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Abstract: A rare crucible with an unusually large volume and a pot-shaped bottom was excavated at
the Tiversk hillfort (late 13–14th century—1411 AD) in the North-Western Ladoga region (Russia).
ICP-MS data showed that the crucible might be attributed to local technical ceramics. Because of
its specific volume and shape, which are not typical for crucibles used in non-ferrous metallurgy in
medieval Karelia, earlier it had been attributed to the technical ceramics used for the cementation of
iron. The present research has revealed tin bronze metal alloy along with copper sulfide minerals
recorded on the crucible walls, suggesting it might have been used in non-ferrous metal working.
Thermal treatment of the crucible at temperatures above 1050 ◦C is evidenced by the heterogeneous
composition of quartz, the thermal breakdown of biotite, recorded in the temper of the ceramic fabric,
and Raman spectra characteristics of hematite.

Keywords: minerals of ceramic fabric; crucible; non-ferrous metallurgy; bronze; thermal transformation;
phase modifications; SEM-EDS; Raman spectroscopy; the Middle Ages; Lake Ladoga

1. Introduction

Methods of natural sciences have been applied to study archeological ceramics at
least since the middle of the 20th century [1] (pp. 138–181). The development of analytical
techniques and the growth of scientific interest in multidisciplinary investigations greatly
contributed to the understanding of pottery technology of the past. Mineralogical analyses
have become a standard routine for archeometric studies in deciphering the chemical and
mineral composition of fabric in order to promote deep insight in provenance analysis as
well as in different stages of the pottery production cycle, such as fabric preparation and
thermal treatment [2–6].

The technical ceramics used in ancient metal working have received increasing atten-
tion in archeological research over the past several decades [7–15]. The investigation of
metallurgical ceramics has led to numerous studies devoted to ancient metallurgy, usually
concerning the analyses of final products, manufacturing techniques, or technical equip-
ment and provenance studies. Metallurgical ceramics studies based on a mineralogical
approach generally focus on the examination of crucible manufacturing technology and a
reconstruction of the metallurgical procedure [8,10,16].

Mineralogical methods have already been applied to study Karelian medieval pottery
from the hillforts located on the north-western shore of Lake Ladoga [17–21]. During the
Middle Ages (10–15th century) the territory of the North-Western Ladoga area and the
Karelian Isthmus were occupied by the Karelian people, whose material culture has a long
history of archeological research and has previously been described [22–28]. The develop-
ment of the Karelian people refers to the turn of I–II millennia AD, when archeological
evidence showing Karelian material culture elements started to mark the territory, which
further in the 13th century would turn into the “Land of Korela” of written sources [24]
(pp. 35–36), [27] (pp. 75–79), [29] (pp. 323,327), [30] (p. 122), [31] (p. 54). The Land of Korela
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(Ethnonym korela, marking the Karelian people, first emerged in the text of a birch-bark
manuscript of the late 11th century [32] (pp. 50–51), [33] (p. 41)) was incorporated into
Novgorodian Rus and situated on its north-western border, thereby it was the first to meet
foreign attack, which usually came from Swedish neighbors, and to defend the internal
lands with the capital of Rus–Novgorod. The middle of the 12th century saw the start of a
period of constant Russian–Swedish military conflicts, which is why the 12th century was
the time when the Karelian people, sometimes with the help of the Novgorodians (as in the
case of the Korela fortress (Korela or “Korel’skiy gorodok” was the political, administrative,
trade, and manufacturing center of the Land of Korela [27] (pp. 220–234), [31])), began
the building of fortresses on the Ladoga shore to strengthen the state border. Therefore,
Karelian hillforts along with the chain of fortresses such as Ladoga, Oreshek, and Koporje
made up “the stone shield” of Rus [30] (p. 3).

The 12–14th century is considered the age when Karelian culture flourished which
is reflected in rich archeological materials [24] (p.37), [27] (p. 80), [31]. Fortresses hedged
with stone walls and earth ramparts were usually placed at the high rocky shores of Lake
Ladoga (Figure 1a), providing the possibility to see over the vast water areas to warn of the
appearance of enemies. These hillforts remain the only well-studied type of settlement for
the period of the 10–15th century; the other sites are presented by burial grounds, stray
findings, and scarce objects of cult. Excavations of the hillforts (Figure 1a:1,3–7) have sup-
plied collections of artifacts that provide evidence for various crafts and economic activities.
The ceramic collection counts over 4400 fragments of pottery, including the sherds of cru-
cibles (49 items) [25] (pp. 47–48,119). The most abundant ceramic material (2895 pcs) was
obtained during the archeological survey of the Tiversk hillfort (Figure 1b) [25] (pp. 34–35).

The Tiversk hillfort occupied the former island (now it is a part of the land due to the
conducted dewatering of the territories) on the Vuoksa river. The first archeological research
of the fortress was undertaken in the late 19th century by O.H. Appelgren [22] (pp. 98–106)
and P.T. Schwindt [23] (pp. 85–90,93), and, as a result, a topographical plan of the site and
a description of the fortifications were prepared; spot excavations in various parts of the
fortress revealed stone foundations of dwellings. In 1891, P.T. Schwindt continued the
research together with A. Hackman, studying the fortifications—walls and ramparts—of
Tiversk, and in 1924 carrying on the survey with J. Rinne [34] (p. 70). Later the Tiversk
hillfort was visited by archeologists mainly for exploratory purposes [26] (pp. 297–300),
and the excavations were reorganized only in the 1970s. In 1971, A.N. Kirpichnikov
examined the site with trial trenches (80 m2 in sum) [35]. The same year, the first large-scale
investigations were started by S.I. Kochkurkina: during 1971–1974 the Tiversk fortress
was excavated with 11 sites, together compiling 1620 m2 of its total square of 1 ha [25]
(pp. 33–52), [36] (pp. 30–62). The survey shed light on the fortification, dwelling, and
industrial structures of the hillfort, as well as the occupation and daily activities of its
population. The hillfort was fortified with earth ramparts in its southern part and stone
walls in its northern part; the living space was located mainly in the southern part—here
were excavated 14 checkered foundations of houses, which created an additional line of
defense [25] (pp. 40–47). The assemblage of artifacts points at agriculture, fishery, and
cattle-breeding employment of Tiversk dwellers as well as their involvement in various
crafts such as ferrous and non-ferrous metal working, pottery and textile production, and
processing of wood, bone, and stone [24] (pp. 76–135). The collection dates to the late 13th
and 14th century, defining the active period of the functioning of the fortress [25] (p. 51).
Tiversk was burned and ruined during the Swedish attack in 1411 [29] (p. 402).



Minerals 2021, 11, 648 3 of 19Minerals 2021, 11, x 3 of 20 
 

 

 
Figure 1. (a) Maps showing Lake Ladoga and the medieval Karelian hillforts: 1—Tiversk; 2—Rantalinnamyaki; 3—
Khyameenlakhti-Linnavuori; 4—Lopotti-Linnamyaki; 5—Soskua-Linnamyaki; 6—Tervu-Linnasaari; 7—Paaso; 8—
Rautalakhti-Linnavuori; 9—Tokkarlakhti-Linnasaari. (b) Graphic reconstruction of the Tiversk hillfort by S.I. 
Kochkurkina and V.A. Bazegskiy [37] (pp. 18–19). The larger markers (a) stand for sites where more than 1000 m2 was 
excavated; the smaller ones stand for excavations less than 1000 m2. The bicolor mark of modern Priozersk points at the 
place of the Korela fortress location. 

The rare crucible was at once distinguished among the crucibles from other Kareli-
an hillforts due to its significantly large volume, thick walls, and unusual shape (Figure 
2a). The crucible was found in the southern part of the Tiversk hillfort at excavation site I 
(5 m × 8 m), located close to the southern earth rampart. Almost the whole area of the 
site was covered with boulders and small stones, which formed a ruinated rectangular 
construction. Presumably, the perimeter of an undefined building foundation was dis-

Figure 1. (a) Maps showing Lake Ladoga and the medieval Karelian hillforts: 1—Tiversk; 2—Rantalinnamyaki;
3—Khyameenlakhti-Linnavuori; 4—Lopotti-Linnamyaki; 5—Soskua-Linnamyaki; 6—Tervu-Linnasaari; 7—Paaso;
8—Rautalakhti-Linnavuori; 9—Tokkarlakhti-Linnasaari. (b) Graphic reconstruction of the Tiversk hillfort by S.I. Kochkurk-
ina and V.A. Bazegskiy [37] (pp. 18–19). The larger markers (a) stand for sites where more than 1000 m2 was excavated; the
smaller ones stand for excavations less than 1000 m2. The bicolor mark of modern Priozersk points at the place of the Korela
fortress location.

The rare crucible was at once distinguished among the crucibles from other Karelian
hillforts due to its significantly large volume, thick walls, and unusual shape (Figure 2a).
The crucible was found in the southern part of the Tiversk hillfort at excavation site I
(5 m × 8 m), located close to the southern earth rampart. Almost the whole area of the
site was covered with boulders and small stones, which formed a ruinated rectangular
construction. Presumably, the perimeter of an undefined building foundation was discov-
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ered: for this suggestion stand the gathered pieces of clay cement, traditionally used in
Karelian house building, found nearby. Sherds of the crucible were shattered within the
described construction close to its south-eastern corner. The square of excavation site I was
extended further with site IV (212 m2), mainly to the north and to the south, providing
also a small increase in the excavated area in the eastern and western directions. No more
constructions were revealed in the area of sites I and IV; a pit (2.6 m × 1.8 m and 0.4 m
deep) with traces of ash and small pieces of charcoal was recorded 4 m to the south of the
undefined foundation [25] (pp. 35–37).
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sherd of the same crucible; (c–h) fragments of common crucibles for non-ferrous metal working.

In contrast to thorough archeometric research of medieval Karelian kitchenware [17–21],
the technical ceramics remain overlooked by archeologists, being only mentioned [27]
(pp. 105,198–199,231,247,274–275) or preliminarily counted for pieces that could be at-
tributed to crucibles [25] (pp. 47–48,119). Brief analysis has shown that most crucibles from
Karelian hillforts are characterized by a small volume (circa max. 100 mL), round-bottom
shape, occasionally the presence of glassy slags on the surface (Figure 2c–h), and their wall
thickness parameter more frequently lies in the range of 0.8–1 cm. Some of the crucibles
carry the imprints on the outer surfaces left by the tools used for manipulating them in
the fire. These specific features suppose that they were destined for non-ferrous metal
working. The evidence of non-ferrous metal working in medieval Karelia comes from the
occurrence of industrial complexes, discovered at the settlements, and non-ferrous metal-
working equipment (crucibles, molds, tools), which were even recorded in the graves [23]
(pp. 32–34), [24] (pp. 80–81), [27] (pp. 104,301).

The crucible was attributed to the technical ceramics, as it is characterized by the signs
of intensive thermal treatment including vitrification, bloating of the ceramic fabric, and
numerous cracks (Figure 2a,b). However, based on the reconstruction of available remains
of the crucible, its volume was estimated to be not less than 500 mL, which is notably
larger than the typical volume of most crucibles (see Figure 2). Moreover, the rare crucible
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has a pot-shaped bottom with a flat base, which is rather typical of pot crucibles used for
ferrous than for non-ferrous metal working. A previous study [24] (p. 127) based on visual
analyses of the shape and the surface treatment of the vessel hypothesized that it was
used for iron cementation in the steel production cycle. The procedure of steel production
implied the usage of a pot-shaped vessel, filled with carbonizing agent (charcoal), sand,
which must have been placed in the bottom as a pad, and pieces of iron or iron tools that
should be cemented. The filled vessel was exposed to heating at the temperature of no less
than 900 ◦C [38] (p. 52) so that the carbon from the charcoal diffused into the metal. The
prolongation of the whole process could be from a few hours to days. Such findings of
whole pots or their bottom sections filled with a melted mass of sand and metal slag were
recorded in medieval Novgorod [39] (p. 14), as well as such technology of iron cementation
itself [40] (p. 152).

During the excavations of the Tiversk hillfort, where the large crucible was found, a few
industrial complexes were recognized [25] (p. 47), [27] (p. 200), [36] (p. 56). In the northern
part of the settlement, rectangular cameras (roughly 2 m × 4 m in area) constructed of
stone and built in the defensive wall were discovered, whereas a separated complex located
between the foundations of dwellings—rectangular stone-built construction (9 × 4 m),
presumably a forge—was opened in the central part of Tiversk. Various findings associated
with metal working were recorded in these industrial complexes [25] (p. 41–42), [35],
including numerous ceramic sherds and metal slags, copper ingots, iron tools, pieces
of melted sand, and fragments of clay coating, which might be attributed to remains of
fireplaces or furnaces built of stones and clay. Slags containing iron remains as well as slags
with copper remains were recognized at the Tiversk hillfort, suggesting that both iron and
non-ferrous metal production took place in the settlement.

The aim of the study is to decipher the functional usage of the rare crucible with an
unusual large volume and a pot shape excavated at the Tiversk hillfort. To specify the
use of the crucible for ferrous or non-ferrous metal working, the composition of metal
alloy remains was studied. Moreover, we present the data on the chemical and mineral
composition of the crucible fabric in order to make the provenance analysis and reconstruct
the thermal treatment conditions. The obtained results provide deeper insight into the
organization and technologies of ancient crafts.

2. Materials and Methods

The objects of the present case study were broken bottom fragments of a crucible with
the overall traces of intensive thermal treatment (Figure 2a). The bottom of the crucible was
reconstructed with gypsum so that the preserved part included 15 near-bottom fragments
and 4 separated sherds belonging to the same vessel (Figure 2b). The reconstruction shows
that the upper diameter of the crucible equals 23 cm, the bottom diameter is 14 cm, and
the height of the preserved walls is up to 7 cm. The rim part is absent. The wall thickness
varies from 1 cm to 1.3 cm.

The studied samples were taken directly from the wall fragment of the vessel (see
Figure 2a, 727/195) and the separated sherd (see Figure 2b, 727/193). Three polished
sections obtained by cross-section cut of the crucible fragments were studied by scanning
electron microscopy with energy dispersive spectroscopy (SEM-EDS) and Raman spec-
troscopy methods. To examine the outer and inner surfaces of the crucible, four unpolished
sections were cut along the crucible walls. For inductively coupled plasma mass spectrom-
etry and X-ray powder diffraction analyses, the powder samples were prepared from the
outer, inner, and central parts of the crucible, which were taken by cutting the crucible
fragments along the walls.

Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) was
applied to determine the chemical and mineral composition of the fabric components
and to characterize the specimen texture. The SEM-EDS study was carried out on the
polished and unpolished sections with scanning electron microscope VEGA II LSH (Teskan,
Brno, Czech Republic) and energy dispersive microanalyzer INCA Energy 350 (Oxford
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Instruments, Oxford, UK). The analyses were performed under the following analytical
conditions: W cathode, 20 kV accelerating voltage, 20 nA beam current, 2 µm beam diame-
ter, and a counting time of 90 s. The following standards were used: albite, MgO, Al2O3,
SiO2, FeS2, orthoclase, wollastonite, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, and Sn. SEM-EDS
quantitative data and determination of the analysis accuracy were acquired and processed
using the Microanalysis Suite Issue 12, INCA Suite version 4.07 (v.4.07, Oxford Instru-
ments Analytical Limited, High Wycombe, UK); standard deviation (S) for Cu—0.5–0.8%,
Sn—0.4–0.6%, Fe—0.2–0.4%, Zn—0.4–0.7%, and S—0.2–1.6%. The average composition of
the clay matrix was determined by area analysis of the most homogeneous zones with the
size of 100 µm × 100 µm to 300 µm ×300 µm, avoiding the temper-rich and the strongly
altered areas. The mineral composition of the artificial additives was identified by the point
SEM analysis.

Raman spectroscopy analysis was carried out using a dispersive Nicolet Almega
XR Raman spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with a green
laser (532 nm, Nd-YAG (Thermo Fisher Scientific, Waltham, MA, USA). The spectra were
collected at 2 cm–1 spectral resolution. A confocal microscope with a 50× objective was used
to focus an excitation laser beam on the sample and to collect a Raman signal from a 2 µm
diameter area. Raman spectra were acquired in the 85–4000 cm−1 spectral region, with the
exposition time between 30 s and 100 s for each scan, depending on the signal intensity
and laser power of 2–10 mW to prevent any sample degradation. A total of 40 Raman
spectra were acquired from polished cross-sections of the crucible fragments. The Raman
spectra were background corrected and fit with Lorentzian curves using OMNIC software
(v.8.2, Thermo Fisher Scientific, Waltham, MA, USA) in order to obtain the quantitative
characteristics of the Raman spectra, including the position, intensity, and full width at half
maximum of the bands.

Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine
the content of trace and rare-earth elements in order to provide the provenance studies.
The ICP-MS analysis was carried out using the Thermo Scientific X-SERIES-2 quadrupole
mass-spectrometer (Thermo Fisher Scientific, Bremen, Germany) following the standard
procedure [41] at the Centre for Collective Usage, Karelian Research Centre, RAS (Petroza-
vodsk, Russia). Five powder samples obtained from the outer and inner edges and central
parts of the crucible fragments were decomposed using acid decomposition in an open
system. The analysis was controlled by measurement of USGS standard BHVO-2 (Table S1).

The X-ray powder diffraction (XRD) method was applied to study the bulk mineral
composition of various parts of the crucible fragments using the Thermo Scientific ARL
X’TRA X-ray diffractometer (Thermo Fisher Scientific, Ecublens, Switzerland) employing
Co Kα radiation (λ = 0.1790210 nm) at 35 kV and 35 mA. Samples were scanned from 2◦ to
90◦ 2θ, with a step size of 0.02◦ 2θ and a scan rate of 0.6◦ 2θ/min. The quantitative mineral
composition of 5 samples was determined by the modeling of experimental diffraction
curves using Siroquant software (v.3.0, Sietronics, Mitchell, Canberra, Australia).

3. Results
3.1. Ceramic Fabric

X-ray diffraction analysis indicated that the crucible was predominantly composed (in
a modal percentage) of 32–39% quartz, 32–39% K-feldspar (orthoclase and microcline), and
14–26% albite (Table S2). The mica-like phase (muscovite) was recorded for the central part
of the crucible and is considered to be the result of the transformation of clays due to the
thermal treatment [42]. Additionally, dolomite was identified in the crucible edge areas,
which is thought to be the result of contamination from the soil environment.

Microscopic investigation of the crucible cross-sections revealed ceramic fabric com-
posed of a clay matrix and coarse rock fragments (Figure 3a). The clay matrix is more
vitrified and vesicular at the edges of the crucible, especially at the inner surface, but more
massive on the inside (Figure 3b–d). The boundaries between the edges and the central
zone of the crucible are mostly gradual.
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EDS area analyses of the fabric showed the crucible was made of non-calcareous (con-
centration of CaO 3%) clays, predominantly of illite–montmorillonite with Al2O3 content
varying from 15 to 26 wt.%, K2O content varying from 2 to 8 wt.%, and Na2O content
varying from 1 to 3 wt.% (Table S3). No distinct differences in major oxide composition
were recorded for the near-surface and central zones of the crucible walls, with the only
exception of Fe2O3 total content, which increased toward the edges (Figure 4). Additionally,
the outer edge is enriched in P2O5 (1.5–3 wt.%) and SO2 (3.2–5.6 wt.%). ICP-MS analysis
showed that the Cu and Sn content increased from the outer to the inner edges from 34
ppm to 137 ppm and from 6 ppm to 36 ppm, respectively (Table S4). It is noteworthy that
the Ba content in the inner edge is approximately twice higher (1155 ppm) than in the
central zone (759 ppm) and the outer edge (678 ppm).

SEM-EDS analysis showed that the clay matrix contains silt grains (10–30 µm) pre-
sented dominantly by quartz with minor amounts of albite and K-feldspar and heavy
minerals (zircon, titanite, apatite, monazite, ilmenite, and titanium oxide). The temper is
presented by coarse grains ranging in size from 0.1 mm to 5 mm composed of quartz, albite,
K-feldspar, and mica with the accessory minerals of epidote, apatite, monazite, and zircon.
The mineral composition of the rock fragments is assumed to correspond to the felsic and
intermediate igneous rocks.

3.2. Mineral Chemistry and Structural Characteristics

In order to specify the high-temperature treatment and reconstruct the heating con-
ditions, the minerals, which can provide information about temperature treatment and
atmosphere, were studied in detail.
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Quartz was presented in the crucible fabric as variously sized fragments, ranging from
10 to 20 µm in the ceramic matrix and up to 1 mm in the temper. Quartz clasts in the clay
matrix mostly showed a gradual boundary with the surrounding environment, indicating
that they were partially molten (Figure 3c).

Coarse quartz clasts occurred as the temper appears to be internally cracked and
occasionally shows dissolution interfaces with the surrounding ceramic paste. Some of
the clasts recorded on the outer edges of the crucible are characterized by heterogeneous
compositions. The composition of heterogeneity produced patchy and concentric zoning
patterns. Figure 5 shows that the concentric zoning is defined by a pure quartz core in the
central part of the clast, which is surrounded by a mantle presented by quartz incorporating
about 5% of a mixture of CaO (2%), FeO (2%), and Al2O3 (1%) (Table S5). In the outer rim
of the clast, the concentrations of the admixtures increased, and the SiO2 content decreased
to 60 wt.%. Raman spectroscopy analysis showed the occurrence of quartz in all parts of
the zoning clast, though the intensity of the quartz band 465 cm−1 decreased and its full
width at half maximum increased from the core to the rims.

Mica-like grains compose the temper of the crucible and occur as single grains or
intergrowths with quartz or feldspars. Depending on the grain size and location in the
crucible body, the mica grains show various degrees of thermal transformation during
heating. Large grains with the size of 500–900 µm from the central zone of the crucible are
characterized by exfoliation and enlargement of the cleavage planes (Figure 6a), whereas
the smaller mica grains (<200 µm) from the crucible edges show the signs of partial melting
(Figure 6b), namely the melted boundaries and bubbles developed due to the OH- release
from the mica structure. Additionally, microcline lamellas were recorded between the
cleavage planes by Raman spectroscopy analysis (Figure 6c).

The composition of most of the mica grains recorded in the crucible is characterized
by the low K2O (1–4 wt.%) and SiO2 (26–32 wt.%) content, which decreased from the
center to the margins of the grains (Table S5). The low K2O and SiO2 content indicate
that the composition of mica is notably changed due to the thermal treatment. Only a few
SEM-EDS analyses obtained from the center of the large mica grains with high K2O content
of about 8 wt.% might be attributed to biotite. The relics of biotite (annite–phlogopite) were
also identified by Raman spectroscopy analysis according to the characteristic band at 556
cm−1 [43]. The band at 556 cm−1 attributed to biotite was recorded in the central part of
the large mica grain together with rutile identified by the characteristic bands located at
440 and 609 cm−1, magnetite identified by the band at 676 cm−1, and fayalite identified by
characteristic bands located at 815 and 838 cm−1 (Figure 6d). The Raman spectra obtained
from the margins of the biotite grains as well as from the whole, relatively small biotite
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grains (Figure 6b) from the crucible edges are presented only by magnetite and fayalite
(Figure 6e). Moreover, fayalite inclusions were also identified at the margins of the mica
grains. Thus, the mineral assemblage pseudomorphing the biotite is presented by rutile,
magnetite, fayalite, and microcline.
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Raman spectroscopy was used to identify the iron oxide minerals, which provide
information about the firing conditions. Among the iron oxides, hematite and magnetite
were recorded in the inner and outer edges of the crucible. Hematite appeared as reddish
irregular grains with the size circa 5–25 µm dispersed in the ceramic paste (Figure 7a) or a
thin film on the mineral surface. The Raman spectra of hematite from the crucible fabric
are presented by the characteristic bands at 407, 514, 607, and 665 cm−1 (Figure 7e). The
intensity ratio (680/620) is used as a measure of the relative temperature of the hematite
formation [44–46]. The intensity ratio (670/610) of the hematite from the crucible varies
from 2.5 to 3. Additionally, magnetite, which occurred in the ceramic paste as rounded
grains with a size of up to 250 µm, was identified by characteristic Raman bands at 547
and 676 cm−1 (Figure 7b,f).

3.3. Metal Alloys and Sulfides

Table 1 summarizes the metal alloys, metal sulfides, and oxides recorded in the
crucible. The SEM-EDS study revealed 89 metal prills in the crucible fabric of the inner and
outer surfaces, and only a few prills occurred further away from the edges. The size of
most of the metal prills ranged from 2 to 20 µm, though single large prills with a size of up
to 75 µm were also recorded (Figure 8a–d).

The composition of most of the metal prills corresponds to the Cu-Sn alloys, with the
Sn content varying from 8 to 44 wt.% and the most abundant composition being about
20 wt.% (Figure 8e) (Table S6). The Fe content in the bronze prills varies from 0 to 5 wt.%,
but in single prills it increases up to 11 wt.%. Additionally, two prills are presented by
Cu-Zn alloys with the Cu/Zn = 1.5, probably corresponding to brass (Figure 8b). It is
noteworthy that one of the prills is characterized by a high Ni content (20 wt.%). Moreover,
a few pure iron (5) and copper (2) prills were recognized in the ceramic paste of the crucible
(Figure 8c,d).
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temperatures below 900 ◦C; (c) and above 1000 ◦C; (d) [21] and hematite shown in (a); (e) and magnetite shown in (b);
(f) from the crucible fabric. The yellow dots mark the point Raman analysis.

Table 1. Composition of metal phases recorded in the crucible by SEM-EDS and Raman
spectroscopy analyses.

Group Phase Composition
Location in Crucible

Inner Edge Outer Edge

Metals

Bronze Cu-Sn-Fe +++ +++
Brass Cu-Zn-Fe +

Copper Cu +
Iron Fe +

Sulfides
Bornite Cu5FeS4 +

Covellite CuS +
Sphalerite ZnS + +

Oxides
Cassiterite SnO2 +
Hematite Fe2O3 ++ +
Magnetite Fe3O4 + +

Note: Abundance: +++ major; ++ minor; + present.
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Along with metal prills, sulfide minerals were recorded in the ceramic fabric of
the inner and outer walls of the crucible, including bornite Cu5FeS4, covellite CuS, and
sphalerite ZnS. Additionally, intermediate sulfide phases with the composition of FeS1.2–1.6
and Cu2FeS were recognized in the inner edge of the crucible. As the composition of these
intermediate phases show a lack of sulfur they might be assumed to be the products of the
oxidation of sulfide minerals. Single grains of cassiterite and chromite were recognized on
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the outer surface of the crucible. It is noteworthy that a significant amount of barite and
ilmenite were recorded in the ceramic fabric of the inner and outer surfaces of the crucible.

4. Discussion

The data obtained by the complex analysis of the crucible fabric mineralogy allow
the discussion of the crucible’s technological peculiarities in further detail, speculating
about the functional determination and thermal treatment parameters of the crucible, its
provenance origin, and the characteristics of the metal residues recorded on the surfaces.

4.1. Crucible Shape and Functional Use

The studied crucible drastically differs from other crucibles excavated at the Tiversk
hillfort, as well as from all crucibles found in Karelian hillforts. The large volume of
the preserved part exceeds the standard volume of a common crucible for non-ferrous
metal working in at least five times (compare the volumes of 500 mL of the rare one to
circa 100 mL of a larger representative of the crucible collection—see Figure 2a,d). As is
mentioned above, the studied crucible has a pot-shaped near-bottom section, which is
similar to the lower third of a usual cooking pot with an S-shape (This means that the
contour of the vessel’s body from its bottom to the rim repeats the shape of the Latin letter
S. It is the most widespread shape of cooking wheel-thrown ceramics in the north-western
area of medieval Rus in the 10–15th century.) profile. Based on the similarity of the shape
together with the traces of intensive fire treatment on the walls, S.I. Kochkurkina suspected
that the crucible must have been used for steel production [24] (p. 127), as similar pot-
shaped vessels with slag had already been recorded [38] (p. 52), [39] (p. 14). The present
study revealed tin bronze prills on the crucible walls, suggesting that the crucible might
have been utilized in non-ferrous metal working.

Nonetheless, it is important to stress that medieval crucibles for bronze production
usually had a closed shape to avoid the oxidizing atmosphere [14], which may alter the
technological procedure of metal melting, leading to the loss of metal and formation of
slags. However, there are a few examples of crucibles with a shallow, open shape used for
non-ferrous metal melting [8,47]. Although we could not confirm that the crucible had a
shallow form due to the absence of the body and rim parts, some indicators such as the
simultaneous presence of hematite and magnetite may evidence that the redox conditions
were not stable.

Concerning the large volume of the crucible, it is worth mentioning that in the late
Middle Ages the production of non-ferrous metals in ancient Rus had been rapidly devel-
oping, which led to the increase of raw material imports and resulted in the emergence
of volume crucibles. Crucibles of large volumes, which allowed the melting of a few
kilograms of bronze, were recognized in Novgorod—the trade and industrial center of
medieval Rus [14]. These crucibles were dated to the late 14th–early 15th century, which
corresponds to the period when the Tiversk hillfort was functioning. It was the time
when non-ferrous metal working in Novgorod achieved industrial scales [14], which is
also indicated by the associated findings: ingots, wire, and scrap of non-ferrous metals.
Therefore, the use of the studied crucible with a relatively large volume for non-ferrous
metal does not contradict the archeological context of the technical ceramics used in late
medieval Rus metal working.

However, we cannot exclude the possibility that the crucible could have been used
for both the cementation of iron and the alloying of copper, probably in different times.
If the crucible had been used for iron cementation, the remains of charcoal and iron on
the crucible walls might be suspected to have been preserved. No charcoal remains were
recorded in the crucible (This could be explained by the further utilization of the crucible—
bronze melting—which obviously resulted in the total burning-out of organic residues.),
and only a few iron prills trapped in the crucible body were detected. The iron prills are
unlikely to be the result of iron reduction from copper alloys because no evidence of strong
reducing conditions were detected in the crucible (see Section 4.3). Therefore, the iron
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prills might be assumed to be the remains of iron cementation. An additional argument
supporting this hypothesis comes from the occurrence of Mn (about 1%) in some iron prills.
In Karelia, the bog iron ores are widely spread and have been used for iron production
from ancient times [26] (pp. 75–76), [27] (p. 301). The bog ores are enriched in Mn, with the
Mn content varying from 1 to 3 wt.% [48], so the high concentration of Mn may originate
from the raw material—domestic iron ores—and the iron prills might be assumed to be the
remains of iron cementation.

4.2. Provenance Analysis

The chemical composition of the crucible fabric provides information about its prove-
nance. The data on the chemical composition of the clay matrix defined by area SEM-EDS
analysis were compared to the clay matrix composition of 28 samples of medieval Karelian
ceramic kitchenware studied earlier [19]. The major oxide composition of the crucible
fabric is similar to that of local pottery (Figure 4), which is predominantly made of non-
calcareous illite–montmorillonite clays. The data suggest that the technical ceramics and
the household pottery were manufactured using rather similar clay, though part of the
kitchenware items were made of more refractory kaolin clay. It is noteworthy that the
iron total content in the crucible outer and inner surfaces is higher than the iron total
content in its central zones. The effect might be explained by contamination from the burial
environment or thermal treatment. Additionally, the P2O5 and SO2 enrichment of the fabric
from the crucible outer edge might be assumed to be due to the wooden fuel or charcoal,
as these oxides are typical of wood ash [49].

Trace and REE content in the crucible fragments determined by ICP-MS analysis were
compared with the data on 62 ceramic samples of Karelian kitchenware studied previ-
ously [20,50]. Ti-Y and Ti-ΣREE bivariate diagrams have been constructed to discriminate
the local and imported pottery from Karelian hillforts [20]. Data on crucible composition
were also analyzed comparatively using wheel-thrown ceramics from Novgorod and the
Oreshek hillfort as reference material. The choice of reference material is due to the fact
that Novgorod was the capital of Novgorodian Rus and is considered to be the possible
center of pottery manufacture. The Oreshek hillfort was the center of Ingria Land, which
was a close neighbor to Karelian territory and demonstrated a strong connection with
Karelian material culture that is also reflected in the typological similarity of ceramic
sets [51] (pp. 87–90). The diagrams (Figure 9) reveal that most of the Karelian ceramics
refer to local raw materials. Only five individual pots characterized by distinct Y and
ΣREE contents have been attributed to imported pottery, which were obviously brought
to Karelian settlements. In Ti-Y and Ti-ΣREE bivariate diagrams the bulk compositions of
crucible fragments fall into the field of local Karelian pottery, testifying the unity of their
origin (Figure 9). Thus, the data suppose the local production of the crucible. Moreover,
the crucible was made of illite–montmorillonite clays with a temper composed of felsic or
intermediate igneous rock fragments that is typical for the local Karelian pottery of the
studied period, as the bedrock exposures and deposits of these rocks are widely spread in
the territory of the North-Western Ladoga region.

The obtained data reveal that the crucible is made of non-refractory clays. Moreover,
the crucible and local pottery from the Tiversk hillfort have a similar amount of temper
with similar composition. Therefore, only the large walls’ thickness of about 1.3 cm might
have compensated for the lack of refractoriness.



Minerals 2021, 11, 648 14 of 19

Minerals 2021, 11, x 14 of 20 
 

 

nation from the burial environment or thermal treatment. Additionally, the P2O5 and SO2 
enrichment of the fabric from the crucible outer edge might be assumed to be due to the 
wooden fuel or charcoal, as these oxides are typical of wood ash [49]. 

Trace and REE content in the crucible fragments determined by ICP-MS analysis 
were compared with the data on 62 ceramic samples of Karelian kitchenware studied 
previously [20,50]. Ti-Y and Ti-ΣREE bivariate diagrams have been constructed to dis-
criminate the local and imported pottery from Karelian hillforts [20]. Data on crucible 
composition were also analyzed comparatively using wheel-thrown ceramics from 
Novgorod and the Oreshek hillfort as reference material. The choice of reference materi-
al is due to the fact that Novgorod was the capital of Novgorodian Rus and is consid-
ered to be the possible center of pottery manufacture. The Oreshek hillfort was the cen-
ter of Ingria Land, which was a close neighbor to Karelian territory and demonstrated a 
strong connection with Karelian material culture that is also reflected in the typological 
similarity of ceramic sets [51] (pp. 87–90). The diagrams (Figure 9) reveal that most of the 
Karelian ceramics refer to local raw materials. Only five individual pots characterized by 
distinct Y and ΣREE contents have been attributed to imported pottery, which were ob-
viously brought to Karelian settlements. In Ti-Y and Ti-ΣREE bivariate diagrams the 
bulk compositions of crucible fragments fall into the field of local Karelian pottery, testi-
fying the unity of their origin (Figure 9). Thus, the data suppose the local production of 
the crucible. Moreover, the crucible was made of illite–montmorillonite clays with a 
temper composed of felsic or intermediate igneous rock fragments that is typical for the 
local Karelian pottery of the studied period, as the bedrock exposures and deposits of 
these rocks are widely spread in the territory of the North-Western Ladoga region. 

 
Figure 9. Ti-Σ REE (a) and Ti-Y (b) bivariate diagrams illustrating the fabric composition of the 
crucible compared with various ceramic groups: local pottery of Karelian hillforts, imported pots, 
and ceramics from Novgorod and Oreshek. 

The obtained data reveal that the crucible is made of non-refractory clays. Moreo-
ver, the crucible and local pottery from the Tiversk hillfort have a similar amount of 
temper with similar composition. Therefore, only the large walls’ thickness of about 1.3 
cm might have compensated for the lack of refractoriness. 

4.3. Thermal Treatment Parameters 
Deciphering the thermal treatment conditions of non-calcareous ceramics is a chal-

lenge as significant modifications of the starting minerals during heating are not usually 

Figure 9. Ti-Σ REE (a) and Ti-Y (b) bivariate diagrams illustrating the fabric composition of the crucible compared with
various ceramic groups: local pottery of Karelian hillforts, imported pots, and ceramics from Novgorod and Oreshek.

4.3. Thermal Treatment Parameters

Deciphering the thermal treatment conditions of non-calcareous ceramics is a chal-
lenge as significant modifications of the starting minerals during heating are not usually
observed [52]. It was expected that the crucible was subjected to thermal treatment at the
temperatures of at least 900 ◦C and above, as it was hypothesized to be used in metal work-
ing. Evidence in support of the high-temperature treatment of the crucible is as follows:

(1) The high contents of K2O (9%), Al2O3 (7%), and Na2O (6%) recorded in the rim
surrounding the quartz core (Figure 5) are not typical for the natural quartz, in which
the content of a foreign element incorporated in quartz lattice usually does not exceed
1% [53]. Therefore, the rims might correspond to the glass with partially preserved
crystalline quartz, indicating the alteration of quartz during heat treatment. Similar
effects have been reported for ceramics experiencing high-temperature firing above
950 ◦C [10,12,54,55].

(2) The evolution of biotite characteristics, mainly optical properties, has been used to es-
timate the firing temperature [56,57]. SEM and Raman spectroscopy analysis revealed
that the biotite grains composing the crucible temper were partially or completely
pseudomorphed by magnetite and fayalite rarely together with rutile. Additionally,
microcline lamellas were recorded between the cleavage planes (Figure 6c). The
thermal decomposition of biotite starts at temperatures above 850 ◦C [58] and fin-
ishes at temperatures above 1050 ◦C [56]. Experimental studies have shown various
reactions [59,60] for the biotite thermal breakdown depending on the composition
of biotite and the surrounding environment. The products of biotite decomposition
might include magnetite, K-feldspar, and fayalite recorded in the mineral assemblage
pseudomorphing mica in the crucible temper. Additionally, biotite thermal decompo-
sition might be accompanied by the precipitation of tiny rutile needles [61]. Therefore,
we assume that the mineral assemblage pseudomorphing mica in the crucible temper
together with the absence of mica relics in most of the mica grains is likely to be
the result of the thermal decomposition of biotite occurring at temperatures above
1000 ◦C.

(3) The evolution of Raman spectra of hematite during heating provides information
about the relative temperature of hematite formation and is widely used in archeome-
try to estimate the firing temperature [44–46]. The model experiments [46] showed



Minerals 2021, 11, 648 15 of 19

that the heating of hematite was accompanied with the intensity increase of a band
centered at 680 cm−1 in hematite Raman spectra. The band intensity ratio (680/620),
which increases with a firing temperature rise, was used to estimate the firing tem-
perature of wheel-thrown pottery [21] from Karelian hillforts. It has been shown [21]
that the intensity ratio (680/620) for most of the local pottery samples varied from 0.8
to 1.5 (Figure 7c). A maximum ratio (680/620) of 1.8 was recorded for hematite from
the pot made of refractory kaolin clay, which was subjected to the high-temperature
firing (Figure 7d). The low temperature limit above 1000 ◦C was supported by the
presence of mullite in this sample, which formed during the decomposition of mus-
covite at temperatures above 1050 ◦C [62]. The ratio (680/620) of the hematite from
the crucible is characterized by a significantly higher ratio (680/620) ranging from
2.6 to 3.0 (Figure 7e), so it might be assumed that the crucible experienced a thermal
treatment at temperature at least above 1050 ◦C.

The study of the various iron oxides provides information about the firing atmo-
sphere [44–46]. The mineral markers of both oxidizing, e.g., hematite and oxidized sulfide
phases, and reducing or partially reducing conditions, e.g., magnetite and sulfide minerals,
were detected in the crucible, so the atmosphere parameters are assumed to be variable.

In summary, the study of minerals indicating the thermal treatment provides strong
evidence that the crucible experienced heating at temperatures above 1050 ◦C at variable
redox conditions.

4.4. Bronze Production Techniques

The chemical composition of metal alloys and the occurrence of metal sulfide and
oxide mineral phases provide information on metallurgical processes. The obtained data
show that the crucible was used to produce binary Cu-Sn bronze, with variable Sn content
from 8 to 44 wt.% and the most abundant composition of about 20 wt.%. Only two brass,
two copper, and five iron prills were recorded compared with the 80 tin bronze prills.

Previous studies of non-ferrous metal working in medieval Karelia were mainly
focused on the analysis of chemical composition and manufacture technology of final
products [24] (pp. 80–125), [25] (pp. 127–136), [63–65], but there is no information about
the composition of slags and metal remains in technical ceramics. Therefore, we compared
the composition of metal alloys recorded in the crucible with that of the jewelry findings
(75 pcs) [64] from Karelian hillforts. According to the chemical composition of alloys, the
jewelry items were divided into various groups. Most artifacts were made of bronze (54%),
with the dominating composition of ternary Cu-Pb-Sn alloys. Moderate amounts of jewelry
pieces were made of brass (17%) and multicomponent alloys (18%), containing Zn, Sn,
and Pb. Equal amounts (4% for each group) of jewelry findings had the composition of
binary Cu-Pb bronze and Ag alloys, whereas the pure copper artifacts presented only 3%
of the assemblage.

Only two findings from Karelian hillforts (Paaso and Soskua-Linnamyaki), a Karelian-
type oval brooch (fibula) and a pendant also used for chains [64], were made of binary
Cu-Sn bronzes, with the Sn content of 12% and 22%, respectively. The bronze composition
recorded in these jewelry findings is similar to the bronze alloys recorded in the crucible.

The main techniques of bronze production [16] (p. 591) include the “alloying of two
fresh metals (copper and tin); cementation (copper metal with tin ore); co-smelting (copper
and tin ore); and recycling (possibly involving addition of fresh metal (or tin ore))”. It has
been reported that in Novgorodian Rus the bronze was mainly produced from imported
non-ferrous metal by alloying and recycling (In this case the term recycling stands for
adding non-ferrous scrap into copper alloy for remelting.) [11,66]. The obtained data on
the composition of metal alloys from the crucible do not contradict the idea of alloying, but
the presence of copper sulfide minerals and accessory minerals typical for the skarn copper
ores, e.g., cassiterite and barite, gives rise to the question of whether the raw ores could
also be used as additives during bronze alloying. Therefore, we may carefully assume
that the crucible was used in bronze production, which might involve not only alloying
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but also different techniques of smelting metals and ores. This conclusion is supported by
the occurrence of copper sulfide deposits and bedrock exposures located near the Tiversk
hillfort [67]. In contrast, our data suppose that the studied crucible was unlikely to have
been used for recycling (by this term, we imply adding bronze scrap—broken or used
objects into alloy for remelting), because we did not record traces of Pb and Zn in the alloys
of prills, which were supposed to appear as most of the analyzed Karelian jewelry pieces
were made of alloys containing Pb and Zn. Bronze prills detected in the studied crucible
have the composition of binary Cu-Sn bronze with variable Sn content. Obviously, further
studies of typical crucible collections as well as slags are needed to decipher the specific
features of non-ferrous metal working in medieval Karelia.

5. Conclusions

Mineralogical analysis of the rare crucible excavated at the Tiversk hillfort in the
North-Western Ladoga region (Russia) suggests that it was used for bronze production,
though it is characterized by a large volume and a pot-shaped bottom, which are not typical
for crucibles used for non-ferrous metal working. The evidence comes from the occurrence
of tin bronze prills recorded in the crucible. The composition of bronze and sulfide minerals
detected in the crucible supposes that the melting process for which this crucible has been
used might involve not only alloying but also the possible smelting of metals and ores.
Nevertheless, in light of the present data, it is difficult to state clearly whether the crucible
could have been used for both bronze production and iron cementation, as very few signs
(rare iron prills) of potential iron cementation were found. However, we cannot exclude the
possibility of multifunctional usage of the crucible as the bottom part of the vessel, which
might preserve specific slags, is absent.

ICP-MS data showed that the crucible can be attributed to local technical ceramics. The
obtained data reveal that the crucible is made of non-refractory clays, which were normally
used to produce ceramic kitchenware in medieval Karelia. Moreover, the composition and
amount of temper are similar for both the crucible and household ceramics. Therefore,
only the large walls’ thickness of about 1.3 cm might have compensated for this lack of raw
material refractoriness.

The reconstruction of the thermal treatment conditions based on the study of minerals
indicated that the heating ratio provides strong evidence that the crucible was exposed to
temperatures above 1050 ◦C at variable redox conditions. The established temperatures are
in accordance with the limits of bronze melting. The present study also contributes to the
estimation of the firing temperature for the ceramics made of non-calcareous clays.
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