
Vol.:(0123456789)1 3

Archaeological and Anthropological Sciences (2022) 14:13 
https://doi.org/10.1007/s12520-021-01467-1

ORIGINAL PAPER

Integrated petrographic and geochemical analysis of the Langobard 
age pottery of Szólád, Western Hungary

Katalin Bajnok1,2  · Zoltán Kovács3 · John Gait1 · Boglárka Maróti4  · Péter Csippán2  · Ildikó Harsányi4 · 
Dénes Párkányi4 · Péter Skriba5 · Daniel Winger6 · Uta von Freeden7 · Tivadar Vida2,8  · György Szakmány3 

Received: 9 August 2021 / Accepted: 23 October 2021 / Published online: 27 December 2021 
© The Author(s) 2021, corrected publication 2022

Abstract
This study presents the results of the petrographic and geochemical analyses of the entire pottery assemblage discovered at 
the sixth-century (AD) cemetery of Szólád, Western Hungary, associated with the Langobard era in the territory of the former 
Roman province of Pannonia. Szólád is one of the most prominent archaeological sites of this period, where prior studies have 
shown that the cemetery was used for ca. one or two generations by a migrating group of diverse genetic background. The 
present work is the first integrated typological and archaeological science pottery analysis from the early migration period 
(fifth to sixth century) Hungary. We applied polarising light optical microscopy (OM), prompt gamma activation analysis 
(PGAA), and neutron activation analysis (NAA) on all samples and, additionally, scanning electron microscopy equipped 
with energy dispersive spectrometry (SEM–EDS) on one selected sample. One main fabric group with three subgroups were 
defined by OM, to which the majority of the samples belong. This fabric group was characterised by aplastic inclusions 
derived from a carbonate-cemented sandstone typical of the environs of Szólád; therefore, the vessels of this fabric group 
appear to have been produced locally. The remaining four samples display a variety of unique, ungrouped, fabrics (loners) 
indicative of different recipes and/or the presence of pottery originating from outside of the region. Our study concludes that 
the community associated with the cemetery favoured burying pots with the deceased that stylistically resembled archaic 
“Elbe Germanic” traditions, but which were in fact made locally. However, in some cases, relationships with more distant 
territories and cultural traditions are also represented.

Keywords Migration period · Langobards · Ceramic petrography · PGAA  · NAA · SEM–EDS

Introduction

Archaeological and historical context

The fourth to seventh centuries AD represent a dynamic, 
politically unstable period in the former Roman province of 
Pannonia (present-day territory of Transdanubia, Western 
Hungary, Fig. 1). As in other former provinces, the collapse of 
the Western Roman Empire was accompanied by major socio-
cultural and economic changes in the Pannonian territories as 
well. These centuries were dominated by increasing migration 
of several barbarian (i.e. non-Romanised) peoples arriving 
from north and east of the Danube limes, after the province 
gradually lost its political and military importance, and the 
imperial Roman public administration relinquished the prov-
ince. In the 440 s, the territory was occupied by the Huns and 
remained under Hunnic rule until Attila’s death in 453 (Vida 
2011; Koncz 2019). While, according to historical sources, 
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the Romanised administrative elite left the province during the 
first half of the fifth century, archaeological records show that 
late antique “elements” (people, traditions, customs) persisted 
for centuries despite the intensive migration. How this new 
structure, a melting pot of “locals” and “settlers”, worked out 
in practice, how their traditions and material culture affected 
each other, and how those can be plotted in a wider European 
context have been in the focus of archaeological and histori-
cal research in the last decades (Goetz et al. 2003; Wickham 
2005; Heather 2007; Vida 2009; Hakenbeck 2011), referring 
to this period in short as the great migration period.

From historical sources, the sixth century in Pannonia can 
be characterised by the political dominance of a Germanic 
tribe, the Langobards (also described as Lombards, Longo-
bardi, or Longbeards). First mentioned in texts by Roman 
historian Velleius Paterculus in the first century AD, they are 
conventionally thought to originate from east of the lower 
Elbe River. Their previous territory before the Pannonian 

expansion was between the mid-fifth and mid-sixth centu-
ries in the vicinity of the North Bohemian Basin and then 
Moravia, from where they gradually migrated and occupied 
first the northern, then the southern part of the former Pan-
nonian province. Their Pannonian phase is dated between 
the 510s and 568 (Koncz 2015), when they fled to Italy, to 
the territory now known as Lombardy, led by their king, 
Alboin. Their kingdom, expanded to most of present-day 
Italy, lasted until 774 AD. However, during the Langob-
ard period, Pannonia was under the political control of the 
Langobard king, it is assumed that in fact the population 
comprised several barbarian peoples and remaining local 
Roman provincials (Rácz and Vida 2018). Therefore, in this 
paper, the authors do not aim at defining Langobard ethnic-
ity, which is a subjective identity, but rather use this term 
“Langobard” to describe a distinct period in the history of 
Pannonia which is connected to the dominance of a political 
organisation.

Fig. 1  Location of Szólád and other contemporaneous archaeological sites mentioned in this paper
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The sixth‑century cemetery of Szólád

This study presents the analysis of the pottery excavated 
from the cemetery of Szólád (Fig. 1), dated to the Langobard 
period, the middle third of the sixth century AD (Freeden 
and Vida 2007; Vida 2008; Freeden 2008; Vida et al. 2017; 
Freeden and Winger 2018; Freeden et al. 2020). The ceme-
tery was excavated between 2005 and 2010 by Tivadar Vida, 
Uta von Freeden, and Daniel Winger, where 45 burials have 
been unearthed. Based on the previous investigations (Alt 
et al. 2014; Amorim et al. 2018), the cemetery was used for 
about 20–30 years (ca. 1–2 generations). The individuals 
buried at Szólád belonged to a migrating group where adults 
had diverse background with regard to the place where they 
grew up, while most children were born in the vicinity of 
Szólád (Alt et al. 2014). The majority of the deceased had 
dominantly central/northern European genetic ancestry, 
while about a quarter of the population were of southern 
European origin (Amorim et al. 2018). Most of the grave 
goods and funerary practices display similarities mainly with 
those of south and central Germany, but also Lower Austria/
south Moravia; however, late antique elements in the mate-
rial culture (especially burial customs, jewellery, and some 
vessel types) are also present.

The pottery of Szólád

In the cemetery, altogether 19 complete vessels and one pot-
sherd were uncovered. The sample code names in Table 1 
refer to the grave numbering. Less than half of the graves 
contained pots, and when they did, usually one vessel was 
present, except for graves 10, 11, and 13. The two main 
vessel types are the Rippen- und Buckelschale (“humped” 
bowl, henceforward: deep bowls) and the Kumpf (closed 
hole-mouth jar, also known as swebische Topf).

The deep bowls (n = 9) are always necked, with near equal 
mouth and bottom diameter and widening and closing body 
in between, having vertical or slightly out-curving rim and 
biconical or “S”-shaped profile. Their surface is burnished 
or smoothed, and they are often decorated with incised 
line decoration (Stichdekor, Sz 1, Sz 3, Sz 11/1, Sz 18, Sz 
22), typically horizontal line bands on the neck and verti-
cal line bands on the body. In some cases, inclined fluting 
(Schrägkannelur, Sz 1, Sz 10/1) or dimple decoration (Del-
lenverzierung, Sz 18) is also present. These vessels were all 
formed by hand but are carefully manufactured; their colour 
varies from light brown to greyish brown, usually unevenly 
fired. This type represents an archaic shape that was wide-
spread among barbarian peoples from the first third of the 
fifth century along the Danube in south Moravia and Lower 
Austria, but the archetype itself can be dated back to the 
first to second centuries in the surroundings of the Elbe area 
(Bóna 1956; Bóna and Horváth 2009; Tejral 1985, 2005, 

2011; Werner 1962). Three bowls of this vessel type from 
Szólád display lower quality in manufacturing (Sz 23, Sz 
31, Sz 45). Their shapes are more irregular, and they are not 
decorated at all; therefore, they can be considered a simpler 
variant within this type.

The closed hole-mouth jars (n = 8) represent one of the 
simplest and most generic shapes of pottery connected to 
some barbarian peoples. It was observed at sites associated 
with the Quadi as early as the second to third centuries, and 
as with the deep bowls, they are also thought to be one of the 
main archaic types originating from the Elbe region. Con-
nected to the Langobard migration, closed hole-mouth jars 
are found abundantly in Lower Austria and south Moravia 
(it represents approximately 70% of the funerary ceramics). 
However, they are also present in the Pannonian phase as 
well, but in gradually decreasing quantities (Tejral, 2005; 
Bóna and Horváth 2009). In Szólád, this type is always 
hand-made, but their quality varies with regard to the even-
ness of the body or the surface. Except for one vessel (Sz 
15), this type was not decorated at all; their colours are usu-
ally light brown to dark brown. Both the bowls and the hole-
mouth jars varied in size, which suggests that they were used 
for different purposes, i.e. they were not associated with a 
single function, but rather they can be interpreted as a spec-
trum, or set of vessels representing a certain style.

The Thuringian cup (Sz 13/1) is one of the most unique 
finds of the cemetery. The production of this wheel-thrown, 
pattern burnished vessel type is associated with the central 
German–north-western Bohemian region (former Thuring-
ian Kingdom) and can be dated between the 520 s and 570 s. 
It is important to emphasise that this term refers to a special 
vessel type, and does not intend to express a cultural or eth-
nic identity. Mostly recovered from burials, so far no pottery 
workshops of the Thuringian vessels are known; however, 
given the distribution area, a large-scale production centre 
is anticipated, where this shape was developed as a wheel-
thrown version of the above-described hand-shaped, deep 
bowl archetype. Wheel-thrown pottery production of this 
barbarian vessel type is not typical in this milieu; there-
fore, it has been assumed that such production has roots in 
late Roman pottery-making practices adapted to a “more 
Germanic” taste (Droberjar 2008). The vessel from grave 
13 excavated in Szólád is the first known specimen found 
in Pannonia. Also in this grave was found a potsherd with 
stamped decoration (Sz 13/2), which is mainly associated 
with “bag-shaped” (beutelförmig in German literature) or 
“pear shaped” (körte formájú, according to Hungarian ter-
minology) stamped jars. This vessel type was thought to 
be developed in south Pannonian workshops and was wide-
spread contemporaneously in the territory of the Langobard 
and Gepid Kingdoms (Werner 1962; Bóna and B. Horváth, 
2009) and, later, in the Italian Lombard Kingdom, became 
one of the most widely used types (Hessen 1968).
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Table 1  Summary of the vessels 
of Szólád, indicating the sample 
code name, style/typology, and 
petro-fabric group (illustrations: 
Péter Skriba)

Sample name Style/Typology Fabric group Illustra�on

Sz 1
Biconical deep bowl (Schale) with low-
burnish surface and askew flu�ng and 
incised decora�on

1A

Sz 2 Undecorated, closed hole-mouth
small jar (Kumpf) 1B

Sz 3 Biconical deep cup (Schale) with low-
burnish surface and incised decora�on 1A

Sz 10/1
‘S’ profile deep bowl (Schale) with 
low-burnish surface and inclined
flu�ng decora�on

1A

Sz 10/2 Undecorated, closed hole-mouth cup
(Kumpf) 1B

Sz 11/1
‘S’ profile deep bowl (Schale) with 
low-burnish surface and incised 
decora�on

1A

Sz 11/2 Undecorated, closed hole-mouth jar 
(Kumpf) with smoothed surface Loner

Sz 12 Undecorated, closed hole-mouth jar 
(Kumpf) 1B

Sz 13/1
Thuringian cup with high-burnish 
surface and pa�ern-burnish 
decora�on

Loner

Sz 13/2 Beutelförmig („Bag shaped”) stamped 
jar/bowl? Loner

Sz 15 Closed hole-mouth jar (Kumpf) with 
impressed decora�on 1B

Sz 16 Undecorated, closed hole-mouth jar 
(Kumpf) with smoothed surface 1A

Sz 18
Biconical deep bowl (Schale) with low-
burnish surface and incised and 
cuneate decora�on

1A
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The pattern burnished, dark grey, single-handled, spouted bot-
tle recovered from grave 21 (Sz 21) can be associated with late 
Roman traditions. Grey-burnished wares (mainly rounded and 
biconical bowls, jugs, and jars) became widely used by the end 
of the fourth century in the whole Carpathian Basin and were 
popular during the fifth century (Ottományi, 1996, 2009, 2020). 
Despite that this decoration style is usually dated to the fifth cen-
tury, this unique bottle shape with one handle and funnel-shaped 
spout is not known from fifth-century context so far. In fact, the 
closest parallels with regard to both its shape and decoration were 
recovered from the sixth-century cemeteries of Veszprém-Jutas 
(Rhé and Fettich, 1931), Kajdacs, and Szentendre (Bóna and 
Horváth 2009), along with a variant where instead of pattern bur-
nishing, the surface was decorated with stamping (e.g. Zamárdi 
(Bocsi, 2008), Kápolnásnyék (Bóna and Horváth 2009)).

Geological setting

Szólád is located in the western part of Hungary—identi-
cal with the geographical region of Transdanubia—on the 
southern shore of Lake Balaton (Figs. 1–2). Looking at the 
southern lake shore from east to west, the geological environ-
ment displays slight changes that are compartmentalised by 
valleys of northwest to southeast direction. On the surface, 
most commonly Pleistocene loess can be observed, while 
on the steep hillsides in the upper parts of these valleys, the 

Upper Pannonian (Miocene-Pliocene) Tihany Formation is 
exposed. The Tihany Formation is the basinal formation of the 
sedimentary sequence of the Pannonian lake, built up by fine-
grained siliciclastic rocks, mostly siltstones, marls, and fine-
grained sandstones and different types of clays (Gyalog 2005; 
Sztanó et al. 2013). Lower in the valleys, the Pleistocene-
Holocene slope debris gradually reveals itself, and then, at 
the bottom, alluvial deposits of Holocene age fill the valleys.

The northern lake shore—also known as the Balaton High-
land—still within a 15 km radius of Szólád displays more 
diverse geological features. It is built up by various mostly 
sedimentary formations of Palaeozoic to recent age. The most 
characteristic formation of the Balaton Highland is the Per-
mian red sandstone, which has fluvial origin and consists of 
predominantly felsic (dacitic) volcanic clasts. The terrestrial 
sedimentation then gradually changed to a lagoonal and shal-
low marine environment, where several types of marl, dolo-
mite, and limestone formed in the Early and Middle Triassic. 
The Upper Triassic is characterized by thick (up to 3 km) 
carbonate platform sediments, but these and younger (Juras-
sic and Cretaceous), predominantly deep marine, sediments 
are located in the inner parts of the Transdanubian syncline, 
further from the northern shore of Lake Balaton. The Neogene 
formations are subordinate in volume compared to the Palaeo-
zoic and Mesozoic formations in the Balaton Highland. These 
are mainly a biogenic limestone (Tinnye Formation) and the 

Table 1  (continued)

Sz 20 Undecorated, closed hole-mouth jar 
(Kumpf) 1B

Sz 21
Grey burnished ware; single handled 
spouted bo�le with pa�ern-burnish
decora�on

Loner

Sz 22
‘S’ profile deep bowl (Schale) with 
incised decora�on and low-burnish 
surface

1A

Sz 23 Undecorated, slightly biconical deep 
bowl/jar (Schale) 1C

Sz 31 Undecorated, slightly biconical deep 
bowl (Schale) 1B

Sz 34 Undecorated, closed hole-mouth jar 
(Kumpf) with smoothed surface 1A

Sz 45 Undecorated biconical deep bowl 
(Schale) 1B
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abovementioned Pannonian sediments (Tihany is in fact on a 
peninsula of the northern shore). Besides the occasional loess 
and Plio-Pleistocene alkali basalts, young terrestrial alluvial-
proluvial and deluvial deposits reworking the previously men-
tioned formations are present (Budai et al. 1999).

Research objectives

In recent years, significant effort has been made to develop 
new methods for understanding those social organisations and 
extensive migrations that shaped the centuries following the 
fall of the Western Roman Empire, in particular using iso-
topic and DNA analyses (e.g. Schuh and Makarewicz 2016; 
Vai et al. 2019; Csáky et al. 2020; Knipper et al. 2020). Such 
investigations in the case of the cemetery of Szólád were 
pioneering works in this field (Alt et al. 2014; Amorim et al. 
2018). Despite this, only a limited number of more “conven-
tional” scientific studies have been carried out on the archaeo-
logical finds from fifth- to sixth-century Pannonia. On pottery 
analysis, so far only preliminary petrographic studies have 
been published (Kern 2011, 2013; Pánczél-Bajnok et al. 2014).

The present study is the first combined petrographic and geo-
chemical analysis performed on fifth- to sixth-century pottery 
from Pannonia. During this work, characterisation of the com-
plete vessel assemblage was possible, as each pot from the cem-
etery was sampled for both optical microscopic and elemental 
analysis. The main aims were to identify the mineralogical and 
elemental composition of the pottery and subsequently attempt 
to reconstruct the different pottery fabric recipes and the techno-
logical choices made, to contribute to a better understanding of 
some aspects of the production sequence that can be observed by 
ceramic petrography, as part of the chaîne opératoire approach 
(Roux 2019). Furthermore, it was our aim to examine the differ-
ent raw materials used for their production and, if possible, to 
give an indication of the geological source of the raw material 
that have been utilized. Indicating the possible production areas 
is especially important as, so far, no pottery kilns or workshops 
from this period have been uncovered in Transdanubia. Such 
information regarding the composition and provenance of pot-
tery not only aims to increase understandings of varied aspects 
of the production, trade, and consumption of pottery itself, but 
also to cast light on the cultural and technological dynamics of 
the mobile communities living in post-Roman Pannonia.

Methodology

Polarised light optical microscopy (OM)

Nineteen complete ceramic vessels and one potsherd have 
been found in the cemetery of Szólád, of which each one 
was sampled and subsequently prepared as uncovered 

petrographic thin sections. The thin sections were analysed 
using a Zeiss AxioScope A1 equipped with a Zeiss Axi-
oCam MRc5 digital camera, and a Nikon Eclipse LV100N 
polarising light microscope with a Nikon DS-Fi3 micro-
scope camera; the photomicrographs were processed using 
Zeiss AxioVision 4.9.1 and NIS Elements BR software. The 
magnification during the examination was between × 20 
and × 1000. The analysis was carried out at the Archaeometry 
Laboratory of the Institute of Archaeological Sciences, Eöt-
vös Loránd University, Budapest, and at the Neutron Spec-
troscopy Department of the Centre for Energy Research. In 
the petrographic descriptions, we considered the guidelines 
of Whitbread (1995), Quinn (2013), and Montana (2020).

In addition to the twenty samples from Szólád, we had 
access to five thin sections from the collections of two 
Hungarian museums, which have been used as reference 
samples in this study. Approximately 5 km to the north of 
Szólád, coarse-grained and fine-grained local clay sedi-
ments have been collected from the site of the middle Neo-
lithic settlement of Balatonszárszó (Kreiter and Pánczél, 
2013; Kreiter et al. 2017, marked in Fig. 2). Now part of 
the collection of the Laboratory of Applied Research of 
the Hungarian National Museum, we were able to examine 
two thin sections sampled from these local Balatonszárszó 
sediments. The microscopic examination was carried out, 
and the photomicrographs used in this article were taken 
at the Laboratory of Applied Research. Furthermore, from 
the collection of the Kuny Domonkos Múzeum, Tata, we 
examined three thin sections that were sampled from a 
carbonate-cemented sandstone outcrop, the Szamárkő at 
Zamárdi (marked in Fig. 2), ca. 12 km northeast of Szólád. 
These thin sections were examined, and photomicrographs 
were taken at the Kuny Domonkos Múzeum.

Scanning electron microscopy (SEM–EDS)

Following the initial petrographic analysis, one sample 
(Sz 13/1) was selected for further analysis by scanning 
electron microscopy coupled with energy dispersive spec-
troscopy (SEM–EDS). This sample differed significantly 
from the others with regard to both the petrographic and 
bulk chemistry results. The optical microscopic examina-
tion revealed that this sample contains such inclusions that 
might bear importance in narrowing down the geological 
origin of the vessel; therefore, our aim was to measure the 
compositions of these inclusions locally.

The SEM–EDS analysis was carried out at the Electron 
Microscope Laboratory of the Department of Petrology and 
Geochemistry, Eötvös Loránd University, Budapest, using 
an AMRAY 1830 scanning electron microscope equipped 
with an EDAX PV9800 energy dispersive spectrometer. 
The surface of the sample was coated with carbon, and the 
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analysis was performed in a vacuum  (10−3 Pa). During the 
analysis, the conditions were 20 kV accelerating potential, 1 
nA beam current, ~ 50–100 nm focused electron beam diam-
eter, and 100-s measurement time of each analysis. Natural 
silicate and oxide standards and ZAF correction were used to 
evaluate the EDS spectra. Typically, one point per inclusion 
was measured, whereas for matrix measurements, areas that 
appeared homogenous in the backscattered electron images 
were set manually to ca. 50–100 μm2.

Elemental analysis (PGAA, NAA)

Neutron-based methods were applied to characterise the 
bulk elemental composition of each pot from Szólád, pro-
viding concentrations for 12 major elements and 24 minor 
and trace elements. The concentrations of major elements, 
together with some minor and trace elements, were meas-
ured by prompt gamma activation analysis (Si, Ti, Al, Fe, 
Mn, Ca, Na, K, Mg, C, H, P, B, Cl, V, Gd), while additional 
minor and trace elements were obtained by neutron activa-
tion analysis (Br, Rb, Th, U, Zr, Hf, Ta, Y, La, Ce, Nd, Sm, 
Eu, Gd, Tb, Yb, Sc, V, Cr, Co, Zn, Cs, Ga, As). In those 
cases where the elements could be analysed with both meth-
ods (Ca, Co, Cr, Fe, Gd, K, Nd, Sc, Sm), the results of the 
more sensitive or reliable method are given, based on previ-
ous studies (Szilágyi et al. 2012; Gméling et al. 2014). Ca, 
K, Fe, Na, K, and Gd were obtained from PGAA data, while 
for Co, Cr, Nd, Sc, and Sm concentrations, NAA results 
were used. With the combination of the two complementary 
methods, the concentration or detection limits of (almost) 
every component of unknown samples can be determined.

In case of the NAA, the samples were precisely weighed 
(0.13–0.56 g) and wrapped in high-purity aluminium foil 
and then were irradiated for 12 h at the Budapest Research 
Reactor (Szentmiklósi et al. 2016). Each sample was meas-
ured twice; the first decay-gamma measurements were 
done after 78–135 h of cooling time with 15–20 min of 
counting time. The second sets of measurements were per-
formed after 26–34 days of cooling time and were counted 
for 150–180 min. The gamma-spectra were evaluated with 
HyperLab 2013.1 software (Simonits et al. 2003), while for 
the element identification, concentration, and detection limit 
calculation, KayZero for Windows 3.06 was used (De Corte 
et al. 2001). The software is based on the database provided 
by the k0 International Scientific Committee (“www. kayze 
ro. com” 2021).

In this study, the samples taken originally for the optical 
microscopy were analysed with both PGAA and NAA, weigh-
ing 0.6–0.8 g each. For PGAA, the samples were sealed into 
polytetrafluoroethylene (PTFE) bags and then were placed into 
an aluminium sample frame between PTFE strings. No further 
sample preparation was needed. The typical penetration depth 
in case of matrices dominantly consisting lighter elements is 

circa 30 mm (Szentmiklósi et al. 2021), which means that this 
non-destructive method is highly representative even in case 
of large objects. The emitted gamma rays were detected with 
Compton-suppressed high purity germanium (HPGe) detector. 
The spectrum evaluation was performed using Hypermet-PC 
and GammaFit software (Révay et al. 2005; Szentmiklósi 2018). 
The calculation of uncertainties, the process of the element iden-
tifications, and the concentration calculations were undertaken 
as per earlier studies (Révay 2006, 2009). Both PGAA and NAA 
facilities are operated by the Nuclear Analysis and Radiography 
Department of the Centre for Energy Research.

Statistical evaluation

A statistical approach was used to evaluate the results of the 
prompt gamma and neutron activation analyses, following the 
guidelines of Papageorgiou (2020). Owing to the small number 
of analysed samples (n = 20), major elements and minor/trace 
elements were evaluated separately. In each case, the dataset was 
normalised (from all the values, the mean was subtracted and 
then divided by the standard deviation). Some elements were 
excluded from the analysis: in the cases of  CO2 (probably in 
form of  CaCO3 or MgCa(CO3)2 in the samples) and U, the data-
set was incomplete due to their low concentration or high detec-
tion limit, while  H2O,  P2O5, As, and Ga are not conventionally 
used in geochemical evaluation, as they might be connected to 
secondary depositional processes. Principal component analysis 
(PCA) was carried out on the datasets. The PCA scores, contri-
bution values, and  cos2 values of the variables can explain the 
correlations between each element, their role in the formation 
of PCA axes, and the spread of the individuals of the sample.

For the validation of the fabric groups previously deter-
mined by optical microscopic examination, k-means cluster-
ing was also carried out on the PCA scores of the individuals 
of the sample. The number of k groups used in the analysis 
was determined by Cattell’s scree test. The k-means clustering 
method classified the PCA scores into k-groups on the basis 
of their intra-class similarities and their group’s inter-class 
similarities, which was defined by their means (centroid). The 
combination of these methods above could clearly reflect on 
the possible grouping diversity of the samples.

Results

Petrographic investigations

From the petrographic analysis, one main fabric group (FG 
1) has been distinguished, incorporating 80% of the entire 
assemblage (16 samples), while four samples were defined 
as loners. Fabric group 1 is characterised by fine to coarse 
sand-sized inclusions in non-calcareous, silty, micaceous 

http://www.kayzero.com
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clay. The sand-sized inclusions can be associated with the 
locally available Upper Pannonian sediments and sandstone 
of the Tihany Formation (Fig. 2). Based on the size, sorting, 
and amount of this sand, three subgroups have been defined, 
which are described separately.

FG 1A

Sz 1, Sz 3, Sz 10/1, Sz 11/1, Sz 16, Sz 18, Sz 22, Sz 34 Eight 
samples belong to FG 1A (Table 1, Fig. 3a–h). These sam-
ples are characterised by a slightly heterogeneous, silty 
micromass with high optical activity, light brown in plane 
polarised light (PPL), and light to medium brown and red-
dish brown with crossed polars (XP). Meso- and macro-
channels are occasionally visible in thin sections. These 
samples have weak hiatal fabrics (the size range of the 
inclusions is not entirely continuous from the smallest to 
the largest), and the aplastic inclusions are moderately/
poorly sorted and display weakly bimodal grain-size fre-
quency distribution. The silt-sized inclusions (< 63 μm) in 
the non-calcareous clay are rare to very few (0.5–5%); they 
are characterised by muscovite, monocrystalline quartz, and 
feldspars. The coarse fraction consists of inclusions between 
ca. 100 and 1000 μm, and the dominant grain size is medium 
sand (250–500 μm). Altogether they form about 25% of the 
field of view.

In the coarse fraction, we find mineral clasts and rock 
fragments as well. The most common inclusions are 
monocrystalline quartz (of both volcanic and metamorphic 
origin), saussuritic and sericitic plagioclase with poly-
synthetic twins (mainly oligoclase), perthitic K-feldspar 
(mainly orthoclase and microcline), polycrystalline quartz, 
monocrystalline sparry calcite, chert, clastic origin mus-
covite and biotite, microsparry dolomite with equigranu-
lar, idiotopic-hypidiotopic fabric or slightly decomposed 
groundmass, carbonate concretions, and lithic sandstone 
fragments as the combination of these inclusions cemented 
by carbonate. The carbonate cement is either in a form of 
coarse-grained calcite crystals forming a poikilotopic fabric 
(e.g. shown in Fig. 3e) or forms a micritic carbonate matrix, 
where secondary calcitisation is often visible. A few other 
rock fragments are also present in the samples, such as frag-
ments of quartzite, arenaceous sandstone sometimes with 
Fe-rich cement, marl, biotite and muscovite schist, siltstone/
meta-siltstone/mudstone, chloritic quartzite, Mesozoic fos-
siliferous limestone, gneiss-granitoid rocks, and graphite 
phyllite. In some cases, traces of carbonate cement can be 
observed around these rock fragments as well, which sug-
gests that these fragments were also derived from the car-
bonate-cemented sandstone that can be observed broken up 
in these samples. The siliciclastic inclusions appear to be 
fresh, being angular to subangular, while chert, dolomite, 
limestone marl, and the carbonate concretions are usually 

very well rounded. The carbonate-bearing inclusions vary 
in appearance, with sharp to merging boundaries, which 
might be explained by the thermal processes during firing. 
Samples in FG 1A are rich in accessory minerals, among 
them epidote, zoisite, staurolite, tourmaline, garnet, chlori-
toid, and amphibole can be found. Occasional limonitic clay 
concretions, clay pellets, mollusc shells, radiolarite, and opal 
siliceous sponge needles also occur in the samples. Selected 
photomicrographs representing typical inclusions of FG 1A 
can be found in Figure S2a, c, e, and g and in Figure S2a, c, 
e, and g in the Supplementary Materials.

FG 1B

Sz 2, Sz 10/2, Sz 12, Sz 15, Sz 20, Sz 31, Sz 45 This fabric 
group contains seven samples (Table 1, Fig. 4a–g). These 
samples are characterised by a homogenous, silty micromass 
that shows weak or no optical activity; they display dark 
grey to dark brown colour in PPL and dark reddish brown to 
dark greyish brown colour in XP. Meso- and macro-channels 
and occasional vughs can be detected in the fabric. These 
samples have hiatal fabrics (the size range of the inclusions 
is not continuous from the smallest to the largest), and the 
aplastic inclusions are very poorly sorted and display strong 
bimodality. The fine fraction ranges from silt size (~ 20 μm) 
to fine sand size (~ 200 μm) and occupy ca. 20% of the field 
of view. The dominant grain size of this fraction is very 
fine to fine sand (100–150 μm). The coarse fraction con-
sists of aplastic inclusions between ca. 600 and 1300 μm, 
dominantly ca. 1000 μm. Despite the differences in their 
size, the mineral assemblage in the coarse-grained fraction is 
also present in the fine fraction, while some inclusions only 
appear in the fine fraction. Together the two fractions form 
approximately 30–35% of the field of view.

The suite of inclusions observed in this fabric group—
both main components and accessory minerals—agrees with 
those identified in FG 1A; similarly, they contain fragments 
of rocks and minerals derived from carbonate-cemented 
sandstone; however, the well-rounded coarse-grained inclu-
sions suggest that they are from a different fraction of the 
same sediment. The main difference between the two sub-
groups is that the grain-size frequency distribution of FG 
1B appears to be strongly bimodal, where the fine fraction is 
more fine-grained and abundant, while a distinctive fraction 
can be observed, characterised by very coarse, very well-
rounded dolomite with relic microsparry texture or slightly 
decomposed groundmass, chert, carbonate concretions, 
radiolaritic chert, mollusc shells, limestone, and fossilifer-
ous limestone fragments. In one case (Sz 15, Fig. 4d), very 
coarse, well-rounded sparry calcite and orthoclase were also 
identified in this fraction. Another distinctive aspect in FG 
1B is that the relative ratio of calcite-cemented sandstone 
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fragments, although present, is less than that in FG 1A. This, 
and the generally better-rounded aplastic inclusions present 
in this subgroup, suggests that this sand came from a more 
mature part of the same geological formation as FG 1A. 
Selected photomicrographs representing typical inclusions 
of FG 1B can be found in Figure S1b, d, f, and h and in Fig-
ure S2b, d, f, and h in the Supplementary Materials.

FG 1C

Sz 23 One sample was distinguished from the above sub-
groups as FG 1C, as it represents a transition between FG 
1A and 1B, while characterised by similar raw materials 
(Table 1, Fig. 4h). The silty micromass of this sample 
appears to be homogenous and is optically active, and it 
displays medium brown colour in PPL and dark reddish 
brown in XP. The groundmass is richer in coarse silt-sized 
muscovite compared to FG 1A and 1B. Meso- and macro-
channels are visible in thin section. This sample has hiatal 
fabric, with poorly sorted aplastic inclusions displaying a 
bimodal grain-size frequency distribution. The fine frac-
tion is characterised by angular, coarse silt to very fine 
sand inclusions, occupying ca. 35% of the field of view. 
Compared to FG 1A and 1B, the dominant grain size of 
this fraction appears to be finer, and their relative ratio is 
higher; however, the same carbonate-cemented sandstone 
fragments and its individual mineral inclusions can be 
identified in this sample as in the previous subgroups. The 
coarse-grained fraction is characterised solely by coarse 
sand-sized (500–1000 μm), well-rounded, altered carbon-
ate concretions (probably of dolomitic/limestone origin) 
with diffuse boundaries, and carbonate “ghosts” (Fig. 4h, 
left), that altered or exited the ceramic body due to higher 
maximum temperature/longer soaking period during firing. 
In this sample, chert and other siliciclastic inclusions in the 
coarse fraction are missing.

Loners

Four samples significantly differed from the main petro-
graphic fabric group as well as from each other; therefore, 
they were defined as loners, and they are described below 
separately (Table 1, Fig. 5a–h).

Sample Sz 11/2 (Fig. 5a–b) was readily distinguished 
under the microscope by the very coarse sand-sized inclu-
sions of sparry calcite and dolomite. In thin section, this 
sample displays a homogenous, optically active micromass, 
dark brown in PPL and dark reddish brown in XP, with 

common large, parallel, elongate voids. The fabric is hiatal, 
and the inclusions are very poorly sorted and display strong 
bimodal frequency distribution; together they form ca. 40% 
of the field of view. The fine fraction consists of moder-
ately sorted, open spaced, angular to subangular inclusions 
between 10 and 80 μm, primarily muscovite, commonly 
monocrystalline quartz, feldspars, and rare calcite, together 
occupying ca. 2–5% of the field of view. The coarse fraction 
is dominated by two types of inclusions: angular, coarse to 
very coarse sparry calcite fragments of ca. 0.7–2.5 mm and 
very well-rounded dolomite inclusions of ca. 0.5–1 mm. The 
shape of the sparry calcite grains is usually formed by the 
rhombohedral cleavage planes, characteristic twin lamellae 
are often visible (types II and IV, according to Burkhard 
(1993)), and occasionally, within the calcite grains, acces-
sory minerals (pyroxene (diopside), monocrystalline quartz, 
and apatite) (Fig. 5a) are present. These characteristics sug-
gest that the sparry calcite fragments observed in this sam-
ple originate from marble, and not from vein calcite, spe-
leothems, or crystalline limestone. The dolomite inclusions 
typically have equigranular microsparry texture (20–40 μm) 
with characteristic euhedral crystals, or, less frequently, very 
fine-grained plastic groundmass. Apart from the marble and 
dolomite inclusions, occasionally coarse-grained monocrys-
talline quartz, sandstone/metasandstone, siltstone, mollusc 
shell, and the same type of calcite-cemented sandstone 
fragment as observed in FG1 are also present in the fabric 
(Fig. 5b). The vastly different angularity of the marble and 
dolomite inclusions suggests that they might have a differ-
ent origin; the rounded shape of the dolomite inclusions 
suggests that they are derived from a sand-sized sediment 
formed in strongly eroded, water-rich environment, whereas 
the angular marble fragments may have been intentionally 
crushed before adding as a temper to the clay paste. As such, 
therefore, these two components of the coarse fraction need 
not necessarily originate from the same geological area. In 
fact, apart from the marble fragments, the suite of inclusions 
present in this sample corresponds with those described in 
FG 1.

Sample Sz 13/1 (Fig. 5c–d) represents a very fine-tex-
tured, non-calcareous ceramic paste without deliberate addi-
tional temper that is distinguished by significant amount of 
mafic inclusions observed in its fabric. This sample has an 
optically active, heterogeneous micromass with rare meso-
channel voids. Both in PPL and with XP, a sharp border 
can be observed between the light brown and greyish brown 
parts that divides the sample in half, which can be linked to 
a change of atmosphere during firing. Under higher mag-
nification, a few inhomogeneities and Fe-rich pellets in the 
clay are occasionally visible. The fabric of this sample is 
serial, displaying a unimodal grain-size frequency distribu-
tion with angular, moderately sorted inclusions between 10 
and 150 μm that occupy ca. 15–18% of the field of view. The 

Fig. 3  Photomicrographs of samples belonging to fabric group 1A. 
All images were taken with XP, magnification =  × 20. a Sz 1, b Sz 3, 
c Sz 10/1, d Sz 11/1, e Sz 16, f Sz 18, g Sz 22, and h Sz 34

◂
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inclusions are dominantly muscovite, quartz, plagioclase, 
K-feldspar, commonly biotite (often altered into chlorite), 
amphibole, pyroxene, and opaque minerals. Few apatite, epi-
dote, and garnet are also present. Furthermore, the sample 
also displayed common inclusions of glass phases, typically 
seen as spherules, but occasionally as fragments with con-
choidal fractures, ca. 10–50 μm in size, the composition and 
origin of which could not be determined by OM. In order 
to better understand the origin and connection of both the 
glass and other mineral inclusions, this sample was further 
analysed by SEM–EDS (see the “SEM–EDS” section).

Sample Sz 13/2 (Fig. 5e–f) is characterised by poorly 
sorted, medium-grained fabric rich in argillaceous inclu-
sions that can be interpreted as grog temper. It has an opti-
cally active, heterogeneous micromass that displays light 
brown to medium brown colour in PPL, and medium brown 
to dark brown colour with XP. In the fabric, a few meso- and 
macro-voids are identified. The poorly sorted, serial fabric 
contains subangular to rounded, coarse silt to medium sand-
sized siliciclastic inclusions that occupy ca. 25% of the field 
of view: dominantly muscovite and monocrystalline quartz, 
commonly polycrystalline quartz, K-feldspar, plagioclase, 
and opaque minerals. The variety in roundness within the 
different species of siliciclastic inclusions suggests that the 
clay utilized was a polymictic sediment comprising miner-
als of different origin. Traces of decomposed or partially 
decomposed carbonate can be observed. Common-few argil-
laceous inclusions of various sizes (100–500 μm) approxi-
mately evenly distributed are present in the fabric. These 
inclusions are angular to subrounded, typically prolate with 
sharp boundaries, and their colour varies from dark reddish 
brown to light brown, at times almost identical with the col-
our of the groundmass. They typically contain slightly fewer 
siliciclastic inclusions with a composition similar to the rest 
of the sample. In one case, a “second-generation” inclusion 
incorporating an older inclusion can be observed (Fig. 5f). 
This information is indicative of the deliberate use of grog 
temper (Whitbread 1986).

Sample Sz 21 (Fig. 5g–h) is distinguished by its very 
well-sorted, very fine-grained, non-calcareous fabric lack-
ing any deliberately added temper. It has a homogeneous, 
optically active micromass that displays a medium greyish 
brown colour in PPL, and medium brown in XP. Meso-sized 
channel voids are occasionally detected in the fabric, along 
with rare organic residues. The serial, very well-sorted, 
clay-rich fabric is characterised by a unimodal grain-size 
frequency distribution. The aplastic inclusions occupy ca. 
15% of the field of view. The dominant grain size is between 

20 and 30 μm. Among the aplastic inclusions, monocrystal-
line quartz and muscovite are dominant, and polycrystalline 
quartz, plagioclase, and K-feldspar are common. Apart from 
muscovite (and occasional biotite) that usually appears as 
elongated single flakes in the thin section, the other min-
erals in the fabric are angular and equant. This sample is 
relatively rich in accessory minerals with epidote, zoisite, 
biotite, amphibole (tremolite) and garnet identified.

SEM–EDS

Sz 13/1 (Thuringian cup) was further analysed with 
SEM–EDS in order to gain chemical information locally 
about selected inclusions and the clayey matrix. The main 
aim of this analysis was to better understand the composition 
of the inclusions and clay-rich matrix as a whole and thus to 
determine the geological environment from which the raw 
materials used to produce the vessel were obtained. The 
elemental compositions of amphiboles, plagioclases, pyrox-
enes, and garnets were measured quantitatively, along with 
the clay matrix and the glass spherules formerly observed by 
polarising microscope. All the measurement data are avail-
able in the Supplementary Materials (Table S4–S9).

The amphiboles fall into two main compositional groups: 
those associated with low-grade metamorphism (Al-rich 
actinolitic amphiboles), and Na-Ca-amphiboles suggest-
ing medium-grade metamorphic/igneous origins (Fig. 6). 
Among the measured plagioclases, sodic (albite) and inter-
mediate (andesine-oligoclase) ones were measured (Fig. 7); 
however, pure albite (with no detectable Ca or K) and pure 
K-feldspar (with no detectable Na) were identified as well 
in the sample in significant amounts. Compared to the quan-
tity of amphiboles in the sample, fewer pyroxenes were 
observed; the two analysed grains were classified as augite 
and diopside, respectively, indicative of originating from dif-
ferent rock types. Most garnets measured in the sample con-
tained ca. 50% almandine; however, one inclusion was richer 
in Mn and poorer in Ca. Additionally, apatite (frequent), 
epidote,  TiO2, hematite (moderate), monazite, zircon, and 
xenotime (few) were also identified in this sample.

Based on the above information, it can be concluded that 
the clay sediment used for this vessel contained the debris of 
several rock types of different origin. The actinolitic amphi-
boles and sodic albites are indicative of greenschist facies 
origin. In addition, some small (< 40 μm) rock fragments 
consisting of quartz and actinolite, together with relatively 
common epidote, are also consistent with the greenschist 
source, and, although chlorites are probably pseudomorphs 
after biotite, they may also originate from greenschist facies 
rocks. On the other hand, Ca- and Na-Ca-amphiboles (fer-
ropargasite, pargasite, magnesiohornblende) and interme-
diate plagioclases suggest the presence of amphibolites 
(where garnets can also be present in their higher pressure 

Fig. 4  Photomicrographs of samples belonging to fabric group 
1B (a–g) and 1C (h). All images were taken with XP, magnifica-
tion =  × 25. a Sz 2, b Sz 10/2, c 12, d 15, e Sz 20, f Sz 31, g Sz 45, 
and h Sz 23

◂
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Fig. 5  Photomicrographs of the loners. a–b Sz 11/2 (loner 1, mar-
ble and dolomite temper). a Angular monocrystalline (cc) and poly-
crystalline (pcc) calcite fragments identified as marble, together with 
pyroxene (px) and zircon (zr) accessories, rounded dolomite (d) and 
quartzite (qz) fragments, and a mollusc shell (msh) displayed in the 
fabric of Sz 11/2 (XP, × 20). b Well-rounded carbonate-cemented 
sandstone fragment (css) consistent with the neighbouring Szamárkő 
sandstone and well-rounded dolomite and quartzite in the fabric 

of Sz 11/2 (XP, × 40). c–d Sz 13/1 (loner 2, Thuringian cup). c The 
fabric of Sz 13/1 in × 20 magnification, XP. d Amphibole (ferropar-
gasite, centre) inclusion in Sz 13/1 (× 200, PPL). e–f Sz 13/2 (loner 3, 
stamped potsherd). e The fabric of Sz 13/2 in × 20 magnification, XP. 
f Grog inclusions in Sz 13/2 (× 100, PPL). On the left, “grog in grog” 
(second-generation grog) is displayed. g–h The fabric of Sz 21 (loner 
4, grey-burnished bottle) in × 20 (g) and × 100 (h) magnification, XP
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varieties) in the hinterland of the parental sediment. Several 
rock fragments consisting of quartz, K-feldspar, plagioclase, 
and biotite altering into chlorite are also present in the sam-
ple; these can be interpreted as of granitoid/metagranitoid 
origin (Fig. 8a–b). Garnets further support the presence of 
metamorphic rocks; however, they are not characteristic 
of specific rock types and can be associated with various 
medium- to high-grade metamorphites. The angularity of 
quartz grains varies throughout the sample from subangular 
to rounded, which also adds to the polymictic features.

Elemental compositions of the glass phase inclusions pre-
viously observed by OM were also measured (Supplemen-
tary Materials Table S9). These inclusions are predominantly 
completely spherical, although, sparsely, fragments with con-
choidal fractures are also present (both shapes are displayed 
in Fig. 8a). However, based on their similar optical properties 
and chemical composition, it is presumed that the shards are 
different forms of the same glassy material; therefore, hence-
forward, these inclusions will be referred to as glass spher-
ules throughout this study. The SEM–EDS analysis revealed 
that these glass spherules are primarily composed of  SiO2; in 
most cases, it exceeds 90 wt% of the total composition; the 

lowest value measured in the ceramic sample is 83.5 wt%, 
while the highest is 100 wt%. Concentric zonation can often 
be observed; however, no significant change in the compo-
sition connected to the zones was detected (Supplementary 
Materials Fig. S3); this feature may be related either to the 
presence of light elements (probably C and H, or even N) or 
trace elements, which cannot be measured by the instrument 
used. In addition to  SiO2, a number of minor elements were 
occasionally detected in minor concentrations including  P2O5 
(2.59–7.13 wt%),  Al2O3 (1.57–4.23 wt%), FeO (0.21–2.68 
wt%), CaO (0.71–2.01 wt%),  K2O (0.26–0.45 t%), and MgO 
(0.26 wt%). The origin of these glass spherules is not evident. 
In nature, glass phases are mainly connected to volcanic activ-
ities (e.g. volcanic glass, pyroclasts); however, even in the 
case of acidic volcanism,  SiO2 content is unlikely to exceed 
80 wt%; additionally, unlike volcanic glass, these spherules 
do not contain primary crystallites at all. An artificial source, 
such as a by-product of glass making, can be ruled out as well 
owing to the high  SiO2 and low or completely absence of 
 K2O or  Na2O content. Accordingly, based on the information 
available, an impact effect of a meteorite may be a possible 
explanation for the formation of glass spherules with such 

Fig. 6  Chemical composition of amphiboles in the Szólád 13/1 
pottery based on the diagrams of Hawthorne and Oberti (2007). 
The measured grains are Ca-amphiboles and Na-Ca-amphiboles, 
where further classification is based on mg# (mg# = Mg apfu/(Mg 
apfu +  Fe2+) apfu; apfu = atom per formula unit) and the Si apfu in 
the T-position of the general  AB2C5T8O22X2 amphibole formula. This 
diagram shows both amphibole types, as black names represent the 
endmembers of the Ca-amphibole system, while white names refer 
to the endmembers used in the Na-Ca-amphibole system. Similarly, 

full triangles are amphibole compositions where Na apfu < 0.5 in the 
A-position (thus, are classified as Ca-amphiboles), while composi-
tions displayed by empty triangles exceed this threshold (and clas-
sify as Na-Ca-amphiboles). Despite the diversity of amphibole types 
present in the pottery, the measured grains can be classified into two 
major groups: a low-grade metamorphic one with an Al-rich acti-
nolitic composition and a medium-grade metamorphic/igneous one 
(where Na apfu and mg# fluctuates around 0.5 and Si apfu around 
6.5)
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Fig. 7  Chemical composition 
of plagioclases in the Szólád 
13/1 pottery shown in ternary 
diagram after Greenwood and 
Earnshaw (1997). Intermedi-
ate (andesine-oligoclase) and 
sodic (albite) plagioclases are 
present, probably originating 
from different lithologies. Pure 
albite (with no detectable Ca or 
K) and pure K-feldspar (with no 
detectable Na) are also present 
in considerable quantities (not 
shown here, see Fig. 8a–b)

Fig. 8  Selected backscattered electron images of sample Sz 13/1. 
Abbreviations: ab albite, bt biotite, chl chlorite, kfs K-feldspar, pl pla-
gioclase, q quartz, sh glass shard with conchoidal fracture, sph glass 
spherule, ttn titanite. a BSE image displaying glass spherules and 
glass shards and a granitoid rock fragment consisting of quartz and 

K-feldspar. b BSE image displaying a granitoid rock fragment con-
sisting of plagioclase (andesine) and albitizing K-feldspar with titan-
ite and chlorite; glass spherules, euhedral chlorite, altering biotite, 
and albite are marked in the image
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high  SiO2 content, providing that the impact occurred at a 
geological formation with high  SiO2 content (e.g. relatively 
pure quartz sandstone), resulting in the melting and then quick 
solidification (vitrification) of the original material (Claeys 
et al. 1992; French 1998; Simonson and Glass 2004; Johnson 
and Melosh 2012; Wittke et al. 2013). In this case, the newly 
formed, vitrified inclusions could scatter and be transported 
even as far as a few hundreds of kilometres from the point of 
the impact (known as the strewn field). Although a precise 
origin for these glass spherules has not been determined in 
the present study, they may nonetheless provide important 
information from which the source(s) of the raw materials 
used for Sz 13/1, and vessels of similar type, may ultimately 
be determined.

Evaluation of the bulk elemental analysis

Each sample was analysed by PGAA and NAA; the com-
plete dataset is available in the Supplementary Materials 
(Table S1–S3). It must be noted that the concentration of 
CaO (and its substitute elements) is often skewed by second-
ary, post-depositional processes (Schwedt et al. 2004). How-
ever, the differences in CaO concentrations in the examined 
samples are supported with microscopic observations as 
well, where no signs of secondary carbonates were detected; 
therefore, CaO was not excluded from the statistical analysis.

The principal component analysis of the major elements 
shows that the individuals of the main fabric subgroups 
(FG 1A-C) do not pull apart significantly, as opposed to 
three loners (Sz 11/2, Sz 13/1, Sz 21), where major elemen-
tal compositions differ significantly (Fig. 9a). The sum of 
the variance of the first two principal component axes is 

Fig. 9  Score (a–b) and loading plot (c) of the first two dimensions of 
the principal component analysis carried out on the major elemental 
data of each sample. A comparison between the fabric grouping by 

OM (a) and automated grouping with k-means partitioning on PCA 
scores (b) is presented
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relatively high (69%), which suggests on the one hand the 
heterogeneity of the elements represented by the individual 
groups, and on the other, the validity of the statistical analy-
sis. The most determinative variables of the first principal 
component axis (Dim. 1) were the concentrations of  Al2O3, 
 Fe2O3, CaO,  Na2O, and  TiO2 (Supplementary Materials 
Table S13). From this point of view, sample Sz 11/2 with 
the highest CaO and lowest  Al2O3 concentration defines one 
end of the axis, while the  Al2O3,  Na2O, and  Fe2O3 concen-
trations in samples Sz 13/1 and Sz 21 define the other end. 
The second principal component axis (Dim. 2) is defined 
mainly by the concentrations of  SiO2 and MgO. In this case, 
Sz 11/2 with the lowest  SiO2 and highest MgO concentration 
represents one end of the axis, while samples belonging to 
FG 1 can be found at the other end. The high CaO and MgO 
content in Sz 11/2 can be readily connected to the predomi-
nant coarse calcite marble and dolomite inclusions present 
in the sample.

The principal component analysis carried out on 
the minor and trace element concentrations displays a 
slightly different image of the assemblage (Fig. 10a). 
The sum of the variance in this case is especially high 
(81.97%), where the first principal component axis is 
mainly defined by rare earth elements and Th, while Dim. 
2 is primarily characterised by Cs, Rb, B, Zn, and Cr 

(Fig. 10c, Supplementary Materials Table S18). Accord-
ing to this, sample Sz 13/1 separates most significantly, as 
it contains higher concentration of almost each minor and 
trace element. A further difference that can be observed 
based on the minor and trace elements is that the fabric 
groups defined by OM (FG1A, B, and C) pull apart more, 
owing to the fact that the samples of FG1A were generally 
poorer in rare earth elements than those of FG1B. Tak-
ing into account that in the main fabric group we found 
mainly quartz, carbonates, feldspars, and mica, which 
minerals usually contain a low amount of trace elements, 

Fig. 10  Score (a–b) and loading plot (c) of the first two dimensions 
of the principal component analysis carried out on the minor and 
trace elemental data of each sample. A comparison between the fabric 

grouping by OM (a) and automated grouping with k-means partition-
ing on PCA scores (b) is presented

Table 2  Comparison of chemical groups of major elements defined 
by k-means clustering and fabric groups defined by OM

Fabric groups K groups (major)

1_k 2_k 3_k 4_k

1A 7 1 0 0
1B 0 6 0 0
1C 0 1 0 0
Sz 11/2 0 0 1 0
Sz 13/1 0 0 0 1
Sz 13/2 1 0 0 0
Sz 21 0 0 0 1
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we speculate that the trace element contents of the stud-
ied ceramics are determined by the trace element content 
of the clays used and independent from the amount and 
type of temper added in fabric group 1. This suggests 
that somewhat different clays were used for the different 
type of vessels; however, proving this statement would 
require the application of further analytical techniques 
(e.g. SEM-WDS of ceramic matrix and further geologi-
cal sampling), which exceed the scope of this paper. The 
relatively minor pulling apart of FG 1A, 1B, and 1C in the 
trace element PCA score plots indicates that the differ-
ences in the chemical compositions connected to their raw 
material are not significant, suggesting that they might 
originate from separate layers of the same clay formation. 
In order to validate the fabric groups previously formed 
by OM analysis, k-means partitioning on both PCA scores 
was applied (Fig. 9b; Fig. 10b). Upon the partitioning, the 
optimal number of groups in the case of major elements 
was defined as four (Supplementary Materials Fig. S5). 
This grouping is in good agreement with the petrographic 
grouping (Table 2): the most striking outliers (Sz 11/2, Sz 
13/1, Sz 21) form separate clusters from the main petro-
graphic fabric group. FG 1 preserves the main structure 
of subgroups as separate clusters (1_k and 2_k); however, 
the sample that forms FG 1C, standing on the border of 
FG 1A and FG 1B, falls into 2_k (corresponding with 
FG 1B).

As opposed to the k-means partitioning of the major ele-
mental data (Fig. 10b), in the case of minor and trace elements, 
the optimal number of groups was three (Supplementary Mate-
rials Fig. S8). This is mainly caused by the fact that sample 
Sz 11/2, the most visible outlier based on the major elemental 
composition, now falls in the group of 3_k (associated with FG 
1A), along with Sz 21. Sample 13/1, however, forms a separate 
cluster in this case, too. k-means groups 2_k and 3_k agree 
with the k-means groups formed based on the major elements; 
2_k is in good agreement with FG 1B, while 3_k corresponds 
with FG 1A (Table 3).

Discussion

Local production

As up to present day no pottery kilns have been found from 
sixth-century contexts in the territory of Transdanubia, only 
indirect evidence can indicate probable centres of local pot-
tery production, such as through comparison of vessel fab-
rics with sediments present within the environs of archaeo-
logical sites (ca. 15 km radius).

Based on the petrographic analysis, one main fabric 
group was defined, in which three subgroups were further 
distinguished. The statistical analysis carried out on the bulk 
elemental data mainly supported this classification. Despite 
the fact that there are differences within the subgroups of 
FG 1 that can be detected by both OM and in the elemental 
composition (as displayed in Fig. 10a–b), the characteristic 
suite of minerals observed suggested that they might have 
been derived from the same geological environment, and 
the visible variation might be connected to using clays from 
different depositional sequences and/or different technologi-
cal choices.

Each sample belonging to FG 1 contained rock fragments 
derived from sandstone with calcite cement; however, as 
a general rule, in FG 1A these fragments were more fre-
quent than in FG 1B and C. This type of sandstone is rather 
unique in Hungary; they belong to the Miocene (Pannonian) 
sandstones; however, up to the present day, no extensive 
petrographic studies have been published about them. The 
outcrop of such sandstone closest to Szólád is the Szamárkő 
(“donkey stone”) that emerges ca. 12 km north-east of Szó-
lád in the territory of Zamárdi; it is a greyish, Late Mio-
cene Pannonian period carbonate-cemented sandstone of 
the Tihany Formation (Fig. 11a–b; Józsa et al. 2020). This 
type can be easily distinguished from the fine-grained quartz 
cemented “red” sandstone widely spread across the Balaton 
Highland, on the northern shore of lake Balaton (Balaton-
felvidék Sandstone Formation, shown in Fig. 2), which was 
also exploited from prehistoric times (Péterdi 2012). The 
clasts that build up the Szamárkő sandstone are of polymictic 
origin; they are predominantly comprised of monocrystalline 
quartz of volcanic and metamorphic origin, polycrystalline 
quartz, and carbonate concretions; muscovite, plagioclase 
(often sericitic or saussuritic), K-feldspars (orthoclase as 
well as microcline, often perthitic), quartzite, chert, musco-
vite, graphite, and chlorite rich schists are common. Acces-
sory minerals (zoisite, garnet, tourmaline, amphibole) can 
be found frequently. The igneous clasts are generally more 
angular compared to those of metamorphic origin. Owing 
to the similarities in the inclusion assemblages and the tex-
tural features, it seems likely that the carbonate-cemented 
sandstone fragments present in the pottery samples derived 

Table 3  Comparison of chemical groups of minor and trace elements 
defined by k-means clustering and fabric groups defined by OM

Fabric groups K groups (trace)

1_k 2_k 3_k

1A 8 0 0
1B 0 7 0
1C 0 1 0
Sz 11/2 1 0 0
Sz 13/1 0 0 1
Sz 13/2 0 1 0
Sz 21 1 0 0
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from the vicinity of Zamárdi, where they became part of an 
alluvial deposit that was used for the production of the ves-
sels of Fabric Group 1.

The geological environment of Szólád provides suffi-
cient raw materials for pottery making that can be linked 
to FG 1. Local clay sediments have been collected from 
the site of the middle Neolithic settlement of Balaton-
szárszó (ca. 5 km north of Szólád (Kreiter et al., 2017)) 
and reported by Kreiter and Pánczél (2013). We were 
allowed to access the thin sections made from the local 

Balatonszárszó clays in order to compare them with the 
Szólád FG 1 samples (Fig.  11d). This local sediment 
showed good agreement with FG 1B regarding its mineral 
composition and the size and shape of the inclusions: very 
coarse sand-sized (up to 2 mm), well-rounded dolomite 
with microsparry and plastic groundmass, limestone, car-
bonate concretions, and chert dominate the coarse fraction, 
with few carbonate-cemented sandstone fragments. The 
finer fraction (< 0.5 mm) is dominated by monocrystalline 
quartz, biotite, limonite and chlorite rich schist/quartzite, 

Fig. 11  Photomicrographs of local clay, local sandstone, and contem-
poraneous (fourth to sixth century) pottery samples from the vicinity 
of Szólád. All photos were taken with crossed polars. Photo credit: K. 
Bajnok. a–b Thin section photomicrograph of polymictic sandstone 
with carbonate cement from Zamárdi, Szamárkő, × 20 (a) and × 100 
(b) (sampled by Dóra Kürthy, Kuny Domonkos Múzeum, Tata). c 
Thin section photomicrograph of a ceramic sample from the Langob-
ard age settlement of Balatonlelle, showing coarse-grained sandstone 
fragments with carbonate cement, probably identical to the Szamárkő 
sandstone, × 20 (unpublished MA thesis by K. Bajnok). d–e Thin sec-
tion photomicrograph of coarse-grained (d) and fine-grained (e) fired 
local clays from Balatonszárszó, ca. 2 km from Szólád, × 20 (the sam-
ple is the property of Attila Kreiter, Hungarian National Museum, 
Budapest). f Thin section photomicrograph of a ceramic sample from 

the internal fortification of Keszthely-Fenékpuszta (fifth- to sixth-
century context), showing medium-grained sandstone fragments with 
carbonate cement, probably identical to the Szamárkő sandstone, × 20 
(sampled by K. Bajnok, unpublished). g Thin section photomicro-
graph of a ceramic sample from the internal fortification of Ságvár 
(fourth-century context), showing a fabric similar to FG 1B, × 20 
(sampled by K. Bajnok, unpublished). h Thin section photomicro-
graph of a ceramic sample from the fifth- to sixth-century settlement 
of Zamárdi, showing coarse-grained sandstone fragments with car-
bonate cement, probably identical to the Szamárkő sandstone, × 20 
(photo: K. Bajnok, unpublished). i Thin section photomicrograph of 
a ceramic sample from the fifth- to sixth-century settlement of Ordac-
sehi, showing a fabric similar to FG 1B, × 20 (unpublished MA thesis 
by K. Bajnok)
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quartz sandstone, typically sericitic and saussuritic pla-
gioclase, orthoclase, microcline, and additionally, finer 
versions of the coarse inclusions are also present, along 
with few mollusc shells and single crystals of calcite. 
Accessory minerals are frequently found, mainly zoisite, 
garnet, tourmaline, and epidote. These inclusions are in 
a muscovite-rich marly clay with few biotite fragments. 
According to Kreiter and Pánczél, during the experimental 
briquette preparation, it became clear that this sediment 
did not contain enough clay for the forming of pottery, 
and therefore, if it was exploited, it required the addi-
tion of another fatter clay, such as the one also present 
locally (Fig. 11e). However, it is possible that the same 
set of inclusions was available locally in loose sand as 
well, which was deliberately added as temper to a fatter 
clay. Using this type of raw material in this chronological 
period is not limited to Szólád: characteristics of both FG 
1A and 1B (and 1C being a transitional fabric between 
the former ones) were observed among the vessels of the 
neighbouring fifth- to sixth-century settlements (Fig. 1), 
such as Balatonlelle (Fig. 11c), Zamárdi (Fig. 11h), Ordac-
sehi (Fig. 11i), the late Roman internal fortifications of 
Keszthely-Fenékpuszta (Fig. 11f), and Ságvár (Fig. 11g) 
(Pánczél-Bajnok et al. 2014). This does not necessarily 
suggest that a single pottery centre produced vessels for all 
these settlements, especially as there are technological and 
stylistic differences between the pottery from these sites, 
but rather reflects on what was available locally. In review-
ing the information presented above, it appears plausible 
that FG 1 represents the locally available raw material that 
was exploited to produce the majority of the vessels found 
in the cemetery of Szólád.

Contrasting the local fabric variants with the stylistic 
typology, we find that every vessel defined as a deep bowl 
(Schale) belongs to FG 1A, whereas almost each closed 
hole-mouth jar (Kumpf) was made with the coarser-grained 
FG 1B variant; two exceptions are Sz 16 and 34, which, 
despite being Kumpfs, were made from the finer 1A fabric. 
Furthermore, Sz 23, 31, and 45 can be defined as more sim-
plified, roughly made versions of the deep bowls; however, 
they were made out of the coarser 1B and the transitional 1C 
fabrics. This suggests deliberate choices in clay paste recipes 
that were applied during the production of the two different 
styles of vessels. Based on the microscopic analysis, most 
probably each subgroup of FG 1 was intentionally tempered 
with loose alluvial sand, although some characteristics pre-
sent in the fabric (i.e. occasional streaks and argillaceous 
lumps) might suggest clay mixing as well (Ho and Quinn 
2021). However, it is important to emphasise that variegated 
clays—that are commonly found around Szólád connected 
to the Tihany Formation (Sztanó et al., 2013)—might show 
similar patterns when not homogenised sufficiently. Nev-
ertheless, it remains possible that instead of (or in addition 

to) adding loose aplastic inclusions as temper to a naturally 
fine-grained clay, two (or more) clays with different char-
acteristics may have been mixed. Either way, from a more 
anthropological point of view, clay mixing and tempering 
share the fundamental intention of manipulating the paste 
properties by changing the ratio and grain-size distribution 
of aplastic inclusions.

Intentional differences in paste recipes between deep 
bowls and closed hole-mouth jars might reflect on the func-
tion of the vessels. Although, having been found in buri-
als, the function of these vessels might differ from those 
found in settlement contexts, yet, the coarser fraction in the 
FG 1B recipe resulted in more open porosity, therefore bet-
ter thermal shock resistance, which is desirable for cook-
ing pots. Additionally, the large carbonate inclusions with 
similar thermal expansion as the clay matrix are optimal for 
preventing stress within the body during use (Eramo 2020). 
As opposed to Kumpfs, the finer grained, less porous deep 
bowls might suggest that the more elaborate deep bowls 
were tablewares, and their main function was to contain 
either solids or liquids. In each vessel belonging to FG 1, 
traces of hand-forming (most probably coil-building) were 
detected macroscopically; however, more detailed analytical 
study (e.g. following the methodologies summarised by Thér 
(2020)) was beyond the scope of this study. The surface of 
deep bowls was smoothed/low-burnished in each case, and 
additionally, in those closed hole-mouth jars that belong to 
FG 1A, traces of such surface treatment were also observed. 
Contrary to 1A, no sign of surface treatment on the pots in 
FG 1B was observed.

Differences in the firing can also be observed between 
the subgroups of FG 1. Samples belonging to FG 1A have a 
lighter, light to medium brown colour in hand specimen as 
well as in PPL, suggesting dominantly oxidising conditions 
during firing; however, the occasional changes in colour 
within the samples are indicative of not entirely controlled 
firing processes. Their clay matrix displays high to moder-
ate optical activity, which suggests that during firing the 
maximum temperature did not exceed 850 °C (Quinn 2013). 
Additionally, biotite clasts within these samples typically 
show strong to moderate pleochroism and red to dark brown 
colour with normal cleavages, which is more typical in pots 
fired below 800 °C (Travé Allepuz 2021). The presence of 
carbonates with sharp boundaries and almost no sign of ther-
mal combustion also confirms the low firing temperature. In 
contrast to 1A, samples in FG 1B display dark medium grey 
or greyish brown matrices, or a black, completely isotropic 
matrix. Within the samples, the colours do not typically 
change, although in some samples (Sz 20, Sz 31, Sz 45) a 
thin layer of red indicates a partially oxidising atmosphere. 
However, macroscopically it is visible that there are slight 
changes in colour throughout the pots, suggesting that the 
firing processes were not fully controlled in this case either. 
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Their clay matrix shows weak to no optical activity, whereas 
biotite clasts usually display weaker pleochroism and darker 
colour with more open cleavages. Carbonates vary within 
the samples, occasionally showing diffuse boundaries and 
altered matrix. These observations indicate that in this fab-
ric subgroup, vessels were fired at higher temperatures than 
those in FG 1A; however, the maximum temperature did not 
likely exceed 900 °C. Regarding the firing practice, Sz 23 
(belonging to FG 1C) shares similarities with FG 1B.

Further possibly locally made vessels

Although sample Sz 11/2 was distinguished as a loner and 
was not included in the main local fabric group, some infor-
mation indicates that it may have been produced in the vicin-
ity of Szólád. While the fine fraction of the fabric does not 
entirely match any of the samples in FG 1, the characteristic 
minerals present in the coarse fabric—apart from the marble 
inclusions—are referring to the same geological environ-
ment as described in FG 1: the sandstone with carbonate 
cement, the large, rounded dolomite, quartzite, and chert 
inclusions suggest that the pot might have been manufac-
tured in the area close to Szólád, perhaps exploiting a differ-
ent clay source. The mollusc shell fragments present are also 
suggestive of an origin close to lake Balaton (Fig. 5a–b). 
However, based on major elemental composition (Fig. 9), 
this sample plots significantly apart from others owing to 
its extremely high Ca and Mg content, yet this separation 
is not obvious looking at the trace elemental data (Fig. 10); 
in fact, the automated grouping by k-means partitioning 
grouped this sample together with those belonging to FG 1A 
(Fig. 10b). This further confirms the relation of this sample 
with the local production.

The most distinctive element in this sample is the deliber-
ate addition of marble fragments. This suggests that for this 
sample, two separate tempers of different origin were used: 
a well-rounded, loose alluvial sand temper and intentionally 
crushed, angular rock fragments. Whereas the added sand 
appears to be local, there is no natural geological source of 
marbles within the close vicinity of the examined site, which 
strongly suggests that the marbles were present locally in 
forms of building stones, funerary and votive monuments, 
and other marble objects and were re-used as temper in pot-
tery production. This paste recipe was in fact popular for the 
making of several types of cooking pots in the late Roman 
period, as has been reported by several researchers. In some 
studies, it was interpreted as the secondary use of marble 
artefacts (Dellmour 1989; Flügel et al. 2004; Pánczél-Baj-
nok et al. 2014; Maritan et al. 2021), while other authors 
described sparry calcite temper (Kern 2011; Fazioli 2012; 
Herold 2016). Specifying that the sparry calcite fragments in 
the ceramic fabric are indeed marble fragments is not always 
possible. However, when the fragments are indicative of 

being intentionally crushed beforehand, furthermore, poly-
crystalline calcites are present, accessory minerals can be 
detected in them occasionally, and especially if such forms 
of calcites do not match with the local geology, the authors 
argue for being more likely that such temper indicates the 
deliberate (re)use of marble.

Determining the provenance of archaeological marble 
artefacts usually requires a combination of analytical tech-
niques. Moreover, identifying the source of marble is fur-
ther complicated if the inclusions are crushed, since calcites 
more often crack along cleavage planes rather than by the 
grain boundaries; therefore, it is difficult to reconstruct fab-
ric characteristics and grain shapes. Moreover, firing might 
influence their appearance or isotopic values (Flügel et al. 
1997; Leno et al. 2010; Maritan et al. 2021). Determin-
ing the origin of the marble fragments in the Szólád vessel 
with such methods is beyond the scope of this current arti-
cle; instead, we would like to introduce the most probable 
sources. In the Imperial period, the exploitation of marble 
quarries in the east Alpine region was extensive, providing 
either standardised prefabricates or end products for differ-
ent local or regional markets. According to Djurić and Mül-
ler (2009), the most common Alpine marbles in Pannonia 
were those from Pohorje (Slovenia) and Gummern (Austria). 
In the territory of Pannonia, there is only one source that 
can be described as marble. In Polgárdi (ca. 50 km to the 
east from Szólád), a crystalline limestone with some zones 
that underwent contact metamorphism owing to the thermal 
effect of cryptic magmatic intrusion below the limestone can 
be found. In these zones, based on its properties, the crystal-
line limestone can be considered white marble (Horváth and 
Ódor 1989; Gyalog and Horváth 2004), which might have 
been exploited during the Roman era (Simon 2003). Based 
on the handful of marble grains present, the marble in the 
Szólád sample is coarse-grained, and the maximum grain 
size of this marble was at least 2.5 mm. The grain bounda-
ries were only possible to observe in one grain, where a het-
eroblastic, mortar texture was displayed. The marble grains 
commonly contain accessory minerals, such as pyroxene 
(diopside) and quartz. Based on this information, none of 
the quarries mentioned above can be excluded, although the 
Alpine marbles appear to be more probable as, in the case of 
the Polgárdi crystalline limestone, the typical grain size is a 
few hundred µm, while the maximum grain size published is 
1700 µm (Zöldföldi et al. 2004), and the marble zones in the 
crystalline limestone consist of almost exclusively pure cal-
cites. In contrast to that, both the Pohorje (Jarc et al., 2010) 
and the Gummern (Prochaska 2021) marbles have coarser 
grain size, and pyroxenes can be found commonly in them 
as accessory minerals. On a more historical tangent, it might 
be worth noting that the definition of marble in Roman times 
was not necessary equivalent to modern geological defini-
tions (e.g. differences between crystalline limestone and 
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marble); therefore, one has to take this into account when 
investigating possible sources.

Apart from the temper choice, further slight differ-
ences distinguish this pot from other Kumpfs from Szólád. 
Although it was also made with a hand building technique, 
the surface is more carefully smoothed than the other similar 
pots. The completely black cores and the uniform, very thin, 
layer of buff colour on the surface suggests that a reducing 
atmosphere dominated the firing, which was finished with a 
short oxidising phase. This is indicative of well-controlled 
firing processes.

Although, among the Szólád vessels, only one is tem-
pered with marble, such pots were commonly found in other 
fifth- to sixth-century archaeological sites in Pannonia, as 
reported briefly by Pánczél-Bajnok and co-workers (2014), 
and the same fashion was widespread in other former Roman 
territories too (Maritan et al. 2021). However, the Szólád pot 
remains unique, as the majority of these pots are different 
types of late Roman cooking pots, whereas stylistically this 
one is a closed hole-mouth jar (Kumpf), an archaic “Elbe 
Germanic” type that in Szólád is associated with the ves-
sels belonging to FG 1B. Moreover, marble temper in the 
other contemporaneous cooking pots is always exclusive or 
predominant, while in this case, two types of temper of dif-
ferent origins were added to the clay paste. Such conscious 
choices suggests that there was an intention to incorporate 
Roman traditions into more “Germanic” pottery practices. 
Whether it was merely a choice based on fashion, or whether 
re-using one of the most characteristic materials of Roman 
imperialism had a more symbolic or cultural significance, 
cannot be determined through the petrographic results.

Sample Sz 13/2 was the only incomplete vessel in the 
cemetery; only a small potsherd of ca. 5  cm2 with traces of 
stamped decoration and a polished surface was left from 
the original pot. The fabric of this potsherd differs from the 
main fabric group; the most distinctive features (such as 
the Szamárkő type sandstone) are not present in the fabric, 
while this is the only pot tempered with grog. Despite the 
differences, in the PCA of the elemental data, this sample 
does not pull apart significantly from the FG 1 samples; 
moreover, the k-means partitioning groups it together with 
them (Figs. 9–10). Based on this information, it cannot be 
ruled out that this vessel was also produced out of similar 
raw materials; however, no characteristic mineralogical fin-
gerprint of the place of manufacture was observed.

The petrographic analysis suggests that during the prepa-
ration of the raw clay, processes connected to the sorting 
of the aplastic inclusions (such as sieving, levigation) were 
incomplete, or left out entirely, and that then grog was added 
to the poorly sorted paste. With regard to firing techniques, 
the pot was fired to medium greyish brown colour, indicat-
ing that the atmosphere was not completely oxidising during 
the procedure, or that organic matter occurred in the clay. 

The maximum firing temperature most probably exceeded 
750 °C, based on the few decomposed or partially decom-
posed carbonate particles, while the optical activity suggests 
that it did not exceed 850 °C (Quinn 2013).

Up to present day, very few petrographic studies have 
been published about pottery with stamped decoration, 
which was a popular and distinctive style of this region in the 
sixth century. According to results from the large-scale pot-
tery production centre at the Roman town of Cibalae (now 
Vinkovci, Croatia) in south Pannonia, vessels with stamped 
decoration were all made of very fine, well-prepared clay, 
while grog temper was not observed among the pottery at 
all (Roksandić, 2018). There are many unresolved questions 
about the scale and places of production of this vessel type, 
requiring further analysis; however, it is presumable that this 
style was produced in a number of places across Pannonia, 
and local variants with separate paste recipes might have 
been developed.

Import wares

The analysis of the Thuringian cup (Sz 13/1) confirmed the 
initial hypothesis, based on its style, that it was produced 
in a more distant territory. In the PCA of the elemental 
data, this sample was the most removed from other sam-
ples. Due to the lack of possible local reference materials, 
known kiln sites, or further analogous samples analysed 
by ceramic petrography from the same stylistic group, 
it was not possible to identify the clay source; however, 
certain characteristics of the utilised clay were observed, 
indicative of the geological environment from which it 
was derived. The petrographic and SEM–EDS analyses 
revealed that the clay contained fragments from multiple 
rock types, including greenschist and amphibolite facies, 
and further fragments of possibly granitoid/metagranitoid 
origin. The common presence of amphiboles and occa-
sional pyroxenes—considering that they weather easily 
and do not transport far after erosion (Velbel 2007)—sug-
gests that the geological source from where these inclu-
sions originate is relatively close in a geological sense 
to the clay deposit that was utilized for this vessel. From 
archaeological analogies, this vessel type was most fre-
quently found in territory of the former Thuringian King-
dom, and the petrographic results support that the place of 
manufacture might be connected to the Bohemian Massif, 
where these rock types occur close to each other. Further-
more, the glass spherules identified in the clay might be 
linked to a meteoritic impact event. In this case, the strewn 
field of the Miocene Ries crater in Nördlingen might be 
a possible explanation for the presence of these spherules 
(Artemieva et al. 2002; Trnka and Houzar 2002; Řanda 
et al. 2008; Brachaniec et al. 2014).
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For the making of this cup, the utilised clay was most 
probably cleaned, resulting in a moderately sorted paste 
with inclusions below very fine sand size. Occasional large 
iron-rich nodules suggest that the homogenisation of the 
raw material was not complete. No sign of artificially added 
temper was detected in the fabric, which suggests that the 
amount of aplastic inclusions present made the clay plastic 
enough for throwing this small, thin-walled cup on a potter’s 
wheel, which action is also indicated by the strong rilling 
marks on the interior surface of the vessel. The exterior was 
then burnished all over the surface and decorated with pat-
tern burnishing. The rather sharp change of colour from light 
brown to light greyish brown observed in the cross-section 
of the sample (Fig. 5c) suggests a change in atmosphere dur-
ing firing; however, from the outside, the colour of the sur-
face is uniform, which is indicative of a well-controlled fir-
ing process. Based on the high optical activity of the matrix, 
this vessel was fired below 850 °C. In addition, the unaltered 
green amphiboles present in the sample (Fig. 5d) suggest 
that the maximum firing temperature was even lower, and 
did not exceed 750 °C (Quinn 2013).

The grey, pattern burnished, spouted bottle (Sz 21) was 
made of a well-prepared clay. The very well-sorted, silt-
sized inclusions suggest levigation, or similar clay prepara-
tion process. Seldom carbonised or completely burnt out 
organic (plant) residues can be found in the fabric; this might 
have been added deliberately in order to achieve greyer col-
our during the firing, but the amount added did not result in 
a highly porous structure, which would not have been desira-
ble for liquid containers. Moreover, the technological choice 
of burnishing makes the surface of the pot harder and denser, 
which improves its liquid keeping properties (Ionescu and 
Hoeck 2020). The bottle was mainly shaped on a potter’s 
wheel, except for the handle, which was hand-formed and 
attached to the ceramic body subsequently. Despite the dark 
grey surface colour, the brownish grey core of this vessel 
is indicative of at least partially oxidising atmosphere, and 
the grey colour was achieved by the presence of organic 
material (soothing). Based on the high optical activity of the 
matrix, this vessel was fired in a relatively low temperature 
(< 800 °C). This information is in agreement with the gen-
eral view of burnished wares being low-fired (von Dassow 
2009).

As the mineralogical composition of this vessel was 
not indicative of any distinct geological environment, the 
petrographic analysis did not narrow down significantly 
the possible places of manufacture. Grey-burnished pot-
tery was particularly popular in fourth- to fifth-century 
Pannonia and in the neighbouring Barbaricum and is usu-
ally thought to be distributed regionally (Hárshegyi and 
Ottományi 2013). There are a handful of workshops known 
from this period where this style was produced, such as 
Pilismarót (Ottományi, 1996), Leányfalu (Ottományi, 

1991), Balatonaliga (Bónis, 1994), Savaria/Szombathely 
(Ottományi and Sosztarics, 1998), and Cibalae/Vinkovci 
(Rapan Papeša and Roksandić, 2016), and several further 
workshops are presumed without the evidence of kiln sites. 
However, up to the present day, only Cibalae/Vinkovci is 
known to be actively producing grey-burnished wares in 
the sixth century. Based on some preliminary petrographic 
results published by Roksandić (2018, p. 149), the fabric of 
the Szólád sample appears to be similar to sample 1 of Vink-
ovci. Further petrographic and geochemical characterisation 
of the local Vinkovci material is needed for the examination 
of whether the Szólád bottle might be a product of a Cibalae 
pottery workshop; however, the existing information does 
not contradict this theory.

Concluding remarks

Our research shows that the majority of pots buried 
in the cemetery of Szólád (samples of FG 1) was pro-
duced by exploiting local sediments. During the produc-
tion sequence, differences in technological choices were 
observed for stylistically different pots, i.e. for deep bowls 
and closed hole-mouth jars. These dissimilarities might 
be explained by distinct functions, e.g. deep bowls might 
have been more appropriate for containing liquids or other 
goods, while the coarser-grained jars might have been 
used as cooking pots. Furthermore, for the shaping of 
the more elaborate deep bowls, finer clay was desirable. 
These intentional technological choices suggest that the 
production was organised for this community; professional 
potter(s) provided these ancient vessels locally. Previous 
genetic studies (Alt et al. 2014; Amorim et al. 2018) con-
firmed that the majority of the deceased buried with either 
deep bowls or closed hole-mouth jars are males of central/
northern European genetic ancestry, which corresponds 
with the stylistic parallels of these types that were most 
widely spread in modern south and central Germany, and 
south Moravia. Each one of these vessels is hand-formed; 
however, this does not necessarily equal poorer quality, but 
rather suggests that they were not produced at a large-scale 
pottery centre. Given the consistent technological sequence 
that is indicative of experienced craftsmanship, it is pos-
sible that choosing a hand-building technique for produc-
tion was not primarily because of the lack of knowledge of 
other techniques, but rather a deliberate choice. Providing 
that the potter was in fact a member of this highly mobile 
community buried at Szólád, hand-building techniques 
are more compatible with a mobile lifestyle, whereas 
wheel-throwing requires a more settled pottery workshop 
centre. Although there are further contemporaneous sites 
where the same local material was utilised (as explained 
in the “21” section and shown in Fig. 11), that does not 
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necessarily mean that they were all produced in the same 
workshop. Examining the connections with regard to pot-
tery production between the known fifth- to sixth-century 
settlements and cemeteries in Transdanubia is the subject 
of ongoing research.

A variant of closed hole-mouth jars was identified in 
sample Sz 11/2, which appears to have been produced in a 
similar geological environment as characterised by FG 1; 
however, the addition of marble temper distinguishes this 
vessel from other Kumpfs. This technological choice might 
reflect a Roman fashion popular in the fifth to sixth cen-
tury in many former provinces, but it might as well refer 
to having been produced in a different workshop. Further, 
stylistically more obvious Roman provincial traditions can 
be identified in the grey, burnished, spouted bottle (Sz 
21), which might have been produced in a south Pannon-
ian workshop. Although, upon the petrographic analysis, 
it was not yet possible to narrow down the production 
area, future ceramic studies on pottery from the possible 
production sites might be able to determine the origin of 
this vessel as well.

In grave 13, two unique vessels were found; while accord-
ing to our analysis, the Thuringian cup (Sz 13/1) points 
towards distant territories (most likely towards the territory 
of the former Thuringian kingdom), stamped vessels were 
developed locally in sixth-century Pannonia and became the 
dominant vessel type in the later Italian Langobard phase. 
In this sense, old and new traditions merge in this burial. 
Further elements also suggest the differentiated status of the 
individual in grave 13, such as a weighting scale, the remains 
of a horse, and the fact that this is the deepest grave in the 
cemetery (Vida et al. 2017). The presence of the Thuringian 
cup in the cemetery, far away from where it was produced, 
might reflect economic activities (import) or other types of 
exchange between these regions as well as the cup having 
potentially “travelled with its owner”.

This first petrographic and geochemical analysis of 
Langobard age pottery from Transdanubia sheds light to 
a mobile community where ancient barbarian traditions 
were practiced continuously (“Elbe Germanic” type ves-
sels produced locally) and new fashions were picked up 
(stamped vessel), while local provincial elements (grey, 
burnished bottle) indicate relationships with remaining 
provincial people. However, preliminary data about com-
parisons of fifth- to sixth-century cemeteries and settle-
ment sites (Pánczél-Bajnok et al. 2014) suggest that at 
settlements, late Roman pottery was more abundant. This 
raises caution for the consideration that grave goods in 
cemeteries might be selective to certain aspects of life, 
and they do not necessarily reflect what was used in eve-
ryday life.
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