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Abstract

The Neolithic Corded Ware Culture (CWC) complex spread across the Baltic Sea region ca. 2900/2800—
2300/2000 BCE. Whether this cultural adaptation was driven by migration or diffusion remains widely
debated. To gather evidence for contact and movement in the CWC material culture, grog-tempered CWC
pots from 24 archaeological sites in southern Baltoscandia (Estonia and the southern regions of Finland and
Sweden) were sampled for geochemical and micro-structural analyses. Scanning electron micro-scopy with
energy dispersive spectrometry (SEM-EDS) and particle-induced X-ray emission (PIXE) were used for
geochemical discrimination of the ceramic fabrics to identify regional CWC pottery-manufacturing traditions
and ceramic exchange. Major and minor element concentrations in the ceramic body matrices of 163
individual vessels and grog temper (crushed pottery) present in the ceramic fabrics were measured by SEM-
EDS. Furthermore, the high-sensitivity PIXE technique was applied for group confirmation. The combined pot
and grog matrix data reveal eight geochemical clusters. At least five geochemical groups appeared to be
associated with specific find locations and regional manufacturing traditions. The results indicated complex
inter-site and cross-Baltic Sea pottery exchange patterns, which became more defined through the grog data,
i.e., the previous generations of pots. The CWC pottery exhibited high technological standards at these
latitudes, which, together with the identified exchange patterns and the existing evidence of mobility based
on human remains elsewhere in the CWC complex, is indicative of the relocation of skilled potters, possibly
through exogamy. An analytical protocol for the geochemical discrimination of grog-tempered pottery, and
its challenges and possibilities, is presented.

1. Introduction

The Neolithic Corded Ware Culture (CWC) complex is one of the most debated cultural phenomena in
European prehistory. The CWC complex spread across Northern Europe ca. 2900/2800—2300/2000 BCE (e.g.,
Carpelan, 2004; Czebreszuk, 2004;Kriiska, 2000; Larsson, 2009; Malmer, 2002; Piliciauskas et al.,2011),
reaching its northernmost extent in southern Baltoscandia, i.e., modern-day southern Finland, Sweden, and
Estonia (Fig. 1). The CWC introduced new material traditions, burial practices, settlement patterns and ways
of life. Evidence of keeping domesticated ruminants has been observed in osteological data (Larsson, 2009;
LSugas et al., 2007; Malmer, 2002), and lipids, both dairy and carcass fats, have been identified in Finnish and
Baltic CWC pottery (Alvarez Romero, 2010; Cramp et al., 2014). Pollen and macrofossil evidence dating to the
CWC period has confirmed that cultivation occurred, at least in Estonia and Sweden (Brink, 2009; Kriiska,
2003, 2009; Malmer, 2002).

Models of how the CWC spread across Northeastern Europe have tended to favour either migration or
diffusion, with little room for regional and local complexity. Ancient DNA has presented new evidence for
prehistoric migrations into Europe, including southern Scandinavia and Estonia, during the third millennium
BCE (e.g., Allentoft et al., 2015; Haak et al., 2015; Kristiansen et al., 2017; Lazaridis et al., 2014; Mathieson et
al., 2015; Skoglund et al., 2014; Sundell, 2014; Vuorisalo et al., 2012). Isotope analysis has been used to
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explore the life histories of individuals, and CWC cemeteries in Germany, for instance, have shown a high
degree of individual mobility, especially for women (e.g. Sjogren et al., 2016).

While these new analyses have provided an understanding of the general processes occurring in Europe at
the time, the model is difficult to verify in Finland and Sweden due to the scarcity of well-preserved human
CWC remains (Malmstrom et al., 2015). To reveal details about the regional and local processes that led to
the establishment of the Corded Ware culture in southern Baltoscandia, we must combine the analysis of
human remains with new ways of examining the material culture.

Sites

Finland

1 Perki6

2 Malminkartano

3 Aisti

4 Mattilan VPK

5 Mantymaki

6 Seppéla

7 Jobnsas

8 Tengo Nyaker

9 Bole

10 Urheilutie 15

11 Ragnvalds

12 Kankare

13 Uusi-Markkula
Sweden

14 Lilla Malma Hagtorp
15 Dunker Barsjo
16 Kil Vallby

17 Fjalkestad Rotved

Estonia

18 Kopu |

19 Vohma |

20 Ruhnu Valgi

21 Veibri

22 Narva-Joesuu |
23 Narva-Jéesuu lla
24 Riigikula XIV

Fig. 1. The archaeological Corded Ware Culture sites in Finland, Sweden and Estonia, from which ceramic assemblages
were sampled for this study, and the approximate Northern border of the CWC.

The CWC material cultures in Finland, Estonia and Sweden are clearly part of the European CWC complex,
yet they also share stylistic similarities that set them apart from the Polish, German and Danish CWC. Both
the pottery and battle axes exhibit stylistic elements peculiar to Baltoscandia (Larsson, 2009: 139-152;
Lindstrém, 2003). People in the areas surrounding the Gulf of Finland were obviously in close contact during
this period (Carpelan, 2004, 2006; Kriiska, 2000, 2009; Lang and Kriiska, 2007; Mokkonen, 2008, 2011;
Nordgqvist, 2016; Nordqvist and Hakala, 2014). It has been suggested that the CWCfirst spread to East Sweden
from Finland, rather than from Denmark or Poland, as was previously assumed (Larsson, 2008, 2009).

In Baltoscandia, CWC pottery was a novelty technologically as well: the early beakers were tempered with
grog (crushed pottery) and were often fired in a reducing atmosphere (Edgren, 1970; Kriiska, 2000; Larsson,
2008, 2009). This process suggests that they were produced by potters who were not merely imitating the
new type of pottery using their traditional craft (cf. Beckerman, 2015). However, it remains unclear whether
the early beakers were imported as prestige items or were manufactured locally by potters who had moved



there from established CWC areas. This uncertainty raises the issue of discerning between pottery mobility
versus potter mobility in a particular region.
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Fig. 2. CWC pottery sherds from sites in Finland and Ruhnu in Estonia,
discussed in relation to geochemical groups 1-4.

2. Research materials and chronology

2.1. Archaeological sites

To characterise regional potting traditions and to identify possible cross-Baltic contacts between the CWC
communities, we selected 163 ceramic sherds from 24 sites located in Finland, Estonia and Sweden (Fig. 1)
for geochemical and micro-structural analyses. Altogether, 86 sherds (Figs. 2 and 3) suitable for invasive
analysis were selected from well-stratified CWC deposits from 13 Finnish settlement sites, mostly located



close to the southern coast, including Malminkartano in Helsinki, Jonsas in Vantaa, Tengo Nyaker in
Kirkkonummi, Béle in Porvoo and Ragnvalds in Inkoo, among others (see Edgren, 1959, 1970; Nordqvist and
Hakala, 2014). Perkiod in Hdmeenlinna is a presumed pottery production site (Carpelan, 1999: 264; Edgren,
1970) located further inland.
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Fig. 3. CWC pottery sherds from Estonian and Swedish sites, and Jonsas and Ragnvalds in Finland,
discussed in relation to geochemical groups 6-8.



From Estonia, 54 sherds (Fig. 3) were sampled from clear CWC stratigraphic contexts recovered at seven
recently excavated settlement sites. The sites represent three distinct geographic areas; the West Estonian
islands Saaremaa (Vohma 1), Hiiumaa (K&pu |) and Ruhnu (Ruhnu Valgi); the coastal area of the mainland
Northeastern part of Estonia (Riigikiila XIV, Narva-Joesuu |, Narva-JGesuu lla); and the bank of the Emajogi
River (Veibri) in the inland Southeastern part of Estonia (see Kriiska, 2000, 2003; Kriiska et al., 2015).

From Sweden, 23 sherds from four sites were sampled (Fig. 3). Three sites are settlements in Eastern central
Sweden, situated inland today although quite close to the coast at the time when Lake Malaren was a deep
bay of the Baltic Sea (see Larsson, 2009:139ff; Malmer, 1962, 2002). The fourth, Rotved Fjalkestad, is a burial
site in Southernmost Sweden (Scania), situated inland but close to the east coast (Hansen, 1930; Malmer,
1962). While the CWC was eventually established all over South Sweden, the sites with the earliest pottery
types are almost exclusively found along the eastern part facing the Baltic Sea, emphasising the probable
connection to the CWC in Finland and the Baltic states (Larsson, 2009). The four Swedish sites were selected
because the pottery found there belongs exclusively to the earliest phase of the CWC (Larsson, 2009: 139—
142). The Finnish and Estonian sites represent a broader chronological phase of the CWC period, because the
pottery typology in these regions is more difficult to date due to a lack of well-preserved burials with
diagnostic finds or well-dated short-term dwelling complexes.

2.2. AMS dates

We acquired eight new radiocarbon dates (from carbonised crust on pottery and burnt bone fragments) for
CWC contexts in Finland and one from Sweden (Table 1). The original radiocarbon dates attained by
Radiocarbon Analytics Finland, University of Helsinki and Angstrém Laboratory, Uppsala University, were
calibrated using Oxcal software version 4.2 (Bronk Ramsey, 2009, 2010; Palonen and Tikkanen, 2015), and
the calibration curve was obtained using IntCal13 software (Reimer et al., 2013). The lipid composition of
Finnish Corded Ware pots is mainly dairy fat or ruminant carcass fat (Cramp et al., 2014). If this trend holds
for the samples dated in this study, the reservoir effect is probably negligent, although the slightly higher
613C -value in a sample from Mattilan VPK in Virolahti (Hela-3428, -23.5%o) could indicate a marine
component in the crust (c.f. Kriiska et al., 2015: 43; Pesonen et al., 2012). Currently, there is no generally
acknowledged method to perform reservoir correction in the Baltic Sea basin. The burnt bone samples (1-2
g fragments, all Mammalia indet.) were selected due to the extreme scarcity of datable materials in CWC
contexts; however, they should represent the age of the wood burned in the pyre (Hiils et al., 2010; Olsen et
al., 2012; van Strydonck et al., 2010).

The earliest stages of the CWC phenomenon in Denmark and Central Europe can be dated to ca. 3000—2900
cal BCE. The vast majority of the acquired dates are younger than 2800 cal BCE and are as young as 2100-
2000 cal BCE (Furholt, 2003; Wifodarczak, 2009). Some Central European dates are controversial, and
inconsistencies appear to exist between laboratories (Wtodarczak, 2009). In the eastern Baltic region, the
radiocarbon dates linked to the beginning of the CWC fall between 3000 and 2800 cal BCE and span until at
least ca. 2000 cal BCE (Kriiska et al., 2007, 2016: 109; Lougas et al., 2007). In Sweden, the majority of the
CWC-related dates span from 3000 to 2000 cal BCE (Brink, 2009). At the Rotved Fjalkestad cemetery in
Sweden, the early-type beaker analysed in this project had a carbonised crust that was 14C dated to 2880—-
2670 cal BCE.

In previous studies, the CWC in Finland was dated to 3200-2350 cal BCE (Carpelan, 1999: 273) and later to
2900e2250 cal BCE (Mokkonen, 2011: 17), following some controversy related to CWC-associated dates that
appeared too old, compared to the continental European dates (Carpelan, 1999: 48, 2004; Edgren, 1993: 92;
Jungner and Sonninen, 1983: 24, 32; Leskinen and Pesonen, 2008; Ojonen, 1983: 7; Purhonen, 1986).
According to our new dates, the beginning of the CWC in Finland likely occurred at approximately 2900-2800
cal BCE. As suggested by Mokkdnen (2011), the whole CWC sequence can be dated to ca. 2900-2250 cal BCE.



Site Collection no Lab no BP Error 613C (%) calBCE (95,4%) Material
Korteslampi KM18921 Hela-3429 4216 28 28.0 2903-2696 crust

Bole KM22004:6006 Hela-3426 4210 29 26.4 29002679 crust
Mattilan VPK KM15329:132 Hela-3428 4136 29 235 2873—2620 crust
Mantymaki KM16288:16 Hela-3425 3897 29 289 24692297 crust
Fjalkestad Rotved SHM22057 1089883 Ua-49016 4173 43 298 28892626 crust
Tengo Nyaker KM21501:51 Hela-3461 4205 31 259 28972678 burnt bone
Urheilutie 15 KM22008:144 Hela-3458 4194 28 28.0 28902677 burnt bone
Urheilutie 15 KM22008:202 Hela-3457 4040 30 26.9 28322474 burnt bone
Uusi-Markkula KM37643: 495 Hela-3462 4161 31 276 2880—2631 burnt bone

Table 1. AMS radiocarbon dates acquired from eight CWC sites in Finland and a CWC burial in Sweden.

3. Methods

3.1. Scanning electron microscopy

Ceramic samples prepared as polished cross-sections were analysed via scanning electron microscopy with
energy dispersive spectrometry (SEM-EDS) to perform micro-chemical ceramic matrix analyses of both the
ceramic bodies and the grog temper and to examine ceramic micro-structures, mineral inclusions and other
technological aspects. Grog-tempered CWC pottery is a complex material in terms of geochemical
characterisation, due to the possibility of internal compositional contamination caused by the grog temper,
i.e., grog composed of imported pots used in pottery manufacture at the destination. The grog, often greater
than 2 mm in diameter (Fig. 4a) and applied in abundant quantities, would, if originating from an imported
pot, alter the bulk chemical composition of the ceramic fabric by adding a “foreign” compositional factor

(Freestone, 1982; Zuluaga et al., 2011).

Fig. 4. Micrographs of ceramic cross-sections: a) sample KM22004:6006 from Béle, Finland, showing intensive grog

tempering; b) sample NLM2181: 1227 with organic admixtures from Riigikiila XIV in Estonia.



Hence, a typical analytical strategy for the geochemical grouping of ceramic materials, the preparation of a
homogenised powder sample that represents the sample bulk composition, cannot be used for grog-
tempered pottery because it would not provide the ceramic recipe but instead possibly a mixture of recipes.
Therefore, SEM-EDS was chosen as the primary analytical method to perform micro-chemical analyses and
geochemical characterisation of both the grog and pot matrices separately under similar analytical
conditions, thereby ensuring data consistency and comparability. Furthermore, elemental concentrations of
the ceramic matrices can be considered more representative of the geochemistry of the original clay source
exploited in pottery manufacture than ceramic fabric bulk analysis, especially in cases of heterogeneous
fabrics (Buxeda i Garrigos et al., 2003: 14-15; Spataro, 2011; Zuluaga et al., 2011). Moreover, a correlation
between ceramic matrix patterns and bulk chemistry compositions has been demonstrated (Holmgvist,
2010).

The analytical specimens were prepared by cutting a ca. 1.5 cm long cross-section of the pot wall mounted
in epoxy resin blocks, polishing the sample with diamond pastes of different grades (down to a grain size of
0.25 mm) following established procedures, washing it with IMA in an ultrasonic bath, and carbon coating
the sample in a standard vacuum carbon sputter to ensure electrical conductivity. The instrument employed
in this study was a FESEM-EDS instrument (Hitachi S-4800 with an Oxford Instruments 350 INCA energy-
dispersive X-ray microanalysis system) at the Laboratory of Inorganic Chemistry at the University of Helsinki.
Prior to the SEM analyses, the ceramic fabric cross-sections were examined under a stereomicroscope (Leica
M80) to facilitate visual identification of the grog-fragments (Fig. 4a). Using SEM, grog can be recognised in
the grey-scale backscattered electron (BSE) images (Fig. 5) as sub-angular shapes separated by voids from
the clay mass, which is the fabric of the pot itself.

Inclusion-free areas of both the grog and sherd matrix were analysed to obtain elemental concentrations for
both the clay mass used to make the pot itself and the clay mass used in the grog, representing a previous
generation pot. For each matrix analysis, 3—5 measurements of areas sized 250—-250 mm (500 x magnification;
the measured area varied according to the size of the grog) were performed under the following conditions:
a working distance of 15 mm; an accelerating voltage of 20 kV; a process time of 5, an equivalent of detector
dead-time of ca. 30%; and a time of acquisition of 180 s. Non-plastic tempers, natural minerals, different
grain sizes and voids indicative of organic temper were also examined in the ceramic fabrics. The semi-
guantitative measurements for Na, Mg, Al, Si, P, K, Ca, Ti and Fe were checked for consistency, recalculated
by stoichiometry as oxides using Oxford INCA software and reported as average weight percentage values of
oxides. These data were subjected to hierarchical cluster analysis (CA) and principal component analysis
(PCA) (Minitab, SPSS soft-ware; Baxter and Buck, 2000; Baxter and Freestone, 2006). Na,O as the lightest
element and P,0s for possible burial contamination (e.g., Schwedt et al., 2004) were excluded from the
statistical analysis.

The data accuracy and precision were monitored by analysing two reference samples (SRM 679 Brick Clay
and SRM 76a Burn Refractories) of known composition (Bishop et al., 1990: 539-542), measured as dried
powder on carbon tape. For precision tests, coefficients of variation were calculated for the total of 14 runs
perstandard acquired on seven separate days (Table 2). The tests showed acceptable precision values, with
relative variation co-efficients of <10 or <20% for most of the oxides. The coefficients of variation were
slightly higher for oxides present in concentrations of ca. 1% or lower, i.e., close to the limit of detection
(LOD) of the instrument. Consequently, only measured values >0.2% are reported. For accuracy tests, the
average results of the 14 runs were compared to the certified values of the standards. For SRM 679, the
relative errors for SiO, and Fe;03 were <10% and <20% for all of the other oxides. For SRM 763, the relative
errors were <10% for all of the oxides.

3.2. Particle-induced X-ray emission

The ceramic cross-sections prepared for the SEM-EDS analysis were subjected to particle-induced X-ray
emission (PIXE) analysis (see Rizzutto and Tabacniks, 2017) employing the newly developed external beam
PIXE setup at the Department of Physics, Accelerator Laboratory, University of Helsinki. The aim of the PIXE
analysis was to broaden the elemental range for geochemical discrimination and to provide high-accuracy



trace elemental data to evaluate the data structures indicated by the major and minor elemental SEM-EDS
data. The main design features of the PIXE setup were: (i) the ability to use high total beam currents with
rather low beam current density, thereby enabling reasonable measurement times with good detection
sensitivity and a reduced risk of beam-induced sample damage; and (ii) the ability to analyse large sample
areas (beam spot size up to 4 mm in diameter on the sample) without the need to scan the beam over the
sample, thereby providing better composition averaging for inhomogeneous samples. The PIXE experimental
setup includes a Be windowed Si(Li) X-ray detector. The X-ray detector has an area of 100 mm? and a
resolution of 150 eV (at 5.9 keV), and it was placed at 135° relative to the direction of the beam (a detailed
description of the experimental setup can be found in Palonen et al., 2016).

$4800 20:0kV 150mm x250 YASBBSE

Fig. 5. Backscattered electron images of grog-temper in ceramic fabrics: a) sample KM17281:271 from Perki6, Finland;
b) sample KM21501:86 from Tengo Nydker, Finland; c) sample 22057: 2 1089881 from Rétved Fjdlkestad, Sweden.

Naz0 MgO Alz05 Si02 P205 K:0 Ca0 TiO; Fe;03 Sr0
SRM 679 Brick Clay
Certified 0.18 1.25 20.80 52.07 293 023 0.96 12.94
SEM-EDS measured p (n=14) <LOD 1.58 24.05 57.18 3.50 027 1.13 11.79
a 0.18 2.64 4.43 0.61 0.14 036 2.26
o 11.08 1041 7.34 16.50 48.43 30.56 18.20
d abs 032 3.24 5.11 0.57 0.04 0.17 -1.15
d rel (%) 20.50 13.49 8.94 16.24 15.63 14.83 -9.79
SRM 76a Burn Refractories
Certified 0.77 0.52 38.70 54.90 0.12 1.33 022 2.03 1.60 0.04
SEM-EDS measured p (n=14) <LOD 0.55 36.51 57.09 <LOD 1.40 022 2.28 1.67
a 0.10 136 1.53 0.16 0.05 0.38 0.51
ov 18.23 3.59 259 10.84 2294 16.08 29.54
& abs 0.03 -2.19 219 0.07 0.00 0.25 0.06
d rel (%) 6.18 -5.66 3.99 5.42 -1.62 12.42 4.06
PIXE measured p (n=3) 1.21 0.19 1.97 1.64 0.04
a 0.12 0.02 0.17 0.09 0.00
ov 10,13 835 8.55 5.67 9.13
& abs -0.12 -0.03 —-0.06 0.04 0.00
d rel (%) -9.02 —13.64 -3.20 237 270

Table 2. Precision and accuracy data of the SEM-EDS of certified reference materials SRM 679 Brick Clay and SRM 76a
Burn Refractories and PIXE of SRM 76a. The measured SEM-EDS values (only values >0.2 wt % are reported) are
represented by the arithmetic mean (i) of 14 consecutive runs on seven different days, and the PIXE values are

arithmetic means (u) of 3 consecutive runs. Certified values are given as references. The differences are given as both

absolute (6 abs) and relative (6 rel, in %) errors.



The samples were measured with an H* beam with an energy of 3 MeV obtained from the 5MV tandem
accelerator of the university. The measurement times were 900 s, corresponding to approximately 0.5 uC of
accumulated charge with typical beam currents of 0.5 nA. The collected X-ray spectrawere evaluated using
AXIL software. For calibration and validation of the PIXE analytical procedure, SRM 679 (Brick Clay) was used
as the main standard. The secondary standard was SRM 76a. The uncertainty in the determination of the
concentrations of the major elements (Ca-Ti) was typically 0.3—2% and that of the minor and trace elements
was 4-20% (Table 2).

4. Results and discussion
4.1. Geochemical groups and indicated CWC pottery manufacturing regions and exchange

The geochemical data set acquired by SEM-EDS consisted of 407 results, including 163 sherd matrices and
244 grog matrices. The data patterns indicated by the CA of the SEM-EDS data included eight compositional
clusters (Table 3; Fig. 6). Based on the sample distribution among these groups, at least five groups (Coastal
Finland, Perkio, K&pu, Northeastern Estonia and Central Sweden) appear associated with specific sites and
regions, likely representing production clusters of the CWC pottery. The elemental concentrations measured
by PIXE for the 163 ceramic sherds showed a related data structure, as illustrated by PCA plots of the SEM-
EDS and PIXE data (Fig. 7, Table 4) and the CA dendrogram of the PIXE-measured trace elements As, Sr, V, Zn,
Co, Sc, Cu, Ba, and Ni, with find region-specific clusters (Fig. 8). These geochemical groups also show
differences in the ceramic microstructures, clay processing, mineralogy and tempering. All of the analysed
ceramic fabrics are of non-calcareous clay. The data set in general shows high P,Os values, likely deriving
from the acid soil conditions combined with P rich alkaline rock formations in coastal Finland and phosphate
minerals and gabbros in central Sweden; P enrichment in clays is also evident in the limestone regions on the
Estonian side of the Baltic Sea.

Group 1 (coastal Finland) in the SEM-EDS CA dendrogram (Fig. 6) includes only Finnish samples, mainly sherds
and grog from coastal Finland CWC sites (e.g., Bole, Tengo Nyaker, Ragnvalds, Mantymaki, Fig. 2), added by
a few examples from the inland sites. The pots in this group display a notably processed and clean, probably
sieved ceramic micro-structure (Fig. 9), bimodal grain size distribution with small mineral grains naturally
occurring in the clay (quartz, feldspars, mica, titanite, and iron oxides; <100 mm) and larger-diameter grog
(<2 mm) and other non-plastic temper (quartz, K and Na feldspars, granite, and mica; 300-800 mm). Based
on the trace elemental PIXE data (Fig. 8), this group further divides into two groups, the first dominated by
Bole finds and the latter by Ragnvalds. Groups 1 and 2 (Coastal Finland and Perkid) associated with the Finnish
region show higher MgO, Fe, Co and Ni values than the other samples (Tables 3 and 4).

SEM-EDS Na,0 % MgO % Al04% Si0s% P:0s% K20 % CaD % TiOs% FeO %
Group 1 (Coastal Finland) p(n=93) 153 4.04 2021 55.12 1.66 477 1.32 1.18 10.18
a 021 0.57 1.09 1.82 0.99 0.64 0.26 012 1.44
Group 2 (Perkid) p(n=57) 131 3.60 21.99 51.98 231 4.83 1.08 1.19 11.72
o 041 0.52 1.23 1.89 1.98 0.56 0.19 0.11 2,00
Group 3 (Grog A) p(n=49) 120 374 19.54 51.39 1.80 591 1.33 1.47 13.50
o 029 0.73 1.89 2,64 1.14 0.73 0.39 0.19 2,67
Group 4 (Kopu) p(n=19) 1.04 273 2090 48.69 7.55 4,80 279 1.18 10.31
o 026 0.54 1.33 2.38 1.54 0.36 0.66 0.16 133
Group 5 (Grog B) p(n=32) 121 3.21 19.09 47.99 1.95 4.24 0.90 1.22 20.00
o 060 0.69 1.92 4,64 1.70 0.54 0.20 0.30 3.63
Group 6 (Estonia/Sweden) p(n=22) 1.16 231 20.69 58.05 1.36 5.28 1.08 1.25 8.80
o 047 0.38 1.44 1.62 1.11 0.75 0.34 0.28 1.40
Group 7 (NE Estonia) pu(n=74) 059 232 21.09 58.04 313 4.61 0.74 0.94 8.23
o 054 0.38 1.36 2.77 1.67 0.58 0.29 0.18 1.68
Group 8 (Central Sweden) p(n=33) 140 2,61 18.30 60.63 1.89 4.67 1.15 0.98 8.37
o 045 0.46 1.21 1.98 1.11 0.37 0.25 0.10 1.59

Table 3. Group mean values (i) and standard divisions (o) for the geochemical groups indicated by the CA of the SEM-
EDS data, including pot and grog matrix data, reported in normalised wt % by stoichiometry.
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Fig. 6. Hierarchical CA dendrogram of the geochemical ceramic data acquired by SEM-EDS, including pot and grog
matrix data (163 pot sherds and 244 analysed grog fragments).

The clay deposits on the Finnish coast, covered by the waters of the Baltic Sea during the isostatic land uplift
after the last Glacial period, are affected by the weathering of the granitic bedrock (part of the Archean to
Proterozoic Fenno-Scandian Shield) (Donner, 1991: 94; Korsman and Koistinen, 1998: 95—97; GTK, Bedrock
of Finland; Salonen et al., 2002: 54). The high Fe and Mg concentrations in the samples likely reflect the
presence of secondary clay minerals, such as vermiculite and illite, and the formation of Fe oxides in the
oxidising conditions of the seabed, while Ca and Ti concentrations are low in clays on the Finnish coast (Al-
Ani and Sarapad, 2008: 82; Donner, 1991: 94; Salonen et al., 2002: 56-57).
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Fig. 7. PCA plots of the ceramic compositional data showing similar data patterns and find-region specific clusters: a)
SEM-EDS measured elements MgO, Al203, Si02, K20, CaO, TiO2, and FeO; total variance for the first three
components 71.2%; b) PIXE measured elements Fe, Ca, Ti, As, Sr, Ba, V, Zn, Co, Sc and Cr; total variance for the first
three components 78.1%. Ceramic samples (163 sherds) marked by find region.

Group 2 is dominated by pottery finds from the suspected production site Perkio (Fig. 2) in inland Finland
(Fig. 6), also including ceramics from nearby Uusi-Markkula and Seppala, sites in coastal Finland (e.g.,
Kankare, Urheilutie 15, Aisti), and Estonia. The pots in this group show markedly more heterogeneous fabrics



than the coastal group (Fig. 9), with large grog and mineral inclusions (quartz and K and Na feldspars; < 600
mm) occurring in a mixed, micaceous fabric, suggesting significantly lower levels of clay processing. The high
mica content of the Perki6 group pots probably derives from the local varved, silty, and Glacial origin clays
and the bedrock composition of granitoids, micaceous gneiss and volcanic rock related to the Svecokarelian
orogeny (Al-Ani and Sarapad, 2008: 82; GTK, Bedrock of Finland). The sample set includes one raw clay sample
collected near the Perkio site (fired at 650 EIC and prepared as a polished cross-section), which also showed
a very micaceous matrix. The clay sample also showed similarity in elemental patterns (e.g., Ba, V and Co)
with the Perkio group pottery; hence, it provides a link between the local geology and pottery from the site,
although not an identical match, as is often the case when comparing raw clays and archaeological pottery,
e.g., due to material processing during pottery production (Arnold et al., 1991: 70-71; Wilson and Pollard,
2001: 511). Two of the pots recovered in Estonia (Ruhnu Valgi 60 and Narva-J6oesuu lla 2190:607) assigned
to this group based on the SEM-EDS data showed a fitting trace elemental profile, e.g., high Co (ca. 600-700
ppm) and V (ca. 1000 ppm) values (Fig. 10). The other Ruhnu sherd (68), however, appears to be an outlier
in the trace elemental data set (Fig. 10), and the Veibri pot (5687) shows more Estonian-type trace elemental
characteristics.

PIXE Fe% Ca%x Tix Asppm Srppm Bappm Vppm Znppm Coppm Nippm Geppm Scppm Crppm Cuppm
Coastal Finland  p(n=41) 598 089 050 35 114 2898 982 250 614 131 21 a8 76 40
o 073 034 009 18 30 609 177 73 105 60 1 35 11 10
Perkid u(n=17) 707 071 052 50 104 2889 951 243 692 179 30 68 89 67
a 091 011 005 13 16 519 101 57 132 62 21 30 11 19
Kopu pin=5) 436 115 038 24 148 2422 728 224 438 70 12 123 57 35
o 062 023 006 6 37 410 108 26 73 36 5 20 8 13
NE Estonia p(n=30) 482 042 044 31 83 2611 794 214 500 89 18 3 61 40
o 054 012 005 13 26 462 109 74 61 29 7 20 7 25
Central Sweden p(n=11) 4.83 080 039 32 107 2382 773 162 498 63 19 87 61 22
o 1.50 019 006 8 20 359 119 59 170 45 9 27 18 12

Table 4. PIXE data group mean values (m) and standard divisions (s) for compositional groups 1, 2, 4, 7 and 8, including
pottery found to be local to their find regions (coastal Finland, Perki6, K6pu, Northeastern Estonia and Central
Sweden), based on the SEM-EDS data analysis (results and group assignments for individual samples reported in
supplementary data Table 1).

Group 3 (Grog A), the third cluster in the “Finnish” branch of the dendrogram (Fig. 6), includes mainly grog
found in Perki6 but also in Estonia (KOpu I, Ruhnu Valgi and Narva-JGesuu I) and Sweden (Dunker, Fjalkestad
and Vallby), with only a fewsherds recovered at the Finnish sites and at K&pu. Based on the CA of the SEM-
EDS data, this group associates geochemically with Finnish groups 1 and 2; hence, it might demonstrate
pottery exported from Finland to Sweden and Estonia. However, archaeological interpretations of this group
are hindered by its mainly grog members. Exchange patterns indicated by a single sherd/grog sample should
also be considered tentative prior to further confirmation.

The majority of the pottery analysed from K&pu | (Hiiumaa island) on the Estonian coast cluster together in
group 4, added by one grog recovered in Narva-JGesuu lla. The pots show moderately sorted fabrics with
abundant temper (grog, quartz, and feldspars; <700 mm, Fig. 9) and higher Ca and Sc values compared to
other samples, suggesting local manufacture at the site. Furthermore, Hiiumaa island is located in a limestone
region, rich in Ca and Mg (Geological Survey of Estonia; Systra, 2010: 46-47); thus, the higher Ca values
(Tables 3 and 4) in the K&pu ceramics are clearly related to the bedrock composition. The Estonian limestones
are generally poor in P (Systra, 2010: 47); therefore, the high P values in the samples can be explained by the
alkaline environment created by limestones, preventing organic P from leaching, possibly adding to P
enrichment from the organic temper (see also group 7).
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Fig. 8. CA dendrogram of the PIXE ceramic compositional data (163 sherds) showing find-region specific clusters;
trace elements As, Sr, V, Zn, Co, Cu, Ba and Ni.

Group 5 (Grog B) is dominated by grog in Perkio sherds, including a few sherds from Kankare on the Finnish
coast and Veibri in Southeastern Estonia, but this group appears compositionally unrelated, e.g., to the Perkio
group; hence, given the presence of the Veibri pots in this group, it might also represent material links to
other (e.g., southern) regions.

Group 6 includes both Swedish (Fjalkestad, Dunker, and Vallby) and Estonian (Narva-JGesuu | and lla, Ruhnu
Valgi and K&pu |) samples, added by Perkié samples. This group cannot be linked to a geographical region
with certainty, but there is a geochemical resemblance to Northeastern Estonia-associated group 7. The
Perkio sherd (KM17281:237, Type F in Finnish CW terminology) in this group presents low Co, Ni, Sc and V
values (at ca. 420, 100, 30, and 740 ppm, respectively) atypical of the Finnish sherds, supporting its Estonian
source (Fig. 10). The pots found in Southern Sweden in this group (Fjdlkestad 1089877, 1089880, 1089881)



represent early type A/B, and display high Ba and V concentrations similar to the Estonian sherds (Fig. 11).
The sherds recovered in Central Sweden (Vallby 1089866 (Fig. 3), Dunker 1089871 and 415577), which cluster
in this group based on the SEM-EDS data, show trace elemental patterns more related to their find region
(group 8), leaving their group assignment ambiguous.

S4800 20.0kV 15.0mm x250 YAGBSE 200um

S4800 20.0kV 15.0mm x250 YAGBSE

Fig. 9. Backscattered electron images of ceramic fabrics showing: a) a possibly sieved micro-structure with bimodal
grain size distribution (group 1, coastal Finland group sample KM21501:151) and more inhomogeneous, less processed
fabrics belonging to b) group 2 (Perki6, sample KM17281:258); c) group 4 (Képu) (sample 6007:2624); and d) group 8,

Central Sweden (sample 22007:B50).

Most of the sherds analysed from the Estonian sites Narva-JGesuu | and lla, and Riigikiila XIV (Fig. 3) cluster
together in group 7 (Northeastern Estonia), indicating that these pots originate in this region. Sherds and
grog from other Estonian sites, added by Fjalkestad and Dunker in Sweden, and Perki6 in Finland also
cluster with this group. The majority of the pots in this group are tempered with organic admixtures (e.g.
grass, Fig. 4b), added by grog and sand (quartz, feldspars and mica; 200-500 mm). The fairly wellprocessed
ceramic fabrics also show naturally occurring rutile, ilmenite, and garnet group minerals (<100 mm) and
low Ca, Sr and Sc values (<100 ppm) compared to the other groups, lower Ni, Co and V compared to groups
1 and 2 (Fig. 10) and higher Ba compared to group 8 (Fig. 11). The Narva-JGesuu sites | and lla are located in
a narrow bedrock zone of Cambrian low-Ca sandstones and claystones, between the Baltic Sea and the
Ordovician limestones (Donner, 1995: 118, 148e149; Systra, 2010: 46e48). The Fjilkestad pots in this group
(1089878, 1089879, 1089882, 415580 and 415581) are well-made beakers (CWC types A/B and D) showing
also a fitting trace elemental pattern (e.g., Ba and V higher compared to Swedish group 8, Fig. 11). The
Dunker sherd (1089869, Fig. 3), in contrast, shows a more ambiguous trace elemental profile.
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Fig. 10. Biplot of Co and V concentrations measured by PIXE in pottery samples recovered in coastal and inland sites in
Finland and the Estonian mainland and Ruhnu island; samples marked by find region.

Group 8 (Central Sweden) includes mainly sherds and grog from central Sweden (Lilla Malma, Dunker, and
Vallby, Fig. 3), added by a few sherds and grog from Estonian sites, sites on the Finnish coast and Fjilkestad
according to the SEM-EDS data. These pots display more heterogeneous grain-size distribution compared to,
e.g., the coastal Finland group, and contain grog, quartz, feldspars and granite with sizes of 300e800 mm as
temper, with the addition of ilmenite, apatite, and garnet group minerals naturally occurring in the clay paste.
Group 8 pots show slightly lower Ba, Zn and Ni compared to groups 1, 2 and 7, and lower V compared to
groups 1 and 2 (Fig. 12). The Central Sweden sites are located in a bedrock region belonging to the
Svecokarelian orogeny, characterised by metamorphic volcanic rocks (rhyolite and dacite, syenitoids, and
schists), and small areas of gabbro and anorthosite, as well as sedimentary rocks (sandstone, siltstone and
shale) (SGU, Berggrund 1:1 million). This local environment probably explains the presence of ilmenite
(commonly occurs in gabbro and anorthosite), as well as apatite and garnet group minerals (common in
pegmatites but absent from the Finnish samples). Pottery recovered in Estonia clustering in this group based
on the SEM-EDS data (undecorated, Estonian type CWC sherds Riigikila XIV 2181:902 and 2181:1318) show
high Ba and V values not fitting this group. Similarly, the trace elemental data leave the group assignment of
the Kopu | (AI6007: 1667), Ragnvalds (KM22397:356, Fig. 3) and Jonsas (KM19914:594) pots ambiguous.
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Fig. 11. Biplot of Ba and V concentrations measured by PIXE in pottery samples
recovered in Sweden and mainland Estonia; samples marked by find region.
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Fig. 12. Biplot of Zn and Ni concentrations in pottery samples recovered in Sweden and
Finland measured by PIXE; samples marked by find region.

5. Conclusions

The combined SEM-EDS and PIXE analysis of CWC pottery from 24 sites in Finland, Estonia and Sweden
indicates a data structure of eight geochemical clusters. At least five of these geochemical groups are



associated with specific find locations or clusters of sites, indicating that most of the analysed pottery
(including grog) was manufactured close to the place where it was discarded and deposited. The geochemical
clusters formed by pottery recovered in coastal Finland, Perkio, Kopu, Northeastern Estonia and central
Sweden can be interpreted as manufacturing regions of the analysed CWC pottery. These groups also show
technological variation between them and different methods of clay processing and tempering, emphasising
the adaptation of the CWC pottery craft in different environments. Mostly locally manufactured pots were
used to temper new ones, although there are also exceptions, e.g., at least three geochemically different
grog types were used to temper a Perkio pot (KM18047:299, Fig. 2). A lineage of grog (i.e., grog-ingrog) was
also sometimes present in the pottery fabrics, typically (but not always) all generations belonging to the same
(local) manufacturing tradition and geochemical group.

A & FINLAND

<@ Pottery
<~——Grog

N

Fig. 13. Five manufacturing regions (circles) and possible exchange patterns indicated by the pottery (grey arrows) and
grog (black arrows) geochemical data. Sites: 1) Perkié; 2) Malminkartano; 3) Aisti; 4) Mattilan VPK; 5) Mdntymdki; 6)
Seppdld; 7) Jonsas; 8) Tengo Nydker; 9) Bole; 10) Urheilutie 15; 11) Ragnvalds; 12) Kankare; 13) Uusi-Markkula; 14)
Lilla Malma; 15) Dunker Barsj6; 16) Kil Vallby; 17) Fjdlkestad Rotved; 18) Képu I; 19) Véhma I; 20) Ruhnu Valgi; 21)
Veibri; 22) Narva-J~oesuu I; 23) Narva-Jéesuu lla; 24) Riigikiila XIV.

Some pots and grog link geochemically with a compositional group other than that of their find region,
indicating that they are imports, transported from another CWC manufacture region. In our sample set, only
12 (7.36%) of the 163 analysed pots were identified as imports (by both SEM-EDS and PIXE data); hence, it
appears that the CWC communities mainly relied on their own ceramic supplies and nearby clay resources.
If these communities were relocating, they seem to have brought ready crafting skills applicable in their new
environment. There appears to have been cross-Baltic Sea pottery transport, particularly in East-Southwest
direction, from Northeastern Estonia to southern Sweden (Fig. 13). The grog data, evidence of the previous
generation pots, reinforce these patterns but also highlight additional routes. It is possible that sometimes
the grog is the only remaining evidence of these pottery transport actions.

It appears that the early, skillfully made CWC pots found in Sweden were both imported (to Southern Sweden
from Northeastern Estonia and possibly Finland) and made with local clays by skilled potters (in Central
Sweden). Therefore, it seems probable that at least the first CWC potters relocated to Sweden from a place
where the craft was already well established, namely the Eastern part of the Baltic, i.e., Northeastern Estonia
and Southern Finland. It is also possible that Swedish origin pots or grog arrived at Finnish and Estonian sites,



suggesting two-way movement across the Baltic Sea (Fig.13). If we accept the manufacturing site status of
Perkio (no kiln structures or production waste, but exceptionally large quantity of pottery finds), its products
appear to have been distributed to nearby sites and also to CWC communities living in the Estonian regions.

There might have been practical reasons for the use of grog as temper — it was certainly a readily available
temper material. Ethnographic studies have also shown strong social and symbolic value in the practice of
tempering new pots with old ones (Gosselain, 1999; Gosselain and Livingstone Smith, 2005; Pikirayi

and Lindahl, 2013; Smith, 1989; Sterner, 1989). It might be that the foreign grog represents traces of potters
who arrived at a new home (e.g., due to migration or marriage), with their personal ceramic utensils. These
beakers were later recycled as temper in new ones, as a way of keeping a symbolic connection with past
generations and the Corded Ware community at large (see discussion in Larsson, 2009: 351-355, 399-400).
One can neither exclude the possibility that the pots were transported as containers of other (agricultural?)
products, and the complexity of the ceramic networks should be considered when interpreting other
ceramic-related data. For instance, ceramic materials from Tengo Nyaker, a site also sampled by Cramp et al.
(2014) for their lipid study, were divided into four geochemical groups representing ceramics likely
manufactured in different locations in Finland and Sweden.

Methodologically, we evaluated the challenges and potentials of geochemical discrimination of grog-
tempered archaeological ceramics. Successful geochemical discrimination of ceramic fabrics using SEM-EDS
has also been demonstrated previously and with grog-tempered fabrics (Holmqvist et al., 2014; Spataro,
2011; Zuluaga et al., 2011), yet a high-sensitivity method, such as PIXE, complements the SEM-EDS analysis
by extending the elemental variety available for data interpretation and group assignments. The SEM-EDS
and PIXE data sets show clear correlation in the data patterns (e.g., correlation coefficient R for SEM-EDS/PIXE
measured CaO/Ca and FeO/Fe was 0.7 and 0.8, respectively, elements lighter than Ca were not measured
with PIXE; see Fig. 1 in the supplementary data for a large graphical representation of the similarities of the
SEM-EDS and PIXE results across the samples). However, a careful evaluation of the different data sets and
especially the elements significant for geochemical discrimination is required to formulate meaningful
archaeological interpretations. The inconsistencies, e.g., trace elemental data conflicting with the SEMEDS
group assignments of individual samples, most likely derive from accuracy issues related to the SEM-EDS
analysis and temper interference in the PIXE results caused by inhomogeneous ceramic samples. This
approach could be further developed using a high-accuracy technique that allows for more detailed focusing
of the beam and visual identification of the analysed area, such as LA-ICPMS. Micro-structural and
technological differences in the ceramic fabrics, identifiable by SEM-EDS, can aid confirming geochemical
group discrimination, especially between geochemically related groups (e.g., coastal Finland and Perkio

groups).

The results of this multi-site project revealed manufacturing regions of the CWC pottery and a complex, cross-
Baltic Sea pottery exchange phenomenon during the third millennium BCE, illustrated by archaeological
ceramics and grog temper. It is particularly useful to consider the grog factor in cases in which evidence for
exchange appears scarce in the ceramic assemblages, but the cultural context and other evidence (e.g., DNA
and stable isotopes) imply cultural transitions, extensive contact or migration.
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