082 068 091 0.71 045 081 097 071 089 039 08 052 091 0.72 1.07  0.53 1.06  0.63 1.20 1.37
KO0 020 015 022 019 009 024 014 014 043 022 013 022 022 013 074 030 058 040 035 094
P,0Os5 - 0.04 - 0.04 0.04 - - - - - 0.09 - - - - - - 030  0.30
BaO 070 0.07 022 008 006 106 022 0.08 1.01 030 0.00 022 022 008 0.10 - 019 000 027 020
SO3 053 023 062 028 056 010 0.83 021 010 058 052 070 062 042 026 083 026 074 061 0.50
Cl- 0.21 053 024 058 068 053 015 028 056 019 080 024 024 013 023 060 025 066 026 -
F- 0.48 - 0.63 - - - 0.40 - - 0.59 - 033 063 034 - - - - - -
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Si0,

+
A_l'_203 10.89 1091 11.11 10,57 11.15 1222 1231 1158 10.76 11.87 13.71 14.81 13.11 1329 1871 1799 1751 1877 10.39 11.49
F8203
CaO

I\/P'gO 85.96 87.11 85.89 87.06 8677 85.03 8487 86.69 8625 8572 83.80 8281 8389 8479 7831 79.52 7942 7860 86.38 84.32

HI 0.13 0.13 0.13 012 013 0.14 0.14 0.13 0.12 014 016 018 0.16 0.16 024 023 022 024 0.12 0.14
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Figure 7. Hydraulicity index (HI) for lime lumps (blue line) and binder (red line) of analyzed mortars.

5.3.2. Volcanic Aggregates

SEM-EDS analysis of volcanic aggregates were performed to obtain additional infor-
mation about the provenance of raw materials. Results confirmed the above-mentioned
hypothesis of the employment of Campi Flegrei tuff aggregates, due to the presence of phillip-
site with well-defined prismatic crystal habit and pseudo cubic crystals of chabazite [33].

EDS microanalysis was carried out on pumice from mortar samples (see Supplemen-
tary Materials Table S1). Using Total Alkali versus Silica diagram (TAS) for the effusive
volcanic rocks [40], it is possible to observe that pumice fragments show trachytic com-
positions; their classification follows the compositional trend of Campi Flegrei products
(Figure 8a). Results also suggested the use of geomaterials from the Somma-Vesuvio com-
plex, due to the presence of volcanic scoriae containing analcime (typical product of leucite
alteration; Figure 8b) and garnet fragments [13] typical of these materials. In support
of this hypothesis, chemical composition of analyzed garnet (calculated following [41];
(see Supplementary Materials Table S2) shows similarity with garnets of Somma-Vesuvio
(andradite 46-70 mol% and grossularia 16—45 mol%; taken by [42]; unpublished data on
garnets from intrusive Somma-Vesuvio rocks. L. Melluso, personal communication).
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Figure 8. (a) Total Alkali Silica (TAS) diagram [40] showing the composition of pumice fragments
analyzed in the investigated samples (BG, Villa del Capo) and comparison with Phlegraean pumice
(CI, Campanian Ignimbrite and NYT, Neapolitan Yellow Tuff; data from [43] and references therein).
(b) BSE- SEM images of analcime bearing scoria in BG1 sample, (c) BSE- SEM images of garnet crystal
in BG7 sample.

5.3.3. Ceramic Aggregates

Regarding ceramic fragments, SEM-EDS analysis allowed to confirm extreme dif-
ferences occurring between them, even ones from the same mortar sample (Figure 9).
These differences are testified by the different mineralogical composition, different texture,
different porosity, and by the different chemical composition of matrix.

Chemical analysis on matrix of representative ceramic fragments (Table 7) showed
different concentration in CaO ranging from 2.87 wt% for sample BG12 to a maximum of
19.08 wt% for BG4b.

The concentration of this oxide is a strong discriminant of ceramics in relation to their
final use. When the percentage of this oxide is less than 6% [44] the clayey raw material used
to produce ceramics is defined non calcareous, otherwise it is said calcareous (CaO > 6%).
Non calcareous clays are best suited for making cookware, due to the better thermal shock
resistance of the end products, whereas calcareous clays are generally employed to produce
pottery used as containers [45].

Differences between ceramic fragments does not allow for defining provenance but
represent a testimony of the re-use of ceramic waste materials in preparations of mortars.
The relevant role played by ceramic fragments was to provide hydraulicity to the mortars,
as pointed out by HI evaluation (Figure 7). Coating and floor mortars that contain both
pozzolana and ceramics materials are characterized by highest HI values.
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Figure 9. BSE-SEM images of different ceramic fragments: (a,b) BG4 sample; (c,d) BG17 sample.
Abbreviations from [27], Qz quartz, Afs alkali-feldspar, Cpx clinopyroxene, Anl analcime, Mca mica,
Ap apatite, Ep epidote.

Table 7. Average values of major oxides (wt%, recalculated to 100%, EDS) of matrix of ceramic fragments.

wit% BGla BG4a BG4b BG7a BG7b BG7¢c BG8a BGS8b BGS8c BGY BG12 BG17a BG17b BG17c¢ BG18a BG18b BG20

SiO, 57.68 54.18 51.00 50.00 56.07  54.07  55.58 53.90 53.84 51.36 50.94 54.31 57.63 54.94 60.57  52.53 58.77
TiO, 0.99  0.34 0.34 1.23 1.90 0.90 0.47 0.64 0.67 0.55 0.57 1.10 0.53 0.87 1.14 0.56 0.69
AlLO3 17.77 13.72 15.13 13.88 18.23 17.23 15.47 18.70 15.27 14.56 21.72 32.37 18.42 21.41 15.98 17.64 19.54
Fe, O3 731 451 4.90 - 711 6.11 4.64 4.79 4.43 511 6.09 7.08 3.90 7.57 6.32 429 5.49
MnO - - 0.18 - 0.29 0.29 0.22 - 0.10 0.11 0.20 0.17 0.58 0.03 - 0.30 0.30
MgO 525 513 3.21 2.73 551 3.51 2.55 2.23 2.59 3.17 10.32 5.73 245 412 3.29 3.23 2.05
*CaO 527 1743 19.08 19.04 5.83 12.83 11.78 4.98 16.96 17.47 2.87 4.04 9.98 5.65 4.30 13.46 3.93
Na,O 0.18 045 0.66 0.12 - N 0.14 - - . - 0.07 0.14 - - 0.09 0.23
KO 279 1.04 1.65 1.91 1.22 1.22 1.95 3.06 1.58 1.80 1.32 1.23 2.76 121 2.00 3.50 3.50
P,05 217 248 2.95 3.43 2.18 2.18 3.72 2.95 2.46 2.52 2.62 2.54 3.42 3.58 4.55 3.20 4.42
V203 013 0.05 0.73 0.82 1.26 1.26 0.75 0.42 0.76 0.35 0.19 0.02 - 0.11 0.63 0.66 0.95

BaO - 0.29 - 0.11 0.39 0.39 0.20 0.61 0.20 0.16 - 0.33 - 0.41 0.11 0.38 0.13
SO; - - - 2.96 - - 2.55 2.74 114 2.84 3.10 - - - 0.97 - -
CI~ 0.45 0.38 0.16 3.62 0.07 0.19 0.11 0.15 0.16

Total 100.00 100.00  100.00  100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00  100.00

* CaO < 6% non calcareou clay; CaO > 6% calcareous clay.

5.4. Differential Thermal and Thermogravimetric Analysis

Simultaneous thermal analyses combined with mineralogical composition of the
samples allowed to obtain further information about the hydraulic characteristics of mortar
samples. Table 8 reports the percentage of weight loss estimated from the TG-DTG curves
within the selected temperature ranges. In the temperature range from 25 to 120 °C the
weight loss is due to dehydration of hygroscopic or adsorbed water (i.e., phyllosilicates),
from 120 to 200 °C the weight loss of water from hydrated salts occurs, between 200
and 600 °C the weight loss is due to structurally bound water (SBW) from the hydraulic
compounds and, finally, the loss of CO, as a consequence of the decomposition of calcium
carbonate (CaCOs) takes place at temperature range between 600 and 900 °C [24,46,47].
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Table 8. TG-DTG weight losses as a function of the temperature range (wt%). Abbreviations: SBW
structural boundary water, LOI loss on ignition.

Sample Group SBW% 200-600 °C CO,% 600-800 °C LOI1%
BG1 C 6.30 8.43 25.89
BG3 A 5.72 6.15 27.83
BG4 B 8.60 1.023 23.69
BG6 A 8.42 13.38 37.68
BG7 B 521 9.08 31.00
BGS8 B 7.81 9.78 37.03
BG9 C 10.13 10.12 29.33
BG10 A 4.92 8.15 17.51
BGI12 A 5.70 797 22.68
BG13 A 4.57 8.21 23.45
BG15 A 4.75 5.64 22.06
BG18 B 4.62 8.06 20.67
BG19 B 4.50 8.49 18.27

Generally, lime mortars (or non-hydraulic mortars) are characterized by less than
3% of structural bound water (SBW) of the hydraulic components and high CO, amount
(>32%), whereas mortars with higher amounts of water bound and proportionally small
quantities of CO2 are considered hydraulic [48].

All Villa del Capo mortars can be classified as hydraulic mortars, due to a weight loss
at 200-600 °C (SBW values) greater of 3%, ranging from 5.64% (BG15) to 13.38 % (BG6) and
CO, lower than 10 % (Table 8).

The CO; to structurally bound water ratio in relation to CO, percentage (% weight
loss in the temperature range of 600-800 °C) is shown in Figure 10. The inverse trend of
hydraulicity of mortars is being augmented exponentially with CO,. This representation
allows a good classification of the mortar nature [24,46,48,49]. From the observation of
Figure 10 and the values in Table 8 samples from Villa del Capo are highly hydraulic mortars
and can be classified as natural pozzolanic mortars.
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Figure 10. CO,/SBW vs. CO, diagram. Mortars from Villa del Capo (BG, green circle); NPM natural
pozzolanic mortars, APM artificial pozzolanic mortars, HLM hydraulic lime mortars, and LM lime
mortars from [24].
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5.5. Porosity

Mercury intrusion porosimetry were performed on three selected samples: BG13 for
Group A and BG13 and BG17 for Group B, due to the scarce amount of available material.
Table 9 reports cumulative volume, bulk density, apparent density, open porosity, and
specific surface, whereas Figure 11 shows representative pore size distribution.

Table 9. Mercury intrusion data obtained for Villa del Capo mortars.

Sample BG5 (Group B) BG13 (Group A) BG17 (Group B)
Cumulative volume (mm?/g) 300.25 254.53 296.64
Bulk density (g/cm3) 1.51 1.38 1.57
Open porosity (Vol. %) 40.03 38.25 42.27
Specific Surface (m?/g) 32.27 30.08 34.21
Apparent Density (g/ cm?) 2.71 2.57 2.89

Open porosity of BG13 sample (Group A) was slightly lower (38.25%) than BG5 and
BG17 (B group; 40.03%—42.27%), all analyzed mortars show unimodal and broadened
shape of cumulative pore size distribution.

Bulk densities of samples were within the range of 1.38 g/cm? to 1.57 g/cm3, whereas
apparent densities were within the range of 2.57 g/cm? to 2.89 g/cm3. Relative volume
curves are positively skewed and highlighted that pore radii mainly range between 5 and
100 nm. Pore sizes of samples fall within the characteristic field of hydration product
porosity, usually considered below 100 nm [50,51].

Comparing these results with those obtained for modern hydraulic mortars, reported
in [3], it is clearly evident that Villa del Capo mortars, as well as other ancient roman
pozzolanic mortars of previous study [3,19], possess very small pore size radii (5-100 nm),
about one order of magnitude lower than modern hydraulic mortars (100-1000 nm). These
differences are probably due to the vesicular structure of pozzolanic materials (i.e., pumice)
that represents a fundamental feature of the complex pore structure of the cementitious
matrix of ancient mortars. Secondary minerogenetic products, in this case hydrocalumite
and C-A-S-H gels, fill pores, thus enhancing bonding of pumice clasts and making mortars
less permeable [36,52]. These findings (1) decrease the possibility of alteration of the
mortars; (2) increase mechanical resistance, and consequently, (3) also increase durability
of manufacts.
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Figure 11. Cumulative (continuous lines) and relative (dashed lines) pore size distribution Villa del
Capo mortars (BG5; BG13; BG17).
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6. Conclusions

This work presents an extensive multi-analytical characterization of ancient mortars
from a very important Roman archaeological site: Villa del Capo in the Sorrento Peninsula.

A petrographical study of the investigated samples highlighted some important
aspects regarding production technology of materials, suggesting different recipes for
different mortar types.

Bedding mortars result from: (1) a mixture of slaked lime, water, fine grained volcanic
materials, and aggregates of volcanic rocks, whereas, coating and floor mortars may be
considered as (2) a mixture of slaked lime, water, fine grained volcanic, and ceramic
materials with volcanic and ceramic aggregates.

The “recipe” of coating mortars is identified as Cocciopesto or Opus signinum, a typical
building technique used in ancient Rome for lining of tanks, terraces, thermal environments,
and flooring [26].

Geomaterials used for mortars production had local provenance and are very well
consistent with the surrounding geological setting. In fact, volcanic fragments, scoriae,
pumice, and crystal fragments (i.e., clinopyroxene, feldspar, and garnet) derived from both
pyroclastic rocks of the Campi Flegrei district and from rocks of the Somma-Vesuvio complex,
as inferred by optical microscopy, and mineralogical and chemical composition. In coating
and floor mortars (group B and C) there is an addition of ceramic fragments that improve
pozzolanic aptitude of the mortar. It was not possible to define their provenance, due to
strong differences among samples, which likely suggest a recycling of materials.

Provenance of carbonate rocks used to produce lime for the investigated materials is
still unknown, even if it is highly reasonable to assess that they were produced “on site”
from carbonate deposits of Mesozoic age that border the Campanian plain (Figure 2).

SEM-EDS analysis and TGA investigation revealed that studied mortars can be clas-
sified as hydraulic mortars, which is also confirmed by reaction rims observed around
pozzolanic materials.

XRPD and SEM-EDS analysis highlighted that binder fractions are characterized
by different secondary products (reaction products), including amorphous C-A-S5-H gel,
calcite, gypsum, and hydrocalumite.

Results of porosity tests together with microstructural observations suggest the prod-
ucts related to minerogenetic secondary processes, especially gel C-A-S5-H and hydrocalu-
mite settling in the porous of pozzolanic materials, make mortars more resistant.

Studies like this, that entail meticulous characterization of all the components for the
realization of the artificial geomaterials, paying special attention to secondary mineroge-
netic processes, are crucial in the perspective of future restoration works, and especially
for the preservation of archaeological sites that cannot be independent from thorough
knowledge of materials used for the construction and of their state of conservation, along
with that of the building.
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.3390/min11050469/s1, Table S1: Major element concentrations of pumice fragments (wt%, recalcu-
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EDS) of garnets.
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Abstract: Several medieval tiles from Tiebas Castle in Navarre, classified as carreaux de pavement,
were mineralogically analyzed. The aim was to add information to the very scarce analytical data
available for carreaux de pavement in order to provide a quality primary work, mainly descriptive,
in this topic. The characterization techniques applied were: optical microscopy (OM), colorimetry,
Fourier transform infrared (FT-IR) spectroscopy, differential thermal analysis and thermogravimetry
(DTA-TG), X-ray fluorescence (XRF) spectroscopy, petrographic microscopy (PM), X-ray diffraction
(XRD), scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS).
The tiles comprised three layers: a top glaze with mainly silicon and lead-based compounds; a thin
layer of silicoaluminate (very possibly kaolinite) called engobe under it; and the pastes, composed of
quartz, hematite, potassium feldspars and calcite. Honey glazes were richer in iron, being copper-
based compounds responsible for dark green glazes. The orangish-reddish color of the pastes was
provided by hematite. Although the tiles were found in three different locations within the castle,
no significant differences were detected among them. The carreaux de pavement from Tiebas had
similarities with that from the Bordeaux region. According to the composition data and thickness of
tiles from other French carreaux de pavement, the Tiebas artifacts were dated to the 13th century.

Keywords: carreaux de pavement; medieval pottery; archaeometry; mineralogical analysis; plumbifer-
ous glaze; silicoaluminate engobe; reddish paste

1. Introduction

Carreaux de pavement is the French name given to a medieval type of glazed pottery,
which has been referred to in several publications as inlaid tiles, encaustic tiles, carreaux
de pavage, or carrelages de sol [1]. The most frequent are carreaux de pavement in the French
lexicon and encaustic tiles in the English one [2]. This type of pottery is characterized by its
inlaid decoration and three layers: the outer one is usually a very thin glaze with different
color tones; another thin layer of paste under it that is called engobe, which fills gaps in the
inner and thicker layer, named paste; and paste, which is normally reddish [1,2].

Carreaux de pavement appeared in Great Britain and northern France in the mid-12th
century as an evolution of glazed monochromatic tiles used to luxuriously cover the floors
of nobility and royal buildings (castles, palaces, cathedrals, churches, chapels, abbeys,
monastic houses ... ) [1-3]. An important role has been attributed to Cistercian monks
in developing techniques for making terracotta, and more particularly, monochromatic
tiles for paving their churches [2,3]. Monochromatic tiles led to dichromatic tiles at the
beginning of the 13th century [1,2]. In the second half of the 13th century and especially in
the 14th century, the expansion and use of these tiles increased, being set in a multitude of
palaces, monasteries, abbeys, and churches, and also extended geographically to the south
of France, Ireland, Belgium, and western Germany [1,2]. At the end of this period, the lead
glaze began to be replaced by tin glaze. The tin glaze was extended mainly during the 15th
century [2]. In the first half of the 19th century, the rise of English Neo-Gothic revived the
production of carreaux de pavement, erroneously called encaustic tiles [1,2].
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Tiebas Castle, located in Navarre (northern Spain) (Figure 1a), is the only place in the
Iberian Peninsula where this type of tile has been found [4]. Due to their chronology and
decoration, they were not related to the workshops of Bordeaux and Toulouse, but rather to
the Champagne region [5,6]. The reason why these tiles appeared so far south was probably
because the kingdom of Navarre was being ruled by the kings of the Champagne dynasty
from 1234 to 1274 [7,8]. Theobald II of Navarre (1254-1270), the second king, ordered the
construction of the castle of Tiebas at the beginning of his reign according to the stylistic
models of that time [4,9-11].

Navarre
oTiebas

© M ‘)\YC

Hermitage of
Santa Catalina

180 km ' @ 20m
[ |

Figure 1. (a) Location of Tiebas Castle in Navarre (northern Spain). (b) Modified early 19th century map of the Tiebas Castle

with the locations of where the tiles were found: in situ Northern Hall (blue area), landfill (orange area), out-of-context

fragments (green area).

The tiles analyzed in this work were recently found during an archaeological interven-
tion. A pavement consisting of thousands of tiles with decorative motifs appeared in situ in
the Northern Hall of Tiebas Castle (Figure 1b). These were dated to around 1256 thanks to
the fact that they were covered by a layer of ash and rubble that was attributed to the fire of
1378 as well as their style and decorative motifs [4]. Similar tiles had already been found in
previous archaeological surveys [9-11] such as those in the excavation of the Hermitage of
Santa Catalina (ancient chapel close to Tiebas Castle). In this other location, fragments and
complete tiles were found in a close landfill (Figure 1b) [11]. Other fragments also appeared
out of the archaeological context on the slopes of the Castle hill (Figure 1b), which were not
completely buried and were exposed to environmental agents and pollution [9,10]. The
fragments and complete tiles ex situ were surely originally in the Northern Hall, but had
been withdrawn and discarded at some later time [11].

Some studies have been performed on medieval artifacts of carreaux de pavement,
mainly using scanning electron microscopy coupled to an energy dispersive X-ray detector
(SEM-EDS) [5,6,12-14], inductively coupled plasma atomic emission spectroscopy (ICP-
AES) [15], X-ray diffraction (XRD) [12], cathodoluminescence [12], differential thermal
analysis-thermogravimetry analysis (DTA-TGA) [12], or petrographic microscopy (PM) [13].
These studies, although scarce, can be useful as references since they chemically analyzed
samples of medieval carreaux de pavement (mainly dated to 13th and 14th centuries) from
different zones of French geography. Some of these publications even made it possible
to differentiate between materials from the 13th and 14th centuries. The coincidence
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in typology (carreaux de pavement) [4], the geographical proximity, the linked historical
context [7,8], and the dating within the same period [4] allowed the results of these studies
to be compared with those obtained in this article. According to the information provided
by these articles, the pastes could be classified in two types depending on the calcium oxide
content: one pinkish or orangish with moderate percentage of CaO (mean values ca. 20%),
and the other of reddish color and with a very low quantity of CaO (0.4-1.5%) [5,6,12,13,15].
The composition of the engobe layers was based on clay minerals or lime [5,6,12,14]. The
glazes could also be classified depending on their light transmittance, so occurring opaque
glazes were formed by a mixture of PbO, SnO, and clays, and transparent glazes with PbO
and clays [5,6,12-14]. Metreau L et al. [13] classified the tiles found in Sarzeau in Northern
France according to their thickness and the dates in which the tiles were made.

The investigation is mainly descriptive in nature with the main objective of adding
information to the very scarce analytical data available for carreaux de pavement. In this
sense, thanks to this study, the elemental and mineral compositions of the tiles from Tiebas
Castle were determined as well as the possible differences between the tiles found in the
different locations within the Castle and also with French production. The work will
shed light on the raw materials used. The work presented did not aim to mainly address
fundamental unsolved issues on the topic, but to provide meaningful, quality primary
work to aid future workers in such efforts.

2. Materials and Methods
2.1. Materials

Around 7000-7500 tiles were installed in Tiebas Castle, most of them consisting of
quadrangular tiles around 13-15 cm long, 13-15 cm wide, and 2-3 cm of thick; 62% of them
were dichromatic and 38% were monochromatic [4,9]. Fragments of 22 tiles from carreaux de
pavement were used in this research, most of them provided by the Registry, Movable, and
Archeology Section of the Navarre Government. The samples were selected and classified
(Figure 2, Table 1) according to the acceptable state of conservation of their three layers
(paste, engobe, and glaze), type of decoration (monochromatic and dichromatic), and the
archaeological location (Northern Hall, landfill, and out-of-context) (Figure 1b).

Monochromatic

D) C

Dichromatic )

Northern hall
fragments

4 R

Out-of-context
fragments

Landfill
fragments

hYS
L

s

Figure 2. Analyzed tile fragments of carreaux de pavement from Tiebas Castle, classified by the type of decoration and

archaeological location.
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Table 1. Description of tile samples studied and the analytical techniques applied on each one. Abbreviations: e—engobe;

g—glaze; p—paste; M—monochromatic tile; D—dichromatic tile; NH—Northern Hall fragment; LF—landfill fragment;

OOC—out of context fragment; LHon—light honey glaze; DGre—dark green glaze; LGre—light green glaze.

) Glaze Thickness Colorimetry  FTIR DTA/TG XRD XRF oM PM SE];:DI\g/
Code Type Site
(color) (mm)

pge p p pge psge a P a
M1 M NH DGre 23.6 V- v v V- V- v - -
M3 M NH DGre 23.8 V- v v v-- V- v - -
M5 M NH DGre 25.7 V- v v V- v-- v - -
M8 M LF DGre 24.5 V- v v V- V- v - -
M9 M LF DGre 23.2 V- v v V- V- v - -
M10 M LF DGre 25.3 V- v v V- V- v - v
M1-15 M 00C - 23.4 V- v v V- V- v - -
M1-50 M 00C DGre 2.4 V- v v V- V- v - -
M1-9 M 00C LHon 20.8 V- v v V- V- v - -
M6 D NH DGre 25.7 Y v v V- V- v - v
M23 D NH DGre 28.3 VL4 v v V- V- v - -
M4 D NH DGre 24.9 Y v v v -- v-- v - -
M13 D LF LHon 24.8 Y v v -7/ -/ v - -
M19 D LF LGre 23.6 Y v v V- V- v - v
M20 D LF LGre 24.1 Y v v V- V- v - -
M21 D 00C LHon 25.2 Y v v e V- v - v
M22 D 00C LHon 24.4 VL4 v v e V- v - v
M1-21 D 00C LHon 25.4 L4 v v V- v-- v - -
M32 D LF LHon 22.8 -/ - - - -/ - -/ - - - -
M33 D LF LHon 22.2 - - - e e - - -
M1-51 - 00C - - - - - v -
M1-52 - 00C - - - - - v -

Two types of monochromatic tiles were recognized, some of them with a dark greenish
glaze and others with a honey glaze. Honey, light green, or dark green glazes can be seen in
the dichromatic tiles, covering a whitish decoration that fills the gaps of the pastes (Table 1).

2.2. Methods

For optical microscopy (OM) and SEM-EDS, small tile samples were cut vertically.
The samples were laid in a mold of polymethyl methacrylate, which was filled with a resin.
One of the faces of the samples was polished, in this form, cross-sections with the three
layers (glaze, engobe and paste) were obtained. Optical PCE-MM200 and electronic Hitachi
54800 microscopes were employed for the investigation.

For the colorimetric analyses, a Konica Minolta CM-2300d spectrophotometer with
D65 light was used. The measurements were carried out in triplicate directly on the surface
of the tiles. Values of the L*, a*, and b* coordinates were measured. L* represents lightness
(100) to darkness (0); a* gives information about reddish (positive a* values) or greenish
(negative a* values) colors; and b* about yellowish (positive b*) or bluish (negative b¥).

To obtain the infrared spectra of the powder samples (after detaching the three differ-
ent layers), a Shimadzu IRAffinity-1S spectrophotometer with a Golden Gate attenuated
total reflectance (FTIR-ATR) accessory was employed (diamond-based ATR crystal with
incidence angle of 45°). The acquisition was in the wavelength range between 600 and
4000 cm ™! with a resolution of 4 cm~! and 100 scans/sample.

A simultaneous TG-sDTA 851 Mettler Toledo apparatus was used for thermal analyses
(DTA-TG) by heating the powder samples from ambient temperature to 1000 °C in an
alumina crucible under a 10 °C/min heating rate and static air atmosphere.

For the analyses by XRD and X-ray fluorescence spectroscopy (XRF), the paste samples
were crushed in an agate mortar. In the case of the engobes and glazes, laminar samples
1-4 cm? and 3 mm thick were prepared and measured in a non-destructive form. A Bruker
S2 Puma instrument with a silver anode and helium atmosphere was used for the XRF
analyses. The physical principle of acquisition was dispersion energy resource. A standard
sample was measured before analyses to properly calibrate the energies’ values.
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For the mineralogical determination, PM and XRD were employed. For PM, a Zeiss
polarizing petrographic microscope was used in two of the paste samples. For XRD, a
Bruker D8 Advance diffractometer with Cu K« radiation was used and an LYNXEYE XE-T
detector. The experimental conditions for XRD experiments were: 26 range from 5° to 70°,
2 s per step, and step size of 0.02°.

An EDS Bruker-X Flash-4010 analyzer coupled to a SEM microscope was used for
elemental punctual analyses and mappings performed on some of the cross-sections. For
the SEM-EDS analysis, the samples were previously metallized with gold.

All experiments performed on the 22 selected tiles are depicted in Table 1.

3. Results
3.1. Naked-Eye Observation and Optical Microscopy (OM)

Some relevant macroscopic details were detected by looking properly at the tile
pastes with the naked eye. Most tiles had a homogeneous paste, with no impurities or
degreasers. Only in a few tiles were inclusions of small sandstone pebbles of diameters
ca. 0.2-1 cm (M19, M1-15, M1-51), very tiny metal fragments of 0.5-3 mm (M1-51, M19),
and air bubbles and cracks with diameters ca. 0.2-2 cm (M3, M21) filled with a yellowish
powder (Figure 3a,b) detected. These irregularities were probably included during the
production or molding of the clay. The pastes of two tiles, M19 and M20, showed an upper
grey area and a lower reddish with an intermediate zone of mixed tones (Figure 4).

Figure 3. Images obtained by optical microscope (40, 200 x) of the paste surface of the samples: (a) M21, and (b) M1-15.
The arrows indicated air bubbles and sandstone pebble; and cross-sections of samples: (c) M22, (d) M8, and (e) M6.
Abbreviations: p—paste; e—engobe; g—glaze.
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Figure 4. (a-d) Zones in which the colorimetric experiments were done in some of the samples studied: M10, M23, M22 and

M19. (e-g) Colorimetric study of the different layers of the fragments.

The observation of the cross-sections by means of an optical microscope allowed us to
understand the morphology and thickness of the two thinnest layers, the glaze and engobe
(Figure 3c,d). The glazes had thicknesses ranging from 500 um to 100 um (Figure 3c,d),
and from 900 pum to 300 pm in the engobes (Figure 3e). Small air bubbles in the glazes had
thicknesses of ca. 50 pm (Figure 3c,d). The pastes were composed of a very fine reddish
matrix that had a particle size of less than 50 um. In addition, crystals of light grey color
(very possibly quartz) with an irregular shape and sizes ranging from 50 to 800 pm were
also observed (Figure 3c—e).

3.2. Colorimetry

A colorimetric analysis was carried in order to provide numerical values of the color
variables (L*, a*, and b*). These values were used to compare the different layers within the
fragment and the different fragments to each other. The results found in this investigation
will be available for future comparisons with other carreaux de pavement.

The color of the tile pastes and glazes is closely related to both their elemental com-
position and mineralogy [16]. One of the main characteristic properties of carreaux de
pavement is the intense reddish color of its paste [4,15]. The red color of the pastes are
usually related to either a high iron (III) oxide content, an oxidizing atmosphere during
firing, or both [16-19]. The presence of carbonate based-compounds could lighten the
pastes, and organic matter, carbon, or moisture darken them [16,17].

As an example, Figure 4a—d show some of the tile fragments in which different color
measurements were carried out. In the sample M10, the measurements were performed
on the dark greenish glaze (Figure 4a) and also on the paste; on the dark greenish glaze
and whitish engobe in sample M23 (Figure 4b) and also in the paste; on the honey glaze and
whitish engobe in sample M22 (Figure 4c) and also in the paste; and on the reddish and grey
areas of the paste in sample M19 (Figure 4d).

Regarding the pastes, positive values of a* and b* were registered, ranging from 14
to 23 for a* and from 23 to 41 for b*. These values are characteristic of reddish-orangish
tones. L* values oscillated between 44 and 62. In two of the studied tiles, M19 and M20,
grey areas were present in the pastes (Figure 4d) as mentioned before, and consequently,
the values of the a* and b* parameters were significantly reduced, especially for the pastes
in sample M19 (Figure 4e—g and Table 2).
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Table 2. Chromaticity values of each tile sample and layer. Each piece of data is the arithmetic mean
of three experiments.

S Glaze Paste Glaze Engobe
ample
(Color) L* a* b* L* a* b* L* a* b*
M1 DGre 444 228 23.6 39.3 3.6 6.8 - - -
M3 DGre 45.5 16.2 253 42.2 29 4.8 - - -
M4 DGre 49.6 16.7 29.1 42.8 7.7 8.3 64.5 7.1 17.7
M5 DGre 53 162 28.1 35.6 10.6 14.7 - - -
M6 DGre 454 16 24.2 37.5 2.7 7.2 65.6 6.2 21.1
Ms8 DGre 48.3 17.7 32.7 37.4 3.5 8.2 - - -
M9 DGre 48.4 174 314 36.3 3 4.8 - - -
M10 DGre 50.9 155 285 419 3.9 12.7 - - -
M23 DGre 45.9 14.5 23 34.2 43 9 62.7 4 24.7
M1-50 DGre 53.5 12.8 315 36.1 0.1 0.5 - - -
M19r LGre 61.4 15.1 37 49.7 1.8 21.4 63.1 1.5 27
M19g LGre 55.4 22 123 - - - - - -
M20 LGre 49 55 146 41 2 12.9 63.4 1.8 33.4

M13 LHon 52.5 142 321 47.7 4.7 14.1 62.3 4.6 30.3
M21 LHon 52.6 17.8 348 484 9.7 23.8 67.5 7.8 36.9
M22 LHon 61.4 158 409 38.3 12 28 64.5 6.9 41.2
M32 LHon - - - 45.7 15.4 25.1 - -
M1-9 LHon 54.3 162 369 423 7.5 22.4 - - -
M1-15 - 46.6 162 30 - - - - -
M1-21 LHon 55.9 16.8 339 442 9.2 29.7 62.3 5 35.9

According to the whitish tone observed in the engobe layers (i.e., of sample M6,
Figure 3e), the values of a* were lower (between 1-8) and those of L* higher (more clustered
between 62 and 68) (Figure 4b,c, and Table 2) than those detected in the pastes.

Conversely, the glaze was the layer with the greatest color parameter variability
(Figure 4e—g and Table 2), very possibly due to their different compositions. Following
the classification of types of glaze depending on color in Table 1, two major groups could
be distinguished: dark green and light honey glazes. The first one stood out for having
lower chromatic values than engobes, with L* between 34 and 43, a* between 0 and 11, and
b* between 0 and 15. The second type had intermediate values between the green glaze
type and the color of the pastes, with L* values between 38 and 49, a* between 5 and 16,
and b* between 14 and 30. There was also a third type of glaze that was light green in color
with shades in between the two glazes. The only two samples of this type (M19 and M20)
had an L* between 41 and 50, a* between 1.8 and 2, and b* between 13 and 21.

3.3. Fourier Transform Infrared (FTIR)

To facilitate the subsequent mineralogical characterization, a preliminary analysis
of the pastes was carried out using infrared spectroscopy, in which the anionic groups
(carbonates, silicates...) were identified in the samples.

The characteristic signals of quartz (S5iO;) were identified in all of the spectra collected
from the pastes: Si-O symmetric stretching band at 780 cm ! (sym v Si-O), asymmetric
stretching at 1050 cm ! (asym v Si~O), and also a small band in the shoulder of the asym-
metric stretching at 1160 cm ! (asym v Si~O) [20,21] (Figure 5). Carbonate signals were only
were present in a few of them and with low intensity (M1, M6, M8, M9, and M1-9 samples)
(Figure 5). In these ones, out-of-plane CO;3~2 bending vibrations appeared at 875 cm ™!
(oop & CO572) and the asymmetric CO;2 stretching at 1460 cm~! (asym v CO;72), which
meant the presence of recarbonated calcite (CaCOj3) [22,23] (Figure 5). There were no sig-
nals of other silicates or silicoaluminates such as plagioclase minerals ((Na,Ca)(5i,Al)4Og),
which usually appear between 950 and 1150 cm™1; micas (KAl (AlSiz0q0)(OH),) around
1000 cm~!; or potassium feldspars (KAISi3Og), between 1040 and 1110 cm !, very possibly
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due to the wide signal of the quartz [24]. In the following sections, additional mineralogical
information will be provided.
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Figure 5. Infrared spectra of samples M1 (red spectrum) and M1-15 (blue spectrum).

3.4. Differential Thermal Analysis-Thermogravimetry Analysis (DTA-TG)

The DTA-TG results corroborated the results by FTIR. Quantitative analyses were
done using TG. Carbonates in a minimum proportion were detected in some of the pastes
(M1, M6, M8, M9, and M1-9), since the mass loss of CO, between 600 and 1000 °C was on
average 0.26%. The DTG peak of decarboxylation was recorded between 650-700 °C in all
the cases, which could indicate that calcite is secondary [16]. The amount of organic matter
and structural water (mass loss between 200 and 600 °C) was also very low, with 0.45% on
average. These results matched with those by FTIR, in which neither free water H,O, OH™
groups, nor organic molecule signals appeared between 3000 and 4000 cm ! (Figure 5).
The scarcity of calcite, the fact of it being secondary, and also the lack of structural OH™
groups could indicate that the pastes of the tiles were fired above 750-800 °C [17].

3.5. X-Ray Fluorescence (XRF) Spectroscopy

The identification of the major chemical elemental composition of each of the layers
and the determination of their relative proportions are crucial for the classification of the
carreaux de pavement as have been shown in the bibliography. Semiquantitative elemental
chemical analyses also help in the identification of mineralogical phases and their amount.

The X-ray fluorescence spectra showed that the pastes had high relative contents of
Si (Kx at 1.74 keV), Fe (K at 6.40 keV), Al (K at 1.49 keV), Ca (K« signal at 3.69 keV),
and K (Ko signal at 3.31 keV). Mg, Pb, Ti, and V were also detected. The samples in which
carbonates were detected by FTIR spectroscopy and DTA-TG had a higher proportion of
Ca such as in sample M1 compared to M1-15 (Figure 6a). The high intensity of Si matched
the presence of silicates (quartz) by FTIR.

The engobe stood out for its lower proportion of Fe and Ca and higher proportion of Si,
Al, and especially Pb (L& and M« at 10.55 and 2.34 keV, respectively), probably coming
from the layer of glaze that covered the engobe (Figure 6b showed the spectra of two of the
samples, M13 and M33). Manual separation of both layers and separate analysis was not
possible due to their low thickness and high fragility. Better results were achieved thanks
to the analysis of the cross-sections by SEM-EDS.

The composition of the glazes was characterized by the significant proportion of lead
and silicon (Figure 6¢ shows the spectra collected on some of the samples, M1, M10, M19,
M23, and M32). None of the spectra of the glazes showed Sn. Furthermore, in sample M10
(with dark green color), a slight signal of Cu (Ko at 8.05 keV) appeared.
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Figure 6. XRF spectra of (a) the paste of samples M1 and M1-15; (b) glaze and engobe of samples M13 and M33; (c) glaze of
samples M1, M10, M19, M23 and M32.

Semiquantitative analyses were performed taking into account the intensities of the
peaks of each element (M« for Pb and K« for all the others) and the ratios with that from
the Si Ko peak (Table 3). One of the main differences between the two main glaze groups
(dark green and light honey) was their relative proportion of lead, which was greater in the
honey glazes compared to the dark green in general terms. Some other slight differences
were also found in the Fe/Si ratio, with being the honey glaze somewhat richer in Fe. In
the Ca/Si and Al/Si ratios, there were no important differences between both types of
glaze. As for the comparison between the three layers (glaze, engobe, and paste) (Table 3),
glazes and engobes had much more lead and much less iron than the pastes; engobes and
pastes had more potassium than the glazes; and the Al/Si ratios were higher in the engobes
than in the glazes and pastes.
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Table 3. Relative elemental semi-quantification of the samples taking into account the intensity
(counts) of the peaks and comparing them with Si (Ko at 1.74 keV) as a reference.

Sample Pb(Ma)/Si  Al(Kx)/Si Fe(Kx)/Si K(Kx)/Si Ca(K)/Si Cu(K«x)/Si

M1 glz DGre 1.1575 0.1109 0.3958 0.1004 0.4005 0.0157
M10 glz DGre 1.8962 0.0987 0.3264 0.0741 0.1933 0.1743
M6 glz DGre 0.9807 0.1187 0.3195 0.0852 0.0672 0.0142
M23 glz LGre 0.9333 0.1458 0.2244 0.1063 0.0799 0.0151
M19 glz LHon 0.6613 0.1 0.1556 0.0916 0.1365 0.0111
M21 glz LHon 1.4357 0.119 0.7653 0.0962 0.3346 0.0195
M22 glz LHon 2.1813 0.1416 0.4187 0.1128 0.3807 0.0209
M32 glz LHon 2.5358 0.1003 0.2036 0.0791 0.118 0.0217

Paste mean 0.0113 0.1368 0.6726 0.1326 0.1459 0.0077
Engobe mean 0.9472 0.1706 0.2749 0.121 0.118 0.0145

3.6. Petrographic Microscopy (PM)

The mineralogical identification of the pastes started with petrographic analyses
performed on thin sections of 9 um thick, in which quartz, calcite, and hematite crystals
were identified as embedded in a reddish matrix (Figure 7). Hematite was very possibly
the compound responsible for the coloration of the pastes [25-27]. The most abundant
mineral was quartz, as previously detected by FTIR.

Figure 7. Thin section of the pastes of the M1-51 (a,b,d—f) and M1-52 (c,g—i). Samples images collected under a petrographic
microscope (100x). Aleatory captures for modal andlisis (a—c). Capture of a region of a small crystal of calcite (d-f) and
hematite (g—i), with parallel (d,g) and crossed nicols at 0° (e,h) and 90° (f,i).
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The surface occupied by quartz crystals was large enough to be well defined and was
approximated by modal analysis, resulting in 12-20%, whilst 80-88% corresponded to the
reddish matrix. Regarding the granulometry of the minerals, quartz had a size of 50 to
800 um (similarly to those measurements by OM) and those of calcite and feldspar between
30 and 200 pm. The reddish matrix particles had a grain size lower than 50 um. Therefore,
in particle size terms, the tile pastes would be composed of a mixture of fine sand, silt, and
clays [28].

3.7. X-Ray Diffraction (XRD)

In addition to the minerals identified in the pastes by PM, the XRD analyses showed
the presence of other minor minerals phases such as dolomite (CaMg(CO3),), gehlenite
(CapAl(SiAD)Oy), potassium feldspars (KAISizOg), and micas (K(AlFe,Mg),_3(AlSi3O10)(OH),)
(Table 4). Quartz was the most abundant crystalline phase detected by XRD (Table 4).
Hematite was present in all pastes. As aforementioned, this compound provided the
reddish color to the pastes [25-27]. The mineralogical composition of the pastes was very
similar in all tiles; therefore, the location of the artifacts (Northern Hall, landfill, or out of
context) was not an important factor to differentiate among them. These results indicated a
good homogeneity in the tile pastes from a compositional point of view and few affectation
of the environment of the places where they were found. Samples M1, M6, M8, M9, and
M1-9 showed the presence of calcite reflections at 26 = 29.406, 39.402, 43.146 (file 05-0586)
(Figure 8a), matching the results provided by other techniques.

Table 4. Minerals phases identified in each sample of paste by x-ray diffraction (XRD) and its abundance (+++: abundant;
++: moderate; +: minority; nd: not detected). Abbreviations: Q—quartz (file 33-1161); C—calcite (file 05-0586); H—hematite
(file 33-0664); KF—potassium feldspar (files 89-8673 and 19-0931); D—dolomite (file 36-0426); G—gehlenite (file 35-0755);

M—mica (file 46-0741).

Sample Q C H KF D G M Sample Q C H KF D G M
M1 +++ 4+ + + nd + nd M13 +++ + + + + + nd
M3 +++ + + nd + + nd M19 +++ + + + nd + +
M5 +++ + + + + + nd M20 +++ + + + nd nd +
Meé +++ ++ + + + nd nd M1.15  +++ nd + + + nd nd
M23  +++ + + + + + nd M1-50  +++ + + + nd + +
M4 +++ + + + + + + M1-9 +++ + + + + nd +
M8 +++ 4+ + + + nd nd M21 +++ + + + + + +
M9 +++ + + + nd nd M22 +++ + + + + nd +
M10 +++ + + + + + nd M1-21 +++ + + + + nd +

In the pastes of sample M19, some differences were observed between the red and grey
zones. In the M19r (red) diffractogram, hematite appeared at 26 = 33.153, 35.612, 57.091 (file
33-0664), while in the M19g (grey), hematite was not detected (Figure 8b). However, in the
XRF spectra, the Fe content in both zones was practically identical, so the difference must
lie in a different mineralogical form of iron. In sample M19g, some of the main reflections
of wiistite (FeO) seemed to be distinguished at 26 = 41.71, 60.92, 35.22 (file 01-1223) [29-31].

The engobes (Figure 8c shows the XRD diagrams of samples M13 and M33) were
formed by a lead silicoaluminate (PbAl;Si;Og) phase [32]. The main reflections of this
phase appeared at 26 = 35.02, 35.05, 34.90 (file 25-0428). The high ratio Al/Si of this type
of silicoaluminate matched the Al/Si ratio found by XRF spectroscopy in the engobes of
the tiles. The mean value of the engobes was 0.17, higher than in the other two strata: 0.14
in pastes and 0.12 in the glazes (mean values). The absence of calcite in the engobes was
also an important result since it allowed confirmation that the whitish color of the engobe
was caused only by silicoaluminate. Furthermore, the engobe of sample M33 also showed a
certain amount of quartz and mica.
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Figure 8. X-ray diffraction patterns of: (a) paste samples M1 and M1-15; (b) the two paste colors of tile M19 (red and grey);
(c) engobe samples M13 and M33; (d) glazes of M6, M10 and M19. Abbreviations: Q—quartz; C—calcite; H—hematite;
KF—potassium feldspar; D—dolomite; G—gehlenite; M—mica; W—wristite; L—lead silicoaluminate.

The XRD analysis of the glazes hardly provided any information on their composition
since very wide signals appeared in the diffractograms (Figure 8d shows the XRD diagrams
of samples M6, M10, and M19). The broad signals seen in the diffractogram indicated
an amorphous arrangement. Lead oxide, used as a flux, reduces the melting point, thus
creating a mixed amorphous vitreous layer (glaze). The absence of crystalline mineral
phases could be also an indication that the firing temperature was high enough for the
glaze to form a homogeneous vitreous layer. In the glaze of sample M6, some quartz peaks
could be identified. Phases responsible for the honey and dark green glazes were not
detected.

3.8. Scanning Electron Microscopy Coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS)

According to the secondary electron images by SEM of the cross-sections, the glazes
were seen as compact and homogeneous layers, except for the air bubbles of different sizes
that were also clearly visible. As an example, the OM and SEM images of sample M6
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and the EDX mappings corresponding to some elements (Si, Al, Fe, Pb, K, Ti and Ca) are
shown in Figure 9. The glazes stood out for their high Pb content (Figure 9f), as previously
indicated by the XRF analyses. Although the honey glaze color was assigned to iron-based
compounds, the distribution of iron in the mapping was rather homogeneous within the
cross-sections (Figure 9e) due to the presence of hematite (and wiistite) in pastes as detected
by PM and XRD. From the mapping, the composition of glazes was based on Pb, Si, Al,
and Fe-compounds.

>e--oo-

Engobe

100 ym :
k 1 8

Figure 9. Images (200x) collected using: (a) Optical microscopy (OM), (b) scanning electron microscopy (SEM); energy

dispersive x-ray spectroscopy (EDS) mappings corresponding to: (c) Si, (d) AL (e) Fe, (f) Pb, (g) K, (h) Ti, and (i) Ca.

The engobe and paste layers appeared morecontinuous and homogeneous, without
air bubbles. The engobes showed compositions mainly based on Si and Al (Figure 9¢,d).
Quartz crystals also appeared, but smaller than those of the pastes (Figure 9c). The EDS
mappings made a better determination of the composition of the engobe possible without
the lead contamination coming from the upper glaze layers (as aforementioned in the XRF
analyses). Therefore, a kaolinite-type silicoaluminate would be very possibly present in
this layer.

The pastes appeared as a mixture of large Si-based crystals, assigned to quartz,
previously observed by PM, XRD, FTIR, and XRF spectroscopy, but also Ti-based com-
pounds (Figure 9h), which were not detected by XRD. In addition, some crystals rich in
K (Figure 9g), which were assigned to the potassium feldspars detected by XRD; some
areas with a higher distribution of Fe appeared throughout the pastes, matching with that
described in the XRF spectroscopy section.
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4. Discussion

According to Metreau et al. [13], the tiles of the 13th century were thicker (2.3-2.7 cm)
than those of the 14th century, which ranged from 1.6 to 2.2 cm, reducing mass and costs in
the latter. The tiles of Tiebas Castle were dated to around 1256 [4] and their thicknesses
ranged from 2.1 to 2.8 cm. Therefore, they matched the 13th century production of carreaux
de pavement. This result provided a first datum about the possible date of manufacturing of
the artifacts, which must be corroborated by other complementary techniques.

4.1. Paste

The composition of the pastes of the Tiebas tiles turned out to be quite homogeneous.
There were no significant differences in composition depending on the locations in which
the tiles were found (Northern Hall, landfill, or out of context). It stood out mainly
for its high quartz content, identified by most techniques (OM, FTIR spectroscopy, XRF
spectroscopy, PM, XRD, SEM-EDS). This quartz had a variable grain size, from the largest
grains observable by OM (ca. 800 um) to the smallest observable by SEM-EDS (less than
50 um). The appearance of sandstone pebbles and metallic inclusions by OM indicated a
certain carelessness in kneading and modeling the pastes.

Another important characteristic of the Tiebas pastes was the low content of car-
bonates, especially calcite, detected by thermal analyses, PM, and XRD. Although some
variability in the calcite content was detected, none of the samples exceeded 4.7% in mass.
The vibrational frequency at which the asymmetric CO; 2 stretching signal appeared in
FTIR spectroscopy [16], together with the decarbonation maximum temperature of DTG,
indicated that this calcite was very probably secondary [22]. These data allowed us to
provide an approximate firing temperature above 750-800 °C [17]. The samples with recar-
bonated calcite and those without calcite showed an important difference in the relative
content of CaO by XRF spectroscopy (Figure 6), which matched the FTIR results (Figure 5).
The calcite formation probably originated from the inclusion of some limestone pebbles, as
it could be seen by OM (Figure 3a) and PM (Figure 7d—f).

Literature about carreaux de pavement, devoted to mainly to French artifacts, distin-
guishes two types of tiles depending on the content of CaO in the pastes. The first type has
high proportions of 13-30% [12] relative to a deposit in the Bourges region. The second, in
contrast, reports low CaO concentrations in pastes: 1-2% in the region of Bordeaux [5,6],
1-3% in Alsace [15], and 1-2% for the 13th century and 0.2-1% for the 14th century, in
Bretagne [13]. From the data provided by the thermal analysis in the Tiebas pastes, values
of CaO between 0.1-2.6% were calculated. Therefore, the Tiebas samples would be similar
to those of Bordeaux, Alsace, and Bretagne but different from those of Bourges.

The greyish color detected in two of the tile pastes (samples M19 and M20) contrasted
with the reddish-orangish color observed in the majority of the tiles, which can be related to
the absence of hematite (identified in the rest of the tiles by PM and XRD). Wiistite (iron II
oxide that has a grayish color) was detected in these two tiles by XRD, very possibly due to
the presence of a partial reducing atmosphere during the high temperature heating [29-31].
This heating with a reducing atmosphere could take place during the firing of the tiles
in some areas inside the kiln, where oxygen is scarce. It is known that in the summer of
1378, the castle was burned down and the wooden ceilings over the tiled pavement burned
down [4]. The abundance of burning wood and the absence of enough oxygen could cause
the reducing atmosphere.

It was also possible to identify other more minor mineral phases such as titanium-
based compounds by SEM-EDS (possibly titanium oxide), micas (PM, XRF spectroscopy),
potassium feldspar (XRF spectroscopy, XRD, SEM-EDS), and gehlenite (XRD). The presence
of these compounds did not coincide with the geology of the Pamplona Basin where Eocene
marls and limestones predominate [33]. With the current data, it is most likely that the tiles
were made in northern France, where this type of tile is typical [1-3]. From these results, a
fluid trade between France regions and Northern Spain could be inferred. This subject will
be deeply dealt with in another investigation in progress.
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The presence of gehlenite would imply that the firing temperature was not higher than
1000 °C, since at this temperature it decomposes to anorthite. Another aspect to consider
is that the gehlenite neoformation could occur from 800°, although it could already have
been present in the raw clay [34].

4.2. Engobe

The engobe was mainly composed of lead silicoaluminate (PbAl,Si;Og) (XRD), at
least in its superficial part where engobe and glaze were hardly distinguishable. The
assumption is that the original silicoaluminate compound forming the engobes was kaolinite
(Al»Si,05(0OH)4), which transformed to metakaolinite (Al,Si,Oy) after heating at 550 °C,
and reacted with lead compounds of the glaze [34]. Cicuttini et al. [5] mentioned the use of
kaolinite in the engobes. No significant differences were found between the engobes of the
different locations within the Castle.

Depending on the engobe composition, two types of tiles were differentiated in the
literature about the carreaux de pavement: those that used some type of silicoaluminate, with
68-73% of 5i0; and 19-22% of Al,Os [5,6]; or those that mainly employed CaO (30-40% of
CaO [12] or 8% from Haute-Vienne [14]). The engobe of the analyzed samples from Tiebas
would be again similar to those from the Bordeaux region.

4.3. Glaze

Only dark glazes were found in the Northern Hall. The glazes found in the landfill
were both dark green and honey and also included the only two samples with light glaze
(M19 and M20). The tile fragments found out of archaeological context on the slopes of the
castle hill were mostly the honey type, except for sample M1-15, which belonged to the dark
green glaze type. In all cases, the glaze consisted of a compact (OM, SEM-EDS) and mostly
amorphous (XRD) layer of about 100-500 um thick (OM, SEM-EDS). The glazes appeared
to have different thicknesses depending on whether they were on the paste or on the engobe,
as can be seen in Figure 2e (OM). The thickness coincided with those described in [6].

High relative contents of lead and silicon (XRF spectroscopy, SEM-EDS) and the ab-
sence of tin (XRF spectroscopy, SEM-EDS) were detected. The presence of lead and the
absence of tin allowed them to be classified as plumbiferous glazes [35-37], which are char-
acteristic of a specific historical period [13]. As with the pastes and the engobes, the glazes
can be classified into two types according to the information extracted from the articles
published about the carreaux de pavement. The first type of glaze is that which uses only lead
compounds as a flux. Lead oxide appeared in a concentration of 35-45% [12], 32-69% [5,6],
39-62% [13], and 51-65% [14]. The other type of glaze is that which uses a mixture of
lead and tin compounds as a flux; the quantities of lead and tin oxides was respectively
20-42% and 7-36% [12], 50-68% and 0.2-1.4% [13], and 8-11% in tin oxide [14]. The lead
glaze seems to be more characteristic of the 13th century carreaux de pavement [5,6,13,14],
whilst the lead and tin glaze appeared only from the 14th century [12-14]. The tiles from
Tiebas Castle would be within the first group, therefore, they could again be associated
with manufacture in the 13th century [4] and with production in the Bordeaux area [5,6].
One drawback is that stylistically, it does not coincide with the decorative motifs of the
sites in the Bordeaux region, but it does coincide with the Champagne region [1-3].

The two main sources of lead throughout history have been the roasting of galena
(PbS) and the calcination of lead carbonates, generally cerussite (PbCOj3) or hydrocerussite
(PbCO;5-2H,0) [38,39]. The small bubbles that appear in the glaze (Figures 2c—e and 9a,b)
could indicate the use of lead carbonates as a source of lead for the glaze [39-42], since
from 350450 °C, it decomposes into CO, and PbO [43]. These bubbles are frequent in
glazes that do not reach a sufficient temperature (900-1000 °C), when the viscosity of the
glaze is optimal [39].

Regarding the different types of glaze found in Tiebas, the dark glaze was character-
ized by a lower proportion of Pb (Table 3). The honey glaze, however, was much more
transparent and had a higher Pb/Si ratio (Table 3). The remaining ratios of major elements
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(Al/Si, Fe/Si, K/Si, Ca/Si) were similar between them, and were slightly lower than the
ratios found in the pastes (Table 3). This could mean that similar clays were employed
for the fabrication of glazes. Light green glazes appeared associated with the only two
samples with grayish pastes (M19 and M20), which indicated that the color of the glazes
were possibly influenced by those of the inner layers.

As aforementioned, a slight signal of Cu (K« at 8.05 keV) appeared in one of the
samples. The use of copper-based pigments has also been identified in other French
tiles [5,6,13] in which copper is only applied on monochromatic tiles [13].

5. Conclusions

This study dealt with the unique carreaux de pavement found in the Iberian Peninsula.
Thanks to an in-depth mineralogical investigation, the composition of the three layers of
tiles from the Tiebas Castle was fully determined. The pastes were composed of quartz,
potassium feldspar, mica, calcite, and hematite, the latter providing their characteristic
orangish-reddish color. Silicoaluminate compounds (very probably kaolinite) were the
main compound found in the engobe. Glazes were mainly composed of lead-based com-
pounds and quartz. Honey glazes were richer in iron, and copper was detected in one of the
dark green glazes. The heating temperature of the pastes was inferred above 750-800 °C
and below 1000 °C. There were no important differences between the tiles found in the
three locations within the Castle.

The carreaux de pavement tiles from Tiebas matched those manufactured in the Bordeaux
region, which is relatively close to Navarre, more than those from other regions (Alsace,
Bretagne, and Bourges). However, stylistically they did not coincide with them, being
much more similar to those of the Champagne and Reims regions, of which, unfortunately,
there have been no archaeological studies.

The comparison with the scarce articles devoted to carreaux de pavement has allowed for
the dating of the Tiebas tiles to the 13th century, coinciding with the date of the construction
of the castle that is given by historical and archaeological references. The dating was mainly
possible thanks to the presence of plumbiferous glazes, characteristic of the carreaux de
pavement of that century.

This article provides new information to include in the corpus of the carreaux de
pavement made in Europe in medieval times and provides meaningful work to aid future
researchers in this subject.
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Abstract: This paper aims to provide information on rammed earth and masonry mortars of the
Fernandina defensive Wall of Lisbon, Portugal, which was built in the second half of the 14th century.
No previous information exists concerning the materials and construction techniques used in this
defensive structure, which is essential to increase knowledge and to define requirements for a reliable
conservation. An experimental campaign was carried out on samples extracted in nine different
sections of this structure, which were analyzed by X-ray diffraction, thermogravimetry and wet
chemical analysis. Calcitic lime was employed as a binder in the stone masonry bedding mortars and
was also identified in the rammed earth samples. The results obtained allowed us to verify the use of
different binders and aggregates, with heterogeneous binder/aggregate ratios, in different sections of
the Wall. To reduce time for lime preparation and to achieve a durable lime matrix, most probably
quicklime was used and hydrated together with the moistened earth to produce rammed earth and
masonry bedding mortars.

Keywords: defensive structure; stone masonry bedding mortar; rammed earth; air lime; architectural
heritage

1. Introduction

The construction of the Fernandina Wall in Lisbon dates back to the second half of
the 14th century [1,2]. It was built in response to the need to ensure the city’s protection
in a period of continuous and intense growth, but also in response to enemies’ attacks.
There was a previous defensive wall in the city, called the Moorish Wall of Lisbon, that
was no longer able to accomplish the desired protection of the city due to city enlargement
(Figure 1) [3,4]. Therefore, king Fernando I of Portugal (1367-1383) decided that a new
defensive wall was needed and ordered its urgent construction. In addition to the main
structure of walls, this rampart included several towers, turrets (cubelos), entrances and
small entrances (postigos).

The layout of the Fernandina Wall developed in line with the dense growth seen
in various surrounding areas of Lisbon, in the 14th century. The Wall can, therefore, be
divided into four main sections: the Eastern Section, the Western Section and two Marginal
or Fluvial Sections, having a total extension of 4.69 km (Figure 1). These main sections
delineated two large pockets which enclosed the city’s existing old walls—namely, the
Moorish Wall of Lisbon (which formed the central pocket) and the walls of Saint Jorge
Castle (Figure 1). The Fernandina Wall is, thus, defined to the East by the Eastern section,
the first to be built, with an extension of about 1.38 km, and to the West by the Western
section, extending 2.05 km. To the North, the layout of the Wall is contained between the

209



Minerals 2022, 12, 241

Eastern and Western sections and, to the South, the Eastern and Western Marginal and
Fluvial sections extend around 0.72 km and 0.54 km, respectively [2] (Figure 1).

s

Fluvial &ction$
= =

Figure 1. Surveying of St. Jorge Castle Walls, the Moorish Old Wall and the Fernandina Wall of
Lisbon layouts carried out in 1956/58 (adapted from Vieira da Silva, 1987 [2]), with the location of
its sections.

Regarding the type of construction and materials used to build the Fernandina Wall,
the existing information is very scarce. According to Vieira da Silva [2], rubble stone ma-
sonry and rammed earth are the main materials. Complementary sections were composed
by three-leaves, consisting of two parallel walls, each with a thickness of about 0.5 m, filled
with a compacted earth core, presenting a total thickness of between 1.75 and 2.20 m.

Rammed earth (RE) consists of moistened earth compacted in consecutive layers
within temporary frameworks, forming a monolithic wall. The chemically unstabilized
RE technique functions with clay acting as the only binder; in stabilized rammed earth,
other binders can be added to the earth mixture [5], generally to improve durability to
weathering. With that aim, lime was frequently used to stabilize rammed earth in old
structures with military and defensive purposes [6,7]. Therefore, the technique is called
military RE. This technique was employed in several structures around the World, and
in particular in the Iberian Peninsula, with still-existing structures such as the Castle of
Paderne [6], the Juromenha Fortress [8] and the Silves Castle [9] in Portugal, and the Alcazar
of King Don Pedro I [10], the Alcazaba or the ramparts of Malaga and the ramparts of
Sevilla [11], the Castle of Atalaya [12] and the Monumental Complex of the Alhambra [13]
in Spain. The compacted earth core of the three-leaf walls was similar to RE, but the exterior
stone walls acted as permanent frameworks.

Geometrically, the Wall was composed of several elements that coordinated with the
various sections of the walled structure, with prominence given to the imposing towers,
turrets and gates. The Wall height varied depending on the type of architectural element
used, 8 m being the most common, reaching a maximum of 15 m where the towers extend
upwards [2].

According to Vieira da Silva [2], the Wall included 76 towers, one of the main con-
stituent elements that played a key role in the city’s defense, representing robust elements
that, in most cases, exceeded the height and width of the adjacent walls. These towers
were generally massive, except for those along the Eastern section flanking the river, some
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of which are hollow inside, and each covered a base area of 8 m x 8 m. Most are now
destroyed, but some were incorporated in buildings. In contrast, the smaller turrets (cubelos)
covered a base area of 5 m x 5 m and, although of varying lengths, they never extended
above the height of the Wall [14]. The turrets present three visible vertical surfaces project-
ing outwards and are attached to the Wall by their fourth side [15,16]. Some can still be
found, mainly in the Eastern section, often integrated in residential buildings.

Being the main connecting axis between the entrances and exits of the city of Lisbon,
the Fernandina Wall would have contained around 35 gates, in the form of robust, fortified
large-scale entrances [2]. Many consisted of a square or rectangular walled enclosure with
one or two openings, in the front and the back, the front-facing gate being embellished
on both sides by defense towers. Many of these entrances were later demolished and
turned into arches, often to overcome difficulties related to circulation and accessibility
of the city [2]. The smaller gates (postigos) consisted of entrances located near one or two
towers or between two turrets. They offered access to the city, facilitating security control
in comparison with the larger gates. Not all were built when the walled structure was first
constructed. Many were only opened after the construction was completed and are still
visible today.

In 1910, the Fernandina Wall of Lisbon was recognized and classified as a national
monument of public interest (Portuguese register: IPA PT031106120023). At present,
remnants of the Fernandina Wall are still evident in several parts of Lisbon given the
Wall’s large-scale geometric characteristics, making it an important component of the city’s
architectural heritage.

The rapid growth in the rehabilitation of Lisbon’s historical and urban center, and
of its built heritage, is becoming increasingly noticeable. Faced with this trend, more
rigorous and technical knowledge is required to ensure the conservation of archaeological
heritage, namely that the materials and techniques used nowadays do not comprise the
identity and originality of the old structures. It is, thus, of fundamental importance to
consider the conservation interventions carried out to this day when proceeding with
the characterization of the Fernandina Wall, in terms of its original materials and those
used in subsequent interventions. Therefore, this article intends to collect and describe the
interventions that were performed in some sections of the Wall over the past years, the
description of some sections of the Wall, the collection of samples and the mineralogical
characteristics that the materials employed in the construction of the Fernandina Wall of
Lisbon present nowadays. That data is of fundamental importance in the conservation and
maintenance of this type of architectural heritage.

2. Interventions in the Wall over the Last Years

The Wall has undergone several interventions in recent years, many of which have
also targeted the old buildings confining it. Many of them are not (or not yet) documented.
As a result, some sections of the Wall are now seen with new renders and plasters.

To the authors” knowledge, the interventions that were documented were carried
out in the last 20 years. The first documented intervention took place in 1998, to the
Western section of the Fernandina Wall, namely in the Jogo da Péla tower (Figure 2), near
the Martim Moniz square. It was carried out by geologist Rui Brito in the context of his
dissertation, in straight collaboration with the Lisbon City Council. It was intended to
provide information on plastering and jointing mortars used between stone masonry blocks,
as well as on the rocky substrate at the site of the tower. Laboratory tests revealed that
the original mortars were mainly composed of air lime (CaCOg3) and silica sand. Based
on a macroscopic examination, the stones used for the masonry were classified into four
different types: two sandstones, one fine-grained and the other very fine-grained, and marl
and shell limestones [17].
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Figure 2. Aerial mapping showing the locations where interventions were carried out (identified by
capital letters) and of the section’s location on the Wall (identified by numbers). Notation: A—Jogo
da Péla tower; B—Antonio Maria Cardoso street; C—Sdo Vicente de Fora parish; D—Graga parish; E—
Chafariz de Dentro square; F—Terreiro do Trigo street; 1—Independency Palace; 2—Calgada de Santana;
3—Calgada do Jogo da Péla; 4—Rose Palace; 5—Braganca Terraces complex; 6—Corpo Santo Hotel; 7—Gil
Vicente school; 8—Graga square; 9—Terreiro do Trigo street.

The 2014 intervention on Anténio Maria Cardoso street, in the historic center of Lisbon
(Figure 2), focused on identifying the conservation state of the Western section of the Wall.
Recommendations were made in order to preserve and restore the original characteristics
of the walled structure. Inside one building, rammed earth main walls were identified in a
reasonable state of preservation, including the concavities of the wooden needles inherent
to its construction. Extending outside the building, one of the sections of the Wall presented
a severe state of degradation, mainly owing to the impact of atmospheric agents. Air lime
mortar and small pieces of bricks were, respectively, used to fill the existing smaller and
larger gaps. After filling these gaps, the walls were rendered with two layers of natural
hydraulic lime (NHL) mortar, the first layer with a proportion of 1:3 (NHL: sand) in mass,
and the second of 1:4. In addition, the cement mortar render found in the interior of the
building was removed and replaced with NHL mortars [18].

In 2016, several interventions were carried out to the Eastern section of the Wall,
particularly in the Sdo Vicente de Fora parish (Figure 2). The first intervention arose due to
the construction of sanitary facilities in a tourist accommodation that was in direct contact
with the Wall. Rammed earth was proven to be the construction technique used in this
section. Although a visual analysis of the wall did not provide information concerning the
composition of the plasters, which were possibly the original ones, the notorious exposure
to which the rammed earth walls were subjected was very evident. It was also observed that
there were gaps at the base of the RE walls which, due to the lack of protection, accentuated
the material degradation of the structure. Therefore, it was proposed to reinforce the
stone masonry basement of the rammed earth walls with a bedding NHL mortar. The
application of an NHL mortar of a color similar to that of the existing ones was additionally
recommended, aiming to fill and repair cracks, holes and joints. Once the RE showed signs
of moisture, it was suggested that a hollow brick masonry wall (coated from the inside with
tiles or other similar coat) should be constructed between the Wall and the compartments in
contact with it, to prevent future moisture problems [19]. However, if the air layer between
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the RE wall and the indoor masonry wall is not ventilated, this intervention can introduce
high levels of relative humidity in that layer and damage the RE wall.

In another intervention, carried out in 2016 in the same Eastern section of the Wall,
a preliminary visit was conducted to the site located in Graga parish, currently occupied
by a car park (adjacent to the Gil Vicente School North Wall, not far from Graga square),
which allowed for the performance of a visual analysis and several archaeological surveys
(Figure 2). Some RE sections were found to be coated with non-original cement-based
renders and, at the very top of the wall, brick capstones applied long after its construction
were observed. The archaeological surveys found traces of a small entrance (postigo) and,
through the analysis of a west facing Wall sector, it was possible to establish the settlement
of the first layer of RE in the site’s geological substrate [20].

The archaeological interventions to the Fernandina Wall involved four surveys. In the
first, carried out in the west wall of this Eastern sector, the rocky substrate that constitutes
the Wall was visibly altered. A lengthier survey of the same location revealed that it was
a turret, the third present in this section of the Wall. The second survey confirmed the
heterogeneity of the material composition of the Wall, namely in terms of the rendering
mortars, with different constituent elements. Beneath the render, the original structure
of the Wall revealed an RE construction, which presented four distinct layers of varying
composition and thickness. The Wall’s constructive system was, thus, visualized and
identified, noting the upper and lower limits of the formworks, the joints and some voids
left by the formworks [8]. In the third and fourth surveys carried out in the northern
section of this Eastern sector and inside a small opening, respectively, the existence of RE
was once again confirmed, this time in a turret, and in a small entrance made of rigged
limestone masonry.

During the archaeological and urbanistic works carried out between 2007 and 2008 in
the Chafariz de Dentro square, excavations allowed access to the Eastern fluvial section of the
Fernandina Wall. One of the two towers in this section was identified by observation of a
stairway path along the top of the Wall. The Wall’s foundation ditches were also uncovered
by these excavation works. It was found that wooden planks had been used as formworks
and that timber had also been used to build other elements, such as scaffolding and shores
(props) [21]. Hence, it was possible to gain greater knowledge on the methods employed in
the construction of the Wall.

In 2016, main walls of the Eastern fluvial section were discovered during rehabilitation
works on buildings located on Terreiro do Trigo street (Figure 2). Concerning the RE walls,
chipping was performed, which permitted identification of the formworks used, as well
as the voids left by the formworks’ pieces at the time of the Wall’s construction. Several
mortars were identified, mostly lime mortars with ceramic fragments, siliceous sand and
calcareous aggregates. Nevertheless, some of the identified materials are non-original,
being applied over the years, sometimes without the necessary compatibility with the
original materials. In the north-facing section of this Eastern fluvial section, the internal
part of the Wall was noted as being composed of irregular stone masonry with mortars
with ceramic and calcareous aggregates, pebbles and bone fragments [22].

Many of the interventions carried out were archaeological, to document the site and
structures, and did not involve the characterization of materials. Therefore, it was intended
to proceed to a material characterization of the employed mortars and the RE. In this paper,
a chemical and mineralogical characterization is presented. In a forthcoming paper, it is
foreseen to present a physical-mechanical characterization.

3. Samples Collection and Localization

Sections of the Wall are scattered throughout the city of Lisbon, with the authoriza-
tion and support of the Directorate General for Cultural Heritage (DGPC) and Munic-
ipal Council of Lisbon. The intervention works described on Section 2 allowed for a
preliminary assessment of the visual features of the Fernandina Wall in different sites.
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Nine of these (Figure 2) were analyzed in the present work and are referred to in the
following sub-sections.

3.1. Paldcio da Independéncia (Independency Palace)—Masonry Wall

Built in 1467, the Independency Palace, classified as a national monument, is located in
Sdo Domingos square, just off Rossio square, at the very heart of the city of Lisbon (identified
by “1” in Figure 2). This national monument is of great historical and political importance
and houses several institutions and museums.

At the north of the palace, there is a garden, where a section of the Wall is located, of
about 20 m length, and a staircase (most probably from a former round path) at its top. This
remnant belongs to the Western section of the Wall, composed mainly by a rubble stone
masonry intensely exposed to atmospheric action.

This may explain the degradation of the surface of the southern exposed Wall (Figure 3a),
which lacks protective render and joint mortars. The various interventions carried out to
this section, including the inclusion of the staircase and repair works using, eventually,
inappropriate mortars, may also have contributed to the deteriorated conservation state of
this original Wall section.

Figure 3. Case studies in Wall Western section: Independency Palace (a), Calgada de Santana (b), Jogo
da Péla (c) and Rose Palace (d).

3.2. Calgada de Santana—Turret

This turret is integrated in a private building located on Calcada de Santana (Figure 2).
The creation of this Calgada (name meaning sloping street) involved the destruction, in 1676,
of the Postigo de Santana—an opening in the Wall, located between the Santana turret and
the entrance.

The turret in limestone masonry, with an implementation area of 5.5m x 9.0 m and a
height of 11 m (Figure 3b) [23], contains, at its top, a 36 m? terrace with walls facing east
and west. In the past, elements such as chicken coops and flower beds diminished the
authenticity of the structure. As previously mentioned, the Fernandina turrets were as high
as the walls, i.e., about 8 m tall. The fact that the Santana turret is taller suggests than an
extension was added at a later date.
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3.3. Jogo da Péla—Tower

The tower of Jogo da Péla, placed in the sidewalk with the same name, is located near
Martim Moniz square, an important landmark of Lisbon located between Arco da Graga
street and Calgada do Jogo da Péla (Figure 2). It is one of the better-preserved elements of the
Wall, found in the Western section. Nowadays, it holds no visible continuity with other
sections, either to the west or to the east. This tower, made with limestone masonry and air
lime mortar, is the only completely isolated example that still preserves some of its original
features (Figure 3c).

Several works have been carried out on it over recent years, such as the demolition of
nearby old buildings and the renovation of infrastructures. However, some new buildings
were also built nearby, causing a major impact on the surrounding area.

Regarding the tower geometry, its height varies between 8 m to the east and 17.5m
to the west [17]. At the top of the tower, there is an excavated area of approximately
2.5m x 3.0 m and about 4 m high, executed during the archaeological interventions men-
tioned by Leitao, in 2014 [24].

A variety of projects involving the integration and musealization of the tower, which
is currently property of the Municipal Council of Lisbon, are underway.

3.4. Paldcio da Rosa (Rose Palace)—Masonry Wall

Rose Palace, classified as a monument of public interest, is located on the Western
section of the Fernandina Wall, near Lisbon ’s Sdo Jorge Castle (Figure 2). With its irregular
L-shaped layout, the palace was architecturally modified and rehabilitated several times
during the XVIII century [25].

A section of the Fernandina Wall in rubble stone masonry is present in the palace
gardens (Figure 3d). Archaeological works being carried out in the palace exposed the
foundations of the structure and discovered a tunnel dug inside the wall.

3.5. Terragos de Braganca Complex—Stone Masonry and Rammed Earth Walls

The Terragos de Braganga residential and commercial complex, located on Alecrim street
(Figure 2), is composed of eight five-story buildings. Designed by the renowned Portuguese
architect Siza Vieira, its construction began in 2003. During the construction works, a section
of the Fernandina Wall was discovered and remains one of the most representative existing
examples of the Western fluvial section of the Wall made in limestone masonry and RE
(Figure 4a).

Figure 4. Case studies in Wall Western fluvial section: Terragos de Braganga Complex (a) and Corpo
Santo Hotel (b).

3.6. Corpo Santo Hotel—Limestone Masonry

Located in the historic city center, close to the Tagus River (Figure 2), the Corpo Santo
Hotel was built in 2015. During the archaeological works conducted previously to its
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construction, a large number of archaeological remains, structures of the Fernandina Wall
and surrounding structures were identified (Figure 4b) [26]. The most impressive is the
Jodo Bretio tower, built with limestone ashlar masonry. The concern with the preservation
of Portuguese historical heritage by Corpo Santo Hotel has already been recognized with
the achievement of several international awards.

3.7. Gragas Square—Rammed Earth Wall

Located in the neighborhood of Graga, the square is one of the most visited touristic
sites in the city of Lisbon. The square was outside the boundaries of the Old Moorish Wall;
however, with the construction of the Fernandina Wall, it became part of the city and, thus,
became protected. Remnants of the walled structure in RE are visible in the fire station,
located close to the square, and in the square itself (Figure 5a).

na o

Figure 5. Case studies in Eastern section: Graga square (a) and Gil Vicente school (b).

3.8. Gil Vicente School—Masonry and Rammed Earth Wall

The Gil Vicente School is located in Graga parish, one of the traditional neighborhoods
of Lisbon, as previously mentioned. On the school north limit area, there is a 50 m long
sector of the Eastern section of the Wall, well preserved and relatively protected (Figure 5b).

Several characteristic elements of the Wall can be found in this section, mainly walls
and two turrets in RE, with the corners and base in regular limestone masonry [23].

3.9. Buildings Number 6-26 on Terreiro do Trigo Street—Masonry Wall

During the rehabilitation works on the buildings numbered 6 to 26 on Terreiro do Trigo
street (Figure 2), several traces of the Fernandina Wall in rubble stone masonry were found,
namely main walls, one tower and one small entrance. These buildings are located along
the Eastern section of the Wall, close to Tagus River.

4. Materials and Experimental Methods
4.1. Materials

The samples were extracted manually or mechanically by core drilling, depending on
the materials compactness. In five sites presented in Section 3, a total of 13 cylindrical cores
were collected, namely in Jogo da Péla tower (3 cores), Cal¢ada de Santana turret (1 core), Gil
Vicente School (3 cores), Braganca Terraces complex (4 cores) and in the Corpo Santo Hotel
(2 cores).

The terminology used for the samples’ identification (Table 1) is based on the initials of
the local designation: Independency Palace (IP), Calgada de Santana (CS), Jogo da Péla tower
(JP), Braganca Terraces Complex (BT), Corpo Santo Hotel (CSH), Gil Vicente School (GVS), Graca
square (GS) and Terreiro do Trigo street (TTS). The samples nomenclature also includes the
identification of the Wall’s element: M for main wall, T for tower, P for small gate (postigo) and
C for turret (cubelo). Additionally, each sample was identified by a sequential number, which
can include another number indicating the number of the specimen. For example, JP-T1-1
corresponds to the specimen 1 from sample JP-T1 collected in Jogo da Péla tower.
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Table 1. Location of the samples collection and their identification.

Wall’s Section Location Samples Identification
Independency Palace 1IP-M1
Calgada de Santana Cs-C1
JP-T1-1
’ JP-T1-3
Western Jogo da Péla tower JP-T3-3
JP-T4
RP-M3
Rose Palace RP-M6
BT-T1-2
. Braganca Terraces BT-M1-3
Western Fluvial BT-M?2-4
Corpo Santo Hotel CSH-T2-1
Graga Square GS-M1
Eastern o GVS-M1-2
Gil Vicente School GVS-M2-2
TTS-T1
Eastern Fluvial Terreiro do Trigo Street TTS-M1
TTS-P1

After collection, the samples identified in Table 1 were conditioned in a climatic room
at a temperature of 20 & 2 °C and 65% relative humidity. After, the samples were prepared
analysis by X-ray diffraction, thermogravimetry and wet chemical analysis.

4.2. Methods

For analysis, two fractions were prepared as described by Santos Silva et al. [21].
A binder rich fraction, designated as BF, was obtained by disaggregating the sample,
removing the aggregate particles without breaking them. The disaggregated portion of
the paste was then milled and sieved through a 106 um mesh sieve [22], and then stored.
Additionally, to obtain the overall fraction (OF), a representative portion of the sample
(about 20 g of the whole sample, without aggregate removal) was milled/grinded using a
ball mill until all material passed a 106 um sieve. After this process, the fraction obtained
was homogenized using a spatula and was also stored.

A Philips PW3710 X-ray diffractometer was used to perform the mineralogical analysis.
The XRD was operated at 35 kV and 45 mA with a scanning rate of 0.05° 20/s. The
two fractions of the sample were used: the fine fraction, to determine the mineralogical
composition of the binder, and the overall one, which includes all mortar constituents.

The thermogravimetric analysis and differential thermal analysis (TGA/DTA) were
carried out using simultaneous DTA-TGA thermal analyzer Setaram TGA92. The samples
of the overall fraction were placed in a platinum crucible and heated from room temperature
to 1000 °C at a uniform rate of 10 °C/min under argon atmosphere (3 L/h). By this analysis,
it is possible to evaluate the mass variations associated with dehydration, dihydroxylation
and decarbonation processes, occurring at specific temperature intervals. Decarbonation
occurred in the temperature range of 550-900 °C, which enables one to obtain the carbonates
content, expressed as a percentage of CaCO3, and which can be attributed, in the absence
of limestone aggregates, to the carbonated lime content.

The siliceous aggregate content was obtained from the determination of the acid
insoluble residue, which was performed by the attack of representative mortar sample
with a hydrochloric acid solution with a ratio of 1:10 (H,O:HCl). The sample used was
previously disaggregated, in an amount of 10-15 g of disaggregated fragments, taking care
not to break the aggregate particles; the existence of limestone aggregates and/or shells
was verified, and removed manually whenever present. Furthermore, a visual analysis was
carried out to record the consistency and presence of lime lumps, coal, ceramics and fibers,
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among other materials. Previously to the acid attack, the samples were dried in a ventilated
oven at a temperature of 105 °C, for a period of time not less than 12 h. The material
obtained in the insoluble residue, plus the coarse limestone grains manually separated,
were then placed in a RETSCH electromagnetic sieve shaker equipment, for 10 min, with
a series of ASTM sieves (4.5 mm to 0.063 mm), to obtain the granulometric curves of the
aggregates [27].

5. Results and Discussion
5.1. XRD Analysis

A total of 18 samples were analyzed; the results are presented in Tables 2—4. The
mineralogical qualitative composition of the mortars (Tables 2 and 3) is rich in quartz,
feldspars and mica, therefore, indicative of the use of siliceous sands [23]. The quartz
and feldspar ratio is quite variable among the different case studies analyzed, which is an
indication of the use of different sand pits. The diffractograms are presented in Figure 6
and Figures S1-517 in the Supplementary Materials.

Table 2. XRD composition of mortars from Jogo da Péla and Rose Palace.

Calcium
Samples Quartz Feldspars Mica Calcite Dolomite Gypsum Aluminate Ettringite Tobermorite
Hydrate
OF ++/+++ tr ? +++ - - - - -
JP-T1-1 BF +/++ tr - +++ - - - - -
OF ++/+++ tr tr +++ tr - - - -
JP-T1-3 BF +/++ + tr/+ e+ - - - - -
OF ++/++ tr/+ tr ++ tr - + ? -
JP-T3-3 BF +/++ + tr +++ - - + + -
OF +++ +/++ + ++ tr - - - -
JP-T4 BF ++ ? - +++ - - - - -
OF +++ ++ + ++/+++ - tr/+ - - -
RP-M3 BF +/++ + ? +++ - tr/+ - - -
OF +4++ ++ + ++/+++ - - - - -
RP-M6 BF +/++ + ? +++ - tr - - tr
Notation: OF—Overall Fraction; BE—Binder rich Fraction; +++ high proportion (predominant compound); ++
medium proportion; + low proportion; tr—traces; - undetected; ? doubts of the presence.
Table 3. XRD composition of mortars from Independency Palace, Cal¢ada de Santana, Terragos de
Braganca Complex, Corpo Santo Hotel and Terreiro do Trigo Street.
Calcium
Samples Quartz Feldspars Mica Talco Kaolinite Calcite Gypsum Aluminate Ettringite Weddellite
Hydrate
OF +++ + tr/+ - - +++ - - - -
IP-M1 BF +/++ tr tr - - +++ ? - -
OF ++/+++ +/++ + - - +++ - - - -
sl BF +/++ tr - - - +++ ? - - -
OF ++ tr/+ tr/+ - ? +++ - tr/+ tr -
BI-T1-2 BF +/++ tr - - ? +++ - tr/+ + +
OF +++ tr tr - - ++/+++ - - - -
CSH-T2 BF +/++ ? ? tr - +++ - - - -
OF ++/+++ ++ + - tr ++/+++ ? - - -
TTS-T1 BF + tr tr - +++ - - - -
OF +++ tr tr - ++/+++ - - - -
TTS-M1 BF ++ + tr - +++ tr - - -
OF +++ +/++ tr - - ++/+++ - - - -
TTS-P1 BF +/++ + tr - - +++ - - - -

Notation: OF—Overall Fraction; BE—Binder rich Fraction; +++ high proportion (predominant compound); ++
medium proportion; + low proportion; tr—traces; - undetected; ? doubts of the presence.
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Table 4. XRD composition of the rammed earths from Terragos de Braganga Complex, Graga Square
and Gil Vicente School.

Anhydrous

Samples Quartz Feldspars Mica Kaolinite Calcite Dolomite Calcium

Silicates
OF +++ +/++ + tr ++/+++ - -
BI-M1-3 BF ++ + + tr ++/+++ - -
OF +++ ++ +/++ tr ++/+++ - -
BT-M2-4 BF ++ +/++ + tr ++/ e+ - -
OF +++ +/++ +/++ - +++ - -
GS-Ml BF ++ tr +/++ - +4+ - tr
OF +++ ++ + - +++ tr -
GVSMI-2 BF +++ +/++ + - ++ tr -
OF +++ + + - +++ ? -
GVS-M2-2 BF +++ + + - +++ - -

Notation: OF—Overall Fraction; BF—Binder rich Fraction; +++ high proportion (predominant compound); ++
medium proportion; + low proportion; tr—traces; - undetected; ? doubts in presence.
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Figure 6. Diffractograms of sample IP-M1 (OF—overall fraction; BF—binder fraction). Notation:
M—Mica, G—Gypsum, Fk—Potassium feldspar, C—Calcite, Q—Quartz.

Concerning the paste compounds of the mortars, the main compound detected was
calcite (Figure 6), thus, confirming the use of air lime as a binder. Nevertheless, in some
mortars, such as JP-T3-3, RP-M6 and BT-T1-2, some hydrated calcium silicates and calcium
aluminates were detected, thus, suggesting the presence of a hydraulic binder. The origin
of these hydraulic compounds is not possible to explain at this stage, but they could
be attributed to recent interventions or due to the development of pozzolanic reactions
between the binder and some siliceous constituents of the aggregates.

Mortars RP-M3, RP-M6 and TTS-M1 showed traces of gypsum, while BT-T1-2 present
traces of weddellite; thus, both compounds indicated degradation processes [24].

Regarding RE samples (Table 4), the main compounds present are quartz, feldspars,
mica and calcite. Hence, it can be confirmed that the use of siliceous aggregates also in
the RE samples, most probably as earth component. The identification of calcite in the
binder fraction confirms that the constructive technique used was the military RE [25],
as the earth was stabilized with air lime. However, in terms of clayish minerals, such as
mica and kaolinite, it can be seen the high variability of its proportion, thus confirming the
employment of different earths in the areas analyzed, most probably picked in different
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pits due to the urgent and fast building of the Wall (accomplished in very few years) and
high raw materials consumption.

It is also worth mentioning the presence of anhydrous calcium silicates in the GS-
M1 sample, compounds usually found in cement mortars. These silicates may be due to
cement mortars that would have been applied in recent repairs, but that have presently
been removed.

5.2. TGA/DTA Analysis

From the TGA/DTA charts obtained, presented in Figure 7 and Figures S18-534
(Supplementary Materials), and according to the mineralogical compositions of the mortars,
three mass losses ranges were considered [26] (Table 5):

i 25 to ~200 °C—mass loss due to dehydration of free or absorbed water, and hydra-
tion and zeolitic water;
ii. ~200 to 500 °C—mass loss due essentially to the dihydroxylation of clay minerals
and of calcium silicate hydrates;
iii. 500 to 900 °C—mass loss due to the decarbonation of carbonates.
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Figure 7. TGA/DTG/DTA charts of sample TTS-T1.

The TGA /DTA charts present a behavior in accordance with the mineralogical com-
positions previously obtained, with the main mass losses attributed to the dehydration of
hydrated calcium silicates and calcium aluminates (e.g., samples JP-T3-3, BT-T1-2), and to
the decarbonation of calcite and dolomite. The TTS_T1 sample showed the highest mass
loss, which is essentially related to its highest value in the decarbonation zone (500 to
900 °C)—Figure 7.

Regarding the RE samples, the same three temperatures ranges were considered
for TGA analysis (Table 6). The higher mass losses were obtained in the decarbonation
zone, as expected. The mass losses regarding the range covering ~200 to 500 °C, and
according to XRD data obtained, are essentially due to the dihydroxylation of clay miner-
als [27]. Therefore, it is confirmed that main losses are due to the presence of hydrated and
carbonated minerals.
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Table 5. Sample mass losses obtained by TGA for mortar samples.

Mass Loss [%] per Temperature Range [°C]

Samples Loss of Ignition * [%]
25 to ~200 ~200 to 500 500 to 900
IP-M1 1.16 1.53 24.05 26.91
Cs-C1 2.35 191 18.85 23.15
JP-T1-1 1.36 1.28 25.23 27.96
JP-T1-3 1.09 1.09 24.50 26.79
JP-T3-3 5.29 2.13 20.31 27.90
JP-T4 0.72 1.23 20.51 22.50
RP-M3 0.61 1.29 16.28 18.47
RP-M6 4.33 4.20 6.95 16.59
BT-T1-2 5.87 1.63 17.18 24.87
CSH-T2-1 1.98 0.94 21.13 24.08
TTS-T1 2.40 2.44 26.32 31.38
TTS-M1 1.34 1.60 22.26 25.17
TTS-P1 0.45 0.78 21.04 22.32
* mass loss obtained between 25 and 1000 °C.
Table 6. Sample mass losses obtained by TGA for rammed earth samples.
Mass Loss [%] per Temperature Range [°C]
Samples Loss of Ignition * [%]
25 to ~200 ~200 to 500 500 to 900

BT-M1-3 8.21 2.12 7.22 17.84
BT-M2-4 3.09 2.18 7.03 12.74
GS-M1 0.69 0.54 9.17 10.38
GVS-M1-2 3.71 3.27 20.32 27.68
GVS-M2-2 7.27 491 18.46 29.64

* mass loss obtained between 25 and 1000 °C.

5.3. Aggregate Content and Grain-Size Distribution

Tables 7 and 8 present the results of the insoluble residue (IR), corresponding to the
siliceous and the total aggregate contents, respectively. It appears that the values of IR
are quite heterogeneous, ranging from 30-80% for mortars and 42-78% for rammed earth
samples. The total aggregate content is quite high and is mainly due to the siliceous sand.
The grain-size distribution of the total aggregate of mortar and RE samples is presented in
Figures 8 and 9, respectively.

By analyzing Figure 6, it is verified that mortar sample RP-M6 is the one with the
highest percentage of coarse particles (4.75 mm), while samples JP-T1-3 and IP-M1 are
those with the lowest percentages. The JP-T4 sample presents the highest percentage of
constituent material between 150 um and 1.18 mm. Of the remaining samples, the grain-size
distributions of the aggregates are very similar.

Concerning the grain-size distribution of the RE samples (Figure 9), sample BT-M2-4
presents the highest percentage of coarse particles among all others. Samples GVS-M1-2
and GVS-M2-2, although extracted in the same location, present different aggregate grain-
size distributions, namely up to 300 pum, being similar in the coarse dimension. As each
earth is composed by different types and contents of clay, silt and sand (apart from coarser
aggregates), this suggests, as before, the use of different earths when building the RE wall.
In turn, the GS-M1 sample contained the lowest percentages of finer and coarser particles.
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Table 7. Insoluble residue and total aggregate content for mortar samples.

Total Aggregate Content

Sample Insoluble Residue Content [%] (IR + Limestone Aggregate) [%]
IP-M1 37.9 77.2
CsC1 49.6 59.0
JP-T1-1 46.7 54.3
JP-T1-3 30.5 56.8
JP-T3-3 73.6 747
JP-T4 56.3 57.7
RP-M3 46.8 56.3
RP-M6 79.0 82.0

BT-T1-2 427 65.5

CSH-T2-1 63.3 68.6

TTS-T1 35.1 455

TTS-M1 442 52.6
TTS-P1 65.7 79.3

Table 8. Insoluble residue and total aggregate content for rammed earth samples.

Sample

Insoluble Residue Content [%]

Total Aggregate Content [%]

BT-M1-3
BT-M2-4
GS-M1
GVS-M1-2
GVS-M2-2

59.2
77.8
56.7
54.7
429

65.6
81.8
747
59.0
61.5
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Figure 8. Particle size distribution of the aggregates in mortar samples.
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Figure 9. Particle size distribution of the aggregates in rammed earth samples.

5.4. Binder/Aggregate Ratio of Mortar and Rammed Earth Samples

Tables 9 and 10 present the mass contents of the different constituents and the
binder/aggregate ratios [21] obtained for lime and RE samples, respectively. From these
values, a great heterogeneity and diversity in constituents’ contents are visible. Even within
the same case study, important differences are present, thus, implying the employment of
heterogeneous materials in the Wall’s construction.

Table 9. Mortars constituents content and Lime:Aggregate (calcareous and siliceous separated or
together) ratios.

Content [Mass%]

Sample Siliceous Sand 1 g;écrzrge;gsz Hydrated Calcic i Gand Gn sy N
IP-M1 38 39 12 13.3:3.2 165
CsCl 50 9 25 1:0.4:2 124
JP-T1-2 47 8 36 1:0.2:13 115
JP-T1-3 30 26 22 11.2:1.4 126
JP-T3-3 74 1 33 1:0.03:2.2 1223
JP-T4 56 1 34 1:0.03:1.6 1:1.63
RP-M3 47 10 20 10524 129
RP-M6 79 3 10 1:0.3:82 185
BT-T1-2 43 23 12 1:1.9:3.6 155
CSH-T2-1 63 5 32 1022 122
TTS-T1 35 10 37 1:0.3:0.9 112
TTS-M1 44 8 32 1:0.3:1.4 117
TTS-P1 66 14 25 1:0.6:2.6 132

! Value corresponding to the insoluble residue content; 2 Value corresponding to the limestone grains manually
separated during samples preparation; 3 Value obtained by TGA analysis.
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Table 10. Rammed earth constituents content and Lime or Lime + Earth:Aggregate ratios.

0,
Content [%] Lime: Earth: Calc.

Lime + Earth: Aggr.

T iicowssimat (v GRS e M Gnvee
BT-M1-3 59 6 17 7 1:2.3:0.8:8 1:2.7
BT-M2-4 78 9 26 9 1:2.9:0.5:8.8 1:2.4
GS-M1 57 18 8 2 1:3.7:8.1:25.7 1:7.2
GVS-M1-2 55 4 8 31 1:0.3:0.1:1.8 1:1.5
GVS-M2-2 43 4 8 31 1:0.6:1.14:3.2 1:2.7

! Value corresponding to the insoluble residue content; 2 Value corresponding to the limestone grains manually
separated during samples preparation; 3 Value corresponding to the size fraction < 0.063 mm; * Value obtained by
TGA analysis.

Furthermore, the visual observation has shown some lime lumps, thus indicating that
to the moistened earth was added quick lime and then mixed, for hydration, resulting in
RE stabilized with lime. Therefore, this mixture would allow for the aggregates surface to
be attacked by the causticity of calcium oxide, leading to a better connection between the
binder’s matrix, earth and lime, and the coarser aggregates.

According to the results obtained, the lime content in the RE of the Fernandina Wall is
very low when compared to the content of the aggregates and earth fines. This composition
is also different from the composition employed in other RE structures, as is the case for
the Castle of Paderne [6] in Portugal or the Walls of Caceres [7] in Spain, where the lime
content is much higher. This behavior may indicate that the use of lime was restricted in
the sections of the Wall in RE, since there were other sections in rubble stone masonry more
exposed to the action of water, or where there was a need for the construction to have more
important defensive functions, in which lime was more necessary. On the other hand, it
should be noted that the construction of the Wall took only two years, which required a
great effort in terms of the construction materials to be used, which certainly also limited
the use of lime in those sections of RE construction.

6. Conclusions

The existent rammed earth (RE) buildings and, particularly those in military RE, are
an integral part of Lisbon’s military, cultural, social and architectonic heritage. Hence, for
their effective conservation and preservation, knowledge of the original techniques and
materials employed is imperative. Nevertheless, and due to a neglect on these structures, it
is also fundamental to have adequate information of the conservation interventions held
over the years, namely to learn about the original characteristics, to ensure that previous
conservation mistakes are not made again and that good practices can be disseminated.

The Fernandina Wall of Lisbon is an impressive defensive structure that was con-
structed in the second half of the 14th century. Its construction was carried out in a very
short period of time, between 1373 and 1375, using limestone from the Lisbon region, air
lime and earth. Several elements are visible in the 21st century around the old quarters
of Lisbon, attesting to its greatness and durability, as its main walls, towers, turrets or
former gates.

This work was focused on collecting and analyzing information about past interven-
tions, its conservation state and the general composition of some Wall’s sectors. Masonry
mortars and RE samples were extracted from nine different sites of the Fernandina Wall,
and mainly its chemical and mineralogical characterization assessed.

The sites analyzed in the Western Wall section are manly constituted by rubble stone
masonry, with the exception of the site closer to river Tagus in Braganca Terraces Complex,
where both RE and limestone ashlar masonry were used. The limestone ashlars were also
used in the eastern fluvial section of the Wall, where stone blocks were layered with a lime
mortar. In opposition, in the Western section of the Wall, the RE was the main material used,
while the rubble stone masonry was the most used material in the Western fluvial section.
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Calcitic air lime was the binder used in masonry mortars. In some sites, traces
of hydraulic binders were also found, their presence being attributed to 20th century
interventions. With few exceptions, the grain size distribution of the aggregates is similar.
However, their compositions vary according the wall sections analyzed.

RE samples shows also the use of air lime as additive, confirming that the construction
technique used was the military rammed earth. Although, these RE are poorer in lime
content when compared with others RE used in Iberian Peninsula in the same period.

As in the case of sands used for masonry mortars, the use of earths of different
composition was also found in RE. Besides, siliceous sands and coarse limestone aggregates
were also found in RE sections of the Wall. The heterogeneous grain size distribution of
the aggregates confirms the use of different earth sources in the RE manufacture. One RE
sample also contains traces of the use of a hydraulic binder, an indicator of 20th century
repair works.

This work shows that materials with different composition and binder:aggregate ratios
were employed in the construction of the Fernandina Wall of Lisbon. This variety and
heterogeneity is observed not only in the different elements or Wall sections, as well as in
the same site analyzed. That may be due to the limited construction period and the need of
large contents of raw materials. The use of both RE and rubble stone sectors in different
sections of the Wall can be due to the availability of materials, but also with the professional
labor skills that were built the defensive Wall.

It is expected that the information obtained in this work about the composition and
formulation of bedding mortars and RE used in the construction of the Fernandina Wall
of Lisbon will be a contribution to carry out future conservation interventions properly
supported and guarantying the compatibility with the original materials.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min12020241/5s1, Figures S1-518: XRD diffractograms; Figures S19-534:
TGA/DTA charts.
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