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ABSTRACT

Abstract

Within the framework of the interdisciplinary research project (A-5-2) “Iron mining in the
Przeworsk Culture” of the Cluster of Excellence Exc264 Topoi, this doctoral thesis deals with
the human-environment interactions of early iron smelting in the Widawa catchment area in
Lower Silesia, Poland. In this area, which belongs to the southwestern primary distribution
area of the Przeworsk culture, a cluster of iron slag sites from the pre-Roman Iron Age and
early Roman period is situated. It is assumed that with the emergence of this culture
(approximately 2" century BCE) the technology of iron smelting, originating from the Near
East, has been introduced to this area. In order to enable this, respective requirements in terms
of the resource situation and landscape conditions needed to be met. Vice versa, deforestation
and exploitation of required resources and the smelting activities influenced the landscape

development.

This study focuses on three approaches in the context of human and environment interactions
in regard to early iron smelting: (i) a resource approach investigating the general resource
situation, the favorability for bog iron ores and the geochemical and mineralogical
composition of local ores and prehistoric slags; (ii) a landscape approach applying a
minimally invasive strategy based on geological and geomorphological mappings, percussion
drillings and radiocarbon datings and (iii) an environmental approach focusing on small-scale
geochemical impacts of human activities at furnace locations of the prehistoric smelting site

of Pielgrzymowice.

Apart from iron ore, considerations on the resource potential implied no scarcity of the
required resources during early iron smelting. Distributions of iron contents in receiving
waters and presently available bog iron ores indicate a strong correlation with a local cluster
of prehistoric slag sites. Slags, collected from these sites, show a similar geochemical
composition as slags from other centers of early iron production. In the vicinity of two local
sites, Rychnow and Pielgrzymowice, human-induced landscape changes in the temporal
context of early iron smelting could be substantiated in alluvial fan respectively slope
deposits. On the micro-scale geochemically investigated stove and pile remains at
Pielgrzymowice show increased but uncritical heavy metal contents. Human activities in the
spatial-temporal context of iron smelting left marks that are even today noticeable in the
regional sediment archives. Thus, iron smelting not only had a discernible impact on the

human development in general, but also on the landscape in Silesia.
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Z/USAMMENFASSUNG

Zusammenfassung

Im Rahmen des interdisziplindren Forschungsprojektes (A-5-2) ,,Eisengewinnung in der
Przeworsk-Kultur® des Exzellenzcluster Exc264 Topoi beschiftigt sich diese Promotions-
schrift mit den Mensch-Umwelt-Beziehungen der frithen Eisenverhiittung im Widawa-
Einzugsgebiet in Niederschlesien, Polen. In diesem Gebiet, das zum siidwestlichen priméren
Verbreitungsgebiet der Przeworsk-Kultur gehort, befindet sich eine Ansammlung von Eisen-
schlackefundplédtzen der vorrdmischen Eisen- und friihen Kaiserzeit. Es wird angenommen,
dass mit dem Aufkommen dieser Kultur (ungeféhr 2. Jh. v. Chr.) auch die aus dem Nahen
Osten stammende Eisenverhiittungstechnologie in diesen Raum eingefiihrt wurde. Um dies zu
ermdglichen mussten entsprechende Anforderungen hinsichtlich Ressourcensituation und
landschaftlicher Gegebenheiten erfiillt sein. Umgekehrt haben Entwaldung und Gewinnung

notwendiger Ressourcen und Verhiittungsaktivitdten die Landschaftsentwicklung beeinflusst.

Diese Untersuchung folgt drei Ansédtzen im Kontext der Mensch-Umwelt-Beziehungen in
Bezug zur frithen Eisenverhiittung: (i) einen Ressourcenansatz, der die generelle Ressourcen-
situation, die Glnstigkeit fiir Raseneisenerze und die geochemische und mineralogische
Zusammensetzung lokaler Erze und préhistorischer Schlacken untersucht; (ii) einen
Landschaftsansatz mit einer minimalinvasiven Strategie basierend auf geologischen und
geomorphologischen Kartierungen, Bohrungen und Radiokarbondatierungen, und (iii) einen
Umweltansatz mit Fokus auf kleinrdumigen geochemischen Auswirkungen menschlicher

Aktivitdaten an Ofenstandorten des préahistorischen Verhiittungsplatzes Pielgrzymowice.

Abgesehen von Eisenerz lielen Betrachtungen zum Ressourcenpotential auf keine Knappheit
der notwendigen Ressourcen wihrend der frilhen Eisenverhiittung schlieBen. Verteilungen
von Eisengehalten in Vorflutern und heute verfiigbaren Raseneisenerzen deuten auf eine
starke Korrelation mit einer lokalen Ansammlung préhistorischer Schlackefundplitze hin.
Von diesen Plidtzen gesammelte Schlacken zeigen eine dhnliche geochemische Zusammen-
setzung wie Schlacken anderer friiher Verhiittungszentren. In der Umgebung zwei lokaler
Platze, Rychnéw und Pielgrzymowice, konnten menschlich induzierte Landschafts-
verdnderungen im zeitlichen Kontext der frithen Eisenverhiittung in Schwemmfacher- bzw.
Hangsedimenten nachgewiesen werden. Kleinrdumig geochemisch untersuchte Ofen- und
Meilerreste bei Pielgrzymowice zeigen erhohte, aber unkritische Schwermetallgehalte. Spuren
menschlicher Aktivitidten im zeitlich-rdumlichen Eisenverhiittungskontext sind auch heute in
den Sedimentarchiven erkennbar. Dementsprechend beeinflusste die Eisenverhiittung nicht

nur die generelle menschliche Entwicklung, sondern auch die Landschaft in Schlesien.
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1. INTRODUCTION

1. Introduction

The technology of iron smelting originates from the advanced civilization of the Hittite and
spread to the northern Central European lowlands at least in the 5™ century BCE (Pleiner,
2000; Yalgin, 2000). Until the late Roman period between the 3 and 4™ century CE Silesia
became an important center for iron works (Godtowski, 1965), leaving the question when and
how iron smelting was introduced to Silesia and whether this region might represent a missing
link between the Laténe culture and Iron Age cultures of northeastern Europe. Apart from
socio-economic, technological and cultural aspects, the introduction of this technology overall
required a certain natural setting, such as the availability of the required resources, such as
iron ore, wood, clay, water, wheat chaff and possible fluxing agents (Koschke, 2002; Pleiner,
2000). Vice versa this technology also affected the natural environment, in terms of human-
induced vegetation and landscape changes as well as pollution (Mighall et al., 2006; Killick
and Fenn, 2012). This doctoral thesis aims to contribute to a better understanding of the
human-environment interactions initiated through the introduction of early iron smelting to
Central Europe. Based on four case studies (sections 5.1, 5.2, 5.3 and 5.4), which follow a
resource approach [A], a landscape approach [B] and an environmental approach [C]
(section 4.1), this thesis investigates the main research questions: (i) Did the landscape and
the environment of the study area affect the iron smelting abilities of early iron smelters and
influence the introduction of this technology and (ii) did the early smelting activities influence

the landscape and the environment in the vicinity of the smelting sites?

This doctoral thesis is a cumulative dissertation subdivided into six sections. The introduction
(section 1) briefly explains the project setting and background as well as the aims and strategy
of this thesis. The state of the art section (section 2) summarizes the general theoretical
project integration and gives a broad scientific overview on the main approaches followed in
the presented case studies and the research background. The study area section (section 3)
gives an overview on the study region and area with further information on its location,
topography, geotectonic, climate, soils, vegetation and hydrology. The material and methods
section (section 4) structures the general methodical approach and comprehensively presents
the conducted field campaigns in 2013 and 2014 as well as the applied laboratory methods in
further detail compared to the method sections in the respective case studies. In section 5 four
case studies, which represent the basis of this thesis, are presented. While case studies I and II

(sections 5.1 and 5.2) investigate the natural environmental potential and the resource



1. INTRODUCTION

situation towards iron smelting, case studies III and IV (sections 5.3 and 5.4) deal with the

induced landscape changes and the immediate environmental and geochemical impacts:

Case study I (section 5.1) “Iron, Humans and Landscape — Insights from a Micro-
Region in the Widawa Catchment Area, Silesia”, written with Enrico Lehnhardt,
Wiebke Bebermeier and Michael Meyer, is published in the Special Volume 4 (2015)
of ‘eTopoi. Journal for Ancient Studies’: Bebermeier, W., Knitter, D., Nakoinz, O.
(Eds.). “Bridging the Gap — Integrated Approaches in Landscape Archaeology”,
Exzellenzcluster 264 Topoi (2016).

Case study II (section 5.2) “Bog Iron Ore as a Resource for Prehistoric Iron
Production in Central Europe — A Case Study of the Widawa Catchment Area in
Eastern Silesia, Poland”, written with Wiebke Bebermeier, Philipp Hoelzmann and
Enrico Lehnhardt, is in press in the Special Issue of Catena: Kluiving, S., Heyvaert,
V., Howard, A., Bebermeier, W. (Eds.). “Geoarchaeology: Human-environment
interactions in the Pleistocene and Holocene”, Elsevier B.V., with a planned
publication in 2016.

Case study III (section 5.3) “Landscape history since the Saalian Drenthe stadial in
the Widawa Catchment Area in Silesia, Poland: A case study on long-term landscape
changes”, written with Wiebke Bebermeier, Philipp Hoelzmann and Brigitta Schiitt, is
in review for the Thematic Volume of Quaternary International: Mandel, R., Nicoll, K.
(Eds.) “Topics in Geoarchaeology: Reconstructions of Ancient Landscapes and
Paleoenvironments”, Elsevier B.V., with a planned publication in 2016.

Case study IV “Geochemical analyses of charcoal piles and rectangular stoves at the
Prehistoric Przeworsk iron smelting site Pielgrzymowice in Silesia, Poland”

(section 5.4), written as a work report, is currently not intended for publication.

The final section 6 resumes the results from the case studies and integrates them into the

landscape archaeological framework of the research project. At that, this section deals with

one of the main research questions of the research project, (i) when iron smelting has been

introduced to this region and (ii) what role the resource inventory played in this context.

“Geography is history in space, likewise history is geography in time” (Kosmala, 2013: 19).

This statement is written in a contribution on the geographical characteristics of Silesia by

Gerard Kosmala (Kosmala, 2013). Whether or not to agree with this statement, it illustrates

the close relationship between sciences and humanities in terms of geography and

archaeology in landscape archaeological research. Based on this close relationship and the

2



1. INTRODUCTION

benefits from a mutual exchange the interdisciplinary landscape archaeological research
project (A-5-2) “Iron mining in the Przeworsk Culture” between the Institute of Geographical
Sciences and the Institute of Prehistoric Archaeology at the Freie Universitdt Berlin began its
work in 2012. The project was conducted in close cooperation with the Archaeological
Institute of the University of Wroctaw, Prof. Dr. Artur Blazejewski, and the Museum of
Archaeology Wroctaw, Dr. Pawet Madera, in Poland. It is a follow-up project of
investigations of Przeworsk settlement sites in the southern forelands of the Harz Mountains
in Germany (Hoelzmann et al., 2012; Ullrich et al., 2011; Bebermeier et al., 2009) in their
area of origin in Poland. The investigated area of this project is situated in Silesia and
represents a regional cluster of prehistoric slag sites recorded by the nationwide
Archaeological Record Poland (section 3.1; AZP, since 1978). The project is incorporated in
the research group (A-5) “Iron as a raw material” in research area A of the Cluster of
Excellence Topoi. This research group deals with the introduction and dissemination of early

iron smelting technologies in Central and southern Europe.



2. STATE OF THE ART

2. State of the art

2.1 Theoretical integration

This dissertation is integrated into an interdisciplinary project depending on the close
collaboration between the scientific disciplines of physical geography and prehistoric
archaeology. Therefore, as a theoretical concept, this thesis is also represented by the

overlapping fields of landscape archaeological and geoarchaeological research (Brown, 2001).

The term of landscape archaeology, as a beginning of this discipline, came first into use in
1970 (Fleming, 2006). In this discipline humans are put into a broad context of a continuous
interaction with the environment (Greene, 1995). In contrast to the field of settlement
archaeology, landscape archaeology extends the focus from single settlements to the
landscape and spatial contexts in archaeological research (Evans, 2003). In this sense
landscape archaeology overall represents a matter of scale, rather than certain applied
techniques (Evans, 2003; Kluiving and Guttmann-Bond, 2012). As a discipline it is
confronted with a dichotomy between different theoretical concepts of landscape theory and
different practical approaches for over two decades (Lock and Harris, 2006). An important
aspect for landscape archaeological research is the reconstruction of paleo-environmental and
human-environment interactions (Mather and Koch, 2011), applying methods from other
fields, such as geophysics and geoinformatics (Greene, 1995; Mather and Koch, 2011; Ullrich
et al., 2011). Furthermore, landscape archaeology is also closely connected with the field of
environmental archaeology (Kluiving et al., 2012), as it also deals with soil archives,

agricultural impacts and resource situations (Greene, 1995).

In contrast, the scientific field of geoarchaeology is broadly characterized by the investigation
of archaeological questions and problems applying geoscientific concepts, methods and
knowledge (Mandel, 2000; Bebermeier and Schiitt, 2011; Canti and Huisman, 2015). In
comparison to geoarchaeology the related field of archacometry focuses on physical and
chemical prospections of the material origin (Fuchs and Zoller, 2006). Geoarchaeology, arisen
as a collaborative discipline between geology (respectively geomorphology) and archaeology,
has a long history dating back to the early 19" century (Rapp and Hill, 2006; Pollard, 1999).
As a term it has been increasingly used since the 1970s (Rapp and Hill, 2006), when the
magnitude of anthropogenic alterations of the Earth System became more evident (Brown,
2008). It is now also widely perceived as a sub-discipline of archaeological research (Pollard,

1999). As terrestrial and remote geoscientific techniques are extensively used in the field of

4
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geoarchaeology (Rapp and Hill, 2006; Pollard, 1999), it represents a natural-scientific
method-based discipline (Joyner, 2005), focusing on stratigraphy, site formation processes
and landscape reconstruction (French, 2003; Goldberg and Macphail, 2006). Furthermore, the
integrated geochemical approaches of geoarchaeology are commonly used to investigate
exploitation and processing techniques of mineral resources, examining ‘“the dynamic

relationship between human society and the environment” (Pollard, 1999: 181).

In its theoretical approach this doctoral thesis mainly follows the ideas of Barker and Bintliff
(1999), who define geoarchaeology as a natural science that represents an essential element in
interdisciplinary landscape archaeological research. Furthermore, it is stated that the greatest
challenge in interdisciplinary landscape archaeological research is bridging “the divide
between the ecological approaches of the natural sciences to past landscapes, on the one hand,
and the concerns of social archaeologists on the other with the interface between human
actions and landscape” (Barker and Bintliff, 1999: 209). Following this theoretical
perspective, the interdisciplinary introductory case study I (section 5.1) of this doctoral thesis
is integrated into the field of landscape archaeology, while the natural scientific case studies
II, III and IV (sections 5.2, 5.3 and 5.4) are rather to be dedicated to the field of

geoarchaeology, integrated in a landscape archaeological project.

2.2 Geoarchaeological and archaecometallurgical research on bog iron ores and slags in

Central Europe

Geoarchaeological and archaeometallurgical research on the history and origin of early iron
smelting, which represents the key issue in case study II (section 5.2), began more than a
century ago (Pleiner, 2000). Important recent volumes, which summarize the history of early
iron smelting in Central Europe, were published in Pleiner (2000), Pleiner (2006) and Hosek
et al. (2011), among others. In Central and northern Europe, the beginning of iron smelting
was closely connected to the utilization of bog iron ores as a raw material for the early iron

production (Evenstad, 1801; Graupner, 1982; Leb, 1983; Brumlich et al., 2012).

As stated in further detail in case study II (section 5.2), bog iron ores are iron-rich
consolidated terrestrial accumulations (Graupner, 1982; Sperling, 2003), which gradually
form under hydromorphic conditions in clastic sediments with a constant iron-containing
groundwater influx (Puttkammer, 2012; Banning, 2008; Landuydt, 1990). Although some
aspects of bog iron ores, such as the meaning of its manganese and phosphorus contents on

early iron smelting attempts, are part of an ongoing scientific debate (Iles, 2014; Crew, 2011,



2. STATE OF THE ART

Buchwald, 2005), it is common sense that bog iron ores were preferably used for early iron

smelting attempts in northern Central Europe (Schwab, 2004; Kiister, 1999; Leb, 1983).

For different regions in eastern Central Europe numerous archacometallurgical studies on
various prehistoric smelting sites were conducted (e.g. Pleiner, 1958; Bielenin, 1974;
Domanski, 1972; Piaskowski, 1976; Hensel, 1986), also involving many smelting
experiments from the 1950s until today (e.g. Bielenin and Suliga, 2008; Thiele, 2010;
Puttkammer, 2012; Orzechowski and Przychodni, 2014) in which the origin, distribution and
chemical composition of bog iron ores and iron slags in connection to early iron smelting
attempts were investigated. Important recent contributions to the formation, distribution and
characterization of bog iron ores in Central Europe were published in Landuydt (1990),
Kaczorek and Sommer (2003), Kaczorek et al., (2004), Kaczorek et al. (2005), Banning
(2008) and Ratajczak and Rzepa (2011).

Important contributions to the field of geochemical investigations of bog iron ores and slags
from Central Europe were published in Joosten et al. (1998), Puttkammer (2012) and
Brumlich et al. (2012), among others. A relatively young approach in archacometallurgical
research in Europe is the geochemical provenance research of prehistoric iron objects and slag
fragments. Applied approaches in this field are (i) correlation of different element
concentrations and ratios in iron slags (Buchwald and Wivel, 1998; Heimann et al., 2001;
Schwab et al., 2006; Paynter, 2006; Blakelock et al., 2009; Jouttijarvi, 2013; section 5.2),
(i1) application of the principal component analysis on the element composition (Charlton et
al., 2010; Charlton et al., 2012; section 5.2) and (iii) analysis of Pb, Sr and Os isotope

concentrations in iron slags (Degryse et al., 2009; Brauns et al., 2013; among others).

2.3 Research on landscape reconstruction

The scientific field of landscape reconstruction, which is the main topic in the landscape case
study III (section 5.3), is one of the most important objectives in geoarchaeological research
(French, 2003) and a means to predict site location, age and preservation in a [reconstructed]
landscape (Holliday, 2004) in order “to explain changes that occurred to human cultures over
time” (Waters, 2000: 537). One of the main problems in landscape reconstruction is that many
geomorphic systems have a non-linear nature that impedes the reconstruction of initial
conditions from the end products (Bell and Walker, 2005). This is also true when linking the
reconstruction of human landscape impacts to the context of early iron production in terms of
mining activities (Pollard, 1999; Garner, 2011) and deforestation induced erosion events

(Joosten et al., 1998; Fairbridge, 2009; James et al., 2013). It is widely accepted that the
6
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introduction of iron smelting most notably affected the natural environment of European
landscapes (Pollard, 1999; Garner, 2011; Joosten et al., 1998). Above all, the exploitation of
natural resources in terms of mining and deforestation, particularly iron ores and wood for
charcoal production, triggered changes in the natural system (Mighall et al., 2006).
Furthermore, new tools allowed new land-use practices and strategies, which also affected the
landscape budget (Kalis et al., 2003). Nevertheless, depending on the scale of early mining
and smelting activities landscape changes are typically rather set in the context of agriculture
(Sommer, 2006; Mighall et al, 2009) than iron production (Garner, 2011; Harrison et al.,
2010).

In previous research various methods reconstructing landscapes on different scales exists with
a particular focus on topography, hydrology, palynology, geophysics, sedimentology and
pedology, often combining archaeological and geomorphological approaches (French, 2003;
Driese, 2009; Berking et al., 2011; Blittermann et al., 2012; Hirsch et al., 2015; Draganits et
al., 2015). In younger approaches these different data sets are combined with each other in
geoinformation systems (French, 2003), involving different landscape reconstruction
algorithms, such as virtual (3D) reconstructions, based on historical, geological and LiDAR
data (Werbrouck et al., 2011; Pacina et al., 2015; IvaniSevi¢ and Bugarski, 2015; Draganits et
al., 2015; Brown, 2008; Schneider et al., 2015; section 5.3).

2.4 Early human-environment interactions in Silesia

Early interactions of humans and their environment, as these are the key topic in all presented
case studies (sections 5.1, 5.2, 5.3 and 5.4), are the subject of many investigations in the
scientific fields of geoarchaeology, geology, palynology and soil science, among others on the
broad scale of Central Europe (Dotterweich, 2013; Verstraeten, 2014). Methodically often
very different approaches are followed in order to quantify, model and present early human
impacts on the landscape and the environment (Verstraeten, 2014). On the European scale the
beginnings and the intensities of human-induced landscape changes are often very variable,
depending on the climate, the technological development and the population pressure

(Dotterweich, 2013).

In Silesia earliest evidence of human settlements is dedicated to the Middle Paleolithic
(Burdukiewicz, 2003). According to the AZP (since 1978) archaeological finds can be
dedicated to all cultural periods from the Paleolithic Period to the Bronze and Iron Age
(section 5.3; Bykowski, 1997). In contrast, research on early human-environment interaction

lacks on the local scale but is available in terms of sedimentological and palynological studies

7
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for the wider region of Silesia. Investigations of sediment archives in Lower Silesia showed a
first human impact during the warmer period of the Mesolithic (Wisniewski et al., 2013). A
study of alluvial fan deposits at the Glubczyce Plateau in southeastern Silesia assigned the
beginning human impacts to the Neolithic — when agriculture with regionally very different
intensities expanded — and to the Bronze Age — when it further intensified (Zygmunt, 2009).
Also paleo-ecological studies, involving pollen data in southeastern Central Poland, assigned
the beginning of early human impacts to the Middle Neolithic and showed an intensification
during the Bronze Age (Pawtowski et al.,, 2014). Furthermore, investigations by Klimek
(2010) of the foresudetic loess plateau in southern Silesia dedicate early human-induced
erosion events to Neolithic settlement activities. Accordingly, Woéjcicki and Marynowski
(2012) describe an initiated pressure on natural forest vegetation in southeastern Silesia
during this period, which distinctly intensified during the Bronze Age and Iron Age. Such
intensifications of early human impacts with the beginning of the Iron Age and the Roman

period are also stated by Pawtowski et al. (2014) and Zygmunt (2009).

2.5 Beginnings of iron smelting in the Przeworsk culture

The Przeworsk culture, which represents the cultural setting of all presented case studies
(sections 5.1, 5.2, 5.3 and 5.4), was a Central European cremation burial culture during the

Iron Age and the Roman period from the late 3 century BCE and the 5™

century CE
(Dabrowska, 2003; Godtowski, 1965), which had their primary distribution area in the broad
region from the middle Danube, to the upper Oder and Vistula region of eastern Central
Europe (Todd, 2004; Meyer, 2008). Early iron smelting attempts of this culture in Eastern
Silesia were “almost solely” (Orzechowski, 2011: 41) based on the technology of bloomery
shaft furnaces with a slag pit (Orzechowski, 2007; Wozniak, 1978). While numerous
publications have dealt with iron smelting in the Przeworsk culture during the pre-Roman Iron
Age and Roman period with thousands of bloomery furnaces and huge production centers
(Godtowski, 1985; Pleiner, 2000; Dabrowska, 2003; Orzechowski, 2007; Orzechowski, 2011;

among others) — giving the Przeworsk culture the name “culture of iron” (Orzechowski, 2007:

27) — little is known on the introduction of this technology to the Przeworsk culture.

The iron smelting technology developed during the 2" millennium BCE in the territory of the
Hittite culture and was then gradually spread all over Europe (Pleiner, 2000; Yalgin, 2000).
During the 5™ century BCE this technology reached the Black Forest (Gassmann, 2005;
Gassmann et al., 2012) and southern Brandenburg, Germany (Brumlich et al., 2012), as well

as Central Jutland, Denmark (Matthissen, 2011; Olesen, 2010), before it arrived in Silesia,

8



2. STATE OF THE ART

Poland, in approximately the o century BCE (Madera, 2002). In the distribution area of the
Przeworsk culture in Greater Poland (Sicinski, 1996; Wozniak, 1978) and Mazovia (Woyda,
1977; Woyda, 2002) iron smelting was conducted at least since the turn of the eras, followed
by larger scaled production centers in the Holy Cross Mountains (Pleiner, 2000; Orzechowski
and Suliga, 2007; Orzechowski, 2013). For Silesia Wozniak (1978) states small-scale
smelting activities during the early Roman period and Godtowski (1965) describes that this
region represented an important center for iron works during the 3 and 4" century CE (late
Roman period), leaving a temporal and spatial gap between the introduction of iron smelting

to Central Europe and the development of larger production centers of the Przeworsk culture.
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3. Regional setting and study area

The regional focus is set on the Widawa catchment area, which is situated in the region of
Silesia, located in southwestern Poland, Central Europe (Fig. 1A). This region is represented
by various spatial extents, depending on the perspective, which can be historical, cultural,
geographical, political or administrative (Kosmala, 2013). Silesia can be divided into the
western Lower Silesia and the eastern Upper Silesia. For this study the term Silesia is referred
to as the current extents of the Polish voivodeships Opole and Lower Silesia (Fig. 1B),

equivalent to the area of Silesia presented in the Atlas Slaska (Pawlak, 1997).

B
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Fig. 1: A: Location of Silesia, Poland; B: Location of the Widawa catchment area and the study area in
the region of Silesia.

Data: Fig. 1A: Country borders from Natural Earth Data (2013), extension of the region of Silesia from Global Administrative Areas (2013);
Fig. 1B: Digital elevation model with a horizontal resolution of 30 m (1-arc second) from USGS (2000) SRTM data; rivers from Natural
Earth Data (2013) and KZGW (2015) and Widawa catchment area from KZGW (2015).

The region of Silesia is delimited by the regions of Lusatia (Germany) to the west, Greater
Poland to the north, Lesser Poland to the east and Bohemia and Moravia (Czech Republic) to
the south (Kosmala, 2013). The main drainage of Silesia is the Oder River, flowing from
southeast to northwest (Fig. 1B). The northwestern part of Silesia is characterized by flat
lowlands of the Oder River basin, the Silesian lowland, which represents in its central part the
Wroctaw-Magdeburg glacial valley (Liedtke, 1981). To the south the region is delimited by
the Sudetes, fault-block mountains, formed in the Cenozoic era with Paleozoic features

(Kosmala, 2013), which represent the border between Poland and the Czech Republic (Fig. 1).
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In the northeast of Silesia — at the border between the Voivodeships Opole and Lower Silesia
— the catchment area of the Widawa River is situated (Fig. 1B). This catchment area is to the
south delimited by the Oder glacial valley of the Warthe stadial of the Saalian glaciation
(Liedtke, 1981) and to the north by the Trzebnica Ridge (Wat Trzebnicki; Kuszell et al.,
2007), a terminal moraine of the Warthe stadial (Liedtke, 1981). The Widawa River first
flows southwards from the Trzebnica Ridge and then from Namystoéw on westwards

following the Oles$nica Plain and entering the Oder River in the northwest of Wroctaw

(Fig. 2).

[ study area
| SRTM DEM [30 m]
Elevation [m a.s.l.]
[<125

| I 125 - 150

I 150 - 175

I 175 - 200

B > 200

Rivers

| Catchment area

Fig. 2: Widawa catchment area.

Data: Digital elevation model with a horizontal resolution of 30 m (1-arc second) from USGS (2000) SRTM data; Widawa catchment area
from KZGW (2015); rivers from Natural Earth Data (2013) and KZGW (2015) and Oder glacial valley and terminal moraine from Liedtke
(1981).

3.1 Study area

The study area is situated in the southeast of the Widawa catchment area in the eastern part of
the Olesnica Plain (Fig. 2; Kuszell et al., 2007). The area contains a cluster of prehistoric slag
sites recorded by the AZP (since 1978). Being situated along the Widawa floodplain, this
cluster is concentrated to the area of the Michalice Reservoir (Fig. 3), which was dammed in
2001 (Wiatkowski et al., 2010). The relatively flat landscape of the study area with heights
between 137 and 187 m above sea level (a.s.l.) is characterized by flat landforms with
hillslopes mostly below 1° and extremely rarely exceeding 5°. Steeper natural slopes only
occur at former undercut banks at the margins of the Widawa floodplain and never exceed
20°. Most slopes of the study area are exposed towards south and north rather than west- and

eastwards (Fig. 3; CODGiK, 2013).
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]

Lery 2
Loy, Gl e
Namyslow' cae
Archaeological sites LiDAR Digital elevation model Quartile devision
. Prehistoric iron slag site {AZP) River Elevation [m a.s.l] — Division of the Widawa River in the study area
{0 Prehistoric site (AZP} ——5m contour line 187 in 4 quartiles equal in length
=137

Fig. 3: Topography of the study area.

Data: Digital elevation model derived from GODGiK (2013) LiDAR DEM with 1 m horizontal resolution; archaeological sites from AZP
(since 1978) and rivers from KZGW (2015).

3.2 Geotectonic and geological setting

Geotectonically, the study area is situated in the northeast of the fore-Sudetic monocline, a
foredeep of the southwestern Sudetic mountain range (Pelzer, 1991). The tectonic
disturbances framing the Sudetic Basin — situated in Central Silesia — show mostly a
Hercynian orientation from west-northwest to east-southeast. In contrast, the tectonic
disturbances of the study area in the northeast of the Sudetic Basin are striking Variscan, from
northeast to southwest (Fig. 4; Ziegler, 1990). The geological subsurface without Cenozoic
deposits mostly consists of 200 to 235 mya old Keuper deposits, but also older Buntsandstein
and Muschelkalk deposits in the southwest and younger Lias deposits in the northeast of the
catchment area (Fig.4; Dadlez et al., 2000), showing successively older deposits in
southwestern direction. In the study area, on top of these deposits up to 35 m thick Upper
Miocene formations of the Cenozoic were deposited, before up to 60 m thick Quaternary
deposits accumulated (Bartczak, 1997). The Quaternary landscape history is described in
further detail in case study III (section 5.3).
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Fig. 4: Tectonic faults in Paleozoic and Mesozoic deposits in the catchment area of the Widawa.

Data: Tectonic faults and geological deposits including color scheme without Cenozoic from Dadlez et al. (2000); Widawa catchment area
from KZGW (2015) and rivers from Natural Earth Data (2013) and KZGW (2015).

3.3 Climate

The climate of the study area is characterized by a cold temperate, all-year humid continental
Dfb climate (Koppen, 1931 cited after Kuttler, 2009; Climate-data.org Namystow, 1982-
2012). Regionally, between Wroctaw, Opole and Krazkowy (Fig. 1B), the temperatures
average between -2.6 °C and 18.0 °C with maximal temperatures at Krazkowy (Climate-
data.org Krazkowy, 1982-2012). The regional annual precipitation totals between 551 mm at
Wroctaw and 611 mm at Opole, pointing to an increasing precipitation in eastern direction
and a slightly increasing annual temperature variance in northeastern direction (Climate-
data.org Wroctaw/Opole/Krazkowy, 1982-2012). Further information on the climate is stated

in case study I (section 5.1).

Wroctaw (W) 118 ma.s.l. [561°06'28"N, 17°02'19"E] 551 mm 8,4°C

[mm] Krazkowy (NE) 172 ma.s.l. [51°18'15"N, 18°00'12"E] 549 mm 8,3 °C _[ 55]
Opole (SE) 160 ma.s.l. [60°40'29"N, 17°65'12"E] 611 mm 8.4 °C

80 - — 4 — : r 40
— 11 — r 35
— | r 30
50 - r 25
r 20

=T I |
//// | 15
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Fig. 5: Regional climate variance in the region of the study area.
Data: Climate data of Wroctaw, Krazkowy and Opole from Climate-data.org (1982-2012).
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3.4 Soils

According to the Atlas Slaska the soils of the study area are mainly comprised of albeluvisols,
but also dystric cambisols, chernozems and ferric podzols (Pawlak, 1997). Along the upper
Widawa floodplain there are fluvisols and along the lower floodplain there are arenic
fluvisols. Further marginal soil types are stagnosols in the north of the Michalice Reservoir
and cambisols in the south of the built-up areas of Namystow (Fig. 6; Pawlak, 1997, map
sheet 28). Especially the chernozems, albeluvisols and cambisols represent regionally

particularly fertile soils, suitable for wheat cultivation (Pawlak, 1997, map sheet 34).

\ Pielgrzymowice:

Michalice Reservain

Namystow -

Projection: WESI984UIM 2

Archaeological sites Soil types [WRB]
@ Prehistoric iron slag site (AZP) [ chemozem [ oystic cambiso! Fivisol [ stagnosol P ARuit-up areas
. Prehistaric site (AZP} l:lCambisoi l:lA!bEIuvisol I:'Arenic fluvisal I:lFerric padzol

River

Fig. 6: Soil types of the study area.

Data: Soil types from Pawlak (1997), map sheet 28 translated according to WRB (Ad-Hoc-AG Boden, 2005); archaeological sites from AZP
(since 1978) and rivers from KZGW (2015).

3.5 Vegetation

At least since 1780 the forests of the study area are almost fully cleared and the area has been
intensively agriculturally used (Orczewska, 2009). Today only very small parts of the area —
mainly situated in the south of the Widawa catchment area — are covered by forest areas
(Fig. 7). Nevertheless, the variety of different environmental conditions in regard to soil types
and moisture allowed a reconstruction of the natural potential vegetation of the study area.

According to the Atlas Slaska the natural vegetation was mainly dominated by meager mid-
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European oak-hornbeam woodlands (Pawlak, 1997). Furthermore, in equal shares the
potential vegetation also showed ash-alder and ash alluvial forests along the Widawa
floodplain and fertile mid-European oak-hornbeam woodlands. Rather marginally the
vegetation potentially consisted of mid-European acidophilic sessile oak woodlands of the
lowlands in the south and elm-alluvial forests along the tributary valleys in the northern part

of the study area (Fig. 7; Pawlak, 1997, map sheet 52).
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Fig. 7: Potential natural vegetation and currently forested areas of the study area.

Data: Potential natural vegetation from Pawlak (1997), map sheet 52, archaeological sites from AZP (since 1978); rivers from KZGW (2015)
and currently forested areas from Geofabrik (2015).

3.6 The Widawa River, its hydrology, morphometry and younger history

The name Widawa of the main drainage of the study area comes from the proto-slavish word
“vid”, to spin, and refers to the meanders, which particularly characterize the lower reaches of
the Widawa (Kempa and Hetdak, 2011). The Widawa and the Studnica River (Fig. 3), as the
two major rivers of the catchment area, are perennial drainage regimes (Wdowikowski, 2014).
The Widawa river system can be described as highly regulated, particularly in its middle and
lower reaches (Kasperek et al., 2013).

In absolute measures, according to data from KZGW (2015) the Widawa has a length of
109.8 km and an average discharge of 6.95 m’/s at Wroctaw (Kasperek et al., 2013). With an
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elevation between 225 and 110 m a.s.l. from source to mouth (USGS, 2000) it has an average
gradient of 105 mm / 100 m (0.105 %). Its catchment represents an area of approximately
1750 000 km? with a river density of 0.61 km/km? calculated with data from KZGW (2015).
Within the boundaries of the study area (Fig. 3) the Widawa has an elevation between 139 and
157 m a.s.l. with an average gradient of 68.2 mm / 100 m (0.068 %) on a length of 26.4 km.
This gradient is characterized by three main weirs, at Michalice, Namysléw and De¢bnik,

which impound the Widawa to up to 3 m, and a number of smaller dam structures (Fig. 8).

Elevation
[ma.s.l.]
160 Michalice
155 —~—] l Reservoir = Divison of the Widawa Rivet in the study area
150 == -} :::_1__-_- Namysféw in 4 quartiles equal in length
s RS -;-_Z‘Q_Lé\s_mm/_l_gm Debnijk
. ——
135 Upper reaches Upper michIe reaches Lower middle reaches Lower reaches
0 3 5 8 10 13 15 18 20 23 25

Distance [km]

Fig. 8: Cross-section along the Widawa River in the study area.

Data: Relief of the cross-section derived from GODGIK (2013) LiDAR DEM with 1 m horizontal resolution; location of the Widawa River
from KZGW (2015).

Divided into four sections from the upper to the lower reaches of the study area (Fig. 3 and &)
the average valley forms of the Widawa show varying characteristics. In the upper two
sections the Widawa valley is comparatively narrow. In the third section the valley opens up
distinctly and is mostly characterized by a saucer-shaped valley form. In the fourth section the

Widawa valley is further incised, mostly showing a slightly deepened saucer-shaped valley
(Fig. 9).
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Fig. 9: Averaged swath profiles orthogonal to the Widawa River in the study area.

Data: Location of the Widawa and averaged orthogonal cross-sections derived from GODGIK (2013) LiDAR DEM with 1 m horizontal
resolution and the location of the Widawa River from KZGW (2015), according to Hergarten et al. (2014) applying the QGIS Plugin Swath
Profile 0.1.1 of Krambach (unpublished) with measurements every 5 m, an observation buffer of 1000 m and an orthogonal sample density
of 10 m.
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Particularly during the last 1.5 centuries, when the Widawa river system began to be recorded
in accurate topographic maps, continuous distinct anthropogenic changes of the water
surfaces — the Widawa River, its tributaries, channels and reservoirs — were documented in the
study area (Fig. 10; TK25, 1886-1938; TKS50, 1992; CODGiK, 2013). The conducted
hydrologic engineering measures comprise the construction of channels, melioration
measures, river regulations, especially along the main Widawa valley, and the construction of
reservoirs and ponds. Between the end of the 19" century and the beginning of the 20"
century parts of these measures, particularly the construction of small channels along the
agriculturally used fields, were already conducted (Fig. 10). Until 1992 this system of
channels was complemented and the Widawa River was further straightened. During the last
two decades the water surfaces were supplemented by artificial lakes and reservoirs, such as

the Michalice Reservoir (Fig. 3; TK25, 1886-1938; TK50, 1992; CODGIK, 2013).

Changes in river courses

Natural water courses [1886-1938]
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Changes in areas of water
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|:| Changes in areas of water [1992]
|:| Changes in areas of water [2013]
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Fig. 10: Modern changes of water courses.

Data: Digital elevation model, Widawa watershed and hillshade (z-factor 3) derived from downscaled LiDAR-data from CODGIK (2013)
with a horizontal resolution of 10 m; rivers, lakes and reservoirs 1886-1938 from TK25 (1886-1938), 1 : 25 000; rivers, lakes and reservoirs
1992 from TKS50 (1992), 1 : 50 000; rivers, lakes and reservoirs 2013 from CODGiK (2013).
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4. Material and methods

Complementary to each method section documented in the respective case studies
(sections 5.1, 5.2, 5.3 and 5.4), in this section the general approach is presented in further
detail in order to record the complete methodological strategy and procedure of this doctoral

thesis.

4.1 General approach

Integrated into the interdisciplinary landscape archaeological Topoi research project A-5-2 the
general methodical approach of this dissertation is based on the close collaboration between
the Institute of Prehistoric Archaeology and the Institute of Geographical Sciences at the Freie
Universitdt Berlin. This close partnership begins with the mutual selection of the study area,
involves the exchange of samples and results and finally enables the possibility of common
conclusions (Fig. 11). With the focus on reciprocal human-environment interactions, the

methodical strategy of this thesis follows three connected approaches:

(1) In regard to the implications of the natural settings this thesis follows an interdisciplinary
landscape archaeological approach (section 5.1) involving a geoarchaeological strategy
(section 5.2) with a focus on the resource situation [A] (Fig. 11). This approach involves the
geochemical and mineralogical analysis of slags and ores, mostly following Joosten et al.
(1998) and Kaczorek and Sommer (2003). (ii) Regarding the influence of early iron smelting
on the landscape the methodology follows a geoarchaeological approach (section 5.3) dealing
with the reconstruction of the landscape development [B] (Fig. 11) since the Saalian glacial
maximum. This approach is based on Gebhardt et al. (2011) and focuses on the sediment
archives, the topography and the geology. (iii) In terms of environmental impacts [C]
(Fig. 11) of early iron smelting also a geoarchaeological approach (section 5.4) is followed,
dealing with the geochemical sediment characteristics in the context of an archaeologically

excavated iron smelting site. This approach was mainly based on Hoelzmann et al. (2012).

The fieldwork (section 4.2) and laboratory analyses (section4.3) of these approaches,
distributed over four case studies, each follow an individual strategy. Regarding the general
approach, the outcomes of these case studies are connected with each other as well as with the
outcomes of the archaeological work to summarized general conclusions on the requirements

and impacts of the introduction of early iron smelting in the Widawa valley (Fig. 11).

18



INTER-
PRETATION

CON-

PREPARATION SETTING

FIELDWORK

LABORATORY

CLUSION

4. MATERIAL AND METHODS
Interdisciplinary aspects

Geoarchaeological investigation of requirements and impacts of the introduction
of early iron smelting in the primary distribution area of the Przeworsk culture

Setting of a suitable study area with known early iron smelting or slag sites
e evaluation of maps and literature
|
Geographical aspects ¢ #
Identification of suitable geoarchives Identification of suitable known
and potential resource sites in «— prehistoric slag sites
context of prehistoric iron slag sites on local scale
and characterization of the study area
e literature research l .
. . . Archaeological aspects
e evaluation of topographical, soil, <
vegetation and geological maps <_g Archaeological surveys
e study of local digital elevation models E of selected prehistoric slag sites
i | Iron slag samples | i
v v
[A] Resource aspect [B] Landscape aspect
e extraction of o geomprphological Archaeological excavation
water §amples mapping combined with geoarchaeological
o deizdon * Parckhauer fieldwork with an
extraction of bog sondages [C] Environmental aspect
iron ores and e percussion . . .
slags in drillings drillings at a prehistoric iron slag site

and soil profiles record/sampling

i + lrciv slag and soil saméles | l l

Geochemical analyses W
: 'F\)/I: /[g]C [B, C] E Archaeological
e TIC/TOC ’[B] Radiocarbon S(D description and
. s e .
« LOI550 /900 [A, B, C] datings . quantlfu:atl;;n of iron
e |CP-OES/ICP-MS [A,C] Q
e p-ED-XRF / XRD [A] <
l | | Data on iron slag samples | l
v v

[A] Interpretation prehist.
resource situation

e literature research

e data analysis, maps

| l

[A, B, C] Reconstruction of the natural setting, requirements and resources for
and the human-induced landscape and environmental changes due to
the introduction of iron smelting in the study area

[B, C] Interpretation of the sedimentological, cultural
and temporal context in cultural layers and
archaeological finds in regard to early iron smelting

Fig. 11: Workflow diagram of the doctoral thesis.
Data: Modified after Schneider (2014); Gebhardt et al. (2011) and Briickner and Vott (2008).
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4.2 Field work

Fieldwork was conducted in two field campaigns in 2013 and 2014. For the resource
approach [A] (Fig. 11; sections 5.1 and 5.2), in order to investigate the favorability and
variability of the ores, water samples were taken from different receiving waters and several
sites of the Widawa River (Fig. 12A) and cooled in closed specimen containers to evaluate the
iron and manganese contents of different sub-catchment areas (section 5.1). To investigate the
present and prehistoric resource inventory (initial) in- and ex-situ bog iron ores were collected
from the surface, two Pilirckhauer sondages and two percussion drillings at different sites of
the study area with and without archaeological find context (Fig. 12B). Moreover, prehistoric
iron slags were collected from slag sites of the pre-Roman Iron Age and early Roman period

during the archaeological surveys (Fig. 12C; Appendix B, Table A.1).
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A: Water sampling sites B: Bog iron ore study sites C: Prehistoric sites Water surfaces LiDAR DEM
O collected in 2013 B with bog iron ores (Wacker 2-6 m) @ with sampled iron slags Rivers Elevation (m a.s.l)
Bl collected in 2013/2014 @ with bog iron ores (Purckhauer 1 m}) (> without iron slags Bl wster surfaces High : 197
B colfected in 2014 @ with bog fron ores (Surface finds) D: Landscape study sites i Low : 138
LI without bog iron ores (Wacker 24 m) @ of the driling campaigns 2613/2014 6 1 2 3 4 5
Projection: WGS 1984 UTM Zong 33N O without bog iron ores (Pirckhauer 1 m) km

Fig. 12: A: Water sampling sites; B: Bog iron ore study sites; C: Prehistoric sites and D: Landscape
study sites.

Data: Digital elevation model derived from GODGiK (2013) LiDAR DEM with 1 m horizontal resolution; prehistoric sites with and without
iron slags from AZP (since 1978); rivers from KZGW (2015).
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In the framework of the landscape approach [B] (Fig. 11; section 5.3) a minimally invasive
strategy was applied, which consisted of geomorphological mappings according to Leser and
Stiblein (1985) and percussion drillings at the study sites of Rychnow, Lubska, Mlokicie and
Pielgrzymowice (Fig. 12D). The drillings consisted of five transects of 16 percussion drillings
in depths of 2 to 6 m below surface (b.s.; with 60 drilling m in total), using a Wacker drilling
hammer (BHF 30 S) with a 5 cm core diameter in an open or closed driving core system
(Appendix A, Table A.1). The investigations were based on sedimentological field records
according to the German Pedological Mapping Guide (Ad-Hoc-AG Boden, 2005). Apart from
grain size, soil color, taken in accordance to the Munsell Soil Color Chart (Munsell, 2000),
calcium carbonate and organic content, moisture, sediment texture, rooting, hydromorphic
also special features, such as charcoal, macroplant remains, shell or ceramic fragments, were

investigated. Soil samples were extracted every 2 to 19 cm, depending on the stratigraphy.

In the environmental approach [C] (Fig. 11; section 5.4), in the context of the archaeological
excavation at Pielgrzymowice, the location of five geomagnetic anomalies was investigated
by two orthogonal Piirckhauer transects of 6 and 11 Piirckhauer drillings and in two vertical
and two horizontal excavation sections in the archaeological trenches. For the Piirckhauer
drillings phosphate spot tests (Gundlach, 1961) after Feigl (1960) were conducted in samples
from 33, 53, 73 and 93 cm b.s. (section 4.3.7). The investigations included sedimentological
field records according to the German Pedological Mapping Guide (Ad-Hoc-AG Boden,
2005) following the landscape approach [B] and extraction of soil samples every 5 to 10 cm.

All coordinates were determined by an averaged positioning over 5 minutes using the non-

differential, hand-held Garmin GPS-devices GPS 60 and GPSmap 60Cx.

4.3 Laboratory analyses

In the following section, the laboratory strategy of each approach is described, while in
sections 4.3.1 to 4.3.10 the accurate laboratory proceeding for each method is presented. Prior
to the measurements of each sediment, ore and slag sample the samples were air-dried at
30 °C for 48 consecutive hours, the sediment samples were additionally sieved with a 2 mm
sieve and all samples were homogenized to a particle diameter of ~1-10 um using a vibratory

disc mill with an agate grinding set for 3 minutes.

For the general resource approach [A] (Fig. 11; section 5.1) the water samples were
measured with inductively coupled plasma optical emission spectrometry (ICP-OES;

section 4.3.1). For the geochemical analysis of bog iron ores and iron slags (section 5.2)
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internal standard calibration material for the portable energy dispersive X-ray fluorescence
spectrometry (p-ED-XRF) was measured for eight selected (initial) bog iron ore and eight
selected iron slag samples applying inductively coupled plasma mass spectrometry (ICP-MS)
at the German Mining Museum Bochum (section 4.3.2). This internal standard material was
subsequently used for calibrating the p-ED-XRF in order to measure further ore and slag
samples at the laboratory of geographical sciences of the Freie Universitit Berlin (section
4.3.3). A mineralogical analysis of the ore and slag samples was conducted by X-ray powder

diffraction (XRD; section 4.3.4).

For the landscape approach [B] (Fig. 11; section 5.3) sedimentological and geochemical
analyses were conducted at transect Rychnéw 1 for the profiles RYCHNOW12, NAMYO02,
NAMYO03 and NAMYO07, as this study site represents the key site. These analyses consisted
of magnetic susceptibility (MS; section 4.3.5), pH values, electrical conductivity (EC;
section 4.3.6), loss on ignition (LOI) at 550 and 900 °C and total inorganic (TIC) and organic
carbon (TOC) contents measured for selected samples (section 4.3.8; Appendix A,
Table A.2). The samples of profile NAMYOI at transect Rychnow I were not geochemically
investigated in the laboratory as this drilling represents a parallel drilling of NAMYO02. For a
selection of 12 samples from transect Lubska the particle grainsize was measured by laser
diffraction (section 4.3.9; Appendix C — Case study III, section A.2). For the dating of
depositional ages of sediment layers of the drilling profiles the radiocarbon (**C) dating

method was applied (section 4.3.10).

For the environmental approach [C] (Fig. 11; section 5.4) the phosphate contents of samples
from the Piirckhauer transects and excavation sections (section 4.3.7) and the pH values
(section 4.3.6), the LOI at 550 and 900 °C, the total carbon (TC) contents (section 4.3.8) and
the element composition of major elements applying ICP-OES (section4.3.1) were
determined for samples from the excavation sections. The TOC contents were estimated from

the LOI and derived from the TC, as TIC lacks in the collected samples.

4.3.1 Inductively coupled plasma optical emission spectrometry

The ICP-OES allows the measurement of element concentrations digested in a solution
through the respective characteristic optical emission spectrum of each measured element
from an inductively coupled plasma (Hou and Jones, 2000). The measurements were
conducted at the laboratory of the Department of Earth Sciences at the Freie Universitit
Berlin using an ICP-OES Spectrometer Optima 2100 DV of Perkin Elmer. Prior to the

measurements the water samples were acidulated with 0.1 ml 65 % nitric acid and the EC was
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measured using a handheld HANNA instruments HI 98301 DiST® 1 TDS Tester.
Subsequently the water and soil samples were digested with aqua regia (HNOs + 3 HCI) in
order to destroy the existing binding forms and to dissolve the elements in the solution. For
the measurement the sample material was diluted in 100 ml stock solutions with a
concentration of 10 mg/l. The argon plasma heated the dissolved samples to 6000 to 8000 K
and the element contents of the major elements (calcium, cadmium, chrome, copper, iron,
potassium, magnesium, manganese, sodium, nickel, phosphorus, lead, strontium and zinc)
were measured according to the laboratory standards through their respective characteristic

optical emission spectrum.

4.3.2 Inductively coupled plasma mass spectrometry

The ICP-MS provides a measurement of metal and some non-metal concentrations, which are
digested in a solution, separated and quantified through the respective characteristic ion
emissions of each element in inductively coupled plasma (Ammann, 2007). The
measurements were conducted at the Laboratory of Materials Science at the German Mining
Museum Bochum (DBM) using a high-resolution doubly focusing mass spectrometer of
Thermo according to the following procedure: If the samples did not contain lead in
substantial amounts (%-level), about 100 mg sample material was digested in PTFE pressure
vessels with 5 g HCI, 1.2 g HF and 5 g HNOs, each concentrated, for 40 minutes at 250 °C
using a uPREP-A MLS microwave. Depending on the sample type, 10 ml of H;BO4 (50 g/l)
were added and the solution was again heated up for 20 minutes to avoid precipitation of
CaF,, FeF; and/or AlF;. Finally, the digested samples were diluted with up to 100 ml of
ultrapure water to reach a concentration of about 1000 mg/l. For the analysis of the main
elements the sample solutions were diluted by 1:100, for traces 1:10 with 5% HNOs. The
measurement was carried out with a FAST SC-system, ST 5532 PFA p-FLOW nebulizer, a
Peltier-cooled PFA spray chamber and a 1.8 mm sapphire injector in a triple detector mode at
three different mass resolutions (in m/Am) depending on the measured element. The
measurements were calibrated with the certified reference materials CRM 241b (Czech

Metrology Institute), FeR-1 and FeR-2 (Geological Survey of Canada) and GBW 07107.

4.3.3 Portable energy dispersive X-ray fluorescence spectrometry

The p-ED-XRF is a fast, non-consumptive, accurate and reproducible method to determine
the element composition of rocks and sediments (Ramsey et al., 1995; De Vries and Vrebos,

2002; Jenkins, 1999) and has also already been applied for the measurement of bog iron ores
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and iron slags (Joosten et al., 1998; Kaczorek et al., 2004). The element measurements were
conducted at the laboratory of the Geographical Institute of the Freie Universitdt Berlin using
a portable Thermo Fisher Scientific Analyticon NITON XL3t energy-dispersive XRF
spectrometer equipped with a CCD-camera, a semi-conductor detector with an Ag-anode. For
each measurement about 4 g of homogenized sample material was placed in plastic sample
cups and sealed with 0.4 um thick mylar film foil. The so prepared sample cups were placed
on the p-ED-XRF and measured for 120 s with several filters for the detection of the specific
elements. The utilized filters consist of a main filter with 50 kV, a low filter with 15/20 kV,
a light filter with 8 kV and a high filter with 50 kV. The X-ray power is limited to 2 W.
Calibrated measurements were conducted with internal standard material measured at the
German Mining Museum Bochum (section 4.3.2) for the elements iron, silicon, manganese,
calcium, phosphorus, potassium, barium and titanium. For calibration each of the internal
laboratory standard samples was measured four times without calibration. The mean values
were then plotted against the reference values in order to calculate a calibration function with
a linear correlation coefficient as a quality measure. Outliers that distinctly impaired the
coefficient were excluded from the calibration. By applying this procedure, it was possible to
measure reproducible results. During the evaluation of the results a review was conducted if
the measured values exceeded four times the standard deviation of the measuring error and if
the highest sample measurement was not exceeded by the internal standard material. The
element contents were subsequently converted to oxides using standard conversion factors
based on the molar mass, whereby the iron contents of oxidized bog iron ores were converted
to Fe,O3 and the reduced iron slags were converted to FeO. The absolute deviations from the

known contents of the standard material were + 0.6 mass%.

4.3.4 X-ray powder diffraction

The XRD provides a fast and non-consumptive accurate and reproducible method to
determine mineral concentrations in mineral compounds, such as soil samples, on the basis of
the unique diffraction behavior depending on the crystal structure of each crystalline mineral
towards induced X-ray emissions (Herz and Garrison, 1998). The XRD measurements were
conducted at the laboratory of the Geographical Institute of the Freie Universitdt Berlin using
a Rigaku MiniFlex 600 X-Ray Diffractometer with a copper Ka tube and a D/tex Ultra2
detector. The sample material was pressed without regulation into sample holders and
analyzed at 15 mA/40 kV (Cu ka) from 3° to 80° (20) with a goniometer step velocity of
0.02° steps and 0.5°/min”". The software X’Pert HighScore Version 1.0b of Philips Analytical
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B.V. was used for identification and determination of semi-quantitative mineral compositions.
In the measurement procedure five preprocessing steps were applied: (i) correction of outliers;
(i) elimination of Ko2-emissions; (iii) calibration of quartz I = 100 main peak (d = 3.34 A);
(iv) identification of reflex peaks and (v) subtraction of background noise. In order to derive
specific minerals from the reflex peaks standardized reference Powder Diffraction Files (PDF)
of the ICDD (International Centre for Diffraction Data) were used. The interpretation was
conducted very conservatively with only clearly detectable peaks being taken into account.
Since the peak intensities of different minerals were not quantitatively comparable to each
other the evaluation of mineral contents was conducted semi-quantitatively according to

Schiitt (2004), using four classes.

4.3.5 Magnetic susceptibility

The MS is a dimensionless value, which represents the magnetizability of a substance and in
this case indicates changes in the depositional environment of the soil layers (Cardarelli,
2008). The MS of the sampled sediments was determined in closed non-magnetic plastic
tubes — with a diameter of 5 cm — measured every 2 cm using a Bartington Instruments MS2C
core scanning sensor system. The measurements were conducted according to the Operation
Manual for MS2 Magnetic Susceptibility System (Bartington Instruments, 2008). After a
settling time of more than 10 minutes a calibration check was conducted using a standard
calibration core. The actual measurements were only conducted if the results of the standard
calibration core were obtained within 5 % of the standard value. During the measurements
measured outliers were confirmed by repeated measurements. In order to connect the MS
values in a consecutive figure the occurring distinctly lower MS values at the ends of each

core meter were excluded from further processing.

4.3.6 pH value and electrical conductivity

Through the pH value the acidity or basicity of an aqueous solution is expressed, which
represents the H'-activity of this solution (Blume et al., 2011). For the pH measurements 5 g
sample material was suspended in 12.5 ml of 0.1 M KClI, stirred up and left in suspension for
30 minutes. The pH values were measured using a stationary HANNA instruments HI 221

Calibration Check Microprocessor pH Meter.

The EC represents a measure to determine the conductivity of a material. In suspended soil
samples it mainly represents the salinity of the respective soil sample (Blume et al., 2011).

For the EC measurement 5 g sample material was suspended in 12.5 ml purified water, also
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stirred up and left in suspension for 30 minutes. The EC was measured using a handheld
HANNA instruments HI 98301 DiST® 1 TDS Tester. For the pH and the EC measurement
each sample was measured twice and in case of identified deviations the measurement was

repeated and outliers erased before the results were averaged.

4.3.7 Phosphate content

The phosphate contents were estimated semi-quantitatively by applying the phosphate spot
test (Gundlach, 1961) after Feigl (1960). About 2 g of soil material were mixed with
ammonium molybdate solution on filter paper for 30 s. As a reducing agent of the
molybdenum subsequently ascorbic acid was added. In the following reaction the amount of
phosphate in the soil sample was represented by the intensity of blue color of the resulting
phosphate molybdate acid (Eidt, 1973; Gundlach, 1961). The resulting reaction was
interpreted in 5 classes: I (no phosphate content), II, III, IV and V (very high phosphate
content; Wallin et al., 2008).

4.3.8 Inorganic and organic carbon estimated from loss on ignition LOI5S50 and

LOI900 and measured with Wosthoff Carmhograph and LECO Analyzer

The TIC and TOC estimation from the LOI and the TIC and TC measurement from destructed
TIC with acidic reactions and combusted TC in the oxygen stream and represent two methods

for the derivation of TIC and TOC contents in sediment samples.

The LOI represents the weight loss during heating of soil samples between temperatures of
105 °C and 550 °C (LOI550) and 550 °C and 900 °C (LOI900; Dean, 1974; Heiri et al.,
2001). From the LOI550 the TOC content of a soil sample can be estimated, while from the
LOI900 the calcium carbonate (CaCO;) and TIC content can be assessed. For the
measurement approximately 1 g of sample material was added into a muffle container. With
each annealing process also approximately 0.5 g pure CaCO; and charcoal/CaCO; standard
material were processed according to the same procedure. For the annealing process to 550 °C
and then to 900 °C a Thermo Scientific M110 Muffle Furnace was used according to Dean
(1974) and Heiri et al. (2001). In order to calculate the LOI5S50 and LOI900 the empty weight
of the container [105 °C], the dry weight of the sample with container [105 °C] and the
muffled weights [550 °C respectively 900 °C] of the samples with container were measured
subsequently to a cooling to room temperatures in a desiccator. The LOI550 and LOI900 were

then calculated in mass% according to the following formulas:
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(dry weight [105 °C] — muffled weight [550 °C])
LOI550 = _ ; * 100
(dry weight [105 °C] — empty weight [105 °C])

(muffled weight [550 °C] — muffled weight [900 °C])
LOI900 = - - * 100
(dry weight [105 °C] — empty weight [105 °C])

Data: Dean (1974); Heiri et al. (2001); Ad-Hoc-AG Boden (2005) and Blume et al. (2010).

A successful measurement was given, if the expected organic and CaCO; contents were
calculated correctly for the standard material. From the LOI550, which is approximately
equivalent to the soil organic matter (SOM) content (Blume et al., 2010), the TOC was
estimated with an approximate empiric factor of 1/1.72 for sediment samples and 1/2.00 for
peat samples (Ad-Hoc-AG Boden, 2005). From the LOI900 the CaCOj; content was estimated
with a conversion factor of 1/0.44 (Dean, 1974). From the estimated CaCOj; content the TIC
was calculated with a conversion factor of 0.12 (Bertrand et al., 2012; Dean, 2009). The
absolute deviations from the known contents of the standard material were + 1.0 mass% TOC
and + 0.9 mass% TIC for sediment samples as well as 2.2 mass% TOC and + 1.5 mass%

TIC for bog iron ore and slag samples.

The TIC measurements were conducted using a Wosthoff Carmhograph C 16 Carbon
Analyzer according to Blattermann et al. (2012) with 100 mg sample material for each sample
in a reaction with 42.5 % phosphoric acid by measuring the produced CO, content. The TC
measurements were conducted using a LECO TruSpec CHN + S-Add-On Elemental analyzer
with 100 mg sample material for each sample prepared in tin foil and combusted in a pure
oxygen stream also by measuring the produced CO, content. These measurements were
conducted according to the operational manual and laboratory standards, using standard
material with 12.0 (CaCOs3), 4.2, 2.4 and 0.8 mass% TIC. The TOC was calculated from the
difference between TC and TIC according to Schneider et al., (2015). From the TIC and TOC
the CaCO3 and SOM contents were calculated according to the above meantioned conversion
factors. The absolute deviations from the known contents of the standard material were

+ 1.5 mass% TIC and + 0.4 mass% TC.

4.3.9 Particle size analysis with laser diffraction

This method of particle size analysis is based on the different scattering of light at sediment
particles of different size (Beuselinck et al., 1998). Depending on the estimated particle size

of the samples 0.2 to 1.5 g of each sample was suspended in 3 ml 0.1 M sodium
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pyrophosphate and intermixed for 12 hours in an overhead shaker. The particle size analysis

was conducted with a Particle Size Analyzer of Beckmann Coulter according to the laboratory

standards.
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Fig. 13: Radiocarbon dates including chronological interpretation.

Data: '*C-datings conducted at the Poznan Radiocarbon Laboratory, Poland in 2014/2015, calibration with Calib Rev 7.0.1., calibration curve
IntCall3 after Stuiver and Reimer (1993) and Reimer et al. (2013), Holocene chronology Walanus and Nalepka (2005) and Starkel et al.
(2006), Pleistocene chronology Marks (2012), Borner (2007), Krzywicki (2002), Wysota et al. (2000), pre- and historical chronology
Kiimmel (2009), Haberstroh (2000), Goetz (2003), Borgolte (2002), North (2007) and sedimentological facies from Ad-Hoc-AG Boden

(2005).
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4.3.10 Dating

Absolute ages were measured by accelerator mass spectrometry '*C-dating, deriving the age
from the '*C/"*C ratio of sampled charcoal fragments, macroplant remains and bulk samples
(Bradley, 1999), at the Poznan Radiocarbon Laboratory, Poland (Fig. 13; Appendix A,
Table A.3). Prior to the measurements the available dating material was isolated from
sediment material. Alleged charcoal fragments were investigated under the optical microscope
in order to avoid an accidental sampling of manganese concretions. The results of case study I
(section 5.1), were calibrated with Calib Rev 7.0.1, applying the calibration curve IntCall3
(Reimer et al., 2013), whereas the results of case study III (section 5.3), were calibrated with
OxCal 4.2 (Bronk Ramsey and Lee, 2013), also applying the calibration curve IntCall3
(Reimer et al., 2013). The chronological interpretation of the '*C-dates was conducted

according to further literature (Fig. 13).

4.4 Secondary and primary data analyses and spatial visualizations

The statistical analyses were conducted using the Microsoft Excel tools StatistiXL and Real
Statistics. The spatial data analyses and visualizations of secondary spatial information and
primary results in the study area was conducted with ArcGIS 10.0-10.3, GrassGIS 6.4.4-7.0
and QuantumGIS 1.8.0-2.12.3. Additionally to the primary results produced during the field
and laboratory analyses the following secondary map material and data sets were taken into

account for the production of map material and visualization of the results:

Digital elevation models

e 3-arc second SRTM-data from Reuter et al. (2007)
e l-arc second SRTM-data from USGS (2000)
e 1 m horizontal resolution LiDAR-data from CODGiK (2013)

Topographical maps

e Topographical detailed maps 1 : 25 000 from TK25 (1886-1938)
e Topographical detailed maps 1 : 50 000 from TKS50 (1992)
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Geological maps

e General glacial map 1 : 1000 0000 from Liedtke (1981)
e Geological detailed maps 1 : 50 000 from Bartczak (1997) and Cinio (1997)

e General geological map without Cainozoic deposits 1 : 1000 000 from Dadlez et al.

(2000)

Further thematic maps

e General soil map 1 : 300 000 from Pawlak (1997), map sheet 28
e (General potential vegetation map 1 : 300 000 from Pawlak (1997), map sheet 52

Secondary spatial data

Country borders and rivers from Natural Earth Data (2013)
Water surfaces from KZGW (2015)

Slag and settlement sites from AZP (since 1978)

Currently forested areas from Geofabrik (2015)
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5. Case studies

5.1 Case study I:
Iron, Humans and Landscape — Insights from a Micro-Region in the

Widawa Catchment Area, Silesia

Michael Thelemann®“*, Enrico Lehnhardt®®, Wiebke Bebermeier™®, Michael Meyer™®

*Freie Universitdt Berlin, Institute of Geographical Sciences, Malteserstrae 74-100, 12249 Berlin, Germany
®Freie Universitit Berlin, Institute of Prehistoric Archaeology, Fabeckstralle 23-25, 14195 Berlin, Germany
“TOPOI Excellence Cluster, HittorfstraBe 18, 14195 Berlin, Germany

*Corresponding author: E-Mail: michael.thelemann@fu-berlin.de
published in 2016 in

Special Volume 4 (2015) of eTopoi. Journal for Ancient Studies:
Wiebke Bebermeier, Daniel Knitter and Oliver Nakoinz (Eds.). ,, Bridging the Gap —
Integrated Approaches in Landscape Archaeology”, Berlin: Exzellenzcluster 264 Topoi.

Keywords: Bog iron ore, early iron smelting, formation, human-environmental interactions,

landscape archaeology, pre-Roman Iron Age, Przeworsk culture (7)

Abstract

The Widawa catchment area is located in Northeastern Silesia, Poland, and belonged to the
southwestern distribution area of the Przeworsk culture from the younger pre-Roman period
until the younger Roman period. It is estimated that iron smelting was introduced to this area
with the emergence of the Przeworsk culture, circa the 2" century BCE. Certain cultural and
environmental requirements must have been met in order for this technology to spread to this
area. Within the framework of interdisciplinary research, the archaeological context of an
archaeological site as well as the natural archives were investigated to explore the

preconditions and to describe the beginning of early iron smelting in this region.

The original publication is accessible at:
http://edition-topoi.org/articles/details/iron-humans-and-landscape-insights-from-a-micro-region-in-the-widawa-catchm

If access is not available, please contact: michael.thelemann@fu-berlin.de
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5.2 Case study II:
Bog iron ore as a resource for prehistoric iron production in Central
Europe — A case study of the Widawa catchment area in eastern

Silesia, Poland

Michael Thelemann®“*, Wiebke Bebermeier™, Philipp Hoelzmann™°, Enrico Lehnhardt™®

*Freie Universitdt Berlin, Institute of Geographical Sciences, Malteserstrae 74-100, 12249 Berlin, Germany
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in press (2016) in
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Elsevier B.V.

Keywords: Bog iron ore, Prehistoric iron smelting, Geochemical fingerprinting, Prehistoric

iron slags, portable ED-XRF, Przeworsk culture (6)

Abstract

Spreading from the Near East in the declining Bronze Age from the 2" millennium BCE
onwards, the technique of iron smelting reached Eastern Silesia, Poland, in approximately
the 2" century BCE (pre-Roman Iron Age). At this time the region of the Widawa catchment
area was inhabited by the Przeworsk culture. While the older moraine landscape of the study
area lacks ores from geological rock formations, bog iron ores were relatively widespread
and, due to their comparatively easy accessibility, were commonly exploited for early iron
production. This paper investigates the mineralogical and elemental composition of local bog
iron ore deposits and iron slag finds, as a by-product of the smelting process, also taking into
account the state of the art in research regarding the formation, distribution and utilization of

bog iron ores and considering data from comparative studies.
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The crystalline mineralogical composition of local bog iron ores is dominated by quartz
(Si0;) and goethite (a-FeO(OH)), in contrast to slag samples in which fayalite (FeSiOy),
wiistite (FeO) and quartz, with traces of goethite, represent the main minerals. Ores and slags
are both characterized by notable hematite (Fe;O;3), magnetite (Fe;O4) and maghemite
(y-Fex03) contents. Analyzed bog iron ore samples show iron contents of up to 64.9 mass%
Fe;O; (equivalent to 45.4 mass% Fe), whereas the iron contents of bloomery slags vary
between 48.7 and 72.0 mass% FeO (equivalent to 37.9 and 56.0 mass% Fe). A principal
component analysis of the element contents, which were quantified by portable energy-
dispersive X-ray fluorescence spectrometry, indicates local variations in the elemental
composition. The results of this study show that bog iron ores are relatively widely distributed
with spatially varying iron contents along the Widawa floodplain but present-day formation
conditions, such as changed groundwater levels, are negatively affected by modern land-use

practices, such as agriculture and melioration measures.

The original publication is accessible at:
http://www.sciencedirect.com/science/article/pii/S0341816216301321

If access is not available, please contact: michael.thelemann@fu-berlin.de
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5.3 Case study III:
Landscape history since the Saalian Drenhte stadial in the Widawa
Catchment Area in Silesia, Poland:

A case study on long-term landscape changes
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Abstract

With the pre-Roman Iron Age, approximately in the 2nd century BCE, a cluster of iron
smelting sites began to develop in the catchment area of the Widawa River, located in the Old
Drift landscape of northeastern Silesia, Poland. Before this area became an important local
center for early iron smelting during the late pre-Roman Iron Age to the Roman period, its
landscape had undergone distinct changes since it was covered for the last time by ice sheets
during the Saalian Drenthe stadial. Besides climate driven environmental and landscape
changes during the late Pleistocene and Holocene the area is influenced by a settlement

history since the Mesolithic.

In order to understand the holistic development of this pre-Roman Iron Age iron smelting
cluster this paper investigates the late Pleistocene landscape history of the southeastern part
of the Widawa catchment with a focus on study sites in the context of early human impacts.
Therefore a multi-proxy approach was applied, integrating geomorphological mappings and

sedimentological analyses (lithology, particle grain size, bulk parameters, total inorganic and
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organic carbon) of selected drilling transects, dated by AMS radiocarbon with archaeological

records, geological and topographical data.

The study area developed its present shape in six main phases: Subsequently to the last ice
coverage (A), which extensively accumulated Saalian glacial till, the Widawa valley initially
developed its present directionality (B). The subsequent valley formation is characterized by a
succession of accumulation phases of glaciofluvial deposits of the Drenthe (C) and Warthe
stadial (D) and fluvial deposits of the Weichselian glacial period (E) and the Holocene (F),
which each were followed by a subsequent incision of the Widawa valley. First human
impacts on the sediment budget are represented by alluvial fan deposits, which accumulated
at the end of the 4th millennium BP. This alluvial fan, situated in the context of three
prehistoric slag sites, shows a complex sedimentological succession of charcoal dated fan
sediments that indicate a human impact on the landscape development during the pre-Roman
Iron Age and the Roman period, pointing to a temporal and spatial context of early iron

smelting.

The original publication is currently in review for:
http://www.sciencedirect.com/science/journal/l10406182

If access will not be available, please contact: michael.thelemann@fu-berlin.de
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1. Introduction

From the pre-Roman Iron Age (PRIA) northeastern Silesia, Poland, was inhabited by the
Przeworsk culture (Godtowski, 1985). Their settlement and smelting sites were frequently
situated at the floodplain margins of the Oder River and its tributaries (Orzechowski, 2002).
According to the database of the Archaeological Record Poland (AZP, since 1978), a very
particular cluster of early iron smelting sites of this culture, representing the investigated
study area, is located in the vicinity of the modern town of Namystow, along the floodplain of
the Widawa River. The material culture of these sites comprises remarkable findings: artefacts
like bog iron ore fragments, iron slags and furnace remains point to an early smelting and
processing of iron (Thelemann et al., 2016). As Joosten et al. (1998) documented for the
Netherlands, early iron production from the 2nd century CE resulted in an increasing demand
for charcoal and — depending on the magnitude of the smelting activities — this led to largely
deforested areas. Depending on the intensity of deforestation, mining induced erosional and
depositional events, which might have influenced the landscape development (James et al.,
2013). On the regional scale of Silesia those increased human impacts without iron smelting
context are shown for the Bronze Age and the Iron Age (Pawlowski et al., 2014; Zygmunt,

2009).

Table 1: Pleistocene and Holocene North West European and Polish chronology.

Series Stages and periods Marine Isotope Stages approx. age
North West European nomenclature Polish nomenclature [MIS] [in ka BP]
-E “ Subatlantic## Subatlantyk## 1# 2.5.-0.0##
% g % Subboreal## Subboreal## 1# 5,0-2.5##
23 % Atlantic## Atlantyk## 1# 8.0-5.0##
2 £ 3 Borealt# Boreat## 1# 9.0-8.04#
8 Preboreal## Preboreat## 1# 11.7-9.0##
Weichselian glaciation*® Zlodowacenie Wisty [Vistulian glaciation/northern Polish glaciation]** 5d-1# 110-11.7#
Eemian interglacial* Interglacjat eemski [Eemian interglacial]** Se* 130-110#
g Warthe stadial, Saalian complex* Zlodowacenie Warty [Warty stadial, middle Polish glaciation]** 6* 220-170*
é Seyda interval* Kamienna-interstadial* 6* 220%*
g Drenthe stadial, Saalian complex* Zlodowacenie Odry [Oder stadial, middle Polish glaciation]** 6* 290-220*
Holsteinian interglacial® Interglacjal mazowiecki [Mazovian interglacial]** 11* 360%*
Elsterian glaciation* Zlodowacenie Sanu [Sanian glaciation/southern Polish glaciation]** 12* 510-470*

*Cohen & Gibbard (2011); Gozhik et al. (2012); Borner (2007) **Bartczak (1997); Cincio (1997); Borner (2007); Lindner & Marks (2008)
#Marks et al. (in press); Engels et al. (2010) ##Bordwka et al. (2004); Walanus & Nalepka (2005) ###Starkel (1995)

Using a geoarchaeological approach, selected sediment archives located in the vicinity of pre-
Roman Iron Age sites were investigated in order to analyze whether the introduction of iron
smelting was associated with additional pressure on the landscape. To understand the holistic
long-term landscape development dynamics of the study area this geoarchaeological approach
also focuses on investigations of landscape development as a whole since the last direct ice
coverage during the Saalian Drenthe stadial to the late-Holocene (Table 1). Although this
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region has been geologically, palynologically and historically investigated (Bartczak, 1997;
Cincio, 1997; Kuszell et al., 2007; Bykowski, 1997), there has been no such comprehensive
study of the landscape history. The paper thus deals with the following research questions:
(1) When and how did the Widawa valley develop and establish its present shape and (ii) are
there early human impacts detectable in the sediment archives of the study area and can these

be set in the context of early iron smelting?

2. Regional setting

The study area is situated in the Olesnica Plain in the catchment area of the Widawa River, a
tributary of the Oder River in northeastern Silesia, Poland (Fig. 1A). To the north (Fig. 1B)
the catchment area is delimited by the Trzebnica Ridge (Wat Trzebnicki; Winnicki, 1997;
Rossner, 1998; Kuszell et al., 2007), a terminal moraine of the Warthe stadial deposited
during the Saalian complex (Table 1; Rossner, 1998; Liedtke, 1981, Litt et al., 2007). The
Oder glacial valley of the Warthe stadial forms the southern boundary of the catchment area
(Fig. 1B).

@ Location of the transects

| Z Glaciogenic channel

: : Potential former barrier

= Rivers

SRTM DEM [1 arc-sec]

Elevation [m a.s.l.]
<125
[ 125 - 150
B 150- 175

| I 175 - 200

| . > 200

Pielgrzymoeywice]

o P -
PrOJectlor}rWGS’\V%ﬂ World Nl,ercator

Fig. 1: A: Location of the study area in Silesia, Poland; B: Study sites in the Widawa catchment area.

Data: Fig. 1: A: Country borders from Natural Earth Data (2013); B: Digital elevation model, Widawa catchment area and hillshade (z-factor
3) from one arc-sec SRTM-data from USGS (2000) with a horizontal resolution of 30 m; rivers from KZGW (2015); terminal moraine, Oder
glacial valley and (sub)glacial channel from Liedtke (1981).

Our focus is on a cluster of prehistoric slag sites recorded by the archaeological records (AZP,
since 1978). These sites are situated along the Widawa floodplain and concentrate around the
Michalice Reservoir (Fig. 2), which was dammed in 2001 (Wiatkowski et al., 2010). The

topography of the study area varies between 137 and 187 m above sea level (a.s.l.) and is
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characterized by flat landforms with hillslopes mostly below 1°, particularly rarely exceeding
5° inclination. Steeper natural slopes only occur at former undercut banks at the margins of
the Widawa floodplain, but never exceed 20°. The majority of slopes are exposed towards
south and north (CODGIK, 2013). On topographic maps from the late 19" century, the upper
reaches of the Widawa are represented by an anastomosing river system, and the lower
reaches are characterized by alternating meandering and anastomosing sections. Some parts of
the Widawa show straight courses and have been subject to hydraulic engineering measures

(TK25, 1886-1938). Today the river course is almost entirely regulated.

MichalicejRes

@ Middle Age site
@ Roman Period site

@ Hallstatt and Iron Ages site
®

o

mGlacial sand and gravel

-Sand and gravel of fissure infillings
-Sand and gravel of the esker

Fine clay and reworked loess
FIuviaI sand, loam and gravel of flood terraces
%Fluvial loam

ian
ion

-|Peat and peaty silt

H ]HHH Fluvial sandy silt of the valley floor
uvial sandy silt on fluvial sand and gravel

Holocene
laciati

Weichsell

Bronze Age site

glaciation  Saallan glaciation

Stone Age site e Fluvial sand and gravel of the valley floor & mGlacioﬂuvial sand and gravel (Warthe) -Glacial till
2 . . . 2 g P = o
¢ Geological signatures § < ® Lateral slope-wash sand, loam and clay 83 -Glacloﬂuwal sand and gravel (Drenthe) 8 EGlacxoﬂuwal fine sand and loam
XK =9 T © 8
(;3* Technogenic surface  2°¢ -Aeolian sand 88 mKames of loam and sand B 4-Glacial till

Fig. 2: Quaternary deposits with study sites and known archaeological sites since the Stone Age.

Data: Quaternary deposits from Geological detailed map 1 : 50.000 from Bartczak (1997), map sheet 0766; Cincio (1997), map sheet 0767;
Archaeological sites from AZP (since 1978) and Bykowski (1997); Current location of the Michalice Reservoir from CODGiK LiDAR data
(2013).

In the European context the climate of the study area is characterized by a rather cold
temperate, all-year humid continental climate with warm summers (Przybylak et al., 2010;
Koppen, 1931 after Kuttler, 2009; Climate-data.org, 1982-2012). Monthly temperatures
average between -2 and 18 °C and annual precipitation totals between 500 and 600 mm

(Pelzer, 1991; Rossner, 1998; Climate-data.org, 1982-2012).

Geologically, the Widawa catchment area belongs to the Pleistocene Old Drift landscape
(Liedtke, 1981) with Quaternary deposits reaching a thickness of up to 90 m (Bartczak, 1997).
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The oldest geological surface deposits are represented by glacial till of the Elsterian glacial
period (Table 1), exposed especially along the Widawa floodplain in the lower parts in the
south but also in the north and east of the study area (Fig. 2). These Elsterian glacial tills
reach a thickness of up to 35 m in the northwestern plateaus (Bartczak, 1997). Most of the
plateaus are covered by glacial till, sand and gravel of eskers deposited during the Drenthe
stadial of the Saalian complex and reaching up to 13 m thickness (Fig. 2). The upper slopes
are formed in glaciofluvial sand and gravel of the Drenthe stadial, while the lower slopes are
often covered by glaciofluvial deposits of the Warthe stadial, followed by fluvial and lateral
slope-wash deposits (translated according to Kittel et al. (2014) from the Polish term
‘deluvial’) accumulated during the Weichselian glacial period (Table 1). The lowlands of the

Widawa floodplain and its tributaries are covered by Holocene fluvial deposits (Fig. 2).

Apart from a general analysis of the study area the focus of this case study is on the sites of
Rychnéw, Lubska, Mtokicie and Pielgrzymowice, situated along the floodplain of the
Widawa River (Fig. 1B). The Rychnow site is regarded as key because sedimentological
record shows the most complete sequence of Pleistocene and Holocene deposits. According to
the AZP, Rychnéw, Lubska and Pielgrzymowice are classified as PRIA slag sites (AZP, since
1978).

3. Material and methods

In 2013 and 2014, two field campaigns conducted geomorphological mapping after Leser and
Stiblein (1985), and collected 16 percussion drillings along the Widawa floodplain
(Appendix, Table Al). From east to west, percussion drillings were arranged in transects at
the Rychnow, Lubska, Miokicie and Pielgrzymowice sites, respectively (Fig.2). These
drillings used a Wacker drilling hammer (BHF 30 S) with a 5 cm core diameter in an open or
closed driving core drilling system. All geographical coordinates were determined by
handheld GPS device. The vertical position in m a.s.l. and the topography of the transects
were derived from CODGiK LiDAR data (CODGiK, 2013) with a vertical resolution of
0.15 m (Appendix, Table Al).

Sediment cores were macroscopically described recording grain size and lithology, carbonate
and organic content, moisture, texture, rooting, hydromorphic and special features
(e.g. charcoal, macroplant remains, shell or ceramic fragments, etc.) to the standards of the
German Pedological Mapping Guide (Ad-Hoc-AG Boden, 2005). Soil color was determined
using the Munsell soil color chart (Munsell, 2000). Altogether 19 AMS radiocarbon (14C)
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dates from 11 drillings were analyzed at the Poznan radiocarbon laboratory, Poland (Table 2).
The calibration was conducted with OxCal 4.2 (Bronk Ramsey and Lee, 2013) applying the
calibration curve IntCall3 after Reimer et al. (2013). For the drillings of transect Rychnow I
(drilling profiles RYCHNOWI12, NAMYO02, NAMY03 and NAMYO07) the magnetic
susceptibility (MS), the loss on ignition (LOI), the total inorganic (TIC) and organic carbon
(TOC) contents, the pH value and the electric conductivity (EC) were determined. Profile
NAMYO0I was not analyzed in the laboratory as it represents a parallel drilling of profile
NAMYO02. The MS was measured for each closed core meter in 2 cm steps using a Bartington

MS2C. Subsequently, the sampling was conducted according to the stratigraphy.

The LOI was measured according to Dean (1974) and Heiri et al. (2001) at 550 and 900 °C
using a Thermo Scientific M110 Muffle Furnace. To estimate the TOC from the LOI at
550 °C the factor of 1*1.72"" was applied (Blume et al., 2010). To estimate the CaCOj; content
from the LOI between 550 and 900 °C the factor of 1*0.44” was used (Dean, 1974), and to
convert the CaCOs content to TIC the factor of 1*0.12 was applied (Bertrand et al., 2012;
Dean, 2009). Additionally, for selected samples, the total carbon (TC) was measured using a
LECO TruSpec CHN + S-Add-On Elemental analyzer and the TIC was measured using a
Wosthoff Carmhograph C-16 Carbon Analyzer (according to Bldttermann et al., 2012). The
TOC was calculated from the difference between TC and TIC (Schneider et al., 2015) and
converted to soil organic matter (SOM) applying the empirical conversion factor of 1.72 for
sediment and 2.00 for peats (Ad-Hoc-AG Boden, 2005). The pH values were measured using
a stationary HANNA instruments HI 221 Calibration Check Microprocessor pH Meter in a
suspension of 12.5 ml of 0.1 M KCl with 5 g sample material. The EC was measured using a
handheld HANNA instruments HI 98301 DiST® 1 TDS Tester in a suspension of 12.5 ml
purified water with 5 g sample material. For selected samples at the study site of Lubska, the
distribution of particle grain sizes smaller 1.5 mm was determined using a LS 13320 PIDS
Beckmann Coulter Laser particle size analyzer measuring a suspension of 3 ml 0.1 M sodium
pyrophosphate with 0.1 to 1.5 g sample material. For a geomorphological and
sedimentological interpretation of the vicinity of the drilling sites and a reconstruction of
surface models of different periods, the present CODGiK (2013) LiDAR DEM was combined
with the geological map 1 : 50.000 (Bartczak, 1997, map sheet 0766; Cincio, 1997, map sheet

0767) with a focus on the terrace levels and the sedimentological records.
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No  Sample ID Drilling ID Location Type Sampling depth Uncalibrated age* Calibrated age**
[transect] [carbon reservoir] [emb.s.] [a BP] [cal. ka BP, 25]

1 Poz-58500 NAMYO01 Rychnéw I Charcoal fragment 72 109.01 £ 0.31 0.14+0.11
2 Poz-58501 NAMYO01 Rychnow I Charcoal fragment 127 2,050 + 30 2.11+0.09
3 Po0z-59785 NAMYO02 Rychnéw I Charcoal fragment 138 2,450 + 70 2.54+£0.18
4 Poz-59786 NAMY02 Rychnow I Macroplant remains 303 7,330 + 40 8.15+0.13
5 Po0z-59787 NAMYO02 Rychnéw I Macroplant remains 437 8,820 £ 50 9.92+0.24
6 Poz-59788 NAMYO03 Rychnow I Charcoal fragment 114 2,960 + 70 3.14+0.21
7 Poz-59713 NAMYO03 Rychnéw 1 Charcoal fragment 482 > 51,000 >51.0

8 Poz-58502 NAMY04 Mtiokicie Charcoal fragment 46 900 + 30 0.82+0.09
9 Poz-58504 NAMY04 Miokicie Charcoal fragment 96 1,185+ 30 1.11+0.11
10 Po0z-58505 NAMY04 Miokicie Charcoal fragment 194 2,960 + 60 3.14+0.19
11 Po0z-59714 NAMY06 Miokicie Macroplant remains 129 2,245 + 30 2.55+0.09
12 Poz-59715 NAMYO06 Miokicie Charcoal fragment 268 37,200 + 700 41.49+1.15
13 Poz-68342 LUBSKA09 Lubska Bulk sample (organic) 238 38,000 + 900 42.10 + 1.46
14 Po0z-68343 LUBSKAQ9 Lubska Macroplant remains 454 39,000 + 1,000 43.06 + 1.55
15 Poz-71621 RYCHNOW 12 Rychnow I Bulk sample (organic) 105 565+ 30 0.58 £0.06
16  Poz-71464 RYCHNOWI12 Rychnow I Macroplant remains 371 9,420 + 80 10.75 +0.33
17 Poz-68346 RYCHNOW 13 Rychnéw 11 Charcoal fragment 149 2,005 + 30 1.96 = 0.08
18 Poz-68344 PIELW14 Pielgrzymowice Macroplant remains 218 9,770 + 60 11.09 +£0.21
19 Poz-68345 PIELW14 Pielgrzymowice Macroplant remains 269 15,480 + 180 18.74 £ 0.18

4. Results and discussion

4.1 Radiocarbon datings

*measured at the Poznan Radiocarbon Laboratory, Poland.
**calibration with OxCal 4.2 (Bronk Ramsey and Lee, 2013), calibration curve IntCall3 after Reimer et al. (2013).

The 19 calibrated stratigraphically consistent '*C-dates vary between 0.14 and more than

51.0 ka BP (Table 2). The oldest age was determined for the Rychnow site, which was out of

14C-dating range, followed by three dates from the Mtokicie and Lubska sites with dates

between 41.5 and 43.0 ka BP. At the Rychnow site another three dates are clustered to dates

between 8.2 and 10.8 ka BP. With a total of six dates the majority of '*C-dates obtained from

the sediment records are concentrated in the period between 2.0 and 3.1 ka BP (Table 2;

Fig. 3).

4.2 Drilling transects

In the following paragraphs the sediment succession of the drilling transects is presented,

discussed and interpreted. The complete field data records are presented in the appendix

(Appendix, section Al).
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Fig. 3: Chronological overview and integration of the '*C-datings of the study area.

Data: 14C-dates conducted at the Poznan Radiocarbon Laboratory, Poland; calibration conducted with OxCal 4.2 (Bronk Ramsey and Lee,
2013), calibration curve IntCall3 after Reimer et al. (2013), ages given in a confidence range of 2c; Pleistocene chronology according to
Marks et al. (2015), Marks (2012), Borner (2007), Krzywicki (2002) and Wysota et al. (2000); Holocene chronology according to Walanus

and Nalepka (2005), Starkel (1995) and Starkel et al. (2006); pre- and historical chronology according to Kiimmel (2009), Haberstroh (2000),
Goetz (2003), Borgolte (2002) and North (2007); sedimentological facies according to Ad-Hoc-AG Boden (2005).

4.2.1 Study site of Rychnéw

The study site of Rychnow is situated in the south of the Michalice Reservoir (Fig. 4A),
downslope of three prehistoric iron slag sites (Fig. 4B). The parent material of the site is
characterized by Saalian glacial till (Drenthe) on the plateaus (Fig. 2), cropping out Saalian
glaciofluvial fine sands and loams (Early Drenthe), Saalian glaciofluvial sand and gravel
terraces (Warthe), lateral Weichselian slope-wash sand, loam and clay along the tributary and
Holocene peats and peaty silts along the Widawa floodplain (Fig. 4B). Two drilling transects
were conducted. The southern transect Rychnow 1 includes five drillings (profiles
RYCHNOWI12, NAMYO0I, NAMY02, NAMY03 and NAMYO07) covering an alluvial fan at
the outlet of a lateral tributary to the Widawa floodplain. The northern transect Rychnow 11
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was conducted on two different Pleistocene terrace levels at 2 to 4 m above the current

floodplain level and consists of two profiles, RYCHNOW 13 and RYCHNOW17 (Fig. 4B).
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Fig. 4: Overview (A) of the geological and geomorphological setting of Rychnow (B), Lubska (C),
Mtokicie (D) and Pielgrzymowice (E).

Data: 4.A.: Digital elevation model and hillshade (z-factor 3) derived from downscaled 10 m horizontal resolution LiDAR-data from
CODGIK (2013); rivers from TK25 (1886-1938); lakes and reservoirs from CODGiK (2013); 4.B./C./D./E.: Quaternary deposits from
Geological detailed map 1 : 50.000 from Bartczak (1997), map sheet 0766; Cincio (1997), map sheet 0767, corrected according to the results
from the drilling campaign; rivers from TK25 (1886-1938), 1: 25.000; hillshade (z-factor 3) derived from 1 m horizontal resolution LiDAR-
data from CODGIK (2013); archaeological sites AZP (since 1978) and Thelemann et al. (2016).

Sediments exposed along transect Rychnéw I show a succession of Elsterian to late-Holocene
deposits of sandy, silty, clayey and loamy sediments with varying organic and inorganic
carbon contents as well as Holocene peat layers (Fig. 5). The 6 m deep profile RYCHNOW12
is characterized by a mostly calcareous succession of loams, sands, peats and gyttja with very
strong organic content and a sand layer at the top (Fig. 5). The neighboring 3 m deep profile
NAMYO1 is characterized by a peat layer at the base and an overlying alternating sequence of
loams and sands. The parallel 5 m deep profile of NAMYO02 shows a succession of sand, peat,
sandy loam, loam and sand at the top. The 5 m deep profile NAMYO03 is characterized by a
series of loam, sand and clay, overlain by sand layers with sandy loam at the top. The 4 m
deep profile NAMYO07 is characterized by a succession of sandy loam, clay and a thick

sequence of sand layers with sandy loam at the top (Fig. 5).
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Nine main depositional phases are distinguished for transect Rychnow I:

A. Elsterian glacial till: The oldest sediments are detected at the bases of profiles
RYCHNOWI12 (unit I) and NAMYO07 (unit I). Both units are characterized by carbonate-
containing, badly sorted, coherent loam with single coarse gravels (Fig. 5), typical for
regional glacial till deposits (Krzyszkowski and Kuszell, 2007). Correlation between both
units is supported by similar MS-, pH- and EC-values (Fig. 6). Since these layers cannot be
associated with Saalian glacial till deposits of the Warthe stadial, which occur at the surface
of the local upslope area (Fig. 2), these deposits are assigned to glacial formations of the
Elsterian glacial period, corresponding to the parent material in the northern part of the study

area, outcropping below 150 to 160 m a.s.l. (Bartczak, 1997).
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comprising MS-, TOC-, TIC-, pH- and EC-values.

B. Saalian glaciofluvial fine sand and loam: A calcareous succession of clay, loam and sand
at profile NAMYO03 (unit I-IV) dates to an age of more than 51 ka BP (482 cm depth below
surface (b.s.); Fig. 3) and is therefore older than the Weichselian middle pleniglacial (Fig. 3).
These sediments are interpreted as Saalian glaciofluvial deposits due to their relative position,
also confirmed by Cincio (1997), who mapped outcropping Saalian glaciofluvial deposits

superimposing Elsterian glacial deposits in the direct vicinity of the transect (Fig. 4D). Since
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these basal Elsterian and Saalian sequences are neither detected in the present floodplain
(profiles RYCHNOW12 and NAMYO02) nor at the upper profile NAMYO07, they were either

eroded before younger Pleistocene deposits accumulated or not deposited at these locations
(Fig. 5).

C. Weichselian fluvial deposits: In the floodplain (profile RYCHNOW12, units II and III)
well-sorted, fine-grained and -layered, fine gravel-bearing sands with shell fragments,
synsedimentary carbonate contents (between 1.4 and 5.8 mass% CaCO3), SOM contents of up
to 2.0 mass% and particularly high pH values of up to 8.8 occur, which are interpreted as
Weichselian fluvial deposits. The MS-peaks in these formations (Fig. 6) probably result from
the gravel interlayers (Fig. 5).

D. Lateral Weichselian slope-wash sand, loam and clay: At profile NAMYO03 (unit V) and
NAMYO07 (unit II) slightly carbonatic (between 0.2 and 0.5 mass% CaCOs3), thinly layered
clay was deposited, followed by fine gravel-bearing (fine) sand (profiles NAMY03, unit Vla
and NAMYO07, unit IV) with significantly low MS-values (Fig. 6). The stratigraphic position,
the low carbonate contents and the fine succession of clays, loams and sands point to lateral
Weichselian slope-wash sand, loam and clay deposits from the lateral valley. This
corresponds to observations described by Cincio (1997) for the immediate vicinity of the
transect (Fig. 4B). These formations, identified in profiles NAMY03 and NAMY07, deposited
as Pleistocene alluvial fan deposits at the mouth of a local tributary into the Widawa valley
(Figs. 4B and 5). The MS-peak at profile NAMYO07 (unit IV) is ascribed to the coarse gravel
contents. In contrast, profiles RYCHNOWI12, NAMYO0l and NAMYO02 lack Ilateral
Weichselian slope-wash formations. These deposits possibly reached further into the Widawa

floodplain but might be eroded by the late-Pleistocene, braided Widawa.

E. Holocene fluvial/fluviolacustrine tufa and peat deposits: During the early Holocene, units
of peats, gyttja and fine sand with significant organic contents were formed or deposited.
Profile RYCHNOW12 (unit IV) shows fluviolacustrine peat deposits with shell fragments that
date to 10.75 + 0.33 cal. ka BP (371 cm depth b.s.; Fig. 3), which corresponds to the Preboreal
of the Blytt-Sernander sequence at the beginning of the Holocene (Table 1; Fig. 3). The
(loamy) sands at the same absolute depth of 149 m a.s.l. at profile NAMYO02 (unit I) are dated
slightly younger at 9.92 + 0.24 cal. ka BP (Fig. 3), which corresponds to the Boreal (Table 1;
Fig. 3). All peat layers are characterized by distinctly increased MS-, EC- and TOC-values
equivalent to up to 52.2 mass% SOM (Fig. 6). Subsequently, at profile RYCHNOWI12

(units V-VII), a succession of fine sand, gyttja and peat was formed in the Widawa floodplain,
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pointing to a succession of fluvial and fluviolacustrine facies as described by Helbig and De
Klerk (2002). Due to texture, TOC-contents and position of the peat layers at profiles
RYCHNOWI12 (unit VII), NAMYO1 (unit I) and NAMYO02 (unit [V), it is suggested that
these layers represent a coherent formation (Fig.5). At profile NAMYO02 (unit IV) this
formation dates to 8.15 = 0.13 cal. ka BP (Fig. 3), and thus to the Atlantic period (Table 1;
Fig. 3). At profiles NAMYO01 (unit [la), NAMYO02 (unit Va) and NAMYO03 (unit VIb) these
layers are followed by particularly carbonate tufa layers with carbonate contents between 80.8
and 89.1 mass% CaCOs (Fig. 6). As these formations are directly situated on top of Atlantic
peat layers (profiles NAMYO0I and NAMYO02; Fig. 5) they probably also precipitated during
this warmer and very humid period, as is typical for tufa layers throughout northern Central
Europe (Goudie et al., 1993; Dabkowski, 2014; Ford and Pedley, 1996). Carbonates often
precipitate at or close to the surface when dissolved CO, degasses from carbonate-containing
groundwater due to increasing temperatures and decreasing pressure (Griffiths and Pedley,
1995). The similarly high carbonate contents at profiles NAMY02 and NAMYO03 indicate that
these tufa layers can be traced in these profiles and that their difference in altitude represents
the relief of the former surface (Fig. 5). The overlying deposits at profiles RYCHNOW12
(units VIII and IX), NAMYOI (units IIb, III and IV) and NAMYO02 (units Vb and VI) again
include shell fragments, typical for the local floodplain deposits, and therefore point to
Holocene floodplain deposits (Fig. 5). Especially at profile NAMYO02 these layers show
distinctly increased MS-values and TIC-contents (Fig. 6).

F. Holocene alluvial fan deposits: During the late Holocene the local alluvial fan was
reactivated at the mouth to the Widawa floodplain and deposited sandy material, as found in
profiles NAMYO03 (units VII and VIII) and NAMYO07 (unit VII). At profile NAMYO03 these
layers date to the Late Bronze Age (3.14 £ 0.21 cal. ka BP; 114 cm depth b.s.; Fig. 3). In unit
VII these deposits are strongly cemented and dominated by hydromorphic features and iron
concretions, which — according to Puttkammer (2012) — point to bog iron ore layers. The iron
in this formation is a secondary deposition, precipitated post-sedimentarily by flows of iron-
containing groundwater in the zone of groundwater oscillation (Puttkammer, 2012). This layer
is also characterized by decreased pH values and increased MS-values as well as TIC-contents
equivalent to up to 45.9 mass% CaCOs (Fig. 6). The following distinct MS-peaks at profiles
NAMYO03 (between units VIIIa and VIIIb) and NAMYO07 (between units VIla and VIIb)
indicate that the deposits of both sediment sequences belong to the same depositional
succession, which is divided into two phases (Figs. 5 and 6). Each of the lower units, unit

VIila (NAMYO03) and VIla (NAMYO07), is characterized by at least a short post-sedimentary
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pedogenesis, identified due to the increasingly dark soil color and a SOM increase of up to
1.9 mass% SOM (NAMYO07, unit VIla; Fig. 5) with decreasing depth (Morgan, 2005).
Subsequently, in unit V of profile NAMYO01 and units VII and VIII of profile NAMYO02,
sandy loam and loamy sand deposited. At profile NAMYO02 these sediments date to the early
pre-Roman period (2.54 + 0.18 cal. ka BP; 138 cm depth b.s.; Fig. 3; Table 1) and at profile
NAMYO1 to the late pre-Roman period (2.11 £0.09 cal. ka BP; 127 cm depth b.s.; Fig. 3).
Several arguments indicate that these layers were also deposited as part of the tributary’s
alluvial fan formation: (i) The contour line at 152 m a.s.l. in Fig. 4B shows that profiles
NAMYO01 and NAMYO0?2 are situated within the depositional zone of the alluvial fan. (ii) The
grain size composition of these formations is finer than the alluvial fan deposits at profiles
NAMY03 and NAMYO07 (Fig.5), which corresponds to the downslope fining that
characterizes alluvial fans (Superson et al., 2015). (iii) The '*C-dates, which are dedicated to
the alluvial fan deposits (Fig. 5), show younger ages to the northwest, which reflects the
direction of expansion of the alluvial fan. Also the organic contents of up to 7.4 mass% SOM
(profile NAMYO02, unit VIII) are not particularly high for originary alluvial deposits
(Zygmunt, 2009), but can also be explained by post-sedimentary SOM enrichment during the
subsequent pedogenesis (Morgan, 2005).

G. Holocene peat deposits: At profile RYCHNOW 12 (unit X), a third peat layer was formed,
indicating another fluviolacustrine phase in the Widawa floodplain, dated to the Late

Medieval period (0.58 + 0.06 cal. ka BP; Fig. 3).

H. Late-Holocene deposits: Following this peat layer, profiles RYCHNOWI2 (unit XI),
NAMYO01 (unit VI), NAMYO02 (unit IX), NAMYO03 (unit IX) and NAMYO07 (unit VIII) were
covered by layers of (sandy) loams and loamy sands with low organic carbon contents. It
could not be determined whether these deposits are coherent alluvial or colluvial formations.
While humus contents of up to 12.0 mass% SOM (profile RYCHNOW12, unit XI) point to
colluvial formations (Smolska, 2007), their location in the river valley and outside of the
footslope typically rather points to an alluvial deposition (Fuchs et al., 2010). At profile
NAMYOI1 at a depth of 72 cm b.s. these layers date to modern periods (0.14 = 0.11 cal. ka BP;
Fig. 3). At profiles NAMYO03 (unit IX) and NAMYO07 (unit VIII) these layers represent the

recent topsoil.

1. Artificial embankment: At profiles RYCHNOWI12 (unit XII), NAMYO0l (unit VII) and
NAMYO02 (unit X) the topsoil is characterized by (silty) sand and interpreted as an artificial
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embankment to stabilize the pathway along which the lower part of the transect was
conducted in the Widawa floodplain (Fig. 5).

Transect Rychnow II shows a succession of Saalian glaciofluvial to late-Holocene deposits
comprised sandy, silty and loamy sediments with varying carbonate and organic carbon
contents, as well as Holocene colluvial layers (Fig. 7). Downslope of transect Rychnow II the
4 m deep profile RYCHNOWI13 is characterized by decreasing grain size with decreasing
depth, reaching from sand to loam, overlain by a sandy topsoil. Units III and IV are distinctly
darker containing ceramic/brick fragments. In contrast, the 4 m deep upper profile
RYCHNOW 17 shows a relatively fine stratigraphy dominated by loamy deposits with a sandy
topsoil (Fig. 7).
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Fig. 7: Drilling transect at Rychnow II.

Three main depositional phases are distinguished for the transect Rychnow II:

A. Saalian (Warthe) glaciofluvial sandy and loamy terrace deposits: According to the
geology (Cincio, 1997) and topography (Fig. 4B) the transect is situated at the transition
between an older upper (profile RYCHNOW 17) and a younger lower (profile
RYCHNOW13) glaciofluvial terrace level of the Warthe stadial. Due to the lack of

“C-datable material a further absolute chronology was not possible. Nevertheless, the
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moderately sorted, mostly sandy and loamy grain size and the calcareous layers on different
levels of the middle section at profiles RYCHNOWI13 (unit II) and RYCHNOW17 (unit III)
are characteristic for glaciofluvial deposits (Raukas and Stankowski, 2005), although gravels
are not detected in these formations. The lower glaciofluvial terrace level of 151.5 m a.s.l. at
profile RYCHNOW13 suggests — as a hypothesis — that a glaciofluvial or fluvial erosion
event removed postulated overlain deposits at RYCHNOW 13, which today only remained as
upper terraces at RYCHNOW17.

B. Original aeolian loess deposits: The upper part of profile RYCHNOW17 (unit VI) is
characterized by a layer of very well-sorted, unstratified, silty deposits without particles
> 2 mm, which, according to Krajcarz et al. (2015), indicates an original loess layer. Although
loess is typical for periglacial Pleistocene landscapes (Krajcarz et al., 2015), the study area is
not known for vast loess accumulations (Ralska-Jasiewiczowa, 1983; Bartczak, 1997; Cincio,
1997) and the detected formation accordingly only represents a relatively thin loess layer,

which was not further temporally classified.

C. Holocene colluvial deposits: The upper part of profile RYCHNOW 13 (units III and IV)
shows (at least) two phases of Holocene colluvial depositions. The base of the first
accumulation phase at profile RYCHNOW13 (unit III) dates to the beginning of the Roman
period (1.96 + 0.08 cal. ka BP; Fig. 3). This phase is characterized by a 54 cm thick layer of
sandy loam with increasing organic contents towards the top, indicating a more stable phase
documented by a relic soil (Morgan, 2005). However, it is possible that increased Holocene
sedimentation rates impeded the microbial decomposition of organic carbon in the soil
sediments (Schiitt, 2004). The second phase is characterized by a 71 cm thick sandy layer,
which shows an advanced pedogenesis that clearly indicates another phase of stability (Fig. 7;
Morgan, 2005). The location and age in combination with ceramic fragments of the lower
colluvial phase enable a classification as a cultural layer possibly related to the prehistoric
slag sites of Rychnow 7 and 8 (AZP, since 1978), which are situated directly upslope of this
transect (Fig. 4B). In contrast, the upper colluvial phase is of younger age, showing the
current pedogenesis. The location of profile RYCHNOW17, downslope of an agricultural
field currently in use and directly upslope of a terrain step, points to a dynamic situation
regarding the erosion and accumulation of sediments. The clear transition involving a change
in the grain size between top- and subsoil at a depth of 25 cm indicates a plough horizon

caused by former tillage (Fig. 7).
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4.2.2 Study site of Lubska

The study site of Lubska is situated downstream of Rychnow and west of the town Namystow
(Fig. 4A), located in the direct vicinity of a prehistoric iron slag site. The site is
geomorphologically characterized by Weichselian terraces along the Holocene Widawa
floodplain. In the vicinity of this site Elsterian glacial till crops out (Fig. 2). The drilling
transect at Lubska includes three drillings (profiles LUBSKA09, LUBSKA10 and
LUBSKAI11), which are situated in the transition zone between the Holocene Widawa
floodplain composed of fluvial sandy silt (Bartczak, 1997) and Weichselian terraces made of

fluvial sand, loam and gravels (Fig. 4C).

The transect shows a succession of Elsterian glacial till, aeolian sands and Holocene deposits
made of sandy, silty and loamy sediments with varying carbonate and organic carbon contents
(Fig. 8). At this transect the downslope profile LUBSKAOQ9 is characterized by a relatively
fine-layered stratigraphy, which mostly consists of fine gravel-bearing sand alternating with
fine organic-rich layers below the depth of 2 m b.s. (units II-V; Fig. 8). From base to top the
3 m deep footslope profile LUBSKA10 shows loamy deposits with decreasing carbonate
contents (units I and II), followed by carbonate-free sand (unit III). The topographically
uppermost profile LUBSKAT11 is 3 m deep and shows a loamy base (units I and II), followed
by sand (from unit III) with ceramic/brick fragments in the topsoil (units IVb and c; Fig. 8).

Five main depositional phases are distinguished for the transect at Lubska:

A. Elsterian glacial till: The base (units I) of each of the profiles shows slightly to moderately
carbonate-containing, badly-sorted (sandy) loam with a coherent texture and content of fine
gravel (profile LUBSKAOQ9) or single coarse gravels (profiles LUBSKA10 and LUBSKAI11;
Fig. 8). The grain size distribution is badly sorted, varying between coarse clay and sand
(particle size curves in the Appendix, Figs. A2.1.5, A2.2.3 and A2.3.4). In total these
characteristics refer to glacial till deposits (Krzyszkowski and Kuszell, 2007). In accordance
with the geological map (Fig. 2), these formations are assigned to glacial formations of the
Elsterian glacial period, covered by Weichselian and Holocene deposits at the left Widawa

river bank (Fig. 2).
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Fig. 8: Drilling transect at Lubska.

B. Reworked Elsterian glacial till: Units II at the profile LUBSKA10 and LUBSKAI1I
display slightly better-sorted and partly decalcified sediments of similar texture compared to
the underlying glacial till (unit I; Appendix, Fig. A2.2.2). Correspondingly, these units are
interpreted as reworked Elsterian glacial till. It cannot be determined whether this reworking
took place subglacially by meltwaters or post-sedimentarily involving weathering and

decalcification processes (Wozniak and Czubla, 2015).

C. Alternating layers of Weichselian fluvial sand/loam: The absence of the (reworked)
Elsterian glacial till deposits in the Widawa floodplain at profile LUBSKAOQ9 to a level of
c. 139.3 m a.s.l. is interpreted as a result of subsequent erosion that removed these deposits
down to this level. Subsequently, at LUBSKAQ9 (units II-V) well-sorted fluvial medium
sands and gravels deposited, superimposing the till deposits. The fine and heterogeneous
structure of these c. 2.7 m thick formations points to several accumulation phases.
Radiocarbon at depths of 454 cm b.s. (43.06 £1.55 cal. ka BP) and 238 cm b.s. (42.10
+ 1.46 cal. ka BP) match to the relatively short period of the Hengelo interstadial of the
Weichselian middle pleniglacial period (MIS 3; Table 1).

D. Original and reworked aeolian sands: At LUBSKAT1I1 (units IV-V) layers of very well-
sorted (Appendix, Figs. A2.3.2 and A2.2.3), well-rounded, stratified and cross-bedded fine
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sands without particles > 2 mm are detected. These characteristics rather point to aeolian than
to fluvial depositions (MaaB et al., 2010). These formations are not dated and recorded in the
geological map (Bartczak, 1997) and were therefore not temporally classified. However,
Weichselian aeolian sands typically occur in small-scale accumulations along the floodplain
of the Widawa River (Fig. 2). Nevertheless, due to overlying soil development a younger
period of dune formation during the medieval is not assumed. On top of these formations at
LUBSKAT1I (unit VI) similarly well-sorted sands with a bimodal particle size distribution
(Appendix, Fig. A2.3.1) and scattered medium gravels accumulated (LUSBKAT11, unit VI),

which are interpreted as reworked aeolian sands.

E. Holocene well-sorted, fluvial fine sand: During a subsequent incision phase parts of the
Weichselian deposits were probably eroded, before well-sorted Holocene fine and medium
sands accumulated at profiles LUBSKA(09 and LUBSKA10. The location and the partly
embedded gravels indicate a fluvial genesis. Subsequently, before the vicinity of the study site
was used as pastureland, the margins of the Widawa floodplain were used for arable farming,
as the clear 30 cm deep boundaries of the organic-rich topsoil at profiles LUBSKA10
(unit IIIb) and LUBSKAT11 (unit VII) indicate (Fig. 8; Bausenwein et al. 2008).

4.2.3 Study site of Mlokicie

The study site of Mtokicie is situated between the sites of Lubska and Pielgrzymowice
(Fig. 4A) and represents a site at the margins of the Widawa floodplain, where the Holocene
Widawa incised into Saalian glacial till (Fig. 2). In contrast to the other study sites, this site
has no spatial association with known archaeological sites (Fig. 4D). The drilling transect at
Mtokicie includes three drillings (profiles NAMY06, NAMY04 and NAMYO05) and covers
the margin of the Widawa floodplain. The topography of the site is characterized by a clear
terrain step along the floodplain, which is reflected in the different height levels between
profiles NAMY04 and NAMYO05. The transition zone from the Holocene Widawa floodplain
to the lateral Saalian glacial till of the Drenthe stadial is situated in the southwest of the

transect (Fig. 4D).

The transect shows a succession of fluvial Weichselian and Holocene deposits that comprises
sandy, silty and loamy sediments with varying carbonate and organic carbon contents (Fig. 9).
The 4 m deep lower profile NAMYO06 is characterized by an alternating sequence of gravelly
loam (units I, III, V and VII) and sand (units II, IV, VI and VIII) with a distinct topsoil most
recently transformed by tillage (Fig. 9). The 2 m deep profile NAMY 04, located at the foot of

the terrace can also be described by a multiple sequence of mostly gravelly loam (units I, III
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and V) and sand (units II and IV). The 2 m deep NAMYO0S5, located on the upper Holocene
terrace level, is characterized by alternating sequences of loam (units I and III) and sand

(units IT and IV; Fig. 9).
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Fig. 9: Drilling transect at Mtokicie.

Two main depositional phases are distinguished for the transect at Mlokicie:

A. Weichselian fluvial deposits: At the bases of profile NAMYO06 (unit I) the carbonate-
containing, badly-sorted sandy loam with fine gravels and shell fragments dates to 41.49
+ 1.15 cal. ka BP (268 cm depth b.s.; Fig. 3) and therefore corresponds to the Weichselian
deposits of the Hengelo interstadial detected at Lubska (MIS 3; Table 1).

B. Holocene fluvial deposits: Subsequently, Holocene gravelly fluvial sand and slightly
carbonatic fluvial sandy loams were deposited at profile NAMY06 (units II and III), of which
the latter is parallelized to the calcareous (gravelly) sandy loam of the Holocene base of
profiles NAMYO04 (unit Ia) and NAMYO05 (unit [a). For profile NAMYO04 these deposits are
dated to the Late Bronze Age (3.14 + 0.19 cal. ka BP; 194 cm depth b.s.; Fig. 3). At profiles
NAMY04 and NAMYO05 the upper part of these layers are decalcified. At profiles NAMY06
(unit IV) and NAMYO04 (unit II) gravelly fluvial sands subsequently deposited, which for
profile NAMYO06 are dated to the pre-Roman Iron Age (2.55 + 0.09 cal. ka BP; 129 cm depth
b.s.; Fig. 3). These deposits are overlain by fluvial (sandy) loam at profiles NAMY06 (unit V)
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and profile NAMY04 (unit III). For NAMYO04 (unit III) these loams are dated to the Early
Medieval period (1.11 + 0.11 cal. ka BP; 96 cm depth b.s.; Fig. 3). Successively, fine gravel-
bearing fluvial sand was uniformly deposited at all profiles, NAMYO06 (unit VI), NAMY 04
(unit IV) and NAMYO05 (unit II). At profile NAMYO06 (unit VII) the base of the 52 cm thick
organic topsoil has the character of a colluvial deposition. For profile NAMY 04 the accordant
layer (unit V) dates to the High Medieval period (0.82 + 0.09 cal. ka BP; 46 cm depth b.s.;
Fig. 3). The 30 cm deep organic-rich layers with a clear boundary in the profiles are

characteristic for the current plough horizon (Bausenwein et al., 2008).

4.2.4 Study site of Pielgrzymowice

The study site of Pielgrzymowice represents the most western site (Fig. 4A) and is situated in
the direct vicinity of a previously investigated prehistoric iron smelting site (Fig. 4E;
Thelemann et al., 2016). The transect includes three drillings (profiles PIELW14, PIELW15
and PIELW16) and covers the transition from the Holocene Widawa floodplain, over the
Weichselian terrace to lateral Weichselian slope-wash deposits in the northern part of the

widening tributary valley (Fig. 4E).

The transect shows a succession of Saalian, Weichselian and Holocene deposits consisting of
sandy, silty and loamy sediments with varying carbonate and organic carbon contents (Fig. 9).
The 4 m deep downslope profile PIELW14 is characterized by sand predominating in the
lower (units I-11I) and middle part (unit IV) and loam characterizing the overlying layers (unit
V; Fig. 10). The 3 m deep slope profile PIELW15 shows sandy (units I and V) and badly-
sorted silty deposits (units II and IV) with an embedded c. 20 cm thick loamy layer (unit III).
The 3 m deep upslope profile PIELW 16 is characterized by loam with a number of scattered
gravels (units I-1IT) and a sandy topsoil (unit IV; Fig. 10).

Seven main depositional phases can be distinguished for the transect at Pielgrzymowice:

A. Saalian glacial till: The oldest sediments are detected at the base (unit I) of the upslope
profile PIELW 16 and are assigned to the Saalian glacial till that represents the subsurface in
the vicinity of Pielgrzymowice (Fig. 4E). These sediments are characterized by carbonate-
containing, badly sorted, coherent, unstratified, sandy loam embedded with single coarse
gravels (Fig. 10), which is again typical for regional glacial tills (Krzyszkowski and Kuszell,
2007).
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Fig. 10: Drilling transect at Pielgrzymowice.

B. Reworked Saalian till: On top of the Saalian glacial till in profile PIELWI16, partly
decalcified, slightly layered and well-sorted sandy loam with single coarse gravels (unit II)
occurs. Due to their similar texture these formations are interpreted as reworked Saalian
glacial till deposits. The decalcification can either be attributed to a sub- or post-glacial
reworking (Wozniak and Czubla, 2015) combined with chemical weathering or relic soil-

forming processes, e.g. during the Eemian interglacial (Table 1; Jary, 2009).

C. Weichselian fluvial deposits: After a subsequent incision phase that eroded the
autochthonous and reworked Saalian till at profiles PIELW14 and PIELWI15 along the
Widawa floodplain, well-sorted, fine-grained and -layered fluvial sands with significant
organic contents deposited at profiles PIELW 14 (units I-1IT) and PIELW15 (units I and II). At
profile PIELWI14 these fluvial deposits dated to the late-Weichselian glacial period
(18.74 + 0.18 cal. ka BP; 269 cm depth b.s.; Fig. 3).

D: Weichselian terrace deposits: The following loamy texture at profile PIELW15 (unit III)
indicates a facies change. In accordance with the geological map (Bartczak, 1997) these

formations are interpreted as Weichselian terrace deposits.

E. Lateral Weichselian slope-wash deposits: Subsequent to the Weichselian terrace deposits,
laterally deposited sandy loams with single coarse gravels accumulated at profile PIELW16
(unit III), originating from the local tributary. Corresponding to Bartczak (1997), these
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sediments are interpreted as lateral Weichselian slope-wash deposits (Fig. 4E). A comparison
of the level of the Weichselian deposits in profiles PIEL14 and PIEL1S5 points to another

incision phase along the Widawa floodplain to a level of c. 139 m a.s.1.

F. Holocene fluvial deposits: In profile PIELW 14 (unit IV) overlying fine layered sands with
alternating humus contents occur and date to 11.09 £ 0.21 cal. ka BP (218 cm depth b.s.;
Fig. 3). They can thus be assigned to the Preboreal at the beginning of the Holocene (Fig. 3,
Table 1).

G. Colluvial deposits: At profile PIELW 14 (unit V) organic rich (sandy) loams accumulated
as colluvial deposits at the transition between slope and floodplain, possibly induced by the
prehistoric settlement and smelting activities (Thelemann et al., 2016). The uppermost 30 cm
deep organic-rich layers with a clear lower boundary represent the current plough horizon of

the present tillage (Fig. 10; Bausenwein et al., 2008).

4.3 Late-Quaternary landscape evolution

During the Elsterian glacial period (MIS 12; Table 1) the oldest preserved near-surface
deposits of the study area accumulated (Bartczak, 1997). These glacial till deposits crop out in
different areas mainly along the Widawa floodplain (Fig. 2) and represent typical parent
material, forming the subsurface of the Saalian plateaus in the study area (Bartczak, 1997).
These deposits are documented at the bases of transects Rychnoéw I (Fig.5; profiles

RYCHNOW 12 and NAMY07) and Lubska (Fig. 8; profiles LUBSKA10 and LUBSKAT11).

After the subsequent Holsteinian interglacial (MIS 11; Table 1), during the Drenthe stadial of
the Saalian complex, glaciofluvial fine sands and loams deposited on the Elsterian base and
today crop out at the eastern and western slopes of the Widawa valley in the vicinity of

Rychnow (Fig. 2), as shown at the base of transect Rychnow I (Fig. 5; profile NAMY03).

With the Drenthe ice advance (MIS 6; Table 1) glacial till was subsequently deposited, which
is today preserved on plateaus of the study area (Fig. 2) and localized as basal unit of transect
Pielgrzymowice (Fig. 10; profile PIELW16). The northwest to southeast orientation of the
eskers in the northwest of Namystow (Fig. 2) indicates that this ice advance crossed the area
from northwest to southeast (Fig. 11A). Accordingly, for this stage Liedtke (1981) mapped a
glaciogenic channel in the southeast of the study area (Fig. 1B), which formed the previous
southeasterly discharge direction of subglacial melt waters parallel to the direction of the ice
advance. It is suggested that the current discharge direction in southwestern direction, through

the relatively narrow Widawa valley northeast of Namystow, was blocked during this period
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by sediments of the Drenthe ice advance (Fig. 1B). With the ice retreat during the late
Drenthe stadial, the discharge direction changed to southeast. With the beginning incision of
Drenthe meltwaters into the Saalian glacial till the late Pleistocene Widawa valley began to
develop (Fig. 11B). The course of this valley was determined by the ice marginal position:
near the ice margin the discharge direction ran southward, orthogonal to the ice marginal
position, and then turned westward at Namystow, parallel to the ice margin (Fig. 1B).
Subsequently, still during the late Drenthe stadial, glaciofluvial sands and gravels deposited
along the initial Widawa valley floor, as typical for braided river systems (Fig. 11C; Kaiser et
al., 2012). Today these deposits are predominantly eroded and only preserved as upper
Drenthe terraces along the Widawa floodplain (Fig. 2).

A: Last ice advance in B: Ice retreat in late C: Final stage of the
Saalian Drenthe stadial ~ Saalian Drenthe stadial  Saalian Drenthe stadial

\1 0 s / ;;

D: Saalian Warthe stadial  E: Weichselian glaciation F: Present

Projection:
WGS 1984 UTM Zone 33N

Deposition
[ Holocene fluvial/aeolian deposits Saalian glaciofluvial deposits (Warthe) [N Saalian glacial deposits (Drenthe)
|:| Weichselian fluvial/aeolian deposits - Saalian glaciofluvial deposits (Drenthe) - Elsterian glacial deposits

© Drilling cores in the respective archive of the sedimention periods > Proven early human impact

Fig. 11: Drafts of the landscape development from the last direct ice coverage to the present.

Data: 11A: Direction of ice advance derived from esker orientation, height of the ice sheet not true to scale; B to F: Surface models, deposits
and river systems reconstructed and illustrated through a combination of the Geological detailed map 1 : 50.000 from Bartczak (1997), map
sheet 0766, and Cincio (1997), map sheet 0767 and the present CODGiK (2013) LiDAR DEM (Generalized DEM with 10 m horizontal
resolution, hillshade z-factor 3) with a focus on the terrace levels and the sedimentological records (Section 4). Present rivers from TK25
(1886-1938). Relief 20 times superelevated. Projection: WGS 1984 UTM Zone 33N.

Since the Seyda interstadial (Table 1), which followed the Drenthe stadial, but still belonged
to MIS 6 (Table 1), the study area was situated in the periglacial zone and remained free of

active glaciations (Liedtke, 1981). During the following Warthe stadial of the Saalian
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complex the ice marginal position (Fig. 1B) was located ¢. 20 km north of the study area
(Fig. 1B). During this period the Pleistocene melting waters enabled the Widawa to incise
more than 15 m into the glacial tills. Subsequently, glaciofluvial sand and gravel accumulated
along the floodplain (Figs. 2 and 11D), as documented in transect Rychnéw II (Fig. 7; profiles
RYCHNOW13 and RYCHNOW 17). At this transect the sediments are characterized by rather
loamy deposits without gravels but with very slight organic contents (Fig. 7; Appendix,
Fig. A1.3). These characteristics rather point to an anastomosing river system (Gradzinski et
al., 2000), as periglacial fluvial systems do not necessarily establish braided river systems
(Vandenberghe, 2002). In transect Rychnoéw II a 37 cm thick layer of loess was deposited
(unit VI). As the study area was located in the periglacial zone during the Warthe stadial
(Fig. 1), these deposits are tentatively associated to this period (Fig. 7).

Before Weichselian fluvial deposits accumulated, the Widawa River further incised, either
during the Eemian interglacial (MIS 5e; Table 1) or during the early Weichselian glacial
period (MIS 5d to 2; Table 1), as the lower Weichselian terrace level indicates (transects
Rychnow I and II, Figs. 5 and 7). According to the palynological investigations conducted in
the northern part of the Widawa catchment area by Kuszell et al. (2007), the study area was
predominantly free of woods during the early Weichselian glaciation, followed by plant
successions during the Brorup interstadial (MIS 5c; Table 1). The palynological record
allowed the reconstruction of different vegetation periods that represent a succession of
climatic shifts from moderately cool, to milder conditions, and back to a cool climate (Kuszell
et al., 2007). Similar climatic shifts might also be represented in the Weichselian fluvial
deposits identified at the study sites of Rychnoéw I (Fig. 5; profile RYCHNOW12), Lubska
(Fig. 8; profile LUBSKAO09), Mtokicie (Fig. 9; profile NAMY06) and Pielgrzymowice
(Fig. 10; profile PIELW14), characterized by thin sequences of coarser and finer, more
organic-rich sediments. At Lubska and Mtokicie these deposits date to the Hengelo
interstadial (MIS 3, Table 1) and at Pielgrzymowice to the late-Weichselian glacial period
(Fig. 3). Particularly the well-sorted, thin-layered fine sands with organic contents of up to
2.0 mass% SOM at Rychnow I (profile RYCHNOW 12) are furthermore characteristic for an
anastomosing river system (Watters and Stanley, 2007), while the badly-sorted, coarse fluvial
sediments at Lubska and Mtokicie rather point to braided river deposits (Gruszka et al., 2012).
This distinction of the Weichselian discharge system is also supported by the character of the
valley cross section. While the upper Widawa reaches are characterized by a relatively narrow
valley, which — in combination with vegetation — facilitates the development of a few rather

stable drainage channels (Hickin, 1984), the lower reaches are characterized by a flatter and
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wider valley bottom fed by additional tributaries (Fig. 1B), allowing seasonally strong
alternating discharges in a wide braided riverbed divided into branches and barriers (Williams
et al., 2015). Further subsequent Weichselian accumulations are identified as flood terrace
deposits at Pielgrzymowice (profile PIELW15). Particularly during the later Weichselian
glacial period corresponding to a Widawa valley incision of approximately 2 m, the lateral
Widawa valleys also incised and lateral Weichselian slope-wash sand, loam and clay
deposited (Bartczak, 1997; Cincio, 1997), as documented at Rychnow I (Fig. 5; profiles
NAMYO03 and NAMYO07) and Pielgrzymowice (Fig. 10; profile PIELW16). During this
period fluvial loams and aeolian sands and dunes also accumulated in the study area. Due to
the lack of dating material a geochronological classification of such deposits extracted at
Lubska could only be bracketed by the stratigraphy and suggests an assignment to the
Weichselian period or younger (Figs. 2 and 8).

Prior to the Holocene, another incision phase can be derived by comparing the elevation
levels of the Weichselian terrace deposits with the Holocene deposits at Pielgrzymowice
(Fig. 10). The Holocene deposits in the upper reaches of the study area, characterized by peats
and peaty silts, point to a continuation of an anastomosing river system (Watters and Stanley,
2007; Gradzinski et al., 2000). Whether this peat formation was induced by an elevated
erosion base coming from a mid- to late-Holocene sea-level rise in the Baltic Sea basin, as it
is described by Kaiser et al. (2012) for Germany and Poland, could not be verified. In
contrast, the lower reaches, characterized by fluvial sands and gravels as well as sandy silts
(Fig. 2), localized at Lubska (Fig.8; profile LUBSKAO09), Mtokicie (Fig.9; profiles
NAMY06, NAMY04 and NAMYO05) and Pielgrzymowice (Fig. 10; profile PIELW14), rather
indicate a meandering or braided river system (Vandenberghe, 2002). Particular to the
Holocene is the calcareous Atlantic tufa layer at transect Rychnéw 1. During the late Holocene
the anastomosing river system expanded to the lower reaches of the Widawa and further

incised (TK25, 1886-1938).

Earliest evidence of human impact on the landscape is reflected in the alluvial fan deposits at
Rychnéw and dated on the basis of a charcoal fragment to the Late Bronze Age (Fig. 3). This
corresponds well with the occurrence of Bronze Age settlements in the direct vicinity (Fig. 2;
Bykowski, 1997). Generally, alluvial fan deposits are typically the result of high energy
events that involve extreme precipitation as well as exposed and compacted soils resulting
from human land use and a low vegetation cover density (Dreibrodt et al., 2010a). The Bronze

Age onset of intensive human impact on the landscape development is typical for Central
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Europe (Smolska, 2007; Schmitt et al., 2006; Dreibrodt et al., 2010b) and this region
(Pawlowski et al., 2014; Zygmunt, 2009).

With the beginning of the pre-Roman Iron Age the study area belonged to the core settlement
area of the Przeworsk Culture (Godtowski, 1985), which populated eastern Central Europe
approximately between the late 3 century BCE until the 5t century CE (Dgbrowska, 2003).
For this period the dated sedimentological record (profile NAMYO02, unit VII; profile
NAMYOI, unit V; Figs. 3 and 5) at Rychnow I shows a gradual expansion of local alluvial fan
deposits. Together with colluvial deposits, dating to the Roman period in transect Rychnow 11
(profile RYCHNOW 13, unit III; Fig. 7), these alluvial formations point to a continuous
human impact on the landscape around the Rychnow site. This continuous impact is also
supported by the local archaeological record in the vicinity of this site, reaching from the
Bronze Age to the Medieval period (Fig. 2; Bykowski, 1997). Furthermore, the colluvial
deposits at the Pielgrzymowice site (profile PIELW14, unit V; Fig. 10) in the immediate
vicinity of a Przeworsk Culture iron smelting site, investigated in Thelemann et al. (2016),
probably also originate from the period between the pre-Roman Iron Age and the Roman
period. Due to the number of prehistoric iron slag sites, particularly in the vicinity of the
Rychnéw and Pielgrzymowice sites (Fig. 2), the correlative erosion events were probably
linked to prehistoric settlement and iron smelting activities. However, the small scale of early
iron smelting activities, further investigated at Pielgrzymowice, imply that these erosion
events were more likely connected to deforestation for agricultural land use and a general

demand for wood than to iron smelting (Thelemann et al., 2016).

In the Medieval period the study area is characterized by a number of settlement sites,
representing a regional increase of human activities (Fig. 2; Bykowski, 1997). Medieval
archives could be dated at Miokicie (profile NAMYO04, Fig. 9) and Rychnéw (profile
RYCHNOWI12, Fig. 5) but the distinctive post-depositional pedogenesis in the upper
colluvial deposits at transect Rychnow II (profile RYCHNOWI13, unit IV, Fig. 7) probably

also point to an erosion event during the Medieval period.

During modern periods human-induced landscape changes particularly increased, as shown in
the dated topsoils at Rychnow (profile NAMYO1, unit VI; Figs. 3 and 5). Especially the past
two-and-a-half centuries affected landscape development in terms of human-induced erosion
events, due to the complete deforestation of the study area since or prior to 1780 (Orczewska,

2009) and the concomitant intensive agricultural usage. Furthermore, in modern periods the
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area was affected by channel regulations and melioration measures (Fig. 11F; TK25, 1886-

1938).

5. Conclusions

Our investigations showed that a mix of primary sedimentological explorations with
'C-datings and secondary geological data, highly-resolved LiDAR data and archaeological
records represent a powerful combination in order to reconstruct the Pleistocene and
Holocene development of this rather uninvestigated landscape history, also involving early

human impacts with an emphasis on the effects of iron production.

Since the last ice coverage during the Drenthe stadial of the Saalian complex, approx.
290-220 ka BP, the landscape history of the study area can be subdivided into six main
phases: (A) During the last ice advance, coming from northwest, the eskers, which cover the
northwestern plateaus of the study area, were deposited. (B) Subsequent to the ice retreat, the
current course of the Widawa valley initially developed with (i) a southerly flow direction
from the ice margin, followed by (i1) a turn to a westerly flow direction parallel to the ice
marginal position. (C) Subsequently a wide braided river system accumulated glaciofluvial
Drenthe deposits, which today are preserved as terraces along the Widawa valley. (D) As the
area was situated in the south of the Warthe ice margin, approx. 220-170 ka BP, the intense
glaciofluvial meltwater discharge induced a dramatic valley incision. Subsequently,
glaciofluvial sediments of the Warthe stadial accumulated, which today remain as terraces
along the Widawa valley, detected at Rychnow. (E) Before fluvial sediments deposited during
the Weichselian glaciation, approx. 110-11.7 ka BP, the Widawa valley slightly further
incised. In the upper reaches of the Widawa at Rychnow an anastomosing river system
established. In the lower reaches relatively thick, often gravelly floodplain deposits
accumulated during the Hengelo interstadial of the Weichselian glacial period, which are
today preserved as Weichselian terraces at Lubska and Mtokicie. (F) Prior to the
accumulation of Holocene fluvial deposits, beginning approx. 11.7 ka BP, the Widawa valley
further incised before several peat layers were formed in the anastomosing river system north
of Namystow. During the Holocene the anastomosing river system expanded to the lower

reaches of the Widawa valley.

Initially during the Bronze Age, approx. 3.14 £ 0.21 ka BP, and more evidently during the
Iron Age, approx. 2.54 + 0.18 ka BP, human impact on the landscape became apparent, as

seen in the sediment archives, particularly traceable in the alluvial fan and colluvial deposits
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at Rychnow, but probably also verifiable in the colluvial deposits at Pielgrzymowice. These
sediment archives indicate the beginning of intensified land use during the pre-Roman Iron
Age and the Roman period and are spatially and temporally linked to the iron smelting
activities of the Przeworsk culture. A more recent human impact on the landscape
development is chronologically unresolved in the sediment archives investigated — apart from
colluvial deposits dating to the Medieval period at transect Rychnow II. Nevertheless, in
comparison to human-induced landscape changes at the beginning of iron smelting, it is
expected that recent landscape impacts, in terms of deforestation, agriculture and melioration
measures, such as water table drawdown and construction of channels, ditches and dams, have
had a much more intense effect on the landscape development, in terms of erosion sensitivity

and anthropogenic landscape overprinting.

The landscape of the study area has undergone major changes since the Drenthe ice advance.
Focusing on locations related to prehistoric slag sites, it is possible to trace an early impact on
the development of the landscape particularly during the pre-Roman Iron Age and the Roman
period. Since then, human impact on the study area has given a new direction to the local

landscape development.
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5.4 Case study IV:
Geochemical analyses of charcoal piles and rectangular stoves
at the Prehistoric Przeworsk iron smelting site Pielgrzymowice

in Silesia, Poland

Unpublished work report

Keywords: Prehistoric iron smelting, Przeworsk culture, Environmental assessment, Paleo-

environmental impacts

Abstract

The study site of Pielgrzymowice is situated in the Widawa catchment area, a tributary
catchment area of the Oder River in northeastern Silesia, Poland. According to the
Archaeological Record Poland, a nationwide archaeological survey conducted in Poland
since 1978, this site is an iron slag site dedicated to the pre-Roman Iron Age and the
Przeworsk culture. Approximately in the 2nd century BCE the technology of iron smelting
was introduced to this region. During two archaeological field campaigns archaeological
surveys, geomagnetic prospections as well as an excavation were conducted at this
prehistoric site. In the context of these archaeological investigations also Piirckhauer
transects and excavation sections were conducted and investigated in terms of chemical bulk
parameters (phosphate, TOC, pH and selected major and trace elements) to complement and
further characterize the archaeological findings with quantitative geochemical data and gain
further information on the use and function of these structures. In the framework of this
approach also the paleo-environmental impacts of early iron smelting activities in the
immediate vicinity of these structures was examined in order to derive statements on small-

scale landscape changes in the vicinity of the smelting site.

1. Introduction

The technology of iron smelting, whose history dates back to the 2" millennium BCE coming
from the territory of the Hittite culture, reached Central and northern Europe approximately in
the 5™ century BCE (Pleiner, 2000; Yalgin, 2000). Although many case studies have been

conducted on the spreading of iron smelting in Europe, the current status of research greatly
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varies between different regions (Bebermeier et al., accepted). Particularly, the beginning of
early iron smelting in the Przeworsk culture — a European Iron Age culture — requires further
research, as it might represent a missing link between the Laténe culture and Iron Age
cultures of northeastern Europe. The Przeworsk culture settled in eastern Central Europe
approximately between the late 31 century BCE and the 5t century CE (Dgbrowska, 2003).
According to the Archaeological Record Poland (AZP, since 1978) the region of Silesia, as
the central dissemination area of this culture, shows numerous prehistoric iron slag sites,
which are located in the floodplains of the Oder River and its tributaries. A cluster of those

slag sites is situated in the Widawa catchment area in southwestern Poland (Fig. 1).

® Prehist. slag sites

Rivers
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Fig. 1A. Location of the study area in eastern Central Europe; 1B. Location of the Pielgrzymowice
excavation site in the Widawa catchment area.

Data: Fig. 1A: Country borders from Natural Earth Data (2013), extension of the region of Silesia from Global Administrative Areas (2013);
Fig. 1B: Digital elevation model with a horizontal resolution of 30 m (1-arc second) from USGS (2000) SRTM data; rivers from Natural
Earth Data (2013) and KZGW (2015); Widawa catchment area from KZGW (2015).

In an interdisciplinary research project within the Cluster of Excellence Topoi archaeological
excavations, sedimentological investigations and geomagnetic prospections were conducted
and commissioned at a prehistoric iron slag site near the village of Pielgrzymowice by the
Institute of Prehistoric Archaeology and the Institute of Geographical Sciences, Freie
Universitdit Berlin (Thelemann et al., 2016). The research questions the following
geomorphological and geochemical investigations in the context of the archaeological
excavation are, (i) what do the geomagnetic anomalies represent in the context of the slag site
of Pielgrzymowice, (ii) is a paleo-environmental impact detectable in the sediment archives of
these anomalies and (iii) what conclusions can be drawn on relief changes subsequently to the

prehistoric activities at this site?
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2. Excavation site Pielgrzymowice

Based on the archaeological catalogue of the AZP (since 1978), which assigns early iron
smelting activities during the pre-Roman Iron Age to the vicinity of Pielgrzymowice, a field
campaign was conducted in 2013, including geomagnetic prospections and archaeological
surveys. During these surveys most iron slags were detected at the archaeological site of
Pielgrzymowice 5 (Fig. 2; Thelemann et al., 2016). Therefore, an archaeological excavation at
the location of selected clusters of geomagnetic anomalies was conducted at this site in 2014,
consisting of five trenches. In trenches 3 and 4 remains of two prehistoric iron smelting
furnaces with a very big hearth, dedicated to the Przeworsk culture, were detected (Appendix
D — Case study IV, Fig. A.1; Thelemann et al., 2016). At the geomagnetic anomalies in trench
3 and 5 four organic-rich archaeological findings, two of them of rectangular shape, were
detected (Appendix D — Case study IV, Fig. A.2). Furthermore, housing remains were
excavated in trenches 1 and 2 (Fig. 2; Thelemann et al., 2016).
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Fig. 2. Geomagnetic prospections and archaeological trenches with excavation sections at
Pielgrzymowice 5.

Data: Rivers from KZGW (2015); contour lines from GODGiK (2013) LiDAR DEM with 1 m horizontal resolution; geomagnetic radar data
produced by Eastern Atlas in 2014.
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3. Methods

During the archaeological surveys two orthogonal, 1 m deep transects of 6 and 10 Piirckhauer
drillings (P-NS and P-OW; Fig.3) were conducted in an area showing a cluster of
geomagnetic anomalies (Fig. 2). For these drillings phosphate spot tests (Gundlach, 1961)
after Feigl (1960) were applied for depths of 33, 53, 73 and 93 cm below surface (b.s.). For
this test about 2 g of soil material were placed on filter paper and reacted with ammonium
molybdate solution for 30 seconds. Subsequently ascorbic acid was used as a reducing agent
of the molybdenum and the blue color of the resulting phosphate molybdate acid indicates the
amount of phosphate in the soil sample (Eidt, 1973; Gundlach, 1961). The resulting reaction
was divided into 5 classes: I (no phosphate content), II, III, IV and V (very high phosphate
content) (Wallin et al., 2008).

Geoarchaeological investigations
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Fig. 3A. Piirckhauer sondages, archaeological trenches with excavation sections at the site of
Pielgrzymowice 5. 3B. Results of phosphate spot tests in the Piirckhauer sondages 73 and 93 cm b.s.
with horizontal excavation sections.

Data: Rivers from KZGW (2015); contour lines and hillshade from GODGiK (2013) LiDAR DEM with 1 m horizontal resolution; phosphate
content classes according to Wallin et al. (2008).

As a part of the archaeological excavation at the study site of Pielgrzymowice in 2014 two
vertical (Piel-profiles 1A, B, C and 2A, B) and two horizontal excavation sections
(Piel-profiles 3A, B and 4A, B) were exposed in trenches 3 and 5, which are situated in the

northern central part of the study site (Fig. 3). In order to complement and further characterize
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the archaeological findings with quantitative geochemical data to gain further information on
the use and function of these structures these sections were recorded according to the German
Pedological Mapping Guide (Ad-Hoc-AG Boden, 2005), the carbonate content was estimated
using 9.9 % HCI and soil samples were taken in the soil profiles every 5 to 10 cm

(Appendix D — Case study IV, Table A.1).

The samples were analyzed in the laboratory of the Institute of Geographical Sciences of the
Freie Universitit Berlin. For all 96 samples the following parameters were determined
according to the laboratory standards: (i) gravel content, (ii) water content, (iii) pH value, (iv)
total carbon (TC) content, (v) loss on ignition at 550 °C (LOI550), (vi) phosphate content
(after Feigl, 1960) and (vii) major and trace element concentrations. The total inorganic
carbon was not determined as the samples completely lack CaCOs tested with 9.9 % HCL.
Therefore, the TOC also represents the TC content. The pH values were measured using a
stationary HANNA instruments HI 221 Calibration Check Microprocessor pH Meter. The TC
was measured using a LECO TruSpec CHN+S Elemental Analyzer. The LOI550 was
determined according to Dean (1974) and Heiri et al. (2001) at 550 °C using a Thermo
Scientific M110 Muffle Furnace. From the LOI550 also the TOC was estimated by applying
the factor of 1*1.72”" (Blume et al., 2010). The phosphate contents were again estimated
semi-quantitatively by exerting the phosphate spot tests (Gundlach, 1961). The major element
concentrations (calcium, iron, potassium, magnesium, sodium, phosphorus and manganese)
and the trace element concentrations (cadmium, chrome, copper, nickel, lead, strontium and
zinc) were determined using inductively coupled plasma optical emission spectrometry

(ICP-OES) with an ICP-OES Spectrometer Optima 2100 DV from Perkin Elmer.

4. Results

4.1 Phosphate contents at the Piirckhauer transects

The results of the phosphate analyses according to Gundlach (1961) of the soils along the
Piirckhauer transects show distinctly increased phosphate conents in the center of the
geomagnetic anomaly: In depths of 73 and 93 cm b.s. piirckhauer drillings B, D E, 3F and 4
(Fig. 3) show phosphate contents of up to class III according to Wallin et al., 2008 and
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drilling 2 shows contents up to class IV (Fig. 3). In contrast depths of 33 and 53 cm b.s. of all
drillings show hardly traceable phosphate contents and apart from drilling E only reach
phosphate classes I and II (Fig. 3).

4.2 Excavation sections at trench 3

The two investigated vertical excavation sections documented in trench 3 (Fig. 3) revealed
two archaeological findings with a horizontal diameter of 2.0 m each. Archaeological
finding 1 was investigated through the vertical Piel-profiles 1A, B and C (Fig.4) and
archaeological finding 2 was investigated in Piel-profiles 2A and B (Fig. 5).

At finding 1 the bases of the profiles 1A, B and C below 40 to 60 cm b.s. are characterized by
an organic free, carbonate free, sandy subsurface horizon [C] with oxidation features. These
are at profiles 1A and B in a depth of c. 55 cm b.s. followed by an organic-rich, carbonate-
free sandy anthropogenic layer I [M I] with stone infillings. In a depth of c. 45 cm b.s. these
layers are again followed by another organic-rich, carbonate-free sandy anthropogenic
horizon II [M II] without stone infillings. In contrast profile 1C in a depth of ¢. 40 cm b.s. is
characterized by an organic-rich, carbonate free, sandy relictic topsoil [rA]. The following
plough horizon [Ap] between c. 30 cm b.s. and the surface is not part of the profile as it was

removed during the archaeological excavation (Fig. 4).

At finding 2 the bases of the profiles 2A and B below 45 to 75 cm b.s. are characterized by an
organic free, carbonate free, sandy subsurface horizon [C] with oxidation features. This is at
profile 2A in a depth of ¢. 75 cm b.s. followed by a very organic-rich, carbonate-free sandy
anthropogenic horizon I [M I]. Subsequently, in a depth of 45 cm b.s. another very organic-
rich, carbonate-free sandy anthropogenic horizon II [M II] again with stone infillings is
followed. At profile 2B the depth of c. 50 cm b.s. is characterized by an organic-rich,
carbonate free, sandy relictic topsoil [rA]. The following layer between c. 30 cm b.s. and the

surface shows an organic-rich, carbonate-free loamy sandy plough horizon [Ap] (Fig. 5).

In accordance with the field results the laboratory results of both findings (profiles 1A, 1B
and 2A) show a clear distinction to the neighboring comparative profiles 1C and 2B, as the
TC and major and trace element contents are significantly higher at the findings. At profiles
1A and B, particularly the TC, iron, calcium, phosphorus as well as zinc, copper and
strontium are increased in depths between 35 and 60 cm b.s. (Fig. 4), while at profile 2A
particularly the TC and iron as well as zinc and copper contents are significantly higher in

depth between 40 and 80 cm b.s. (Fig. 5), compared to the respective comparative profiles 1C
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and 2B. Additionally, both profiles at finding 2 are characterized by increased lead and
chrome contents with decreasing depth compared to finding 1 (Fig. 5). The increased TC and
element contents and the differences inside and outside of the findings are overlain by the
tendency that these contents are generally increasing with decreasing depth. In contrast the pH
values show only very slight variations (between 5.4 and 6.4) and varying tendencies with
decreasing depth (Figs. 4 and 5). All profiles show phosphate contents of class I (none) and II
(Wallin et al., 2008; Appendix D — Case study IV, Table A.1). Apart from the often slightly
underestimated TOC from the LOI550 and the clear peak in soil profile 1A the estimated
TOC and the measured TC (LECO) coincide relatively well.

4.3 Excavation sections at trench 5

The two investigated horizontal excavation sections recorded in trench 5 (Fig. 3) showed two
archaeological findings with a horizontal diameter of ca. 0.9 m each. Archaeological finding 3
was investigated through the vertical Piel-profiles 3A and B (Fig. 6) and archaeological
finding 4 was investigated in Piel-profiles 4A and B (Fig. 7). The structure of findings 3 and 4
is very similar as they represent rectangular shaped distinctly humous archaeological findings

with stone infillings in the subsoil in depths of ¢. 30 cm b.s.

The laboratory results of the TC and major and trace element contents also display a relatively
clear geochemical distinction of the finding, as these contents are by trend increasing to the
center. At profiles 3A and B particularly the TC and iron as well as zinc, chrome and
strontium contents significantly increase to the center (Fig. 6), while at profile 4A particularly
the iron as well as chrome and at profile 4B particularly the TC, iron as well as zinc contents
significantly accumulate towards the center (Fig. 7). Nevertheless, the highest values, in terms
of TC, iron and phosphorus contents, were often detected at the edges of the archaeological
findings and particularly for iron there is a clear peak at the edges. With very slight variations
(between 5.7 and 6.1) the pH values decrease towards the center of the finding (Figs. 6 and 7).
The samples display phosphate contents of class II and III with highest values particularly at
the edge of the finding (Appendix D — Case study IV, Table A.1). In comparison to the TC
(LECO), the TOC (LOI550) is constantly overestimated and even shows a distinct peak in

profile 4B that was not measured in the TC.
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5. Discussion

5.1 Phosphate contents at the Piirckhauer transects

The increased phosphate contents in depths of 73 and 93 c¢m b.s. in the center of the examined
geomagnetic anomaly imply that this anomaly represents an archaeological feature as
increased soil phosphate contents are a proxy for fecal input (Craddock et al., 1985). The
method is based on the strong immobility of phosphate and the circumstance that human and
animal fecal input of phosphate extends those of nature and even heavy agricultural
fertilization (Eidt, 1973). The reached quantities of phosphate in this archaeological finding
point to a settlement feature with a direct human (or animal husbandry) induced phosphate
input (Eidt, 1973) rather than an immediate iron smelting place. The distinctly lower
phosphate contents in the layers above 60 cm b.s. point to a subsequent colluvial cover of the
cultural layers in the settlement context. Nevertheless, the phosphate spot test has to be used
and interpreted carefully as it is only a method to semi-quantitatively determine phosphate

without differentiating the kind and source of the phosphate.

5.2 Excavation sections at trench 3

Also the increased TC and element contents as well as the stone fillings detected in the
archaeological findings 1 and 2 at trench 3 in the immediate spatial context of the smelting
furnaces (Appendix D — Case study IV, Fig. A.1; Thelemann et al., 2016) clearly point to
anthropogenic features (Hoelzmann et al., 2012). Similar structures to the findings 1 and 2 in
layering and shape at Karlskron and Manderbach (Germany) as well as Novoklinove
(Ukraine) were described by Pleiner (2000) as charcoal piles. As it is characteristic, also at
Pielgrzymowice these structures additionally show a horizontal diameter of 2 m and a depth
of approximately 0.4 m as well as slag-pit furnaces in the immediate vicinity (Pleiner, 2000).
Therefore, the investigated findings 1 and 2 are interpreted as remains of charcoal piles. Due
to the need for charcoal during the iron smelting with a bloomery furnace, those piles are a
very common structure in the vicinity of smelting sites from the beginning of the Iron Age to
medieval periods (Thiele, 2010; Pleiner, 2000). According to Pleiner (2000) the identified
sunken charcoal piles at Pielgrzymowice represent the typical pile type in Silesia. For the
charcoal production often stones were used to cover the bottom of the pile, before the wood
was piled up and finally sealed with clay (Pleiner, 2000). The structures at Pielgrzymowice
represent the relicts of the sunken pile base with remaining charcoal and stone layers. These

layers are characterized by a distinct TOC peak from LOIS50 in profiles 1A and B (Fig. 4).
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As this peak does not occur in the TC content in profile 1A a measuring error of the LOIS50
is probable. It is particular for the charcoal pile 2 (profile 2A) — in contrast to pile 1 — that the
sandy pit filling is overlain by stone fillings, which represents an important difference in these
structures. Furthermore, a distinct TOC peak was not detected in the remains of pile 2 — but in
the overlain current plough horizon. It is suggested that the upper part of pile 2, with possibly
higher TOC contents, has already been truncated by the subsequent tillage farming at this
location. The relative depth of the pile remains points to an at least 10 cm thick coverage by

colluvial deposits.

Geochemically, in comparison to the values in the immediate vicinity of these charcoal piles
(profiles 1C and 2B) the significantly increased TC and most of the major and trace element
concentrations within the range of the piles (profiles 1A, B and 2A; Figs. 4 and 5) very well
represent the extents of the investigated charcoal piles. Particularly the increased TC, iron,
calcium, phosphorus, zinc, strontium, chrome and copper contents represent geochemical
components that characterize these structures. The TC increase towards the center of these
anthropogenic structures is a common feature as it was also identified in regular pit fillings of
the Przeworsk culture in the Harz-Foreland by Hoelzmann et al. (2012). Although the
comparative profiles 1C and 2B do not necessarily represent a natural context, as they are still
set in the immediate vicinity of the archaeological finding, these findings are emerging
distinctly in the geochemical results (Figs. 4 and 5). Particularly the iron, calcium, zinc and
copper contents seem to be relatively high, if these piles were only used for producing
charcoal from wood. Furthermore, the general increase of element contents with decreasing
depth, which is also detectable at the profiles 1C and 2B additionally points to contaminations
through a subsequent sediment and element input. Exceptional are the increasing lead and
chrome contents with and without find context in the profiles 2A and B, which is only
detectable at pile 2. Nevertheless, the measured element contents of the charcoal piles only
show a relative increase as these values, e.g. in terms of cadmium, lead, nickel, copper and
zinc, are more than 450 times below German soil boundary values for tillage farming

(BBodSchV, 1999).

5.3 Excavation sections at trench 5

The increased TC and element contents, the stone fillings as well as the clear rectangular
shape detected in the archaeological findings 3 and 4 at trench 5 also point to prehistoric
settlement features. These rectangular structures are in configuration and shape typical for the

Przeworsk culture and represent stove holes as relicts of rectangular hearths (Madyda-

130



5. CASE STUDIES

Legutko et al., 2006; Roczkalski and Wtodarczak, 2009; Thelemann et al, 2016). Similar to
trench 3, these structures are truncated by subsequent tillage farming in a depth of 30 cm b.s.
Again the relative depth of the stove remains points to an at least 10 cm thick coverage by

colluvial deposits.

In comparison to the values outside of these stove remains, the geochemical parameters of the
significantly increased TC and most of the major and trace element concentrations in the
center of these remains (profiles 3A, 3B, 4A and B; Figs. 6 and 7) also very well represent the
extents of these remains. Particularly the increased TC, iron, phosphorus, calcium, zinc,
chrome, strontium and copper contents and the pH values represent parameters that
characterize these structures. In this sense the geochemical parameters of the stove remains
are similar the regular pit fillings investigated by Hoelzmann et al. (2012), as the pH values
decrease towards the centers of these structures. Furthermore, particular for these stoves is the
increase of the TC, iron, zinc and chrome contents, predominantly at the edges of these
structures. Also in the context of these profiles it has to be mentioned that the comparative
profile sections outside of the stove remains do not necessarily represent a natural context, as
they are still set in the immediate vicinity these stoves (Figs. 6 and 7). Although the function
of these stoves is not reconstructed in the framework of this investigation, it can be stated that
the increased TC and element contents as well as the often decreasing pH values closer to the
center represent a paleo-environmental impact, which originates from the usage of the stoves.
Increased cadmium and lead contents would point to iron smelting activities rather than
combusted ash remains of burned wood (Hillel et al., 2004). Since increased cadmium and
lead contents are not the case at the stoves, it is assumed that iron smelting activities, such as
post-processing of the bloom, were not conducted at these stoves. As stated for the charcoal
piles also the soil element contents at the stoves, e.g. in terms of cadmium, lead, nickel,
copper and zinc, are more than 450 times below German soil boundary values for tillage

farming (BBodSchV, 1999).

6. Conclusions

The five investigated geomagnetic anomalies at the Przeworsk iron smelting site of
Pielgrzymowice, which were investigated by geomagnetic and archaeological surveys as well
as an archaeological excavation in 2014 (Thelemann et al., 2016), can be identified as
(1) a settlement feature with a direct human (or animal husbandry) induced phosphate input,

(i1) two sunken charcoal piles and (iii) two rectangular stoves. The configuration of these pile
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and stove remains is typical for Silesia (Pleiner, 2000) and the Przeworsk culture (Madyda-

Legutko et al., 2006; Roczkalski and Wtodarczak, 2009), respectively.

A slight paleo-environmental impact in the investigated geochemical parameters was detected
in all investigated profiles. The settlement feature investigated through Piirckhauer transects
shows increased phosphate contents, particularly in and below depths of 73 cm b.s. The
extents of the pile and stove remains are well characterized by the geochemical composition
of the respective soil layers. Particularly the TC and iron contents, but also the zinc, chrome
and copper contents are distinctly increased in the center of these structures. Nevertheless, in
absolute values the measured element contents are very uncritical — if not negligible — as these
concentrations in terms of cadmium, lead, nickel, copper and zinc lie more than 450 times

below German soil boundary values for tillage farming (BBodSchV, 1999).

Similar to investigations by Hoelzmann et al. (2012) for the Harz-Foreland (Central
Germany), the landscape at the study site has undergone distinct changes. In case of
Pielgrzymowice these changes occurred since the last human activities at this smelting site
during the Roman period. Due to a severe colluvial mass movement anthropogenic features
are lying extensively 10 to 60 cm below the present surface. Through these colluvial layers
the archaeological and geochemical archives of this smelting site were protected from being
fully destroyed, as the site is currently used for agriculture, which enabled the preservation of

these evidences on early iron smelting attempts in the Przeworsk culture.
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6. Concluding remarks

6.1 The relevance of the environment and landscape setting for early iron smelting

Apart from socio-cultural and technological prerequisites the introduction of early iron
smelting to the study area required certain environment and landscape settings, involving the
availability of iron ore, wood, clay, water and possibly wheat chaff and fluxing agents, in
order to enable a locally independent iron production. This production would have not been
possible without the provision of the appropriate material basis. Apart from iron ore,
considerations on the resource potential in case study I (section 5.1) implied no scarcity of the
required resources. Due to the geological setting of the Pleistocene Old Drift landscape of
Lower Silesia, without iron gangue minerals of geological rock formations (Bartczak, 1997;
Cincio, 1997), the provision of local raw iron was solely depending on the availability of post-
sedimentary formed bog iron ores. The distribution of iron and manganese contents in water
samples from different receiving waters in the study area, as an indicator for favorable
conditions for the bog iron ore formation, revealed increased contents in the vicinity of the
modern Michalice Reservoir (section 5.1). Also in case study II (section 5.2) it was shown
that the presently detected ore deposits are typically situated at the margins of the flatter
lowlands along the Widawa floodplain, showing highest iron contents in the vicinity of this
reservoir. As these distribution patterns show a strong correlation with the immediate cluster
of known local prehistoric iron slag sites, a distinct connection between the natural and
cultural settings in terms of the resource situation on bog iron ores and the designated
smelting sites is indicated. Among other factors that influenced the selection of these
locations for early iron smelting, such as water accessibility, this outcome underlines the
meaning of particularly the ore and its distribution for early iron smelters. An evaluation of
the quality of utilized prehistoric ores on the basis of local iron slag finds points to equivalent
iron contents compared to other neighboring centers for early iron smelting from similar
studies in Poland (Domanski, 1972; Hensel, 1986). Nevertheless, due to large-scale
deforestation, at least since 1780 (Orczewska, 2009), intensive agricultural usage and
extensive melioration measures during modern times, as discussed in case study I, the present
bog iron ore deposits represent only relicts of the former quality and distribution and a
complete evaluation of the prehistoric ore inventory is hardly possible. In order to further
assess whether the study area represented a particularly favorable location for smeltable bog

iron ores compared to neighboring regions, as the local cluster of prehistoric slag sites
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indicates (AZP, since 1978), a more extended investigation is required. This should involve
further investigations of the quality and distribution of the bog iron ore and slag inventory at

more sites in the study area also involving neighboring regions.

6.2 Impacts of early iron smelting on the landscape development and environment

Apart from naturally induced landscape changes during the Pleistocene and Holocene, that
greatly modified the topography and nature of the landscape in the study area (section 5.3),
human impacts on the landscape are extensive but often dedicated to an agricultural usage
during the Modern period. First human-induced landscape changes, which were detected in
dated alluvial and colluvial sediment archives in the vicinity of the prehistoric settlement and
slag sites at Rychnéw, become evident during the Bronze Age and distinctly increased in
several phases during the pre-Roman Iron Age and the early Roman period. Also colluvial
deposits at the iron smelting site of Pielgrzymowice point to human-induced landscape
changes of the pre-Roman Iron Age and the early Roman period as suggested by excavated
and dated settlement remains of these periods at this site (section 5.1). Through these
sediment archives the beginning of intensified land use can be particularly assigned to the pre-
Roman Iron Age. However, this intensification is not necessarily directly linked to iron
smelting but can also be linked to agricultural activities of the Przeworsk culture. On the
micro-scale at Pielgrzymowice, as presented in case study IV (section 5.4), additionally an
environmental impact was detected in terms of increased geochemical parameters in the
remains of excavated charcoal piles and rectangular stoves typical for the Przeworsk culture.
Particularly the charcoal piles, which were located in the immediate vicinity of an excavated
bloomery furnace of the Przeworsk culture, can be set in the direct context of iron smelting
activities. But due to the characteristics of bog iron ores and the geogenic parent material of
the study area, the reached heavy metal contents have to be generally regarded as very
uncritical, as boundary values for tillage farming were not reached. Nevertheless, through the
investigated archives a distinct human-induced small-scale impact on the environment and the

landscape could be parallelized to early iron smelting activities.

6.3 Project synthesis of archaeological and geographical outcomes

As a landscape archaeological synthesis, subsequently to earliest human-induced landscape
changes during the Bronze Age, the activities of the Przeworsk culture had a distinctly

increased impact on depositional alluvial fan activities in the vicinity of a pre-Roman Iron
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Age site. However, this impact is not necessarily connected to early iron smelting activities.
Even though the Widawa valley contains a cluster of Przeworsk slag sites, no evidence could
be found from an archaeological point of view for any early iron smelting activities prior to
the Roman period (section 5.1). Accordingly, the only bloomery furnaces identified at the iron
smelting site of Pielgrzymowice date to the Roman period and represent a further advanced
type with a very big hearth (sections 5.1 and 5.4). From an archaeological perspective, being
situated in the area of the Amber Road (Wielowiejski, 1980), a delayed introduction of iron
smelting is assumed and explained by trade relations and exchange processes between the
Baltic Sea in the north and the Laténe culture in the south, which possibly enabled iron
imports and diminished the necessity for self-sufficient iron mining. While the space for early
iron production was mainly determined by the local availability of the necessary resources,
the moment when this technology was introduced is primarily dependent on the socio-
economic as well as the technological setting. A relatively late beginning of local smelting
attempts in the study area, compared to other European Iron Age cultures, e.g. the Jastorf
culture in western Central Europe (Brumlich et al., 2012), could be supported by the relatively
high reducible efficiency (Charlton et al., 2010) derived from the chemical composition of the
local iron slags (section, 5.2). Anyhow, compared to the sediments from the pre-Roman Iron
Age, a further increased geomorphological activity during the Roman period — as it would be
expectable from a later introduction of iron smelting activities — could not be proven in the
investigated sediment archives of the study area (section 5.3). Whether or not this technology
was introduced comparatively late to the study region, a lack of local ore deposits or other
resources would be no sufficient explanation, due to our considerations on the resource
inventory and the number of confirmed slag and ore sites (sections 5.1 and 5.2). However, for
a conclusive statement on the period when iron smelting activities were introduced to the
Widawa valley, excavations of further local iron slag sites, as suggested in section 6.1, are

inevitable.
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Appendices

I. Appendix A — Dissertation

Appendix A, Table A.1: Sampling sites of sedimentological samples.

Location Setting UTM Coordinates Drillings Drilling meter
[Study site] [Geomorphological situation] [WGS 1984] [No] [summed in m]
Rychnow* Alluvial fan/Warthe terrace at the Widawa floodplain margin 51°5°32°°N, 17°45°18“E 7 31
Lubska* Weichselian terrace at the Widawa floodplain margin S51°5°15°“N, 17°37°25“°E 3 11
Mtokicie Holocene terrace at the Widawa floodplain margin 51°5°47°°N, 17°35°53“E 3 8
Pielgrzymowice* Weichselian terrace/tributary at the Widawa floodplain margin ~ 51°6’35°‘N, 17°34°51°E 3 10

*study sites with an prehistoric iron smelting context according to the AZP (since 1978).
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Appendix A, Table A.2: Bulk sediment chemistry of the profiles RYCHNOWI12, NAMY02,

NAMYO03 and NAMY07 comprising MS-, TOC-, TIC-, pH- and EC-values.

Drilling Depth MagSus Water TOC TOC TIC TIC pH EC
content (WH-L)* (LOI550) (WH)** (LOI900)
[ID] [mb.s.] [ST] [mass%] [mass%] [mass%] [mass%] [mass%] [1S/em]
RYCHNOW12 36 11.6 22.50 5.46 6.46 0.15 0.17 6.4 281
RYCHNOW12 46 19.1 22.46 4.72 4.86 0.16 0.13 6.3 227
RYCHNOWI12 56 18.5 19.30 0.23 393 0.14 0.15 6.4 203
RYCHNOW12 66 17.4 18.52 0.11 3.63 0.17 0.14 7.0 196
RYCHNOW12 76 14.2 20.36 2.49 3.78 0.18 0.17 7.0 215
RYCHNOWI12 86 8.6 25.56 2.85 443 0.15 0.22 6.6 223
RYCHNOW12 93 86.6 34.99 6.97 7.84 0.12 0.22 6.4 197
RYCHNOW12 97 16.5 8.09 0.98 1.33 0.15 0.08 6.6 74
RYCHNOWI12 105 7.3 58.51 17.58 18.07 0.32 0.24 5.7 985
RYCHNOW12 115 33 70.29 22.30 24.80 0.30 0.36 5.8 843
RYCHNOWI12 125 1.9 60.65 15.84 15.53 0.16 0.30 6.0 702
RYCHNOWI12 135 34 44.59 7.27 8.52 0.19 0.20 6.2 560
RYCHNOW12 145 12.0 31.14 2.70 4.30 0.42 0.16 6.9 449
RYCHNOWI12 155 12.6 26.74 1.92 3.39 0.51 0.15 7.0 316
RYCHNOWI12 166 9.6 23.15 1.49 2.55 0.68 0.34 7.2 323
RYCHNOW12 175 54 22.23 1.23 1.81 1.02 0.82 7.6 362
RYCHNOWI12 185 35 16.74 0.46 1.28 1.92 1.62 7.9 222
RYCHNOWI12 196 8.5 25.08 1.25 2.64 1.38 1.07 7.5 234
RYCHNOW12 205 14.9 57.26 11.09 10.36 0.51 0.32 6.5 412
RYCHNOWI12 210 32.1 35.07 2.09 2.37 0.27 0.12 6.9 591
RYCHNOWI12 220 69.9 29.42 3.00 0.00 0.98 2.20 6.9 713
RYCHNOW12 230 91.6 70.50 12.65 8.21 0.85 0.43 6.7 587
RYCHNOWI12 240 8.5 55.88 13.12 9.64 0.38 0.26 6.5 461
RYCHNOWI12 250 9.2 41.42 4.93 6.15 0.33 0.30 7.3 355
RYCHNOW12 260 10.7 39.45 3.54 5.65 0.44 0.35 7.0 180
RYCHNOWI12 270 14.5 41.52 3.02 5.29 0.27 0.25 6.9 380
RYCHNOWI12 280 10.8 35.83 2.16 3.89 0.37 0.39 7.1 322
RYCHNOW12 290 8.6 25.61 1.09 2.33 1.30 0.91 7.5 184
RYCHNOWI12 295 6.6 18.72 0.71 1.56 1.57 1.24 7.9 151
RYCHNOWI12 306 229 6.83 0.20 0.63 0.30 0.05 8.4 200
RYCHNOW12 315 31.8 14.05 0.00 0.75 0.67 0.04 7.8 192
RYCHNOWI12 325 37.2 66.04 18.11 14.27 1.59 0.97 7.2 306
RYCHNOWI12 328 24.1 33.48 2.94 3.86 1.48 0.58 7.4 421
RYCHNOW12 335 20.4 53.49 5.46 435 0.40 0.11 6.9 464
RYCHNOWI12 345 17.5 67.46 20.12 18.54 0.38 0.38 6.4 469
RYCHNOWI12 355 12.2 54.95 9.27 9.32 1.13 0.19 6.7 474
RYCHNOW12 360 19.8 45.12 5.61 6.14 1.05 0.51 7.1 470
RYCHNOWI12 370 12.1 57.41 10.49 8.60 1.91 1.07 7.0 271
RYCHNOWI12 382 21.2 36.63 3.25 4.02 1.22 1.04 7.6 404
RYCHNOW12 390 11.9 11.31 0.34 1.09 0.46 0.03 8.2 266
RYCHNOWI12 405 9.2 13.96 0.00 0.40 0.52 0.02 8.2 153
RYCHNOW12 415 10.4 12.94 0.00 0.44 0.35 0.01 8.4 129
RYCHNOW12 425 10.1 11.88 0.00 0.48 0.39 0.00 8.3 151
RYCHNOWI12 435 13.0 8.69 0.00 0.34 0.40 0.02 8.4 130
RYCHNOW12 447 14.1 26.93 0.88 1.21 0.35 0.00 7.9 193
RYCHNOW12 455 6.0 14.68 0.15 0.34 0.17 0.00 8.0 174
RYCHNOWI12 465 11.8 23.25 1.14 1.80 0.43 0.09 7.7 151
RYCHNOWI12 475 5.8 11.18 0.00 0.29 0.21 0.00 8.1 121
RYCHNOW12 490 30.7 16.64 0.01 0.92 0.56 0.06 7.8 378
RYCHNOWI12 496 9.9 12.65 0.11 0.67 0.18 0.01 6.6 452
RYCHNOW12 505 9.6 10.46 0.00 0.48 0.47 0.07 8.7 144
RYCHNOW12 515 9.2 9.21 0.11 0.52 0.15 0.01 8.6 161
RYCHNOWI12 525 9.8 8.96 0.00 0.37 0.24 0.00 8.5 124
RYCHNOW12 535 9.5 12.99 0.00 0.48 0.25 0.02 8.5 186
RYCHNOW12 545 47.0 3.39 0.00 0.30 0.70 0.18 8.8 167
RYCHNOWI12 560 80.1 10.86 0.00 1.22 1.79 0.59 7.7 192
RYCHNOW12 570 21.7 9.55 0.06 1.20 0.80 0.56 7.6 217
RYCHNOW12 580 22.6 8.22 0.31 1.15 0.54 0.57 7.6 259
RYCHNOWI12 590 22.9 7.93 0.28 1.11 0.56 0.63 7.5 255
NAMY02 49 17.2 23.88 343 4.32 0.00 0.27 5.6 141
NAMY02 59 11.8 19.54 2.57 345 0.02 0.23 53 116
NAMY02 69 12.1 21.02 233 3.23 0.03 0.23 55 116
NAMY02 79 17.8 5.63 0.72 0.78 0.03 0.11 5.9 102
NAMY02 89 17.9 18.76 1.23 2.32 0.01 0.31 5.8 89
NAMY02 96 25.05 3.04 4.28 0.02 0.33 6.0 78
NAMY02 99 24.32 2.21 2.92 0.02 0.27 6.2 95
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Drilling Depth MagSus Water TOC TOC TIC TIC pH EC
content (WH-L)* (LOI550) (WH)** (LOI900)
[ID] [mb.s.] [SI] [mass%] [mass%] [mass%] [mass%] [mass%] [pS/cm]
NAMY02 107 13.6 19.50 1.79 2.20 0.02 0.19 6.3 43
NAMY02 117 12.5 17.82 1.16 2.44 0.03 0.18 6.4 42
NAMY02 127 14.2 19.09 1.12 1.65 0.03 0.17 6.4 41
NAMY02 137 12.0 21.83 0.97 1.48 0.46 0.48 7.1 50
NAMY02 147 12.6 22.32 0.81 1.52 1.07 1.10 7.3 68
NAMY02 155 16.1 18.66 0.56 1.18 0.87 0.87 7.3 58
NAMY02 165 43.4 29.40 0.78 432 3.54 227 7.1 70
NAMY02 175 28.6 25.54 0.67 2.87 3.40 2.67 72 76
NAMY02 185 26.5 26.43 0.76 3.04 4.08 3.34 72 70
NAMY02 195 30.6 27.49 0.56 3.49 4.95 3.76 7.3 75
NAMY02 199 25.88 0.46 1.45 3.92 3.064 7.4 112
NAMY02 212 19.2 25.13 0.86 2.16 1.62 1.29 7.3 70
NAMY02 222 19.9 27.69 0.63 2.68 3.97 3.28 7.4 61
NAMY02 232 9.7 29.30 0.46 1.52 5.36 4.95 7.5 55
NAMY02 242 8.8 25.78 0.72 1.20 4.86 4.95 7.6 100
NAMY02 249 7.6 32.86 1.15 1.93 430 4.20 7.6 98
NAMY02 259 4.2 37.76 0.81 1.41 9.69 9.55 7.8 82
NAMY02 269 6.3 42.33 7.01 7.87 2.77 2.58 7.3 98
NAMY02 279 5.0 45.08 9.05 9.64 1.45 1.31 6.8 109
NAMY02 289 10.1 43.15 7.46 7.70 0.28 0.09 6.4 123
NAMY02 299 49.47 8.10 8.39 0.38 0.25 5.6 421
NAMY02 307 26.6 50.28 8.90 9.76 2.10 1.51 6.9 430
NAMY02 317 44.8 48.51 7.97 8.47 0.71 0.28 6.9 440
NAMY02 327 323 69.30 22.49 23.88 0.71 0.53 6.7 449
NAMY02 337 343 71.93 26.13 28.00 0.77 0.48 6.6 459
NAMY02 347 24.4 35.52 4.87 4.98 0.26 0.16 6.4 468
NAMY02 357 6.2 11.54 0.47 0.14 0.02 0.07 7.0 47
NAMY02 367 7.6 16.01 0.63 0.55 0.00 0.09 6.5 48
NAMY02 373 7.6 17.09 0.66 0.69 0.02 0.19 6.3 51
NAMY02 383 7.8 22.14 1.51 1.57 0.03 0.12 6.0 53
NAMY02 393 8.9 18.69 1.09 1.02 0.03 0.12 5.7 120
NAMY02 399 24.56 1.76 1.80 0.03 0.26 4.1 670
NAMY02 405 1.5 11.79 0.49 0.30 0.09 0.02 7.3 105
NAMY02 415 1.5 11.49 0.43 0.19 0.05 0.00 7.5 71
NAMY02 425 55 21.04 1.27 1.30 0.02 0.24 59 108
NAMY02 435 25 13.35 0.50 0.25 0.02 0.05 6.2 55
NAMY02 445 29 14.06 0.42 0.09 0.04 0.07 6.1 100
NAMY02 455 0.7 12.00 0.42 0.19 0.02 0.02 6.5 57
NAMY02 465 16.75 0.55 0.34 0.05 0.02 7.0 54
NAMY03 5 23.8 13.97 1.82 2.72 0.25 0.08 5.2 115
NAMY03 15 17.6 12.44 232 0.16 43 132
NAMY03 25 13.2 13.00 2.02 0.13 4.7 110
NAMY03 35 7.3 13.32 1.75 0.10 5.1 92
NAMY03 45 8.1 8.56 1.16 0.07 5.4 63
NAMY03 55 5.8 10.32 0.84 1.70 0.31 0.07 5.5 72
NAMY03 59 7.4 8.59 1.26 0.07 5.7 51
NAMY03 69 12.5 10.61 1.01 0.05 5.7 59
NAMY03 78 15.5 10.28 0.81 0.19 5.7 42
NAMY03 87 12.2 10.85 0.81 0.04 5.7 41
NAMY03 96 75.6 8.40 0.59 0.04 5.8 25
NAMY03 99 22.5 13.03 0.57 0.04 5.9 40
NAMY03 105 20.5 12.12 0.52 0.04 5.8 41
NAMY03 115 9.5 13.35 0.60 0.05 5.8 34
NAMY03 125 9.7 13.54 0.48 0.04 5.9 42
NAMY03 135 15.0 18.80 0.81 0.06 5.2 51
NAMY03 145 48.1 43.84 1.48 7.06 0.14 0.25 53 100
NAMY03 155 54.8 37.54 7.12 0.32 6.1 130
NAMY03 165 55.4 38.49 0.92 7.04 5.51 4.19 6.3 105
NAMY03 175 443 38.53 1.13 7.77 0.55 0.45 7.1 95
NAMY03 185 49.5 35.75 6.93 4.98 7.3 85
NAMYO03 192 20.6 35.88 1.17 5.55 6.51 5.87 7.4 69
NAMY03 201 24.2 35.15 0.69 5.65 6.94 5.96 7.6 85
NAMY03 210 8.2 39.85 1.51 2.38 10.69 10.29 7.6 86
NAMY03 216 9.6 17.13 0.76 0.27 7.6 88
NAMY03 226 11.3 13.03 0.39 0.09 7.7 58
NAMY03 237 26.6 12.08 0.00 0.42 0.71 0.08 7.7 54
NAMY03 243 15.1 17.54 0.88 0.15 7.6 58
NAMY03 248 51.8 23.40 1.05 0.16 7.6 125
NAMY03 257 4.1 17.77 0.23 0.04 8.0 61
NAMY03 266 22 16.26 0.13 0.03 8.1 47
NAMY03 275 1.4 17.06 0.13 0.04 8.2 43
NAMY03 285 0.7 16.36 0.14 0.03 7.8 49
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Drilling Depth MagSus Water TOC TOC TIC TIC pH EC
content (WH-L)* (LOI550) (WH)** (LOI900)
[ID] [mb.s.] [SI] [mass%] [mass%] [mass%] [mass%] [mass%] [pS/cm]
NAMY03 291 0.4 14.45 0.17 0.03 8.0 47
NAMY03 310 2.6 15.48 0.13 0.03 8.0 40
NAMY03 320 23 15.68 0.16 0.03 7.6 34
NAMY03 330 42 15.59 0.15 0.04 7.5 29
NAMY03 340 52 15.66 0.46 0.08 7.6 38
NAMY03 348 14.2 14.58 1.28 0.21 7.6 53
NAMY03 352 17.9 24.25 3.05 0.43 7.3 50
NAMY03 356 20.6 23.32 0.27 2.94 0.38 0.61 7.5 79
NAMY03 363 27.9 22.72 0.00 6.28 2.78 0.50 7.4 63
NAMY03 374 14.6 13.67 1.27 0.21 7.5 67
NAMY03 385 20.4 14.17 1.28 0.33 7.5 75
NAMY03 395 13.5 13.43 1.30 0.38 7.6 83
NAMY03 399 11.7 14.11 0.43 1.45 0.43 0.41 7.4 75
NAMY03 405 16.60 0.37 0.08 7.6 52
NAMY03 415 13.6 15.59 0.30 0.07 7.7 54
NAMY03 425 11.3 16.55 0.56 0.11 7.8 62
NAMY03 435 143 16.62 0.72 0.15 7.8 52
NAMY03 445 13.9 16.84 0.86 0.17 7.9 53
NAMY03 455 15.9 16.84 0.87 0.18 7.9 73
NAMY03 465 14.2 14.18 0.75 1.43 0.15 0.38 7.7 82
NAMY03 475 29.7 13.55 1.24 0.48 7.7 125
NAMY03 485 19.2 13.07 1.37 0.49 7.7 66
NAMY03 495 10.1 16.33 1.37 0.44 7.5 60
NAMY03 499 11.2 17.34 0.26 1.76 0.02 0.62 7.3 60
NAMYO07 8 21.6 29.77 293 425 0.24 0.13 5.6 151
NAMYO07 15 14.9 25.28 3.29 0.11 53 274
NAMYO07 21 14.8 21.02 2.44 0.11 4.8 238
NAMYO07 30 16.6 18.68 2.01 0.10 5.1 206
NAMYO07 39 16.0 14.53 1.82 0.10 5.1 176
NAMYO07 49 11.3 22.69 1.12 2.56 0.44 0.14 5.1 163
NAMYO07 59 6.2 13.48 0.73 0.05 5.2 76
NAMYO07 63 12.7 15.17 0.78 1.49 0.01 0.07 52 105
NAMYO07 66 7.4 14.73 0.82 0.05 5.2 93
NAMYO07 73 7.6 19.46 0.86 1.74 0.30 0.11 5.2 139
NAMYO07 83 11.7 11.62 0.62 0.05 5.1 69
NAMYO07 93 14.7 13.25 0.62 0.05 5.4 57
NAMY07 99 14.18 0.67 0.05 5.3 69
NAMYO07 105 13.15 0.75 0.05 53 43
NAMYO07 115 14.0 14.98 0.86 0.07 5.3 49
NAMYO07 125 28.6 16.98 0.61 1.09 0.07 0.10 5.0 96
NAMYO07 134 19.6 17.72 0.00 1.01 0.68 0.09 4.7 109
NAMYO07 144 33.0 13.44 0.68 0.07 4.7 74
NAMYO07 154 8.4 13.58 0.39 0.05 4.6 62
NAMYO07 164 4.8 14.14 0.41 0.06 4.6 54
NAMYO07 174 6.2 12.34 0.47 0.08 4.7 46
NAMYO07 184 2.7 10.29 0.21 0.02 5.2 30
NAMYO07 194 11.25 0.40 0.23 0.08 0.04 5.6 35
NAMYO07 198 12.22 0.29 0.06 5.7 40
NAMYO07 203 10.9 13.99 0.96 0.15 6.1 46
NAMYO07 213 10.1 15.73 1.05 0.16 6.1 82
NAMYO07 223 7.3 10.95 0.40 0.06 6.3 50
NAMYO07 233 53 12.17 0.27 0.06 6.3 46
NAMYO07 243 9.7 11.31 0.22 0.37 0.21 0.08 6.2 59
NAMYO07 253 12.3 11.56 0.13 0.03 6.3 54
NAMYO07 263 4533 10.86 0.23 0.05 6.3 55
NAMYO07 270 230.7 13.51 0.27 0.05 6.4 75
NAMYO07 338 16.4 12.84 0.87 0.26 7.0 122
NAMYO07 348 18.6 12.58 0.98 0.35 7.1 121
NAMYO07 358 14.9 11.68 0.85 0.28 7.1 110
NAMYO07 364 12.0 17.25 1.82 0.28 7.1 112
NAMYO07 375 14.1 10.76 0.35 091 0.16 0.31 7.4 109
NAMYO07 380 13.2 3.26 0.01 0.36 0.30 0.09 7.3 114
NAMYO07 384 13.9 16.46 0.00 1.70 0.50 0.28 7.1 120
NAMYO07 394 17.9 10.65 1.27 0.31 7.0 178
NAMYO07 399 18.9 12.32 1.22 0.34 7.2 217
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Appendix A, Table A.3: Complete record of radiocarbon dates.

APPENDIX A - DISSERTATION

ID SampleID Drilling ID Location Type Sampling depth Uncalibrated age** Calibrated age
[nearby village] [carbon reservoir] [cmb.s.] [a BP] [cal. ka BP, 20]
1 Poz-58500 NAMYO1 Rychnow* Charcoal fragment 72 109.01 £ 0.31 0.14 + 0.1 [#***
2 Poz-58501 NAMYO1 Rychnow* Charcoal fragment 127 2,050 +30 2.11 + 0.09%***
3 Poz-59785 NAMYO02 Rychnow* Charcoal fragment 138 2,450 +70 2.54 +0.18%***
4 Poz-59786  NAMYO02 Rychnow* Macroplant remains 303 7,330 £40 8.15 £ 0.13****
5 Poz-59787 NAMYO02 Rychnow* Macroplant remains 437 8,820+ 50 9.92 £ (.24 ****
6 Poz-59788  NAMYO03 Rychnow* Charcoal fragment 114 2,960 + 70 3.14 £ 0.2 **%*
7 Poz-59712 NAMYO03 Rychnow* Macroplant remains 204 1,625 + 30 1.50 £ 0.09****
8 Poz-71465 NAMYO03 Rychnow* Charcoal fragment 215 1,615 +30 1.49 £ 0.08****
9 Poz-59713  NAMYO03 Rychnow* Charcoal fragment 482 > 51,000 >51.0
10 Poz-58502 NAMY04 Mtokicie Charcoal fragment 46 900 + 30 0.82 £ 0.09****
12 Poz-58504 NAMYO04 Mitokicie Charcoal fragment 96 1,185 +30 111 £ 0.1 [H**
11 Poz-58505 NAMY04 Mitokicie Charcoal fragment 194 2,960 + 60 3.14 £ 0.19%***
13 Poz-59714 NAMYO06 Mtiokicie Macroplant remains 129 2,245 +30 2.55 + 0.09%***
14 Poz-59715 NAMYO06 Mitokicie Charcoal fragment 268 37,200 + 700 41.49 £ 1.15%***
15  Poz-58590  PiF5-1 Pielgrzymowice*  Charcoal fragment 66 2,280 + 40 2.26+0.10%**
16  Poz-58506  PiF5-1 Pielgrzymowice*  Charcoal fragment 83 2,110 +30 2.14 + 0.14%**
17 Poz-58507  PiF5-2 Pielgrzymowice*  Charcoal fragment 60 2,180 +50 2.19 + 0.14%**
18  Poz-58508  PiF5-2 Pielgrzymowice*  Charcoal fragment 69 3,270 +35 3.49 + 0.09***
19 Poz-58509  PiF5-2 Pielgrzymowice*  Charcoal fragment 97 2,090 + 30 2.07 £ 0.08***
20 Poz-68342 LUBSKA09  Lubska* Bulk sample 238 38,000 + 900 42.10 £ 1.46%***
21  Poz-68343 LUBSKA09  Lubska* Macroplant remains 454 39,000 + 1,000 43,06 + 1.55%%**
22 Poz-71621  RYCHNOWI12 Rychnow* Bulk sample 105 565 + 30 0.58 £ 0.06****
23 Poz-71464 RYCHNOWI12 Rychnow* Macroplant remains 371 9,420 + 80 10.75 + 0.33%%**
24 Poz-68346 RYCHNOWI13 Rychnow* Charcoal fragment 149 2,005 + 30 1.96 + 0.08****
25  Poz-68344  PIELW14 Pielgrzymowice*  Macroplant remains 218 9,770 + 60 11.09 + 0.2 %%**
26  Poz-68345  PIELW14 Pielgrzymowice*  Macroplant remains 269 15,480 + 180 18.74 + (0.1 8%***

*study sites with prehistoric iron smelting context according to AZP (since 1978) **measured at Poznan Radiocarbon Laboratory, Poland.
***calibration with Calib Rev 7.0.1 with the calibration curve IntCall3 after Reimer et al. ( 2013).
****calibration with OxCal 4.2 (Bronk Ramsey and Lee, 2013) with the calibration curve IntCall3 after Reimer et al. (2013).
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APPENDIX D — CASE STUDY IV

IV. Appendix D — Case study IV

Appendix D, Fig. A.1: Piel-profiles 1A/B/C and 2A/B in the immediate vicinity of a bloomery furnace
in trench 3 (Photo: Thelemann, 2014).
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Appendix D, Table A.1: Laboratory results of the profiles in the exaction sections.

APPENDIX D — CASE STUDY IV

Sample ID Piel- Position Grain size Grain size Water pH est.CaCO; LOIS50 est. TOC est. TC Phosphate Ca* Cd* Cr* Cu*  Fe* K* Mg* Mn* Na*  Ni* P* Pb* Sr* Zn*
profile  Vert./hor. <2 mm >2mm content value [10%HCI] (LOISS0)  (LOI) spot test 317.93 228.80 357.87 224.70 238.20 766.49 279.08 257.61 589.59 231.60 213.62 220.35 460.73 213.86
No Profile ID [in cm] [mass%] [mass%] [mass%] [@] [mass%] [mass%] [mass%] [mass%] [inclasses] [mg/g] [ng/g] [ug/g] [ng/e] [mg/g] [meg/g] [mgle] [me/e] [mg/e] [ug/e] [me/g] [ngle] [ng/e] [ng/e]
1 1A 31 96.62 3.38 0.21 6.4 0.0 1.24 0.72 0.77 1.0 1.08  0.09 6 19 416 045 042 031 0.18 7 0.77 3 451 30
2 1A 36 97.28 2.72 0.28 6.2 0.0 0.95 0.55 0.59 2.0 093 0.12 6 16 348 040 038 022 0.13 6 0.72 3 4.01 23
3 1A 41 96.94 3.06 0.29 6.1 0.0 0.95 0.55 0.58 2.0 0.87  0.02 6 12 275 045 034 019 023 6 0.57 2 4.42 17
4 1A 46 94.27 5.73 1.72 6.0 0.0 422 2.46 2.69 2.0 0.88  0.03 5 13 259 043 032 0.14 0.16 7 0.49 2 4.50 15
5 1A 51 97.84 2.16 0.10 6.0 0.0 0.53 0.31 0.32 1.5 0.70  0.03 5 10 201 040 028 0.13 0.26 6 0.42 2 3.80 13
6 1A 56 98.76 1.24 0.07 5.8 0.0 0.37 0.22 0.23 2.0 0.41  0.00 5 7 147 036 023 0.03 0.27 5 0.26 1 2.94 9
7 1A 61 98.87 1.13 0.16 5.7 0.0 0.29 0.17 0.19 1.5 0.44  0.00 4 6 1.50 034 024 0.02 025 5 0.27 1 3.01 8
8 1A 66 98.93 1.07 0.09 5.6 0.0 0.25 0.15 0.18 2.0 0.36_ 0.00 4 8 149 033 020 0.05 0.19 5 0.25 1 2.92 8
9 1B 31 96.50 3.50 4.35 5.8 0.0 1.40 0.81 0.87 1.0 121 0.10 8 13 450 059 050 030 0.18 7 0.92 4 5.20 27
10 1B 36 96.54 3.46 0.23 5.7 0.0 1.30 0.76 0.79 1.0 0.99  0.04 7 13 502 053 043 025 0.16 7 0.78 3 4.90 20
11 1B 41 94.42 5.58 0.21 5.6 0.0 1.25 0.73 0.77 1.5 0.94  0.04 6 11 421 052 044 023 024 6 0.78 3 4.98 18
12 1B 51 88.88 11.12 0.27 5.6 0.0 2.39 1.39 1.45 2.0 1.97  0.02 9 13 581 089 073 022 046 7 1.36 2 10.09 19
13 1B 56 94.74 5.26 0.18 5.6 0.0 1.28 0.74 0.78 1.0 1.17  0.04 7 8 292 071 048 0.11 022 6 0.89 2 6.56 16
14 1B 61 98.36 1.64 0.06 5.6 0.0 0.44 0.25 0.29 2.5 0.49  0.00 6 8 2.14 040 027 0.04 0.19 5 0.41 2 3.72 9
15 1B 66 99.17 0.83 0.08 5.7 0.0 0.58 0.34 0.37 2.0 0.68  0.01 6 8 254 046 039 0.05 0.9 6 0.77 2 4.55 11
16 1C 31 97.22 2.78 0.22 5.5 0.0 1.26 0.73 0.79 1.0 0.78 0.15 7 11 3.60 052 042 025 022 7 0.80 4 4.24 21
17 1C 36 97.85 2.15 0.09 53 0.0 0.61 0.35 0.38 1.0 0.44  0.03 5 7 209 046 027 0.08 0.25 6 0.45 2 2.89 12
18 1C 41 97.83 2.17 0.05 52 0.0 0.51 0.29 0.32 1.0 0.39  0.00 5 5 1.59 029 023 0.03 0.18 8 0.27 1 2.66 12
19 1C 46 98.78 1.22 0.06 52 0.0 0.41 0.24 0.27 1.0 0.42  0.00 5 7 1.61 033 023 0.04 0.19 5 0.23 1 2.81 10
20 1C 51 99.20 0.80 0.23 52 0.0 0.35 0.21 0.24 1.0 0.36  0.00 4 4 1.67 035 023 0.03 0.20 5 0.29 2 2.71 10
21 1C 56 99.34 0.66 0.47 5.3 0.0 0.39 0.23 0.26 1.0 0.42  0.00 4 5 1.82 033 025 0.04 0.I5 5 0.29 1 2.71 8
22 1C 61 99.28 0.72 0.05 5.4 0.0 0.45 0.26 0.30 1.0 0.43  0.00 5 4 240 037 026 0.07 0.11 5 0.44 2 3.02 8
23 1C 66 98.98 1.02 0.05 5.4 0.0 0.36 0.21 0.25 1.0 0.46  0.01 4 4 1.76 026 022 0.07  0.66 4 0.42 2 2.90 6
24 2A 5 97.16 2.84 0.19 5.4 0.0 2.52 1.46 1.56 1.0 1.24 022 9 13 562 084 068 034 0.19 6 1.45 17 5.82 36
25 2A 10 95.69 431 0.22 5.4 0.0 2.60 1.51 1.61 1.0 1.25  0.19 9 10 6.03 077 066 034 030 7 1.34 15 5.56 33
26 2A 15 96.07 3.93 0.28 5.8 0.0 2.90 1.69 1.80 1.5 1.56  0.21 10 10 594 080 072 037 0.15 6 1.45 15 6.27 35
27 2A 20 95.06 4.94 0.28 5.9 0.0 2.51 1.46 1.82 1.0 1.46 021 9 10 556 078 073 035 0.15 7 1.34 14 6.56 34
28 2A 25 96.24 3.76 0.23 5.8 0.0 1.94 1.13 1.25 2.0 1.25  0.13 8 10 6.13 059 058 038 0.14 6 1.23 9 5.59 32
29 2A 32 94.93 5.07 0.34 5.8 0.0 1.99 1.16 1.26 1.5 1.24  0.10 8 10 6.50 062 053 043 028 8 1.35 7 6.08 29
30 2A 37 92.03 7.97 0.39 5.6 0.0 1.94 1.13 1.22 1.5 .52 0.09 8 10 812 069 057 046 0.15 7 1.71 5 8.14 29
31 2A 45 87.49 12.51 0.32 5.6 0.0 1.91 1.11 1.21 1.5 146  0.11 9 10 7.64 070 061 050 025 8 1.61 4 8.55 29
32 2A 51 95.56 4.44 0.22 5.8 0.0 1.52 0.88 0.97 1.0 1.20  0.10 6 11 491 063 045 034 0.13 5 1.22 4 6.60 21
33 2A 57 94.69 5.31 0.23 59 0.0 1.32 0.77 0.86 1.0 1.28  0.07 6 10 403 045 037 033 021 6 1.17 3 6.58 18
34 2A 65 94.94 5.06 2.63 6.0 0.0 1.23 0.71 0.78 2.0 1.27  0.03 5 9 439 049 033 024 0.16 5 1.29 3 6.46 15
35 2A 70 94.62 5.38 0.15 59 0.0 1.19 0.69 0.75 2.0 1.53  0.09 5 13 465 044 029 0.61 0.13 10 1.70 3 8.08 17
36 2A 75 95.27 4.73 0.15 6.0 0.0 1.32 0.77 0.82 2.0 1.39  0.03 4 11 335 037 023 0.14 0.14 5 1.35 2 7.62 13
37 2A 81 96.98 3.02 0.09 6.0 0.0 1.11 0.64 0.70 1.0 0.87  0.00 4 8 1.56 043 020 0.05 0.17 7 0.48 2 5.28 9
38 2A 88 95.92 4.08 0.02 6.0 0.0 0.22 0.13 0.14 1.5 0.53  0.00 4 3 1.35 027 0.19 0.06 0.18 4 0.18 3 3.37 5
39 2B 5 90.60 9.40 0.26 5.8 0.0 2.60 1.51 1.71 1.0 .17 0.17 9 9 528 078 064 034 0.10 7 1.29 14 5.22 32
40 2B 10 96.85 3.15 0.27 5.7 0.0 2.54 1.48 1.59 1.0 1.35 0.16 10 10 563 078 067 037 0.16 6 1.38 15 8.26 32
41 2B 15 95.95 4.05 0.20 5.4 0.0 2.28 1.33 1.44 1.0 121 0.17 9 10 6.02 079 062 036 0.13 7 1.28 14 5.75 36
42 2B 20 97.01 2.99 0.37 5.5 0.0 2.31 1.34 1.48 1.0 122 0.15 9 9 561 082 061 034 0.18 7 1.31 16 6.99 33
43 2B 25 99.11 0.89 0.19 5.7 0.0 2.28 1.33 1.48 1.0 1.65 0.21 10 9 6.69 070 081 035 0.12 6 1.49 15 5.93 39
44 2B 32 95.45 4.55 0.16 5.8 0.0 1.68 0.98 1.06 1.0 1.20  0.06 7 10 455 058 051 032 0.17 6 0.95 6 4.99 24
45 2B 39 95.26 4.74 0.11 5.8 0.0 0.65 0.38 0.40 1.0 0.58  0.01 4 8 1.87 028 022 0.10 0.19 5 0.38 2 3.06 9
46 2B 46 97.11 2.89 0.09 5.8 0.0 0.89 0.52 0.55 1.0 0.71  0.00 5 6 2.14 044 029 0.10 0.19 5 0.44 2 3.78 11
47 2B 55 97.93 2.07 0.05 5.8 0.0 0.32 0.19 0.19 1.0 0.35  0.00 3 3 095 025 0.14 0.03 0.13 5 0.14 1 2.31 5
48 2B 60 98.44 1.56 0.03 5.8 0.0 0.24 0.14 0.15 1.0 0.35  0.00 3 3 084 030 0.14 0.02 0.16 4 0.11 1 2.62 5
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APPENDIX D — CASE STUDY IV

Sample ID  Piel- Position Grainsize Grainsize Water pH est.CaCO; LOI550 est. TOC est. TC Phosphate Ca* Cd* Cr* Cu*  Fe* K* Mg* Mn* Na*  Ni* P* Pb* Sr* Zn*

profile Vert./hor. >2 mm <2mm content value [10%HCI] (LOI550) (LOI) spot test 317.93 228.80 357.87 224.70 238.20 766.49 279.08 257.61 589.59 231.60 213.62 220.35 460.73 213.86
No ProfileID [inem]  [mass%] [mass%] [mass%] [@] [mass%] [mass%] [mass%] [mass%] [in classes] [mg/g] [ng/g] [ugle] [pg/g] [me/g] [mg/g] [mg/g] [me/g] [me/g] [ng/e] [mg/e] [uge] [ngle] [ngle]
49 2B 65 98.38 1.62 0.01 5.7 0.0 0.21 0.12 0.13 1.0 0.30 0.00 3 3 0.75 0.25 0.12 0.02 0.21 4 0.15 1 2.29 4
50 2B 70 98.19 1.81 0.02 5.7 0.0 0.21 0.12 0.13 1.0 0.34 0.00 3 3 0.70 0.28 0.13 0.02 0.20 4 0.10 1 2.54 4
51 2B 75 97.92 2.08 0.00 5.6 0.0 0.25 0.15 0.15 1.0 0.38 0.00 4 3 1.11 0.39 0.20 0.03 0.19 5 0.13 1 3.14 5
52 2B 80 95.29 4.71 0.02 5.6 0.0 0.23 0.13 0.14 1.0 0.35 0.00 4 2 0.79 0.25 0.15 0.02 0.34 9 0.29 1 2.59 5
53 2B 85 100.00 0.00 0.07 5.6 0.0 0.40 0.23 0.25 1.0 0.61 0.01 5 3 1.57 0.41 0.29 0.06 0.19 5 031 2 3.47 8
54 2B 90 100.00 0.00 0.15 5.6 0.0 0.71 0.41 0.47 1.5 0.77 0.00 8 4 3.63 0.70 0.58 0.09 0.21 7 0.69 3 5.55 15
55 3A 0 96.09 3.91 0.29 6.0 0.0 1.99 1.16 1.26 1.0 1.25 0.09 9 9 5.37 0.76 0.71 0.29 0.11 8 1.11 9 5.87 24
56 3A 10 95.97 4.03 0.27 5.9 0.0 1.91 1.11 1.19 2.0 1.37 0.06 10 8 5.96 0.89 0.76 0.28 0.19 7 1.10 8 6.31 26
57 3A 20 94.85 5.15 0.31 6.0 0.0 2.00 1.16 1.25 1.5 1.55 0.09 11 8 6.52 0.96 0.88 0.31 0.20 9 1.19 8 7.26 27
58 3A 30 95.36 4.64 0.25 5.9 0.0 1.81 1.05 1.14 1.5 1.41 0.06 10 8 6.24 0.85 0.79 0.26 0.20 8 1.11 8 9.20 26
59 3A 40 96.49 3.51 0.43 6.0 0.0 2.25 1.31 1.43 2.0 1.74 0.05 15 9 9.03 1.39 1.23 0.24 0.17 11 1.37 11 9.46 29
60 3A 50 97.07 2.93 0.46 6.0 0.0 2.16 1.26 1.41 2.0 1.81 0.05 19 9 10.55 1.47 1.52 0.18 0.27 11 1.27 7 9.58 29
61 3A 60 99.57 0.43 0.66 6.0 0.0 2.50 1.45 1.64 2.0 2.19 0.05 22 9 13.34  1.77 1.79 0.18 0.16 12 1.42 9 10.92 33
62 3A 70 97.18 2.82 0.60 58 0.0 2.48 1.44 1.60 1.5 1.91 0.07 20 9 1246 1.67 1.63 0.18 0.26 12 141 9 10.03 35
63 3A 80 98.76 1.24 0.58 5.8 0.0 2.46 1.43 1.59 2.0 1.84 0.08 21 8 11.19 1.64 1.55 0.16 0.14 11 1.39 9 9.80 32
64 3A 90 94.32 5.68 0.46 5.8 0.0 2.24 1.30 1.44 2.0 1.77 0.13 16 9 9.25 1.45 1.23 0.25 0.20 10 1.40 13 9.21 30
65 3A/3B 100 100.00 0.00 0.55 5.7 0.0 2.50 1.45 1.64 2.0 1.95 0.08 22 10 12.16 1.72 1.71 0.17 0.17 12 1.31 10 10.58 29
66 3B 90 94.50 5.50 0.26 6.1 0.0 1.99 1.15 1.25 2.0 1.44 0.08 11 9 6.52 0.93 0.87 0.29 0.24 8 1.17 7 7.28 26
67 3B 80 94.16 5.84 0.28 6.1 0.0 2.14 1.25 1.35 2.0 1.37 0.08 10 9 6.29 0.88 0.81 0.34 0.15 8 1.12 7 6.88 24
68 3B 70 95.76 4.24 0.33 6.1 0.0 2.24 1.30 1.42 2.0 1.48 0.09 11 9 6.62 0.90 0.84 0.30 0.27 8 1.29 8 7.39 26
69 3B 60 82.07 17.93 0.45 6.0 0.0 2.61 1.52 1.67 2.5 2.03 0.08 17 9 9.57 1.39 1.37 0.25 0.24 11 2.84 9 14.84 32
70 3B 50 95.03 4.97 0.39 6.0 0.0 2.26 1.31 1.46 1.5 1.72 0.05 15 9 9.62 1.14 1.36 0.18 0.17 10 1.24 8 8.44 26
71 3B 40 97.18 2.82 0.38 6.0 0.0 2.10 1.22 1.35 2.0 1.62 0.05 15 8 8.54 1.34 1.23 0.22 0.20 11 1.33 8 9.25 25
72 3B 30 97.28 2.72 0.35 5.9 0.0 1.97 1.15 1.27 1.5 1.44 0.20 13 8 7.49 1.06 1.06 0.23 0.16 8 1.18 7 7.87 28
73 3B 20 95.56 4.44 0.30 6.0 0.0 2.01 1.17 1.28 1.5 1.42 0.10 13 8 7.19 1.09 1.02 0.25 0.21 9 1.14 9 7.72 25
74 3B 10 95.73 4.27 0.26 6.0 0.0 1.72 1.00 1.10 1.5 1.23 0.04 10 7 6.08 0.84 0.80 0.27 0.16 7 1.03 9 6.28 22
75 3B 0 95.30 4.70 0.24 6.0 0.0 1.71 0.99 1.09 2.0 1.26 0.09 10 7 6.34 0.92 0.80 0.30 0.15 9 1.05 9 6.63 24
76 4A 0 93.98 6.02 0.16 6.1 0.0 1.25 0.73 0.78 2.0 0.93 0.03 8 5 4.13 0.70 0.65 0.13 0.14 6 0.74 5 543 16
77 4A 10 95.35 4.65 0.17 6.1 0.0 1.57 0.91 1.03 2.0 1.06 0.08 9 5 493 0.76 0.71 0.19 0.23 7 097 7 5.84 20
78 4A 20 93.90 6.10 0.22 6.0 0.0 1.70 0.99 1.12 2.0 1.37 0.05 12 6 6.35 1.11 1.06 0.14 0.17 9 1.19 5 8.03 23
79 4A 30 91.72 8.28 0.26 6.0 0.0 1.99 1.16 1.27 2.0 1.54 0.06 12 7 7.07 1.17 1.01 0.20 0.23 8 149 7 8.64 25
80 4A 40 95.37 4.63 0.44 5.9 0.0 2.07 1.20 1.37 1.5 1.65 0.13 19 7 9.61 1.33 1.35 0.15 0.14 10 1.32 11 8.49 26
81 4A 50 82.48 17.52 0.60 5.9 0.0 2.51 1.46 1.66 2.0 2.20 0.09 21 8 9.69 1.77 1.32 0.15 0.18 10 8.47 7 21.46 36
82 4A 60 96.53 3.47 0.22 6.0 0.0 1.64 0.96 1.04 3.0 1.48 0.10 9 9 5.62 0.86 0.73 0.33 0.14 8 1.21 10 7.04 26
83 4A 70 95.53 4.47 0.29 6.0 0.0 2.27 1.32 1.43 2.0 1.46 0.09 9 9 5.25 0.80 0.67 0.35 0.13 7 1.16 9 7.04 24
84 4A 80 95.08 4.92 0.27 6.0 0.0 2.18 1.27 1.38 2.0 1.75 0.09 9 10 5.62 0.80 0.72 0.39 0.15 8 1.17 6 7.32 26
85 4A 90 94.69 5.31 0.24 6.0 0.0 1.82 1.06 1.14 2.0 1.43 0.06 8 9 5.62 0.70 0.67 0.33 0.13 6 1.10 7 6.19 23
86 4A/4B 100 81.71 18.29 0.49 5.8 0.0 2.10 1.22 1.42 2.0 1.76 0.03 19 8 11.64 1.51 1.51 0.15 0.18 11 1.22 8 9.07 26
87 4B 90 87.00 13.00 0.35 58 0.0 1.84 1.07 1.24 2.0 1.46 0.05 15 8 9.16 1.30 1.24 0.18 0.16 9 0.98 7 8.10 24
88 4B 80 84.87 15.13 0.29 5.8 0.0 1.83 1.06 1.23 2.0 1.38 0.06 14 7 8.52 1.19 1.16 0.17 0.15 9 0.96 8 7.70 24
89 4B 70 88.58 11.42 0.51 5.9 0.0 6.38 3.71 3.87 2.0 1.47 0.05 15 8 8.75 1.21 1.19 0.22 0.17 9 1.05 7 8.07 24
90 4B 60 77.89 22.11 0.42 6.0 0.0 2.40 1.40 1.56 3.0 2.26 0.09 16 9 9.60 1.55 1.26 0.27 0.20 11 3.47 8 14.69 34
91 4B 50 92.82 7.18 0.34 5.9 0.0 2.44 1.42 1.54 2.0 1.82 0.08 10 12 6.07 0.85 0.86 0.35 0.14 8 1.30 7 8.92 27
92 4B 40 94.22 5.78 0.31 5.9 0.0 2.44 1.42 1.54 2.0 1.98 0.08 10 11 6.93 1.21 1.00 0.39 0.12 10 1.34 6 8.23 30
93 4B 30 95.89 4.11 0.24 6.0 0.0 2.05 1.19 1.31 2.0 1.45 0.09 9 8 5.33 0.78 0.71 0.34 0.13 6 1.09 15 6.72 26
94 4B 20 95.38 4.62 0.25 6.0 0.0 1.92 1.12 1.22 2.0 1.22 0.11 10 7 5.26 0.74 0.63 0.30 0.13 7 1.16 11 5.81 27
95 4B 10 92.70 7.30 0.25 6.0 0.0 2.05 1.19 1.29 2.0 1.47 0.07 8 10 5.05 0.73 0.65 0.38 0.26 7 1.20 7 6.73 25
96 4B 0 95.89 4.11 0.16 6.0 0.0 2.01 1.17 1.26 1.5 1.33 0.12 9 8 5.54 0.74 0.66 0.33 0.20 10 1.18 10 6.28 27

*Measured with ICP-OES in the geoscientific laboratory of the Freie Universitét Berlin.
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