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Abstract

The perception of long-term environmental modifications under natural and anthropogenic
conditions is the tool of how to deal with future human sustainability. One of the most important
is the variation of the climate influencing the soil cover and soil pedogenesis. Humans control not
only variations in the plant species composition but also the microclimate and soil cover through
feedback mechanisms.

Therefore, the reconstruction of the environmental change sequence formed under natural and
anthropic conditions is essential for future predictions and sustainable development of human
activity. Unfortunately, the incomplete datasets curtail the ability of archaeologists to investigate
such ancient landscapes.

The research aimed to analyze the environmental impact of ancient human activities on affected
land fertility by prehistoric and medieval settlements in selected sites in the Czech Republic
(Pilsen, Chotébuz) and France (Bibracte).

The Pilsen-Hradiste site has been known to archaeologists for more than 150 years. Since
then, several small-scale surveys and excavations have been taken. This site had at least five phases
of occupation and building activities, dating from the end of the Early Bronze Age (17"/16%
century BC) to the Early Medieval Period (9™-10™ century AD).

One of the best research sites of Early Middle age fortified locations in the Czech lands is
undoubtedly the hillfort in Chotébuz-Podobora near Cesky T&in. This site is near the current
Czech-Polish state border, where systematic archaeological research has been underway for over
thirty years. It lies in the narrower north fields of the Moravian Gate, an important connecting
point between the European south and north. This intensively researched site provides another
excellent opportunity for studying long-term human impact on soils and the local environment in
the respective periods in the easternmost part of the Czech Republic, which historically connected
regions of Moravia and Little Poland.

Bibracte is a French site representing one of the best examples of significant
transformations in later prehistoric Europe. This site indicates the appearance of the large enclosed
settlements known as oppida. These sites, known as the beginnings of urbanism in Europe, marked

the rise of proto-state communities and the focus of engagement with the expanding Roman



Empire. However, it recognized that the concept of Late La Téne (c. 250 to 30 BC) oppida as a
unified group obscures a more complex picture of urban and social developments. Several
unenclosed ‘agglomerated’ settlements represent an earlier phase of this phenomenon.

The record of environmental changes caused by anthropogenic pressure is reflected in soil
morphology and properties. The occurrence of a whole sequence of fossil soils (called fossil or
buried soils), or just buried soil horizons, plays a crucial role in the former environmental
reconstruction and its evolution over time. Soils transformed by man to a varying extent and
developed human activity results (Anthrosols and Technosols) characterized by sharp boundaries
between different soil units and between individual soils. They often do not have the transition
zones (pedoecotones), characteristic of natural soils properties of those developed as a result of
spatially limited human activities (such as plowing, fertilization, liming, drainage, changes in the
species composition of forest stands or their habitat, and activities related to production, etc.)
persist at different time scales.

Some newly developed properties may become obliterated in a relatively short time (tens
or hundreds of years) if the causes are eliminated (e.g., the disappearance of characteristics related
to anthropogenic soil salinity). On the other hand, other soil properties permanently encoded in the
“soil memory” allow us to determine the extent and intensity of the former anthropogenic pressure,
even in areas where human impact on the soil is not visible during direct field observations.

Humanity’s impact on natural ecosystems is well documented and has led to a decline in
biodiversity globally. The anthropogenic drivers responsible for this are predominantly related to
climate change and pollution that stem from the agricultural and industrial demand to support an

ever-growing population.



Table of contents

Lo INErOQUCTION. ..ot e 8
2. AIMOTtNEtNESIS. ..o 10
3. LItEratUIE FBVIEBW. . ..ottt ettt e 11
3.1.The Implication of anthropogenic activities on soil..............c.ovvviveniiniininnnnn 12
3.2.Sedimentary archiVe. ... .....oiiiiii i e e 13
3.3.Ancient settlement activities as important sources of nutrients........................ 14

3.4. The Human Impact on All Soil-Forming Factors.................ocooiiiiiiniieiinnn... 17
3.4.1. The five soil- forming factors..............coviiiiiiiiiii e 19
3.4.1.1. Parent Material..........oouieiniiii e 19

13t 1< O 20

BBt G TR 1 11 1 20

3.4.1.4. Topography and relief............cooiiiiiiiii e 21

R T 0¥ 111 1 1 1 N PPN 23

3.5, HiStOrICal MAPS. ..ttt ettt e et e e e 23

3.6. Anthropogenic SOIIS. ... .oiiueinii i, 24
3.6.1. Soils with strong human influence (Anthropogenic)...............cccovvininn.n 27
3.6.1. 1. ANthrosolS.....ccooiuiintiii i 27

a) Regional distribution of Anthrosols...............cocoiviiiiiiiiiii.. 27

b) Management and use of Anthrosols...............ccooviiiiiiiiiiiiiiiinn.n. 28

3.6.1.2. TeChNOSOIS. ....uieee e 29

a) Regional distribution of Technosols...............ccooiiiiiiiiiiiiin.. 29

b) Management and use of Technools...................cooiiiiiiiiii e, 30

A, MeEthOAOLOEY . ... nee e e 30
4.1.Analysis of anthropogeniC SOIlS........ ..o 30
4.2.Pedological description and characterization of horizons.....................coeeeene. 31
4.3.Portable X-Ray fIUOIESCENCE. ...t e, 32

4. 4MiICromorphology .. .....c.oei 32
4.4.1. The advancement of soil micromorphology in archaeology..................... 33

4.5, MagNEHIC PrOPEITICS. ... v et ettt ettt e e eiie e et e et et et e et e et et e et e e aaeeeeaenns 35



4.6.0ptically Stimulated Luminescence (OSL) dating .................cooeeiiiiiiniinn... 37

4.7.Dataset CharaCteriStiCS. . . ... oottt e e e, 39
4.7.1. principal component analysiS..........coovviiiiiiiiii i, 39
B R ESUIES . oot e 40

5.1.Detection of occupational surface remnants at a heavily eroded site; case study of
archaeological soils from La Terrasse, Bibracte oppidum (Published article).......... 40

5.2.Soils as an environmental record of changes between Iron Age and Medieval

occupations at Chotébuz-Podobora hillfort (Published article)........................... 75
5.3.The Influence of Ant Activity on Soil Dynamics at an Archaeological Site, case:
Opp1dum Bibracte. ........o.oiniiii e 110
5.4.The influence of ants on soil microstructure..............coovveieiiiiiiiiiiinne. 110
5.5.Geochemical and magnetic signals produced by ant activity........................... 112

T B T 1113 o) & F N 113
0.1, StUAICA STLES. ... utt ittt e e e e 113
6.2.Formation of the soils at the StUdIed SItES...........ccccviireiiiicee e 117
6.3.Geochemical signal of anthropogenic soils.............ccooeiiiiiiiiiiiiiiiia, 119

6.4.Unraveling AH Structures in Soils and the Impact of Ants on Archaeological

INFEIENCES. ... 122

T CONCIUSION. ...t 123
ACKNOWIEAMENL. ...t 125
LSt Of 1 gUIES. ..ot 126

8. R OTEINCES. ..ottt 127

9. Curriculum Vitae, List of Publication and other activities...........ooveeeeeeiiiiiinnin, 156



1. Introduction

Sedimentary archives implement a record of the human environment interaction during the
Quaternary. The geochemical composition of soils and sediments can be affected by ancient
human occupation; therefore, this methodological approach on soils becomes necessary for
archaeological investigations (Holliday, 2004; Ackermann et al., 2015). Ancient settlement
activities, specifically the deposition of biomass, ashes, and organic matter can substantially
increase the concentrations of nutrients (P, K, S, Zn, and Cu) in the topsoil layer covering the
archaeological sites. Such an impact can change the soil’s mental composition caused by
settlement activities. Ancient settlement activities can increase the concentrations of nutrients in
the soil to the same level as recent intensive fertilizer applications on an adjacent arable field used
for vegetable production (Smejda et al., 2017).

The variety of environments and cultural contexts can improve our knowledge about the
characteristics of human activity. Documenting long-term environmental changes under natural
and anthropic forces helps facilitate sustainable development (Mercuri and Florenzano, 2019). A
further valuable proxy to determine the human impact on a landscape via the interpretation of
human-induced fire is charcoal (produced by the incomplete burning of wood) (Miao et al., 2019).
Microcharcoal from fossil records can provide an opportunity to explore past climate change and
human activity (Jaffé et al., 2013). Human activities profoundly impact the environment at low
altitudes and high geographical latitudes. The palynological studies also detected human influence
on vegetation since the mid-late Holocene (Kramer et al., 2010).

Archaeological site locations are an essential data set for investigating the cultural and social
landscape's long-term and large-scale transformations. Wilkinson (2003) argued that as social
processes change, they materialize different ‘signature landscapes’ the comparison of which can
reveal the dynamics of past human societies. Past settlement landscapes associated with early cities
and polities are particularly extensive. Investigating these landscapes requires data from across
large areas. But locating ancient cultural heritage sites through the archaeological survey is
expensive in terms of time and resources. Surveys could be the best employed in concern with
other spatial research methods, which can be used to build up datasets that allow research over

long periods and extensive areas (Menze and Sherratt, 2006; Liu et al., 2013).



Historical maps are one of such data sets that offer information from a range of periods that
remote sensing-based approaches can complete to identifying cultural heritage sites (Casana, 2009;
Petrie et al., 2019). Historical maps have the potential to complement other spatial research
techniques, such as remote-sensing, thereby facilitating holistic investigations of archaeological
landscapes (Rondelli et al., 2013).

Geographical information systems (G1S)-based methods are essential to transforming old and
sometimes forgotten documents into spatial data for multi-method analysis, including sources that
are difficult to compare as discrete documents (Wheatley and Gillings, 2002). GIS allows maps,
plans, and other features to transform into digital vector data with spatial coordinates, points, lines,
and polygons that can store additional attribute values along with X, y, and z coordinates. Many
GIS tools are open source and open access. They can be combined with other accessible data
sources such as Google Earth Imagery, dramatically improving cultural heritage landscape data
resolution in many parts of the world (Smith and Chambrade, 2018). Weathering products may
differ, depending on the climate at weathering or exposure of the rock (Chesworth et al., 2004).

The rates of weathering, alteration, soil accumulation, and evolution govern by climates like
temperature, the availability of H.O, and biotic factors (Birkeland, 1999). The amount of
precipitation is crucial, due to the leaching process to transfer silica, clay, and carbonates from the

top of soils too deep by water, which change soil development (Graham and O’Geen, 2010).



2. Aims of the thesis

The main aim of this project is:

1) to assess the ecological impact of human activity on soils present at archeological sites,

2) understand long-term environmental changes induced by anthropogenic impact in such
environments. For the initial, we have the following objectives:

» To understand that archaeological features resulting from ancient human activity (pits,
walls, and ditches filled by sediments and soils) may enhance water and nutrient availability for
plants growing over such features.

«  To describe the multi-dimensional activities in settlements, their development, and change
to rate accumulation of phosphate and other chemical indicators of human impact over time.

» Quantification and monitoring crops phenological cycle, nutrient cycling, and soil

evolution.

10



3. Literature review

The literature review is divided into four chapters to distinguish the different parts of
anthropogenic soils studies. The first chapter defines anthropogenic activities and implication of
it on soils, sedimentary archives, and ancient settlements as an essential source of nutrients in
research. The second chapter outlines the human Impact on All Soil-Forming Factors. Soils are
formed through the interaction of five major factors: time, climate, parent material, topography
and relief, and organisms. The relative influence of each factor varies from place to place. Still,
the combination of all five factors normally determines the kind of soil developing in any given
site. Still, the research on anthropogenic soils does not obey any of the regular scientific
disciplines. The third chapter partially describes historical maps as a complement of spatial
research techniques, such as remote-sensing and Geographical information systems (GIS). The last
chapter describes soils with strong human influence, their managements, and the way to analyze
these soils containing X-ray flourescence, micromorphology, magnetic sustabilty principles of
pXRF. The chapter also includes a critique of the use of these devices. These devices create
specific closed data called compositional data. The last chapter of the literature review describes
what compositional data are and how to work, optically simulated dating (OSL), and dataset
characteristics.

As the spatial relics of human activities, settlement sites carry and record information about
human adaptation and transformation of the environment; interpreting and revealing the
environmental information of settlement distribution can provide conditions for further
understanding the interaction between humans and the environment during this period. Therefore,
by studying the changing patterns of the distribution of human prehistoric sites and their
geographical background, we can understand the adaptation and transformation processes of
prehistoric humans to the living environment (Pachauri and Meyer, 2014; Putzer et al., 2016),
which are an important topic in environmental archaeology research. Attempts to explain the
relationships among prehistoric human settlement information, the development of early
civilizations, and the natural environment date back to the 1950s (Chang, 1968). These
explanations allow us to use the past to further our understanding of the dynamic and complex
systems in which humans interact with nature. Discussing the relationship between the spatial and

temporal distribution of settlements and the geographic environment around the changing patterns
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of human prehistoric sites and their geographic context (Putzer, 2016; Dutt et al., 2019) is an

essential environmental, archaeological study issue.

3.1. The implication of anthropogenic activities on soil

The implications of anthropogenic activities on soil have been discussed extensively for many
years in numerous publications. For example, Dazzi and Lo Papa (2015) defined seven major types
of anthropogenic soils, all induced by human activities: (1) soils that were altered because of land
use changes, for example, Solonchaks developed from Cambisols in arid environments because of
irrigation; (2) diagnostic soil horizons related mainly to long-term applications of organic matter
or to wetland cultivation; (3) new parent material, which is a mixture of gathered mineral and/or
organic materials resulting from landfills and other forms of accumulated waste originating from
human activities; (4) profound soil disturbance, including deep plowing, trenches, excavations,
pipelines, and construction sites without any distinguishable horizons; (5) landform changes,
referring to rearrangement of the land topography mainly applied to improve agricultural practices
(the most obvious example being terracing); (6) topsoil changes, which refer to the combined
impact of process like land use change (tillage, deforestation), change in soil pH (liming),
regulation of soil water content (irrigation and drainage), addition of nutrients (fertilization),
and/or contamination; and (7) soil construction/reconstruction: soils that are produced for the need/
opportunity to “reconstitute” and/or generate new soil, mainly for areas degraded by natural
disaster or termination of industrial or military activities; another option is tailoring of soil
properties for specific crop growing. In all of these, the parent material is of minor importance,
and human impact plays a significant role. Here, we provide five examples demonstrating some of
the leading consequences of human impacts on the different soil-forming factors in the context of
environmental implications. It is essentially impossible to quantify anthropogenic impacts on soil
formation, mostly because of the complexity and the numerous direct and indirect processes
involved. However, below, we offer several examples demonstrating the global scale of
anthropogenic factors and how the magnitude of human impacts are as large as, sometimes even
more significant than, that of natural processes. It is noted that these consequences are often the

outcome of a combination of anthropogenic effects.
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One fast and dramatic process induced by human activity is soil erosion. The accelerated loss
of topsoil is so rapid and so extensive that a recent report by the Food and Agricultural
Organization of the United Nations (FAO, 2008; FAO and ITPS, 2015) suggests that soil erosion
should be considered as mining of a nonrenewable natural resource. The report also indicates that
the erosion rates of arable or intensively grazed lands are orders of magnitude faster than natural
erosion rates. That soil on hilly slopes will ultimately be exhausted under standard agricultural
practice. Wuepper et al. (2020) demonstrated that agricultural practice has a major human impact.
They found significant differences in soil erosion rates between countries with joint borders despite
their natural erosion rates being practically indistinguishable. Thus, for example, Wuepper et al.

(2020) found a striking gap between Haiti, with soil erosion rates of >75 t ha™* year ™.

3.2. Sedimentary archive

Sedimentary archives implement a record of the human environment interaction during the
Quaternary. The geochemical composition of soils and sediments can be affected by ancient
human occupation; therefore, this methodological approach on soils becomes necessary for
archaeological investigations (Holliday, 2004; Ackermann et al., 2015). Ancient settlement
activities, more specifically the deposition of biomass, ashes, and organic wastes, can substantially
increase the concentrations of nutrients (P, K, S, Zn, and Cu) in the contemporary topsoil layer
covering the archaeological sites. Such an impact can change the soil's mental composition caused
by settlement activities. Ancient settlement activities can increase the concentrations of nutrients
in contemporary soil to the same level as recent intensive fertilizer applications on an adjacent
arable field used for vegetable production (Smejda et al., 2017).

In various environments and cultural contexts, multiple studies can improve our knowledge
about the characteristics of human activity. Documenting long-term environmental changes under
natural and anthropic forces helps facilitate sustainable development, where understanding human
impacts on shaping the landscapes in the present and past will be crucial (Mercuri and Florenzano,
2019). A further valuable proxy to determine the human impact on a landscape via the
interpretation of human-induced fire is charcoal, which is produced by the incomplete burning of
wood (Miao et al., 2019). Microcharcoal from fossil records can provide an opportunity to explore

past climate change and human activity (Jaffé et al., 2013). Human activities profoundly impact
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the environment, not only at low altitudes but also at high geographical altitudes. The
palynological studies also detected human influence on vegetation since the mid-late Holocene
(Kramer et al., 2010).

Archaeological site locations are an essential data set for investigating the cultural and social
landscape’s long-term and large-scale transformations. Wilkinson (2003) argued that as social
processes change, they materialize different ‘signature landscapes’ the comparison of which can
reveal the dynamics of past human societies. Past settlement landscapes associated with early cities
and polities are particularly extensive. Investigating these landscapes requires data from across
large areas. But locating ancient cultural heritage sites through the archaeological survey is
expensive in terms of time and resources. Surveys could be the best employed with other spatial
research methods, which can be used to build up datasets that allow research over long periods and
extensive areas (Menze and Sherratt, 2006; Liu et al., 2013). Historical maps are one of such data
sets that offer information from a range of periods that remote sensing-based approaches can

complete to identifying cultural heritage sites (Casana, 2009; Petrie et al., 2019).

3.3. Ancient settlement activities as essential sources of nutrients

Human activities cause long-term changes in the chemical properties of soil. Chemical analysis
of archaeological soils may lead to identifying areas affected by various human activities in the
past (Dupouey et al., 2002; Salisbury, 2013; Charzynski et al., 2015). Despite the increasing
interest in the multi-element analysis of archaeological soils (Terry et al., 2004; Fleisher and Sulas,
2015), the determination of phosphorus (P) remains the most important issue in many cases. The
archaeological significance of other elements has been studied in various geographical and cultural
contexts (Middleton and Price, 1996; Middleton, 2004; Wilson et al., 2008; Oonk et al., 2009a).
Phosphorus cycles on a geological timescale and many human activities such as organic waste,
bones, biomass ashes and feces deposition are connected with an accumulation of P (Arrhenius,
1931; Terry et al., 2004; Holliday and Gartner, 2007). Other elements that indicate past settlement
activities are calcium (Ca) and magnesium (Mg). Accumulation of Ca and Mg on archaeological
sites is linked to the use of Ca and Mg-rich clay sediments for the construction of buildings

(Hejcman et al., 2013a), deposition of mortar from the destruction of buildings (Closset-Kopp and
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Decocq, 2015), and to the deposit of biomass ashes and bones (Hejcman et al., 2011; Salisbury,
2013).

A disadvantage of Ca and Mg for archaeological prospection is their susceptibility to leaching
and changing their concentration within the soil profile after deposition, particularly in areas with
high precipitation (Hejcman et al., 2013b). In addition, analyzing Ca and Mg concentrations to
identify human activities is difficult on substrates naturally rich in Ca and Mg. The fourth essential
element is potassium (K), which accumulates in archaeological sites mainly because of the use of
K-rich clay sediments for constructing buildings and depositing biomass ashes and feces (Hejcman
etal., 2011; Hejcman et al., 2013a). K is also highly susceptible to leaching in the ion form, much
more than P. Therefore, it is considered a less reliable indicator of human activities than P. The
fifth and sixth elements are zinc (Zn) and copper (Cu). Both are microelements present in plant
and animal biomass; therefore, they accumulate due to the deposition of organic materials such as
faeces, cadavers, plant biomass, and biomass ashes (Hejcman et al., 2011). Zn is susceptible to
leaching in acid soils, but Zn losses are minimal in Ca-rich soils with alkaline soil reactions.
Extraordinarily high concentrations of elements in soils and sediments can indicate mining and
metallurgical activities of nonferrous metals (Ash et al., 2014; Horak and Hejcman, 2016; Knabb
et al., 2016). The seventh element that may indicate human activity is sulfur (S). It is an element
which has thus far received very little attention from archaeologists. The accumulation of S is
connected with the deposition and decomposition of organic materials. In plants and animals, S is
found in the amino acids cysteine and methionine, and therefore in proteins, in many cofactors and
prosthetic groups, peptides such as glutathione, in sulfolipids, sulphated polysaccharides, and
many secondary metabolites such as glucosinolates and alliins (Kopiiva, 2015). Sulfur cycling in
ecosystems is much quicker than the cycling of P, therefore, the S enrichment of archaeological
soils does not remain as high over a long period as the P enrichment. We will use this knowledge
of the differential cycling rates of S and P in the soil as a proxy for the differentiation between the
recent deposition of organic P and its ancient deposition. Local conditions and circumstances can
limit the applicability of some elements as potential indicators of human activity; for example,
Vyncke et al. (2011) disregard copper due to the very low variance of its detected concentrations.
In the past, different extraction methods and instruments were used to identify concentrations of
the above-mentioned elements in archaeological soils. To investigate archaeological sites

efficiently, we need a cheap method which can be used directly in the field to identify
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concentrations of a broad range of elements and to aid the delimitation of different activity areas
during the survey or excavation processes. A portable XRF spectrometer, which enables the
determination of a broad spectrum of elements, can be used for this task. Having used this
equipment for an archaeological landscape survey, we estimate that approximately 100
measurements localized by GPS can be routinely performed daily directly in the field (depending

mainly on the difficulty of the terrain and climate).
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3.4. The Human Impact on All Soil-Forming Factors

Throughout the development of soil science, many definitions of “soil” have been suggested.
However, in all cases, it has always been clear that the sustainability and prosperity of life depend
on the quality of soils. The developed five soil-forming factors (Jenny, 1941; 1961) accepted by
the soil science community are (i) parent material, (ii) time, (iii) climate, (iv) topography and relief,
and (v) organisms. Soil formation is usually considered to be a long-term process. It is noted that
these factors are not independent but rather show complex and high-order interactions that vary
over time. Almost a century after the first formal definition of the soil forming factors, Yaalon and
Yaron (1966) argued that human induced changes in soil-forming processes should be considered
as an integral, independent factor. This should be included as another (sixth) recognized forming
factor, called meta pedogenesis, which results from anthropogenic activity on soil. Richter and
Yaalon (2012) and recently Richter (2020) refer to this factor as anthropogenesis, elegantly
explaining the concept and reviewing the literature related to its development. Anthropogenic
effects and their impact on the soil modification rate were subsequently recognized as an
independent factor (Dudal, 2005; Richter and Yaalon, 2012).

Here, we follow Yaalon and Yaron (1966) and their definition of meta pedogenesis by
proposing that, because anthropogenic effects have become so significant and so influential, they
are often not only an additional factor or “disturbing agent” but also actually profoundly affect
each of the five original soil forming factors. We note that here we examine processes that are
active currently. We do not claim that anthropogenic activities have changed the total soil
inventory, nor that all global soils formed over eons are profoundly affected by human activities.
To justify this argument, we briefly discuss each of the original soil-forming factors and include
examples of how humans are domesticating and disrupting soils and how anthropogenic effects

have become the most dominant influences on each of them.
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3.4.1. The five soil- forming factors
3.4.1.1. Parent Material

In the past, the soil composition was derived from its parent geological material. Parent material
is a combination of bedrock weathered in place and geologic material transported by wind, water,
ice, and gravity, supplying together the mineral components of the soil. However, more recently,
massive anthropogenic activity has strongly influenced soil composition, added new
anthropogenic sources, and changed the design of many current natural sources. The (dry basis)
mass of human-made materials that are comparable to the soil parent material, including concrete,
aggregates (mostly gravel and sand), and bricks, was reported (Elhacham, 2020) recently to reach
around 90% of the global biomass, thus emphasizing the staggering extent of anthropogenic
materials being added to the pool of potential soil components. Moreover, many transport
processes that are described hereafter (e.g., dams that change river transport and wind dust
composition) are influenced strongly by human activities. New transport processes that diversify
soil composition, like mixing different horizons with advanced machinery and moving large
amounts of soil, have become common practices (Conry, 1972; Herrmann, 2018). Another
significant effect on soil composition is the introduction of soil amendments that have become
common in recent decades. Such amendments include composting, fertilizing, liming, and
deposition of treated sewage sludge. The large impact of anthropogenic activity, in general, and
soil amendments, in particular, on the soil composition should be considered, keeping in mind that
(1) the total amount of cropland grew dramatically by more than 300% between 1820 and 2015,
and (ii) the share of land used for agriculture is above 30% of the total land area in most parts of
the world (Ritchie and Roser, 2013). It is further noted that many indirect and complex interactions,
originating from processes related to the other forming factors, strongly influence parent material.
For example, enhanced biological activity through agricultural practices can enhance weathering
of the parent material. In addition, pollution processes such as acid rain and (anthropogenically
generated) dust deposition (for example, from fly ash following the burning of fossil fuels) can
deplete or substantially enrich the soil mineral metrics derived from the parent material. A recent
example of lead (Pb) contamination in urban soil (Wade et al., 2021) in North Carolina, USA,
demonstrated how Pb originating from human-made leaded gasoline and paints altered the upper

soil layers. Lead concentrations high above geogenic background levels were detected in the upper
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50 cm of the soil, demonstrating anthropogenic Pb enrichment. In fact, both the 1USS Working
Group WRB (2014) and the USDA and Soil Survey Staff (2010) acknowledge anthropogenic soils
(often-termed anthrosols, anthroposols, antropozem, or anthropic soils (Dazzi and Papa, 2015) and
offer some classification for them, as detailed further in the Environmental Implications and Extent

of Human Influence section below.

3.4.1.2. Time

Human activity is altering the time scale of soil formation. It has been argued that the
anthropogenic factor is orders of magnitude faster than the “natural” processes that affect soil
formation (hundreds of years vs. hundreds of thousands and even millions of years, respectively
(Dror et al., 2017). It is noted that there are also several fast, natural processes, like landslides or
flood events; although many of them are attributed to climate change, they also involve
anthropogenic factors. In general, anthropogenic processes are on the order of hours (e.g., pollution
accidents) to days (e.g., deep plowing, liming, and fertilizing) to years (e.g., terracing, landfill
operation, or land use change). Soil is the ultimate sink for most of the substances, which are added
to the upper soil layers at high rates and change the composition of the matrix and its properties.
In all cases, when considering the change compared to the soil formation rate, it is clear that human
activity is impacting soil composition and structure at a much higher rate than the natural process.
Moreover, Pimentel et al. (1995) showed that anthropogenic soil erosion proceeds rapidly,
significantly faster than soil formation rates; these authors indicated that “nearly one-third of the
world’s arable land has been lost” over 40 years. In a later study, Pimentel (2006) estimated that
soil loss from the land area is 10—40 times faster than the soil renewal rate. Similar rates of soil
erosion were reported by Montgomery (2007), who found that erosion in conventionally plowed
agricultural fields are orders of magnitude faster than soil formation rates.

3.4.1.3. Climate

Anthropogenic factors that lead to climate change are already well recognized, and current
discussions are centered on a better understanding and quantifying of the multifactorial processes
of anthropogenic activity that lead to climate change. The numerous publications, reports, and

databases that link climate change to human activity touch on every aspect of this “soil-forming
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factor”. It is well established that human activity influences factors like surface temperature (EPA,
2021) and precipitation distribution and amount, frequency, and amplitude of extreme climate
events (e.g., hurricanes, floods, droughts). Dry land is projected to cover half of the global land
surface by the end of the 1% century due to climate change that led to its fast expansion (Huang et
al., 2016). Glacial melting that exposes land covered by ice and sea level rise that will cause land
loss are also reported frequently (Nicholls and Cazenave, 2010).

The global impact of anthropogenic climate change on soil can be demonstrated by considering (i)
the rate of soil erosion and (ii) the loss of soil organic carbon (SOC) (Borrelli et al., 2020).

3.4.1.4. Topography and Relief

Human activity changes topography on large scales. For example, dams on rivers, road
construction, and urbanization processes often alter topography. Grill et al. (2015), reported that
48% of all river volume has already been moderately to severely impacted by either flow
regulation, fragmentation, or both, with this number increasing to 93% upon completion of all
dams under construction or in planning at the time of writing the article. Another example of large-
scale modification is the loss of sediments once transported through the Nile River and deposited
on the flood plain and Egyptian delta. Today, more than 98% of the sediment is deposited at Lake
Nasser,45 which has resulted in the loss of silt rich in silica, aluminum, iron, and other trace
elements and low in nitrogen in the Egyptian delta. This loss has led to modifying the soil
composition in the delta and, in turn, to the intensified application of synthetic fertilizers
(Fairbridge et al., 2012). Engineered drainage control of large basins to reduce flooding risks and
designed planting and vegetation growth are also greatly influencing topography. For example,
Jaramillo and Destouni (2015) reported that 46 and 50% of the land areas in 100 major basins
around the world, which cover 35% of the Earth’s land area, have been moderately and strongly,
respectively, Desertification processes, too, are impacted strongly by human activity.
Anthropogenic terrestrial sediment deposits often termed “legacy” or anthropogenic sediments,
have been discussed often in the literature and present a broader view of this human impact. James
(2013) presents several definitions of legacy sediments; the most general definition includes
multiple human activities that lead to various sedimentary structures and textures (primarily

alluvium or colluvium), processes, and depositional sites. In this definition, James (2013) includes
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a wide spectrum of anthropogenic activities, including agricultural practices, land use changes like
deforestation, milling, mining, logging, and damming or rerouting rivers and water ways. James
(2013) also offers multiple examples from human history (from Roman times in Europe to
European settlement in Australia and North America). He suggests that these legacy sediments
could cover entire floodplains with a thick “young soil” layer. Terraces are another example of
anthropogenic engineering of surface topography, with a history dating back 5000 years. Terraces
are ubiquitous in hill slopes and mountains and can be found in many parts of the world, including
Asia, Europe, the Middle East, North and South America, and Africa (Wei et al., 2016). Terraces
often substantially modify the hydrology and biochemical cycles in and around their location
(Moser et al., 2009). They reduce natural soil erosion and runoff and allow biomass accumulation
and nutrient enrichment. Because of their global spread and their impact on large areas, they are a
good example of the strong anthropogenic impact on regional topography. Another significant
impact on the land topography is related to infrastructure facilities such as transportation (roads,

rail tracks, parking lots) and mines.
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3.4.1.5. Organisms

Human activities such as modern agriculture, land-use changes, and pollution are changing
dramatically over large scales flora and fauna of the soil. For example, Ramankutty et al. (2000)
reported that, by the year 2000, cropland and pasture covered 12 and 22% of the Earth’s ice-free
land surface. This means that more than one-third of the earth’s surface is impacted directly by
agricultural activities. Even more strongly, Ellis and Ramankutty 55 reported that, by the early
2000s, anthropogenic processes altered >75% of the global, ice-free terrestrial biosphere. Ellis and
Ramankutty (2008) also found that only ~11% of net primary production could be attributed to
pristine natural processes unaffected by human activity, while almost 90% of the integrated
terrestrial net primary production and 80% of tree cover on a global basis were considered
anthropogenic biomass. Imhoff et al. (2004) reported similar observations, attributing one-third of
the net primary production to human consumption. Human activities not only altered the
biodiversity and control productivity parameters.

3.5. Historical maps

Historical maps have the potential to complement other spatial research techniques, such as
remote-sensing, thereby facilitating holistic investigations of archaeological landscapes (Rondelli
et al., 2013). Geographical information systems (GI1S)-based methods are essential to transforming
old and sometimes forgotten documents into spatial data for multi-method analysis, including
sources that are difficult to compare as discrete documents (Wheatley and Gillings, 2002). GIS
allows maps, plans, and other features to transform into digital vector data with spatial coordinates,
points, lines, and polygons that can store additional attribute values along with x, y, and z
coordinates. Vector data can be extracted from historical documents and integrated with those from
other sources (Green et al., 2018), such as remote sensing data (Petrie et al., 2019), and,
importantly, can be combined with digital navigation tools to facilitate archaeological fieldwork.
Many GIS tools are open source and open access. They can be combined with other accessible
data sources, such as Google Earth Imagery, dramatically improving cultural heritage landscape
data resolution in many parts of the world (Smith and Chambrade, 2018). Weathering products
may differ depending on the climate at the time of weathering or rock exposure (Chesworth et al.,

2004). Weathering, alteration, soil accumulation, and evolution rates govern by climates like
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temperature, availability of water, and biotic factors (Birkeland, 1999). The amount of
precipitation is substantial due to the leaching process to transfer silica, clay, and carbonates from
the top of soils too deep by water, resulting in soil development (Graham and O’Geen, 2010).
Analysis in a GIS environment is an extensive spatial analysis, besides the extraction of
statistics regarding the relation of settlements to the aspect, slope, and relief height. The distance
of settlements from natural resources could calculate by applying buffer zones around the quarries
and the water springs (mainly springs existing in the mountainous areas). Finally, GIS tools will
employ to construct predictive habitation models for each phase of the periods to locate sites that
could host a similar type of settlements. All the environmental factors (height, aspect, slope,
distance from watersheds, distance from water springs, distance from quarries, geology, distance
from chert sources, least-cost paths) could affect the choice of habitation in ancient periods. In
recent years, GIS has experienced explore growth, and archaeology has been one of many
disciplines to have been caught up in its technological vortex. The GIS multiplier (Conolly and
Lake, 2006) in archaeology is in full swing. The rapid diffusion of GIS technology within
archeology, tentatively forecast just a few years ago (Harris and Lock, 1990), has been remarkable.
Archaeological data have a dual nature, as they are distributed in space and time. Given the nature
of most archaeological data, GIS technology is probably the most flexible and complete system

for analyzing the spatial context of historical and pre-historical data (Scianna and Villa, 2011).

3.6. Anthropogenic soils

Since they first set foot on the Earth’s surface, humans and their hominid ancestors have
affected soils. The degree of effect humans have on soils varies from the most subtle, which could
include simply walking across the soil, to the most dramatic, such as wholesale removal, mixing,
or burial associated with urbanization. Butzer (1982) presents very useful summaries of the history
and nature of such influence in a geoarchaeological context. Geoarchaeologists can be confronted
with soils subjected to a wide degree of anthropogenic alteration. In theory, the detection of these
alterations and their differential distribution can be used to determine site boundaries, define
stratigraphic relationships, delimit intrasite activity areas and features, and aid in their functional
interpretation. The primary challenge is detecting the human-induced alteration and then, of

course, interpreting it. In a very broad sense, the detectability of human impact is roughly
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proportional to the degree of effects; very subtle alterations are difficult or impossible to detect,
but more substantial changes are more pronounced. As in most other aspects of archaeology,
interpreting the meaning of anthropogenic effects on soils is much more problematic. The study
of human impacts on soils is one of the oldest applications of soil studies in archaeology,
particularly in regions with a long history of significant human modification of the environment.
The topic is also an essential part of soil science and agriculture. As a result, there is an extensive
literature on the subject, especially for the Old World. There may be more writing on this aspect
of soil research in archaeology than on all others combined. The topic is of such interest because
human impacts on soils can be so obvious and pervasive in archaeological contexts; recognizing
human impacts is critical in sorting out artificial versus natural pedogenic and other geogenic
processes; it provides another avenue of research into understanding the relationship between
humans and their environment, especially the landscape; and it offers another means of getting at
human behavior, either directly, as in studies of mound construction or agriculture, or more
indirectly, as in studies of human induced soil erosion. Regardless, the subject has long been of
interest in archaeology and geoarchaeology.

The impacts of human activities exist in both urban areas and natural ecosystems. Our
knowledge of how human activity affects urban soil has expanded considerably, but gaps still exist
concerning the influences on anthropogenic soils (Lehmann and Stahr, 2007). Most risks in
urbanized areas have been associated with high amounts of Cd, Cr, Cu, Hg, Ni, Pb, and Zn, because
the underlying human factors are similar in most urban areas. Differences tend to be limited to
toxic element concentrations, soil residence times, and geological conditions. Due to its increasing
importance, many studies were published on the effects of urbanization in Central Europe. In
Austria, several pollutant surveys were carried out in cities such as Linz and Upper Austria (\Weiss
et al., 1994). A complex report was published about the heavy metal content in the Austrian
economic cycle. Extremely high amounts of Cd and Hg content were typical for the entire country
due to the weathering processes of eluvial bedrock (Reisinger et al., 2009). Moderate Cu, Pb, Zn
contamination was found in the urban soils of Vienna by Simon et al. (2012). In the Czech
Republic, the distribution of 21 elements in the topsoil of Prague was investigated. Based on
results, the blood Pb level of 3-6 years old children was the only biomarker significantly higher
than the control group values (Zimova et al., 2001). Debnarova and Weissmannova (2010)

analyzed Cd, Cu, Pb, and Hg content in soils of roads in Brno. They concluded that the city
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environment was not contaminated compared to selected pollution factors. In Ostrava,
Weissmanova et al. (2015) investigated the total element concentrations in 0—20 cm depths, and
the following order of concentration was established: Hgb Cdb CubPb bV b Zn b Mn. In Poland,
a booklet about SUITMA's of 10 cities was published by Charzynski et al. (2013) according to
land use categories. The SUITMAY conference was held in Torun in 2013 (Morel et al., 2015).
Zawadzki et al. (2016) created a method for detecting soil pollution from long-range and local
transport of atmospheric pollutants using soil magnetometry. In a comparative case study, Hulisz
et al. (2018) found that despite the significant habitat and historical differences between the
medium-sized Torun and Zielona Gora cities, most of the urban soils are characterized by similar
morphology and properties. The Swiss Soil Monitoring Network (NABO), which monitors 102
sampling sites (Desaules, 1993), has been operating in Switzerland since 1985. Researchers in this
region are more concerned with measuring PAHSs or studying floodplain areas due to topographical
features (Amossé et al., 2014). In Germany, Blume and Hellriegel (1981) measured 8 times higher
Pb content and 1.5 times higher Cd content than natural background concentrations in the urban
soils of Berlin. Several articles about the qualitative interpolation of the limit value overruns
(Nathanail et al., 1998; Norra et al., 2002) and GIS assessments (Birke and Rauch, 1997; Norra et
al., 2002) have been published. Lehmann and Stahr (2007) summarized the general anthropogenic
soil characteristics and classified them by the amount of human influence. Meuser (2010) detected
that the concentration of heavy metals decreased with the distance and the depth of soil. In
Slovakia, the toxic elements and PAH, PCB contents of soils were examined in the capital city.
Sobocka et al. (2000) have developed the inclusion of anthropogenic soils in the Slovak
morphogenetic Soil Classification System. Sobocka (2008) investigated the connections between
Slovakian Antrozems and Technosols. Bavec et al. (2015) investigated the soils of Idrija, Slovenia,
for ten elements (As, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Zn); they discovered extremely high Hg
values in 0—20 cm topsoil layer. PAH comparative studies have also been carried out in Ljubljana
(Morillo et al., 2007) to compare Glasgow and Turin's contamination levels to the Slovenian
capital's soils. Glasgow proved to be the most polluted out of the three cities, but the various
climatic factors and the amount of organic matter could be influencing factors. In Hungary, total

element results were published about Budapest soils (Kadar, 1995; Salma and Maenhaut, 2006).
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3.6.1. Soils with strong human influence (Anthropogenic)

Archaeology studies the human past from its material remains, most of which are made of or
found within soils and sediments. Past human actions impact the soil record, as seen through relics
of changes in soil characteristics and sedimentation changes and the presence of archaeological
features and artefacts preserved within modern soils. Soil and sediment conditions control what
survives in the burial environment and what decomposes and influence all archaeological sites,
artefacts, and ecological remains. The study of these remains, through survey, excavation, and
post-excavation analyses, informs our understanding of past cultures and environments, providing
insight into how people have interacted with the soil both directly, through settlement, land use,
and monument construction, and indirectly, by altering local ecosystems over time (Holliday,
2004). For these reasons, it is possible to classify them as a specific sub-category of anthropogenic

soils — Anthrosols and Technosols (Howard, 2017).

3.6.1.1. Anthrosols

Anthrosols (IUSS Working Group WRB, 2014) comprises soils modified profoundly through
human activities, such as adding organic or mineral material, charcoal or household wastes, or
irrigation and cultivation. The group includes soils otherwise known as Plaggen soils and Paddy

soils which many of them correspond to Highly cultivated soils and anciently irrigated soils.

a) Regional distribution of Anthrosols

Anthrosols are found wherever people have practiced agriculture for a long time. Anthrosols
with plaggic horizons are most common in northwestern, central Europe. Together with Anthrosols
with a terric horizon, they cover more than 500 000 ha. Anthrosols with irragric horizons are found
in irrigation areas in dry regions, e.g., in Mesopotamia, oases in desert regions of Central Asia,
and parts of India. Anthrosols with an anthraquic horizon overlying a hydragric horizon (paddy
soils) occupy vast areas in China and in parts of South and Southeast Asia (e.g., Sri Lanka, Viet
Nam, Thailand, and Indonesia). Anthrosols with hortic horizons are found all over the world where
humans have fertilized the soil with household wastes and manure. The Terra Preta de Indio in the

Amazon Region commonly has a pretic horizon.
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b) Management and use of Anthrosols

Plaggic horizons (Zikeli et al., 2005; IUSS Working Group WRB, 2014) have favorable
physical properties (porosity, root penetration, and moisture availability), but many also have less
satisfactory chemical characteristics (acidity and nutrient deficiencies). Rye, oats, barley, potato,
and more demanding sugar beet and summer wheat are common crops on European Anthrosols
with a plaggic horizon. Before the advent of chemical fertilizers, rye yields were 700-1 100 kg/ha
or 4-5 times the quantity of seed used. Today, these soils receive generous doses of fertilizers, and
average per-hectare yield levels for rye, barley, and summer wheat are 5 000, 4 500, and 5 500 kg,
respectively. Sugar beet and potato produce 40-50 tonnes/ha. They are increasingly used for
silaging maize and grass; per-hectare production levels of 12—-13 tonnes of dry maize silage and
1013 tonnes of dry grass are considered normal. In places, Anthrosols with plaggic horizons are
used for tree nurseries and horticulture. The good drainage and the dark colour of the surface soil
(early warming in spring) make it possible to till and sow or plant early in the season. Soils with
deep plaggic horizons in the Netherlands were in demand for tobacco cultivation until the 1950s.
Many garden soils, e.g., in Europe and China, have a hortic horizon. They have been enriched with
organic manure. Kitchen soils are another group of Anthrosols with a hortic horizon. Well-known
examples are situated on river terraces in southern Maryland, United States of America, and along
the Amazon River in Brazil. They have deep, black topsoils formed in layers of kitchen refuse
(mainly oyster shells, fish bones, etc.) from early Indian habitations. Many countries possess small
areas of soil that early inhabitants modified. All hortic horizons provide a good habitat for soil
fauna.

Wet cultivation of rice leads to the development of an anthraquic horizon and, after a long time
of management, to an underlying hydragric horizon. Puddling wetland rice fields (involving
destruction of the natural soil structure by intensive tillage when the soil is saturated with water)
is done intentionally, inter alia to reduce percolation losses. Anthrosols with irragric horizons are
formed as a result of prolonged sedimentation (predominantly silt and clay) from irrigation water,
and their thickness may reach 100 cm. A particular case is found in depression areas where dryland
crops are commonly planted on constructed ridges that alternate with drainage furrows. The
original soil profile of the ridge areas is buried under a thick layer of added soil material. In parts

of Western Europe, notably in Ireland and the United Kingdom, calcareous materials (e.g., beach

28



sands) were carted to areas with acid Arenosols, Podzols, Retisols, and Histosols. Eventually, these
modified surface layers of mineral material turned into terric horizons that gave the soil much
improved properties for arable cropping compared to the original surface soil. Recently, terric
horizons are created by single additions of mineral material that is thoroughly mixed into the
original soil, e.g., in southern Italy. In Central Mexico, deep soils were constructed of organic-
matter rich lacustrine sediments, thus forming a system of artificial islands and channels
(chinampas). These soils have a terric horizon and were the most productive lands of the Aztec
empire; now most of these soils are affected by salinization. Typical for Amazonian Dark Earths
(Terra Preta de Indio) is the pretic horizon created by adding charcoal, plant residues, and kitchen

refuse.

3.6.1.2. Technosols

Technosols combine soils whose properties and pedogenesis are dominated by their technical
origin. They contain a significant amount of artefacts (something in the soil recognizably made or
strongly altered by humans or extracted from greater depths) or are sealed by technic hard material
(hard material created by humans, having properties unlike natural rock) or contain a
geomembrane. They include soils from wastes (landfills, sludge, cinders, mine spoils and ashes),
pavements with their underlying unconsolidated materials, soils with geomembranes and
constructed soils. Technosols are often referred to as Urban or mine soils. They are recognized in
the Russian soil classification system as Technogenic superficial formations, and in the Australian
soil classification, they are included in Anthroposols (lvanov et al., 2009; IUSS Working Group
WRB, 2014).

a) Regional distribution of Technosols

Technosols are found worldwide where human activity has led to the construction of artificial
soil, sealing of natural soil, or extraction of material usually not affected by surface processes.
Thus, cities, roads, mines, refuse dumps, oil spills, coal fly ash deposits, and the like are included
in Technosols (lvanov et al., 2009; IUSS Working Group WRB, 2014).
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b) Management and use of Technosols

Technosols are strongly affected by the nature of the material or the human activity that placed
it. They are more likely to contain toxic substances than soils from other RSGs and must be treated
with care. Many Technosols, particularly those in refuse dumps, are currently covered with a layer
of natural soil material to permit revegetation. The soil remains a Technosol, provided that the
requirement of having > 20% (by volume, weighted average) artefacts in the upper 100 cm of the
soil surface or to continuous rock or technic hard material, a cemented or indurated layer,
whichever is shallower, is met (Ivanov et al., 2009; IUSS Working Group WRB, 2014; Schad,
2018).

4. Methodology

4.1. Analysis of anthropogenic soil

The investigation of anthropogenic soils stands as one of the most extensively employed
methodologies for their study in the present era. A century ago, the primary focus was directed
towards phosphorus and its various compounds within the soil matrix. This emphasis emerged due
to the phenomenon wherein phosphorus, once introduced into the soil in the form of phosphate,
assumes an immobile state, displaying remarkable stability that facilitates its preservation within
the soil over millennia. Phosphorus serves as a pivotal indicator of human presence and activities,
as it remains intertwined with human endeavors across the lifespan. Throughout antiquity, the
subsequent constituents have historically served as sources of phosphorus: human organic waste
(including bones, meat, plants, and organic structural materials), human interments, fertilizers
(comprising organic waste, manure, and dung), as well as ash. Furthermore, a spectrum of
additional elements stemming from human actions encompass carbon, nitrogen, sodium, calcium,
potassium, magnesium, sulfur, copper, zinc, and an array of other elements. (Holliday and Gartner,
2007). These elements can be studied together. Such an analysis is called a multi-element analysis.
These analyses take many forms; today the most used devices to obtain the data for this analysis
are XRF (field-based or lab-based) and mass spectrometry. In general, the essence of this analysis
is to obtain information about the broadest possible range of anthropogenic elements so that their

presence in soil or sediments can be interpreted.
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Numerous scholarly syntheses have incorporated multi-element analysis as an integral facet within
the examination of anthropogenic soils. These reviews have primarily concentrated on the
archaeological elucidation of the prevalence of anthropogenic elements. The categorization of
chemical constituents was predicated on chronological epochs, practical applications, and the
typology of archaeological sites (Wilson et al., 2008; Oonk et al., 2009a; Canti and Huisman, 2015;
Lubos et al., 2016; Pastor et al., 2016). In the present study, multi-element analysis is harnessed,
among other utilities, within the ambit of investigating abandoned medieval settlements,
particularly focusing on derelict agricultural fields. Noteworthy within this research paradigm is
the undertaking of extensive spatial sampling encompassing several hectares of forsaken medieval
field systems. Comparable endeavors of this nature are relatively uncommon on a global scale
(Kristiansen and Amelung, 2001; Nielsen and Kristiansen, 2014). The successful execution of such
research mandates a confluence with the annals of agrarian history and agrarian geography (Klir,

2008). The methodologies employed in our study are outlined below:

a) Pedological description and characterization of horizons; b) Portable X-ray fluorescence; c)
Micromorphology; d) Magnetic properties; e) Optically Stimulated Luminescence (OSL)

dating; f) Dataset characteristics.

4.2. Pedological description and characterization of horizons

The pedological characterization of the samples imparts significant insights into the intrinsic
composition of the soil record. Within this characterization process, the primary focus pertains to
elucidating the color, alongside certain other pertinent pedological attributes. The coloration of
sediments is discerned in both moist and dry states through referencing the Munsell soil color
chart. Soil color, in conjunction with additional factors encompassing texture, structure, and
consistency, has played a pivotal role in demarcating and defining soil strata, as well as grouping
soils within the framework of the soil classification system (Liles et al., 2013; Sawada et al., 2013;
Soil Survey Staff, 2014; USDA and Soil Survey Staff, 2010). Notably, soil color serves as a
fundamental determinant for identifying stratigraphic horizons within a profile and classifying
distinct soil types within a given geographical domain. Routine assessment of soil color has
conventionally been carried out in the field by visually juxtaposing a soil sample against reference

chips from standardized color charts (Munsell, 1905).
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4.3. Portable X-ray fluorescence

Portable X-Ray fluorescence (pXRF) is a non-destructive analytical technique that provides
near-instantaneous elemental analysis of materials. This technique is unique to the elemental
composition of the sample. Because each element has its characteristic, and pXRF can tell exactly
what elements are in the sample and in what quantity, can be operated in the field anytime
(anywhere), and provide fast acquisition of geochemical data for rapid delineation of anomalous
zones and the in-depth, quantitative analysis of metal content for geochemical mapping. (Potts et
al., 1997; Kalnicky and Singhvi, 2001; Markowicz and Van Grieken, 2002; Sitko, 2009).

In this research, we processed the analytical stage this way: we dried the samples at 40 °C for 24
hours. Then, the material was sieved on a 2 mm mesh sieve, and the resulting fraction was
grounded in a porcelain mortar. We used a portable ED-XRF (pXRF) analyzer (the device model
was “Delta Professional” by Olympus InnovX). The mode “Soil Geochem” was used, and every
sample was measured for a 30 s by 10 kV beam (better measurement of lighter elements) and for
30 s by 40 kV beam (better measurement of heavier elements). Results are in weight ppm. The
quality of the device measurements was successfully tested on 55 reference materials. This process
was used in several previous studies (e.g., Horak et al., 2018; Janovsky et al., 2020a,b; Danielisova
et al., 2022; Polednik Mohammadi, 2023). Such processes are in good reliability with more

developed and established laboratory techniques (Save et al., 2020).

4.4. Micromorphology

In archaeology, the study of sediments and soils has been shown to be an essential component
of environmental reconstruction which may concern either palaeolandscapes and human impact at
a regional scale, or site formation processes ruled by both natural factors and human activities
(Gladfelter, 1981; Butzer, 1982; Stein and Farrand, 1985). To achieve one or both of these
objectives, specialists in sedimentary archaeology have developed various approaches concerning
their academic origin and, depending on their laboratory facilities. Scientists with somewhat
different competencies are now facing a particular challenge: to demonstrate the sagacity of their
methodological choice and the efficiency of their approach. In recent years, soil micro
morphologists have striven to meet the challenge by demonstrating that the microscope was an
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essential tool to analyze ancient soils and site formation processes (Courty et al., 1989). The
objective of this paper is to analyze the present situation of soil micromorphology in archaeology
by considering: (i) how this approach was developed, (ii) how it has enriched our knowledge of
archaeological sediments, and (iii) what is the present situation. Although the future of soil
micromorphology in archaeology is promising, it may be worthwhile to discuss, in conclusion,
how this relatively young method of investigation should progress to achieve its full maturity
rapidly. Before entering the debate, it may be useful to outline the method. Soil micromorphology
(Bullock et al., 1985) is the study under the optical microscope of thin sections prepared from
undisturbed and oriented samples after they have been impregnated by synthetic resin. For efficient
coordination between field observations and microscopic investigations, thin soil sections have to
be larger (ca. 12 x 7 cm or more) than the standard petrographic ones but have the same thickness
(25 pm). A continuous observation from the field scales down to high magnification, permitted by
scanning electron microscopes, allows an exhaustive characterization (nature, shape, size,
frequency, etc.) of elementary components and the study of their arrangement.

A high level of significance is given to specific attributes, which are subdivided according to
their origin into three well-defined groups: i) Sedimentary features, which are diagnostic of the
source of the sediments, the mode of transport, and depositional conditions. ii) Pedological features
that give information about the dynamics of each soil-forming process and about the interaction of
these processes through time. iii) Anthropogenic features related to human activities can be
identified at various scales, such as mineral or organic components of human origin, or which may
correspond to specific fabrics induced by human transformations. Both human-induced fabrics and

anthropogenic components can have been produced intentionally or accidentally.

4.4.1.The advancement of soil micromorphology in archaeology

Two decisive periods have marked more than half a century of continuing research in
archaeological sedimentology. The first was in the late 1950’s when interest in prehistoric
sediments increased considerably, especially in Europe (Miskovsky, 1974; Farrand, 1975; Laville,
1976; Campy, 1982). Quaternary geologists and prehistorians worked together on the
chronostratigraphy of prehistoric sequences, emphasizing the paleoclimatic implications. They

gave little consideration to the regional significance of the sedimentary signal recorded at the
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micro-regional scale of archaeological sites. Field stratigraphical interpretations were supported
by analytical data, the validity of which had never been evaluated. Particle size analysis was
routinely performed because it is easy to handle both technically and scientifically. For academic
reasons, individuals sharing a common interest in archaeological sediments have rapidly formed a
scientific community that has been rather independent of related disciplines in earth sciences
(classical sedimentology, geochemistry, pedology, etc). Consequently, archaeological
sedimentology has not fully profited from the technical and scientific progresses accomplished in
these various fields. Furthermore, the results achieved in archaeological sedimentology have not
been critically evaluated by the larger community of earth science specialists. This situation may
explain why soil micromorphology was not introduced at this stage in archaeological
sedimentology, although the microscopic approach was entering its golden age in soil science and
was already familiar to soil scientists dealing with archaeological soils (Romans and Robertson,
1983). An important change marked archaeological sedimentology in the late 1970’s when Karl
Butzer, followed by others, clearly stated that archaeological sediments are singular because they
relate to interactive processes ruled by human beings and natural factors (Butzer, 1982).
Geoarchaeologists suddenly realized that past humans had contributed to the sedimentation
process of archaeological sites not only with lithics, bones or plants but with mineral components
which may have substantially affected the original sedimentary signal (Stein, 1985). This new
generation of archaeological sedimentologists has much debated the necessity of a careful
examination of sediments to identify the cultural components of the site matrix (Stein, 1985). They
have, however, never considered the necessity of adapting methods and related techniques to
achieve the new goals. Using methods similar to those of their predecessors, they have mostly been
able to detect anthropogenic influence on sediments but have not recognized the human activities
involved. At the same time, soil micromorphology was introduced into archaeology by earth
scientists who were external to this new trend of archaeological sedimentology. Familiar with the
microscopic scale from their basic training at university, they naturally thought using thin sections
was necessary when facing archaeological sediments and soils. They spontaneously joined the
group of soil micro morphologists and have remained highly pragmatic when characterizing
sedimentary signatures of cultural activities. Evolving rather far from the theoretical debate of
archaeology, they realized that the micromorphological soil approach was throwing new light on
contextual archaeology (Goldberg, 1979, 1981; Courty and Fedoroff, 1982, 1985; Fisher and
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Macphail, 1985). At the same time, following the lead of Andre Leroi-Gourhan, French
archaeologists have been discussing the dynamics of the formation of living floors. They have
essentially taken into consideration the spatial distribution of artefacts and their typological and
technological characteristics. In contrast, they have made little use of the sedimentary attributes
because the close relationship between the sedimentary matrix and cultural processes was still
poorly documented (David et al., 1973; Rigaud, 1979; Audouze, 1985).

Soil micromorphology is the study of soil substrate via thin oriented sections. While the
analytical method will show the general composition of the soils, the soil micromorphology may
reveal much more information related to the primary and post sedimentary formation processes.
More than 20 undisturbed samples were prepared from the main palaeosol/pedo complex horizons
to study the soil micromorphology. Samples will be labeled, according to the subunits (minimally
10 samples were already taken and are now available in the forms of thin sections). The samples
were packed into clink foil, transported to the laboratory, dried, and impregnated in a vacuum by
resin Polylite 2000. After curing a thin section of the thickness of 30 micrometers, they were done
from them. Those sections were studied under the polarizing microscope at magnifications ranging
16 — 400 x and described according to Stoops (2003; 2010).

4.5. Magnetic properties

Magnetic susceptibility provides a measure of the effectiveness of the potential application of
magnetic surveys (through the estimation of the normalized Le Borgne Contrast, namely the
variation of the magnetic susceptibility with depth) and an index of the past workshop activities in
an area. Measurements of the magnetic susceptibility and the frequency-dependent susceptibility
(namely the variation of MS with the frequency of an induced magnetic field) indicate the intensity
of a site's occupation (Clark, 1990). Coupled with results of chemical properties of soils. It is
possible to characterize the type of workshop activities (e.g. increase in manganese content can be
associated with glass workshop activities) or differentiate areas used for animal husbandry, midden
deposits, foundation trenches, cultivation, cooking, etc. Even the chemical stability of certain
organic chemical compounds (e.g., coprostanol) may act as a biomarker of the human presence at

a particular location (Sarris, 2008).
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The choice of the technique depends mainly on some factors: the type of the targets, their lateral
and vertical dimensions, their deposition depth, and type/properties of the surrounding soils (to be
able to create a significant signal, contrast, or "anomaly"). Architectural features such as
stone/brick structures, roads, walls, built/chambers or rock-cut tombs can be relatively quickly
resolved through soil resistance or GPR surveys. Brick structures or architectural features that are
either burnt or contain residues of heating/burning, kilns, workshop facilities, slag deposits, metal
concentrations, and sometimes roads, walls, and fortifications can be detected through magnetic
and electromagnetic techniques. ERT, GPR, and microgravity are especially useful for the
identification of vaults, caves, chamber tombs, and fissures. Shallow depth surveys usually employ
magnetic, soil resistance techniques and GPR. In cases where deeper penetration is required, GPR,
ERT, and seismic approaches are more appropriate (Linford et al., 2011; Sarris, 2008). The image
processing techniques play a significant role in the visualization of the results of the geophysical
surveys as the ultimate goal is to provide images that depict the underlying features at their exact
location and horizontal/vertical extent in a way that can approach the results of an after-the-
excavation plan. This objective can be achieved through several filtering/convolution processes,
the employment of synthetic models or inversion algorithms, or other image processing functions
(Sarris, 2008). In cases where multiple datasets are available for the same region, composites can
be made using visualization techniques similar to those used in satellite remote sensing (Boniger
and Tronicke, 2010). Even more impressive visualization can be created through the fusion of
geophysical data with satellite remote sensing or aero-photogrammetric data and lidar or terrestrial
3D laser scanning (Bem et al., 2011). Indeed, the continuous improvement of high-resolution
satellite remote sensing sensors has made their simultaneous utilization possible with conventional
geophysical data affecting their resolution and potential in detecting and mapping underground
features (Crespi et al., 2011).

The magnetic properties of the soil minerals depend essentially on the Fe content because Fe is
40 times more abundant than the sum of all other magnetic elements in the earth’s crust (Coey,
1987), and Fe-oxides such as magnetite and maghemite are ferrimagnetic (Cornell and
Schwertmann, 2003) and can be easily identified due to their very intense response to the external
magnetic field. Magnetic susceptibility measurements were performed in the Laboratory of Rock-
Magnetism in the Institute of Geophysics, Czech Academy of Sciences. Bulk samples were used

to measure volume-specific magnetic susceptibility (x, SI) by using an MFK1-FA Kappabridge
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device (AGICO, Brno, Czech Republic) (Pokorny et al., 2011). Each sample was measured twice
at two operating frequencies, f1 = 976 Hz and f3 = 15 616 Hz. Readings of the unconsolidated
samples were taken in plastic bags; the measured susceptibility values were normalized by the
mass of each sample and expressed as mass-specific magnetic susceptibility [y, m3kg]. Magnetic
susceptibility refers to the concentration, size and character of Fe-oxides minerals, and can be
detected even in trace quantities in any rock, soil, or even in organic tissue (e.g., Thompson and
Oldfield., 1986). Frequency-dependent magnetic susceptibility, yrp%, is a particular property of
ultrafine, superparamagnetic grains, which result from pedogenic processes (e.g., Maher, 1986).

This parameter was characterized by the following commonly accepted formula:
0% = 100 X (yLr — yHrF) / yLF [%],

where yLr and yxr are mass-specific magnetic susceptibilities determined for frequencies f; and fa.
(Dearing et al., 1996; Hrouda, 2011).

Magnetic susceptibility refers to bulk sample properties in contrast to (electron) microscopical
techniques where only a small fraction of a sample can be analyzed. From the analytical
perspective, magnetic susceptibility is frequently used due to its sensitivity, rapidity, ease of
sample preparation, comparatively modestly priced instrumentation for data acquisition, non-
destructiveness, and in particular the ability to sense grain-size variation in the ultrafine grain-size
range. Therefore, magnetic susceptibility parameters are well suited as proxy parameters (e.g.,
Fialova et al., 2006).

4.6. Optically Stimulated Luminescence (OSL) dating

Optically stimulated luminescence is a dating method based on measuring doses from ionizing
radiation. The estimated time of material deposition, i.e., burial is based on a set of parameters that
should be measured or suggested separately (humidity, gamma spectrometry of provenance
material, estimation of erosion after the burial). Samples were taken from cleaned profiles into
metal tubes and beated into the profiles without daylight. Additional bulk samples of the weight
of approximately 0.5 kg was taken from the surrounding of the tube. Samples were taped using

black tape and aluminum foil to protect the material from the light.
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The measurement has been carried out in the Gliwice luminescence dating laboratory (Moska
et al., 2021). For dose rate determination, high-resolution gamma spectrometry using an HPGe
detector manufactured in Canberra was used to determine the sample's content of U, Th and K.
Before measurement, the sample was stored for about 3 weeks to ensure equilibrium between
gaseous 222Rn and 226Ra in the 238U decay chain. Each measurement lasted for at least 24 h.
After subtraction of the detector background, the activities of the isotopes in the sediment were
determined using IAEA standards RGU, RGTh, RGK. Guerin et al. (2011) calculated dose rates
using the conversion factors. For the beta dose rate the cosmic ray dose rate of the site was
determined as described by Prescott and Stephan (1982). We assumed that the average water
content was (15 + 5) %. A mean ka-value of 0.04 for silt-sized quartz (Rees-Jones, 1995) was used
for further calculations. All necessary data for dose rate calculations are presented in Tables. For
OSL measurements, medium grains of quartz (45-63 pum) were extracted from the sediment
samples by routine treatment with 20% hydrochloric acid (HCI) and 20% hydrogen peroxide
(H202) (Aitken, 1998). The quartz grains were separated using density separation with sodium
polytungstate solutions, leaving grains of densities between 2.62 g/cm? and 2.75 g/cm?®. The grains
were sieved before etching with concentrated hydrofluoric acid (HF, 40 min). All OSL
measurements were made using an automated Risg TL/OSL DA-20 reader for the OSL of multi-
grain aliquots, each of ca. 1 mg. The stimulation light source was a blue (470 £ 30 nm) light-
emitting diode (LED) array delivering 50 mwW/cm? at the sample (Batter-Jensen, 2000). Detection
was through 7.5 mm of Hoya U-340 filter. Equivalent doses were determined using the single-
aliquot regenerative dose (SAR) protocol (Murray and Wintle, 2000). Final equivalent dose (De)
values were calculated for all samples using the Central Age Model (CAM) and Minimum Age
Model (MAM) (Galbraith et al., 1999) using R package 'Luminescence’ (Kreutzer et al., 2012,
2020). CAM model overdispersion parameter was calculated for each sample and for samples were
this parameter exceeded 20% MAM were applied. This enabled us to distinguish differences
between both models and in turn use the results for final De calculations for select samples. For
all samples where MAM were applied, a typical unimodal equivalent dose distribution was not
obtained, meaning that those samples do not represent a grouping of adequately bleached samples
(Arnold et al., 2007).
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4.7. Dataset characteristics

The statistical software R is in version 3.6.0. was applied for the data analyses. The final dataset
consisted of at least 334 samples and these elements: Al, Si, K, P, Ti, Mn, Fe, Cu, Zn, As, Rb, Sr,
Zr, Pb and LE. The abbreviation LE stands for “light elements” and is an aggregate expression of
the content of elements from H to Na, which can be detected by pXRF but cannot be distinguished.
Although it is not an elemental content, but rather a quasi-elemental variable, we usually use it in
analyses anyway, as it bears proxy information (and usually tends to be connected to the topsoil
or organic material (Horak et al., 2018). There were also some unmeasured values in the used
dataset (3 samples in the case of P). We computed these missing values using the function
impKNNa (R package rob Compositions (Boogaart et al., 2010), which is suited for such tasks
when working with geochemical data. There were used mainly exploratory visualization
techniques like boxplots and scatterplots. For testing the diversity between categories, we used the
Kruskal-Wallis test. We also used multivariate analysis (principal component analysis: PCA). We
performed it in two ways: on elemental content data, and on such data after ilr-transformation (ilr-
transformation is part of log-ratio transformations suitable for compositional data like geochemical
data - Reimann et al., 2008). Both approaches emphasize different aspects of the dataset, and their

combination can uncover exciting patterns.

4.7.1.Principal components analysis

To decipher intricate datasets, multivariate methods are employed to diminish their
multidimensionality, thereby elucidating a substantial portion of the data's variation. principal
component analysis (PCA) involves reducing the dataset's dimensionality while simultaneously
preserving and elucidating the maximum amount of interpretable relations, commonly referred to
as "variance," among variables (Morrison, 1990). The objective of this task is to identify novel
"variables" known as principal components, which are linear combinations of the original dataset's
variables. These principal components are successively derived to optimize the explained variance
within the dataset while maintaining statistical independence from one another. The process of
obtaining these principal components (PCs) entails solving an eigenvalue/eigenvector problem. In
this study, the software STATGRAPHIC CENTURION XVI, version 16.1.18 (Statpoint
Technologies, Warrenton, VA, USA), was employed to conduct the PCA analysis.
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5. Results

5.1. Detection of occupational surface remnants at a heavily eroded site;
a case study of archaeological soils from La Terrasse, Bibracte

oppidum (Published articles)

Adapted from catena 210 (2022)1055911

https://doi.org/10.1016/j.catena.2021.105911
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Abstract

The area of La Terrasse is located at one of the higher parts of the Celtic oppidum Bibracte. No
traces of building activities, except for the fortification system which surrounds the plateau from
three sides, were archaeologically detected and the area can be therefore labeled as “empty space”
with an enigmatic history. Multiproxy investigations of sediments in trenches cutting across
various parts of the enclosed area and excavated during the 2019 season revealed a complicated
history of the formation, being influenced by erosion and by anthropogenic stabilization. Although
the recent relief of the La Terrasse area appears quite stable, there is evidence that the site (and
Bibracte oppidum in general) was subject to intense erosion in the past and that the former surface
with the archaeological soil dated to the Late Iron Age is preserved only as a relict expressed
geochemically by the increase of CEC. The reason for the recent surface stability is the presence
of the Iron Age ramparts, which enclose the area and protect it against erosion. An OSL sample
collected from the surface of the buried archaeological soil dates the overburden not later than to
the early Medieval period (AD 561). The archaeological soil represented by the overburden did
not reveal any significant geochemical signal indicative of intensive use despite its location in the
most suitable and stable area of the site. It is clear that the detection of former surfaces in eroded
and exposed archaeological sites and the properties of the archaeological soils is always a complex
matter and can only be addressed through a combination of field observations, geochemical and

micromorphological proxies.

Introduction

Soil erosion is a topic that has been repeatedly discussed not only in relation to interpretation
of archaeological sites but mainly as an important issue for current and by extension future soil
sustainability. The fact that the soil surface naturally undergoes erosion regardless of human
influence is documented at a number of localities with buried interglacial or interstadial soils
(Antoine et al., 2013; Lisa et al., 2014). Climate change is only part of the reason for the increased
rate of erosion; the fact that the uppermost part of the landscape formed by non-lithified material
(A soil horizon) is excessively prone to erosion is another factor. Evidence for natural erosion
events is present within the above-mentioned sedimentary archives. Geomorphological modeling

of the landscape, which can be documented retrospectively in some cases, also supports this
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conclusion. It is well known that people modified the landscape in the past to decrease erosion
(Dejmal and Hoch, 2013). The earthworks were generally erected by (pre-)historic people to
modify their living environment for a number of reasons such as improvement of quality of life
and demarcation of certain areas, or for defense purposes (Moore, 2017a). In some cases, the
earthworks also reflect the environmental challenges at the time of construction (Garland, 2020)
Human impact on the landscape and soil erosion has been evident since prehistoric times
(Dotterweich, 2013). As early as the Mesolithic period, the manipulation of forest vegetation by
fire through sedentary hunting and gathering groups could create open areas, woodland shifts and
result in intensive soil erosion on a local scale (Hornberg et al., 2005; Putzer et al., 2016; Dietre et
al., 2014; 2020). In different parts of the world, under different climatic conditions and different
land use histories, landscapes are frequently degraded by surface erosion, riverbed erosion, valley
modeling in combination with increasing accumulation of alluvial deposits (Poesen et al., 2003;
Lang and Bork, 2006; Dotterweich, 2008; Hoffmann et al., 2009; Garcia-Ruiz, 2010; James, 2013;
Vejrostova et al., 2017; 2019) as a consequence of agricultural or mining practices. During the
Late Bronze Age and Iron Age until the “Gallo-Roman period” increased alluviation is
documented in the Saone Valley (Argant et al., 2011) and, similarly, in the Loire valley, where
anthropogenic impact on fluvial environments increased notably since the Gallo-Roman period
(Carcaud et al., 2002; Visset, 2011; Gall, 2012). It is also documented in the north-western Alpine
foreland, where the main colluviation phases were recently confirmed for middle Bronze Age, Iron
Age and the Medieval period (Scherer et al., 2021). The main periods that are detectable in
sedimentary records, such as erosion due to agriculture, fire and livestock, occur, as an example,
in the early and late Neolithic periods (approximately 5500-2200 BCE) in southern and central
Germany, or at 2300 — 500 BCE in SE Switzerland Alps (Dietre et al., 2020) and Northern Alps
(Ropke et al., 2011). Other peaks appeared perhaps at the end of the Bronze Age (~1000-1300
BCE), Iron Age (800-15 BC), and at the end of the Roman period (15BC — AD 450 CE) and
Middle Ages (AD 450-1500). Increased erosion is usually linked to climate and economic, social
and cultural developments. Conversely, minimal soil erosion is detected for the early Bronze Age
(about 2000-1600 BCE), the migration period (about 400 / 500-700 CE) and the early Middle
Ages (about 700-1000 BCE) (Dotterweich, 2008). However, natural soil erosion also occurred
retrospectively as a result of vegetation decline caused by climatic shifts to drier conditions with

episodic extreme precipitation events (Li et al., 2010; Vejrostova et al., 2017; 2019; Parma et al.,
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2015). Increased soil erosion can also be a consequence of long-term climate change and intense
pressure on soils. The main aim of this paper is to discuss how to identify the occupational surface
remnants at a heavily eroded site and to describe the origin and properties of newly formed
archaeological soil. The case study concentrates to the archaeological soils of the oppida Bibracte
(Figure. 1) which was intensively occupied from the end of 2" century to the 1% century BCE. The
oppida — large, mostly hilltop fortified settlements — were established during the 2" century BCE
as a new feature of the settlement structure functioning as commercial, political and cultural
centers. A Late Iron Age settlement at Mont Beuvray, identified as being the Bibracte oppidum
from the written sources, is one of the key sites in oppida research: already excavated during the
second half of the 19" century it has been re-excavated from 1984 until today (Guichard et al.,
2018). Although the oldest traces and numerous traces of occupation of Mont Beuvray date back
already to the Neolithic period (5" millennium BC: Martineau et al., 2011; Guichard and Paris,
2013), the activities in the following periods (until the development of the oppidum) are hardly
noticeable (Guichard et al., 2018). Human impact is not necessarily the only factor playing an
important role in the process of landscape erosion. Phases of erosion and soil forming intensity in
the exposed part of the archaeological site also play a role. In case of Bibracte, the input proxies
are mainly the type of subsoil, slope exposure, climatic conditions and anthropogenic influences,
including terrain modeling. The output includes the evaluation of the original surfaces on which

activities related to human presence at the oppidum took place.
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Figure.1l. Topographical map of Bibracte with the location of the La Terrasse area (A), the link
between the site, ramparts and archaeological features in close surrounding (B) and the detail
positions of pedological sondages from 2019 year (C).
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Table. 1. Quantification of the pottery finds from the test-pits

Test-Pit ~ Depth ~ Ceramics  Weight Terminus post quem (and the archaeological material on which it is based)
(Cm) Number (9) Oppidum period (Dressel 1 amphora)
A 20 3 41.30 Late oppidum period (rooftiles)
30 8 213.70 Late oppidum period (rooftiles)
40 1 1.00 Late oppidum period (rooftiles)
B 20 2 126.00 Late oppidum period (rooftiles)
30 4 54.60 Gallo-Roman period (slipped fineware)
40 3 2.10 Late oppidum period (rooftiles, Dressel 1 amphora)
C 10 3 8.00 Late oppidum period (rooftiles, Dressel 1 amphora)
20 7 421.00 Late oppidum period (rooftiles, Dressel 1 amphora)
40 1 2.80 Iron Age or Gallo-Roman? (Light common ware)
D 10 4 5.00 Oppidum period (Dressel 1 amphora)
20 5 62.60 Late oppidum period (rooftiles, Dressel 1 amphora)
30 7 77.50 Late oppidum period (rooftiles, Dressel 1 amphora)
50 1 9.00 Prehistory (coarse handmade pottery)
E 10 3 23.00 Late oppidum period (rooftiles, Dressel 1 amphora)
20 1 1.20 Late oppidum period (rooftiles)
30 8 383.20 Late oppidum period (rooftiles, Dressel 1 amphora)
40 2 1.40 Late oppidum period (rooftiles, Dressel 1 amphora)
50 2 5.50 Prehistory (coarse handmade pottery)
60 2 269.00 Oppidum period (Dressel 1 amphora)
70 2 399.00 Oppidum period (Dressel 1 amphora)
80 1 2.00 Oppidum period (Dressel 1 amphora)
F 30 2 15.70 Prehistory (coarse and fine handmade pottery)
40 1 1.60 Undetermined (dark common ware)
50 3 3.00 Prehistory (fine and coarse handmade pottery) and undetermined (oppidum
period?) coarse ware
70 12 7.90 Oppidum period or broadly Iron Age? (Light coarse ware)
80 13 30.10 Mainly Prehistory (fine and coarse handmade pottery) with one sherd of
oppidum period light coarse ware
90 14 108.50 Prehistory (fine and coarse handmade pottery), undetermined coarse ware and
one sherd of Iron Age (oppidum period?) dark coarse ware
100 3 4.90 Undetermined (coarse ware and dark common ware, possibly of the oppidum
period)
110 3 6.80 Undetermined (coarse ware and dark common ware, possibly of the oppidum
period)
120 2 3.60 Undetermined (dark common ware, possibly of the oppidum period)
130 7 25.90 Prehistory (fine and coarse handmade pottery) and undetermined (oppidum
period?) coarse ware
140 7 86.60 Oppidum period or broadly Iron Age? (Light coarse ware)
200 2 4.5 Dubious: rooftile fragments — probably intrusions
H 10 1 1.70 Uncertain — Iron Age or Gallo-Roman? (Dark common ware)
50 1 224.00 Oppidum period (Dressel 1 amphora)
70 43 68.90 Oppidum period (Dressel 1 amphora)
80 6 30.4 Uncertain — Iron Age? (Light common ware not characteristic of the oppidum)
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Materials

Archaeological background

Oppidum Bibracte is a hill-top site on Mont Beuvray (821 m a.s.l. near Autun, Burgundy,
France), with intensive settlement dating to the Late Iron Age (end of 2" century — 1% century
BCE). Initially, it consisted of wooden buildings, which were replaced by stone constructions
based on Roman concepts in the second half of the 1% century BCE. These stone constructions had
a preservation effect on the remnants of the older wooden structures so that in places where stone
constructions were not built, the traces of the older wooden structures from pre-roman period
hardly survived. The Bibracte oppidum, capital of the Aedui Celtic tribe, was founded at the end
of the second century BC and flourished throughout the second half of the first century BC; J. G.
Caesar (Caesar, 1917) described the site as by far the largest and the best-provided of the Aeduan
towns. The oppidum was initially surrounded by a long rampart system (7 km) that was soon
abandoned in favour of a shorter one (5.2 km). The shorter but stronger fortification, with
preserved rampart heights of up to 4 m, is contrasted by enclosure systems discovered intra muros,
still visible at the summits of La Terrasse and Le Porrey. There is clear evidence for mining
activities inside the ramparts, which were abandoned at the latest during the 1% century BCE
(Guichard and Paris, 2013). We lack the evidence for agriculture cultivation of crops (and intense
cattle breeding) intra muros during the 2" -1%t century BCE (cf. Golanova and Maly, 2020), even
if it is documented for the Medieval and recent past (Beck and Saint-Jean Vitus, 2018). Bibracte
was a true urban agglomeration: the documented changes in architecture and material culture
reflect the political and cultural shifts that took place during its brief existence, marked especially
by the erection of buildings in Roman style after the Gallic War (Luginbuhl et al., 2014; Szabo et
al., 2019). Bibracte reached its peak in the second half of the 1 century BCE, shortly before its
rapid abandonment after the beginning of the first century AD in favour of a new city,
Augustodunum and was never fully populated again. During the Medieval period, a monastery
was built in the centre of the area enclosed by ramparts (Beck and Saint-JeanVitus, 2018) and the
700 m distant hilltop plateau of La Chaume was regularly (certainly since the Middle Ages) used
only as a site for annual markets. The St. Martin Chapel, which partly delimits the market area,

has retained elements of the 1% century CE temple, followed by Medieval Christian sanctuaries,
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built at the same place. The area next to La Chaume, which is the location of the markets, is an

enigmatic part of the oppidum called La Terrasse.

Geomorphology

The site oppidum Bibracte is located around the top of Mont Beuvray (821 a.s.l.) (Figure. 1),
composed of small plateaus and slopes divided by lateral valleys oriented in the NW-SE to W-E
directions. The geological substrate is relatively homogenous composed of granitic rocks crosscut
by micro-granitic and quartz veins with polymetallic (Pb, Zn, Ag) mineralization (Gourault, 1999;
Marcoux, 1986). The southern part of Bibracte oppidum is built of conglomerates and rhyolite
(i.e., a volcanosedimentary formation; Ricordel et al., 2007). The soil cover is linked mainly to the
geological background and vegetation both intensively influenced by human activities in the past.

The Mont Beuvray itself is geomorphologically complex. So called “intra murros” part of the
Bibracte covers 1 884 745.233 m?. Based on GIS analyses done by J. Gefsl is minimally 71 % of
the area under the slope 7 — 30 % and 12 % of that area is under the slope higher than 30 %. Most
of the area with the slope up to 7 % slope (17 % of the intra murros area) is flattened by the
construction of anthropogenic terraces (Golanova ed., forthcoming). The high percentage of the
area under the slope higher than 7 % is expected to be exposed to soil erosion relatively often due
to the slope and human action connected with the change of vegetation, but until now we do not
know to what extent, how often and how this erosion affected the preservation of archaeological
structures in different parts of the oppidum. The area “La Terrasse” located in one of the highest
points of the oppidum and without traces of constructions, could serve as a model space for erosion
rates in the Holocene in archaeologically exposed sites. The Atlantic Mountain climate and the
associated natural vegetation - beech groves in the highest parts, beech-oak grove sessiliflore
elsewhere - have determined a climatic pedogenesis locally modified by materials original,
different relief and drainage. There were detected generally three main types of soils in relation to
geomorphology of the area: (1) soils formed on sandy clay loam in the valley bottoms. These are
characterized by the presence of a water table circulating more or less rapidly and undergoing
oscillations more or less marked according to the topography; (2) colluvial soils at the level of
ruptures slope, formed on scree of eruptive rocks, rich of humus, sometimes hydromorphic. These

soils are often aerated and humus-bearing, but difficult to work mechanically due to their stoniness;
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(3) brown soils formed on granites, schists or tuffs, sometimes very superficial on the steep slopes
and high slopes. Those are light soils rich of humus (Buchsenschutz and Richard, 1993;1996).
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Figure. 3. Drawings and photos of chosen pedological sondages A, D and E together with the TOC,

grain size distribution and magnetic susceptibility.
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Table. 2. Micromorphological description; Gr-Granular, BI-Blocky, Sb- Sub angular blocky, Ab-Angular blocky, Ma-Massive, Chm-Chamber, Chn-
Channel, Sp- Simple packing, Cdp-Compound packing, Po- Porphyric, Mo- Monic, Cr- Crystallitic. Am-Amphibole, Qu-Quartz, Fsp- Feldspar, Mi-
Mica, Cal-Calcite, PI-Plagioclase, Ser- sericite, Srp-Serpentine, Op-Opaque, Cl-Chlorite, Rf-Rock fragment, Pyr-Pyroxene, Mc-Microcline, Bt-
Biotite, Ot-Other.

Section TAl TA2 TB1 TB2 TD TE1 TE2 TH
depth 50 -56 cm 22-40cm 50 -60 cm 30-40cm 40-50cm 100-110cm 70-85cm 40 -50 cm
Micro- Sh, Gr Gr, Spongy Sh, Gr Sh, Gr Ab, Sb, Gr Ab, Sh, Gr Ab, Sb — mainly in lower Ab, Sh, Gr
structure part, Gr
Porosity 15 — 20 %, common 20 — 30 %, rare Chm, 15— 20 %, common Chm, 15— 20 %, rare Chm, 15 — 20 %, common Chm, rare Chn, 20 — 30 %, rare Chm, 15 — 20 %, common Chm, 20 — 30 %, rare Chm, common
Chm, rare Chn, rare Sp., common Chn, common rare Chn, rare Cdp. common Chn, common rare Sp. common Chn, common rare Chn, rare Cdp. Chn, common Cdp.
common Cdp. Cdp. Cdp Cdp.
Sorting unsorted moderately sorted moderately sorted moderately sorted unsorted unsorted unsorted unsorted
Grain clay loam with high silty loam with silty loam with high silty loam with silty loam with presence of debris; clay loam with presence silty loam with debris; C/ silty loam with presence of
size amount of debris; C/ presence of debris; amount of debris; C/ presence of common C/F(1mm) = 40:60; C/F(50pum) = of debris; C/F(Imm) = F(1mm) = 90:10; C/ debris; C/F(1mm) = 50:50;
F(1mm) = 95:5; C/F C/F(1mm) = 50:50; F(1mm) = 50:40; C/ debris; C/F(Imm) = 20:80. 50:50; C/F(50um) = F(50um) = 30:70. C/F(50pm) = 30:70.
(50um) = 30:70 C/F(50um) = 60:40 F(50um) = 20:80. 50:50; C/F(50um) = 60:40.
30:70.
Coarse subangular Qu, Ptg, subangular Qu, PI, subangular Qu, PI, brown subangular Qu, PI, subangular Qu, PI, weathered Mi, Bt, subangular Qu, Bt, subangular Qu, PI, subangular Qu, PI, weathered Mi;
fraction weathered Mi, Ser, Op; weathered Mi; Ser, Bt, orth-Pyr, weathered weathered Mi; Ser, Op; orthPyr, Ser, Op; weathered Rf with Fe  diopside, Ptg, mica; Ser, weathered Mi, Ser, Op; Ser, Op; partly weathered Rf with
weathered Rf with Fe opaque minerals; partly ~ Mi, Ser, Op; weathered brown Bt, orth-Pyr, rich rims. Op; weathered Rf. weathered Rf with Fe rich rare presence of Fe rims.
rich rims. weathered Rf with rare Rf with presence Fe rich marble, partly rims.
presence of Fe rims. rims. weathered Rf with rare
presence of Fe rims.
Matrix Dark brown to orange Brown, locally orange Dark brown, grey to dark brown to orange Dark brown to orange brown Gray, orange brown, Cr Very dark brown to Brown, locally orange brown, Cr
brown phosphatic, Cr brown, Cr Bf, open Po. orange brown, Cr Bf, Po. brown, Cr Bf, Po. phosphatic, Cr Bf, Po. Bf, Po. orange brown phosphatic, Bf, Po.
Bf, close Po. Cr Bf, Po.
Organic decomposed brown OM decomposed brown decomposed brown OM —  decomposed brown decomposed brown OM — common; decomposed brown OM decomposed brown OM — decomposed brown OM - rare,
matter —rare, locally present; OM - rare; rare; decomposed and OM - present, locally decomposed and partly decomposed — present; decomposed common; decomposed and  decomposed and partly
decomposed and partly decomposed and partly partly decomposed roots —  common; decomposed roots — present; microcharcoal - and partly decomposed partly decomposed roots —  decomposed roots — rare;
decomposed roots — decomposed roots — rare; microcharcoal - and partly decomposed present; fragments of fungi nests rare, roots — rare; present; microcharcoal - microcharcoal - present;
present; microcharcoal - common; present; fragments of roots — common; phytoliths - present. microcharcoal - present; fragments of fragments of fungi nests and
rare; fragments of fungi microcharcoal — fungi nests — rare; microcharcoal — rare, common; fragments of fungi nests — rare; phytoliths - rare.
nests and phytoliths - present, locally phytoliths - present. locally present; fungi nests — rare; phytoliths - present.
rare. common; fragments of fragments of fungi phytoliths - present.
fungi nests and nests and phytoliths —
phytoliths - rare. rare.
Pedo Fe rims on clasts — Fe rims on clasts —rare; ~ Fe rims on clasts — Fe rims on clasts —rare;  Fe rims on clasts — present; passage decomposed brown OM Fe rims on clasts — rare; Fe rims on clasts — rare; passage
features common; passage passage features - common; passage features  passage features - features - rare; P neoformation — — rare, decomposed and passage features - present; features - present; P neoformation
features - present; P present; P - rare; P neoformation — present; P present. partly decomposed roots P neoformation — rare; — absent; depletion present.
neoformation — present. neoformation — absent; present. neoformation — absent; — rare; microcharcoal - depletion present.
depletion present. depletion present. present; fragments of
fungi nests and
phytoliths - rare.
Notes Size of prevailing Size of prevailing Size of prevailing Size of prevailing Size of prevailing granulae is 50 — 200 Size of prevailing Size of prevailing Size of prevailing granulae is 30 —

granulae is 200 — 300
um in size; the ratio
between the granulae
and larger aggregates is
70: 30

granulae is 40 — 80 um
in size; the ratio
between the granulae
and larger aggregates is
10: 90.

granulae is 50 — 150 um
in size; the ratio between
the granulae and larger
aggregates is 20: 80.

granulae is 40 — 80 um
in size; the ratio
between the granulae
and larger aggregates is
90: 10.

pm in size; the ratio between the
granulae and larger aggregates is 30:
70.

granulae is 80 — 200 pm
in size; the ratio between
the granulae and larger
aggregates is 30: 70.

granulae is 30 — 80 um in
size; the ratio between the
granulae and larger
aggregates is 70: 30.

80 um in size; the ratio between
the granulae and larger aggregates
is 80: 20.
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La Terrasse

La Terrasse - one of the higher parts of Mont Beuvray (815 m a. s. I.) is a plateau with an area
of cca 1 ha (120 x 85 m), enclosed by embankments with ditches. La Terrasse itself has always
attracted attention of researchers: firstly, it was expected to be the location of a citadelle (Garenne,
1867), Camp of Mark Antony (Bulliot, 1899). It was reinvestigated again in the 1980s “to look for
the possible location of a Gallic cult” (Gruel and Beck, 1996). Trenches were open between 1986
and 1995 (Figure. 2), cutting through the enclosed space, the bank and the ditch resulting in a
finding that the space was devoid of constructions and only a small number of artefacts were
recovered, mostly from 1% century BCE (pottery and amphorae fragments, tegulae, an iron ring, a
nail). Prehistoric pottery fragments (probably Neolithic/Bronze age) and chipped stone industry
were repeatedly reported from the site (Gruel and Beck, 1986).

Methodology

Archaeological excavations

The area of La Terrasse was chosen for an investigation of a non-built-up area in the oppidum.
To minimize the disturbance to the layers in place, four trenches excavated at La Terrasse in the
years 1986/ 1987 and 1993 (cf. Gruel and Beck, 1996, Figure. 2) were reopened in 2019. Three of
them were placed in the inside part of La Terrasse, one has also cut the bank/rampart (Figure. 2)
on one side and another on the other side of the study area. The trench sections were cleaned, re-
documented and the location of the 8 test-pits (1x1 m) — labeled A, to H — were chosen for
multiproxy studies. In each newly excavated test-pit we excavated and sampled using 10 cm thick
artificial units (while respecting the natural layers). Pottery and amphorae were classified (Table.
1) and dated based on the established chronology of ceramic finds from this oppidum (Paunier et
al., 1994; Paunier and Luginbihl, 2004).

Sedimentology and micromorphology

A basic sedimentological description following standard field criteria is one of the key
procedures in starting geoarchaeological research. It is based on parameters such as color, texture,

and internal organization (Figure. 3) and also includes a micromorphological description (Table.

o1



2). The color of sediments was identified in both wet and dry state using a Munsell soil color chart.
The sampled 8 blocks of soil were placed in gypsum plaster. Due to the frequent occurrence of
large clasts, relatively large blocks (15 x 10 cm) had to be collected. These samples were then
slowly dried and impregnated by resin mixed with acetone in a vacuum chamber. After curing for
six weeks, smaller samples were cut off from the blocks and thin-sectioned separately. The thin
sections were prepared at the Terrascope laboratory in Troyes (France). The dimensions of the thin
sections are approximately 10 x 7 cm. The basic micromorphological descriptions and
interpretations are based on Stoops (2003), Stoops et al. (2010). Detailed descriptions and results
of individual samples are described in the Table. 2.

The intensity of human impact and pedological processes, and the types of formation processes
were not clear macroscopically so we employed three different techniques to determine the
geochemical composition. Each technique provides different information about the substrate. The
Energy Dispersive X-ray Fluorescence - ED-XRF (pXRF) was employed to provide first,
prospective, general results about the geochemical composition of all sampled sections of the
documented test pits i.e., sections A, B, D, E, G and H. The main advantage of this analytical
technique is the high throughput, generation of statistically large set of the data allowing
comparability between the sections and possibility of field measurements. The more time-
consuming, but also more precise results in terms of the number of detected elements were
produced/obtained by ICP EOS (applied only to three sections T1A, T1B and T1E) using Mehlich
I11 extraction. Additionally, the measurement of total organic carbon (TOC), total nitrogen (TN),
total suphur (TS) and N/ C proxies as a third geochemical approach was applied on samples from
sections T1A, T1B and T1E. What are the differences between the applied geochemical
approaches for the given proxies? The portable ED-XRF (pXRF) analyzer Delta Professional
(Olympus InnovX) was operated in the Soil Geochem measurement mode. The samples in
excavated pits were irradiated with two beams for one minute — 30 s of the 10-kV beam and 30 s
of the 40-kV beam. Each sample was tested three times; the final value is the arithmetic average
of the three measurements. The pXRF measures almost all of the elements in the sediment, it is
relatively quick and low-cost, and also detects heavy element concentrations. Quality control was
provided by the BAS Rudice Ltd. Company (https://www.bas.cz/) on 55 reference materials (e.qg.,
SRM 2709a, 2710a, 2711a, OREAS 161, 164, 166, RTC 405, 408). For XRF spectrometry
applications, (see Kalnicky and Singhvi, 2001; Hurkamp et al., 2009; Hall et al., 2014; Canti and
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Huisman, 2015; Smejda et al., 2017; Salisbury, 2020). The important information about the
intensity of chemical weathering was obtained from the ratios of the Rb/Sr (see Figure. Geoch 1)
(Gallet et al., 1996; Chen et al., 1999; Bloemendal et al., 2008), less significant information than
from the Rb/K ratio (Zech et al., 2008) (see supplement). The geochemical composition was also
assessed by a standardized Mehlich I11. extraction procedure (Pansu and Gautheyrou, 2006). This
extraction is suitable for detection of elements in the soil taken up by plants, which means that the
final results may be quite different from the ED-XRF results. Extracted amounts of macroelements
(Al, Ca, Fe, K, Mg, Mn, Na, P, S) as well as selected heavy metals (Cu, Zn, Pb, Cr) and As were
quantified by the ICP EOS. Mehlich I11 extraction was also chosen to distinguish the loosely bound
heavy metals fraction in the profiles and to get the CEC (cation exchange capacity) value.
Information about human impact on the soil and the soil activity can be gleaned from the total
organic carbon (TOC), total nitrogen (TN) and total sulfur (TS) results especially when combined
with magnetic proxies (Lisa et al., 2012). Samples were measured using high-temperature
combustion analyzer VVario Macro cube (Elementar, Germany), analyzing simultaneously C, H, N,
S content. Samples were introduced in tin containers wrapped around the solid, together with the
addition of tungstic oxide. Temperature parameters were set to 1125 °C for combustion and the
copper-reductive workup processes took place at 850 °C. Soil cation exchange capacity (CEC)
which showed to be crucial proxy for the recognoscation of buried horizons is an important
physical and chemical proxy, which reflects not only the surface properties of soil colloids, but
also the retention and supply capacity of soil fertilizer. The cation exchange capacity (CEC) of a
soil is a measure of the quantity of negatively charged sites on soil surfaces that can retain
positively charged ions (cations) such as calcium (Ca? *), magnesium (Mg?*), and potassium (K*),
by electrostatic forces Franzini et al. (1975). Cations retained electrostatically are easily
exchangeable with cations in the soil solution so a soil with a higher CEC has a greater capacity
to maintain adequate quantities of Ca?*, Mg?* and K* than a soil with a low CEC. A soil with a
higher CEC may not necessarily be more fertile because a soil’s CEC can also be occupied by acid
cations such as hydrogen (H") and aluminum (AI**). CEC is calculated as CEC = X
Ca?*+Mg?*+K*+Na*+H"+AI** (cmol*/kg).
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Table. 3. Laboratory code of investigated OSL sample, sample name, sample depth (m b. s. =
meters below surface), specific activities of natural radionuclides, dose rate, estimated water

content, number of measured aliquots, final equivalent dose (CAM model) and calculated age.

Lab Sample Sampling Th U K Dose rate  Water Number  Equivalent ~ OSL Age
Code name depth (Ba/kg) (Ba/kg)  (Balkg) (Gy/Ka) content of dose (Ka)
(m.b.s.) (%) measured  (Gy)
aliquots
GdTL-  Bibracte 0.48 110.1+#4.3 85.5#3.1 1516+130 7.78+0.38 1515 18 1135+0.39 1.39+0.09
3556

Plant macroremains

For plant macro-remains (and other ecofacts like seeds, charcoal, faunal remains, etc.) deposit
samples with volume between 5 and 10 L were collected from each excavated unit, a 10 cm
mechanical spit. For this study 26 samples from trenches A, B, D, E and H were collected,
originating from the depths of 30 cm below surface to the bottom of each test-pit. The samples
from the surface (litter) and the first two upper layers were heavily disturbed by modern activities,
so they were excluded from the analyses. To secure recovery of all ecofacts (seeds, charcoal, faunal
remains, etc.) and artefacts, the deposit samples were processed using a combination of flotation,
wash-over and wet-sieving methods (for details see Golanova and Maly, 2017). The dried flot
fractions were sorted and the plant remains were studied using a stereomicroscope (Leica M80 at
max 50 x). Taxa identification was based on the available literature and modern and archaeological
reference collections. For charcoal, the refractive surfaces of fragments larger than 2 mm were
analyzed under a microscope with reflected light (Olympus BX 51 at max 200x). Detailed
descriptions and per sample results for seeds and charcoal are available elsewhere (Hajnalova see
Bibracte Report 2020 in print). Here we evaluate the seeds and charcoal counts and volume of
roots of modern plants after collating the samples to the wider stratigraphic units corresponding to

the main deposition events.



Figure. 4. Micromohological photodocumentation of choosen features; A - well developed Fe rims
in sample TAL (PPL — plane polarised light); B — clasts without Fe rims in sample TA2 (PPL); C
— multilayered dirty silty coating in sample TE1 (PPL); D — phospatic neoformations coating clast
surface in sample TB1; E — rather phosphatic matrix with microcharcoal and decomposed brown

organic matter (PPL); F — soil aggregates of different sizes in sample TB1 (PPL).
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Figure. 5. Micromohological photodocumentation of choosen features; A — average size of
granulaes in sample TA1 is 200 — 300 um (PPL); B - average size of granulaes in sample TA2 is
40 — 80 um (PPL); C - the matrix with the same size of granulae may differ in colour, i. e. in the
amount of organic matter, Fe and P mainly - in sample TB2 (PPL); D — example of well-developed
passage features in sample TA2 (PPL); E — example of the fungi nest located in phosphatic and
organic matter rich granular microstructure of sample TE2 (PPL); F - example of a relatively larger

microcharcoal fragment located in depleted light granular microstructure of sample TH (PPL).
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OSL dating

The measurement has been carried out in the Gliwice luminescence dating laboratory (Moska
et al., 2021). For dose rate determination high-resolution gamma spectrometry using a HPGe
detector manufactured in Canberra was used in order to determine the content of U, Th and K in
the sample. Prior to measurement, the sample was stored for about 3 weeks to ensure equilibrium
between gaseous 222Rn and 226Ra in the 238U decay chain. Each measurement lasted for at least
24 h. The activities of the isotopes present in the sediment were determined using |AEA standards
RGU, RGTh, RGK after subtraction of the detector background. Dose rates were calculated using
the conversion factors of Guerin et al. (2011). For beta dose rate the cosmic ray dose-rate of the
site was determined as described by Prescott and Stephan (1982). We assumed that the average
water content was (15 £ 5) %. For further calculations a mean ka-value of 0.04 for silt-sized quartz
(Rees-Jones, 1995a,b) was used. All necessary data for dose rate calculations are presented in
Table. 3. For OSL measurements, medium grains of quartz (45-63 um) were extracted from the
sediment samples by routine treatment with 20% hydrochloric acid (HCI) and 20% hydrogen
peroxide (H202) (Aitken, 1998). The quartz grains were separated using density separation with
the application of sodium polytungstate solutions leaving grains of densities between 2.62 g/cm?
and 2.75 g/cm®. The grains were sieved, before etching with concentrated hydrofluoric acid (HF,
40 min). All OSL measurements were made using an automated Risg TL/OSL DA-20 reader used
for the OSL of multi-grain aliquots, each of ca. 1 mg. The stimulation light source was a blue (470
+ 30 nm) light emitting diode (LED) array delivering 50 mW/cm? at the sample (Bgtter-Jensen et
al., 2000). Detection was through 7.5 mm of Hoya U-340 filter. Equivalent doses were determined
using the single-aliquot regenerative dose (SAR) protocol (Murray and Wintle, 2000). The final
result was calculated using Central Age Model (CAM) (Galbraith et al., 1999) and the equivalent
dose distributions (Berger, 2010) were counted. Obtained overdispersion is about 15%.

Results and interpretations

Archaeological findings

The number of finds documented in previous excavations from 1986/1987 and 1993 is very low
(cf. Gruel and Beck 1996, Figure. 2), which was confirmed by finds from the 8 test-pits in 2019.
The artefacts— mainly strongly fragmented and worn pottery (112 pc), amphorae (49 pc) and
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ceramic building material (29 pc) were found together with iron fragments (9 pc) and chipped
stone artefacts (6 pc). The ceramics were reduced to tiny fragments (total 2.733 g), with a median
weight of 1.85 g (the average weight of 17.9 g is due to a small number of large pieces). However,
as many as 32 sherds out of the total of 196 weigh only 0.1 g, 56 sherds weigh less than 1 g. This
is unusual as the excavation at Bibracte typically produce tens of kilograms of relatively well-
preserved pottery (Golanova et al., 2015). Stratigraphically, the artefacts are mixed (chipped stone
artefacts were recovered from the same layers as pottery and 1% century BCE amphorae). This
indicates a high degree of bioturbation, or human impact during the formation of the sedimentary
deposit. Despite the presence of suitable flat terrain, no traces of structures except for the
surrounding ramparts and ditches were found in the area of La Terrasse. The central part of La
Terrasse documented in test-pits A, B, C is characterized by the presence of ceramic fragments to
a depth of 40 cm below the surface, so not reaching the “buried soil horizon” at 50 — 60 cm (See
Figure. 4 — figure with sedimentary layers). In test-pits D and E, which already follow the slope of
the subsoil towards the ramparts, there are individual sherds as deep as 50 cm (in the test-pit D)
and 80 cm (in the test-pit E) — cf (Table. 1). The situation in test-pit F, which cuts the inner part of
the rampart itself, is different: the sherds were scattered in all layers of the earthwork (including
the base of the rampart) down to a depth of 140 cm, containing a mixture of artefacts including
Iron Age pottery (possibly from the 1% century BCE though an earlier date cannot be excluded in
any of the cases), but also well represented prehistoric (Bronze or Early Iron Age) pottery and one
chipped stone artefact. Stone artefacts were also found mixed with 1% century BCE pottery in other
test-pits (Table. 1). In test-pit H, which is situated on the opposite side of La Terrasse in descending

terrain next to the rampart, numerous sherds were detected at a depth of 70-80 cm.

Sedimentology and micromorphology

Differences in sediments across the site are relatively minor (Figure. 3). The thickness of the
material sitting on the frost weathered in situ geological substrate ranges between 55 and 60 cm in
the central part of La Terrasse and 80 — 120 cm in the areas close to the rampart. The important
fact is that the geological in situ weathered substrate descends towards the rampart where test-pits
E and H were located. Those sections are therefore deeper. The fill of studied layers was

pedologically divided into 4 main layers (see Figure. 3). Generally, the uppermost layer is
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composed of and partly decomposed organic matter on the very surface and A horizon (Figures. 4
and 5 — micromorphology; marked as I. in Figure. 3). It is represented by unsorted sandy silts with
the presence of clasts of 1 — 2 cm (50 %). This layer is heavily bioturbated by roots and micro and
mesofauna and its thickness ranges between 15 and 30 cm); average color 10YR 3/3. The
transitions between layer I. and II. is clear. Towards the deep parts of the sections the second layer
of unsorted sandy silts containing clasts 1 — 5 cm (50 %) and color 10YR 5/3 appears. It is marked
as Il. in Figure. 3. This layer has an average thickness of 20 — 40 cm and it has signs of root
bioturbation. The transitions between layer Il. and Ill. is abrupt. An approximately 10 cm thick
third layer of unsorted sandy silts with the color 10YR 4/4 appears in most of the studied sections
but was not easily identifiable, mainly in the central part of the studied area. It was easier to
determine several days after the trenches were reopened. The thickness of this layer increase
toward the ramparts, so its thickness is 20 cm in the section D and 50 cm in the section E. The
transitions between layer I1l. and IV. is clear to abrupt. The following (fourth) layer consisted of
weathered geological substrate. This sediment possessed low porosity, sandy silt grain size and
clasts 1-2 cm and bigger (80 %). The color of the frost weathered geological substrate is 10YR
6/4. all described layers are abrupt (with the exception of the fourth). The main distinguishing
features between the individual micromorphological samples (Table. 2) were found to be the
intensity of development (Figure. 4A) and the absence (Figure. 4B) of Fe rims on clasts. Only in
the case of one sample was a well-developed and common dirty silty coating identified (Figure.
4C).
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the presence (Figure. 4D) or absence of phosphatic neoformations and the color of the matrix
depending on the phosphorus content (Figure. 4E). The third basic distinguishing feature is
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(Figure. 3) the structure of the matrix itself. In the case of a buried soil surface, the presence of
larger subangular soil aggregates is always significant at the expense of granulae (Figure. 4F). At
the same time, the granules in the buried soil horizons are larger (Figure. 5A) than in the
overburden (Figure. 5B). The color of the matrix, depending on the content of the organic matter,
Fe and P, is often locally variable (Figure. 5C). The intensity of the coloration may also depend
on the depletion, which is more pronounced in the overburden (Figure. 5B; 5F). Bioturbation
(Figure. 5D) is not a significant distinguishing element and occurs intensely is both buried soil and
overburden. Fungi nests (Figure. 5E) and microcharcoal (Figure. 5F) occur with great variability

across studied profiles.

Geochemistry, grain size and magnetic properties

The geochemical results obtained with the portable ED-XRF (pXRF) analyzer show that the
concentrations of measured elements are quite constant and the differences in the content of some
elements can mostly be attributed to the uppermost soil layer, the frost weathered geological
substrate, or to the layer directly above that substrate. The most significant change is the increase
of Mn, Fe, K, P, S, Pb and Zn in the upper ten cm of the soil (see supplementary data). This increase
is linked to the high bioturbation and the accumulation of organic matter (see Figure. 3) which
binds the heavy elements. In contrast, the frost weathered geological substrate contains greater
concentrations of Si, K, Zn, Zr, Pb and Ti, i. e., minerals typical for the in situ geological substrate
of this area. The layer directly above the frost weathered geological substrate is quite variable
across, but generally richer in elements such as Cu, Zn, S, Mn, P, Fe and Al. Because the amount
of organic matter is low in this layer (Figure. 3), we can propose that the increase of those elements
is linked to the presence of ashy materials. The ash crystals were not recorded because they didnt
preserved in open space environment, but presence of microcharcoal was recoded repeatedly there
in thin sections. The ICP-EOS results from the Mehlich 111 extraction shows relatively low and
constant geochemical values, with relatively different trends compared to the ED-XRF results (see
supplement). There are exceptions of slightly higher values for concentrations of Ca, Mg, K and
Na directly above the weathered in situ substrate as well as in recent A horizon. This is well
expressed by Ca/Mg ratio (Figure. 3) which corresponds to the increased amount of TOC. Section

D close to the rampart has a layer I11 with increased values of Ca, Mg, K and Na which is thicker
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than in the other sections (see supplementary data). High concentrations of Cu, Zn and Pb (but not
As) were also detected. The concentrations of these elements vary throughout the study area and
the concentrations are greater than the background concentrations in the geological substrate (see
supplementary data). Interesting results were brought also by the Rb/Sr ratio (see supplementary
data). Greater intensity of leaching was clearly detected in sections D, E and G, i.e., sections close
to the ramparts contrary to the sections A, B and H located in the central parts of the study area.
Interesting result were brought by effective CEC. This proxy increases in two positions in every
studied section (Figure. 3). The first one corresponds to the layer I, i.e., the position of B horizon
of recent soil. The second one corresponds to the lower part of the layer I11. and the uppermost
part of the layer IV. and might be related of B horizon of former soil which survived only as relicts.
The uppermost parts of the studied sections (upper 30 cm) produce the highest TOC, TN and TS
values (see Figure. 3). There is a good correlation between TOC and Mg/Ca ratio (Figure. 3). The
rest of the studied material has more or less constant low values and there is a visible gradual
decrease of these values towards the deeper parts of the sections. A visible stagnation in these
values is evident at depths 50 — 60 cm in sections TA and TD and at depths 70 — 120 cm in section
E. The lowermost parts of the studied sections possess the lowest detected values. The C/N ratio
which generally reflects the soil bacterial activity is very high and does not show any significant
trends. The grain size distribution within the study sections is variable and does not show any
significant trends corresponding to the long term pedological transformations, human influence,
or change in provenience (see Figure. 3 for clay and supplementary data). The silty fraction
prevails and only few samples possess a sandy fraction. Most of the measured samples show an
upward trend in the amount of coarse fraction except for samples from section TA at a depth of 60
— 70 cm, T3D at depths 0 — 10 cm and T3D at depth 30 — 40 cm. Sandy fraction was detected in
only these three samples. This is possibly the result of bioturbation reflecting the different material
provenance or post depositional changes. The amount of clay fraction shows only low correlation
with CEC (Figure. 3). The values of magnetic susceptibility as a proxy for grain size distribution
(see supplementary data) are quite variable in all studied sections and in this case clearly do not
depend on grain size distribution. The most enhanced susceptibility was documented in the
lowermost parts of section E (90— 110 cm below the surface) close to the rampart, at a depth of
40-50 cm of section G, also close to the rampart at the opposite side of the studied area and also

(relatively) in the upper parts of section A in the center of the study area (see supplementary data).
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In the single sections, the lowermost values of magnetic susceptibility were usually (but not
always) detected at the very bottom of the sections in the cryoturbated geological substrate (see

supplementary data).

Archaeobotany

The La Terrasse sedimentary archives appear to be heavily bioturbated by roots of woody
plants. Although the volume of roots (present in dried flot fractions) generally decreases towards
the deeper strata (in all but test-pit H), there are exceptions to this rule (Figure. 6). The root
accumulations in lower strata probably coincide with buried fossil soil horizon(s). Other types of
plant macroremains, such as wood charcoal, seeds and fruits fossilized (archaeologized) through
charring or seeds fossilized through mineralization, are extremely rare (Figure. 7). The charcoal
assemblage consists of over 5800 fragments, but as individual fragments rarely exceed 2 mm in
size, the total weight is very low (23.0641 g). It was possible to taxonomically determine only 839
fragments (8.857 g). It is noteworthy that such a small amount of charcoal is not consistent with
the amount of charcoal detected in settled or built-up areas of the Bibracte oppidum, where these
are much more numerous and much larger in sizes (Bellavia, 2013; 2014; 2015). Beech (Fagus
sylvatica) and oak (Quercus) charcoal are the most common types and occur in each sample Figure.
8. Beech dominates almost all of the samples, though in lower layers (A60, D50, D60, E100, E110
and HB80) there is a higher (30% to 80 %) proportion of oak. Other two common taxa are hazel
(Corylus avellana, absent in 7 samples) and common broom (Cytisus cf. scoparius, absent in 6
samples). Hazel and broom are present in higher proportions (between 10 and 30 %) in samples
from upper (A30, A40, D40, E40) or middle parts of the individual profiles (D50, E50, H30, H50,
H60, H70). The remaining twelve species (Prunus, Castanea/Quercus, Pomoidae, Betula,
Fraxinus, Betula, Tilia, Alnus, Acer, Populus/Salix, Populus, Betula/Alnus, Indeterminate broad-
leaved trees). They occur in less than half of the samples (Figure. 9). Alongside we find local
(beech, oak, ash) and non-local taxa (willow, poplar, alder, lime) for the area of oppidum as well
as trees from forests and open deforested stands. As the trenches are situated close to each other,
the recorded variation suggests that at least some of the charcoal does not originate from burning
vegetation in situ or comes from different time periods when the area had a different vegetation

cover. For non-local trees like lime, willow/poplar, maple their wood was either transported from
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elsewhere and burned at the site, or the charcoal was brought in with the deposits moved there
from elsewhere. Some of the taxa are not suitable as fuelwood, but are often used for
manufacturing wooden objects, which supports the anthropogenic origin of the charcoal. The
relatively low variation between taxa from different depths within individual test-pits and the
presence of roots even in the lowermost samples, indicate possible transport and mixing of small
charcoal fragments via bioturbation. Seeds and fruits are rare (Figure. 7). Charred seeds are much
less numerous than in built-up areas of the Bibracte oppidum (Wiethold, 2011; Bonnaire, 2013;
Wiethold, 2014;). Single cereal grains of millet (Panicum miliaceum) and barley (Hordeum
vulgare) were recovered from the middle layers of A (40, 50) and H (70). Other finds include wild
fruits — hazel, beech, raspberry (Rubus cf. idaeus) and one wild herb or weed (Galium sp.). While
possible garden fruit, fragment of cereal straw and raspberry comes only from the lower layers
(B60, E90, H100), hazel and beech, which can grow locally, were present in both the upper and
the lower layers. Charred seeds concentrate mostly in the layer(s) just above the cryoturbated
geological substrate in all but test-pit H, which may be evidence for the presence of a former
cultural layer or surface. Uncharred seeds usually concentrate in the upper layers of soil profiles
where they represent a natural seed-bank. It was therefore surprising to find fragments of uncharred
shells and seeds of beech, hazel, blackberry, elderberry and broom (and a single acorn and
Polygonum aviculare seed) all the way to the middle parts of the sequences. Most surprising was
the presence of beech buds and a large number of elderberry seeds in samples from just above the
weathered bedrock in section E (90, 100, 110). They were in the sample alongside charred shells
of hazel, relatively numerous charcoal fragments and roots of modern plants. While elderberry
seeds with seed-coats rich in minerals fossilize naturally and could be of ancient origin (similar to
charred remains), the tree buds and roots indicate they moved via deep bioturbation. To conclude
— the mode of preservation, distribution, numbers and recovered species of charred plant
macroremains within the excavated sequences suggest: 1. low intensity of human exploitation in
the area, due to the much lower appearance of the macroremains; 2. presence of possibly a remnant
of a thin ancient cultural layer at the base of section E (70) 90 to 110 cm); 3. anthropogenic and
non-local origin of at least some of the charcoal fragments; 4. (strong impact) vertical bioturbation

processes within deposit sequences.
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OSL dating

The obtained luminescence result of 1,39 + 0,09 ka (i.e., 561 CE) is younger than expected
(based on archeological descriptions). Equivalent dose distributions (Berger, 2010) presented in
Figure. 10 and Table. 4 shows multimodality despite the fact that obtained over dispersion does
not clearly suggest it. Such distributions often have over dispersion parameters ranging between
10 and 20 % so it is not possible to observe the typical unimodal shape of the distribution, however
this does not change the fact that CAM for all aliquots remains suitable for estimation of the final
value of the equivalent dose. Usually, fluvial samples are representative of this group and in this
case some asymmetry in the distribution (i.e., lack of statistical significance) may be observed
(Arnold et al., 2007). On the other hand, this kind of distribution can represent or be derived from
the post-depositional disturbance of sedimentary deposits and soils mixed during the bioturbation

process (Bateman et al., 2003).

Discussion
Are we able to detect the surface of La Terrasse in different phases of site

occupation?

The main aim of this paper is a discussion of how to identify the occupational surface remnants
at a heavily eroded site and to describe the origin and properties of newly formed archaeological
soil. The occupational surface should be linked to a particular occupational timespan. In the case
of Bibracte, where erosion processes (mainly sheet wash and those triggered by humans) took
place repeatedly, it is quite difficult to state a precise limit for stabilization of the surface during
different phases of occupation. We are dealing with the highest part of the oppidum, while on other
similarly exposed parts of the oppidum the soil surface is minimal or protruding bed-rock of
granitic rocks is exposed: Theurot de la Roche, Pierre de la Wivre etc. (Boyer, 1996; Boyer et al.,
1996; Luginbihl et al., 2014, 170-174; Guichard et al., 2018, 175). At the same time, it is clear
that at least 55 cm of unsorted material that lies on the eroded subsoil of La Terrasse must have
been accumulated by humans, because there is no space above La Terrasse where the material
could be deposited (eroded) from. The material accumulated by humans on the cryoturbated

geological substrate of La Terrasse contains small fragments of artefacts related to different
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periods ranging from prehistory to Iron Age. The cryoturbation of the uppermost part of the
geological substrate is well expressed by the stone orientation and was detected also
micromorphologicaly from the matrix. The former surface situated between the frost weathered
geological substrate and anthropogenically accumulated soil is in some cases very indistinct and
can be highlighted macroscopically only as slightly different hues. The geochemical signal in
combination with the magnetic susceptibility is more pronounced (accumulation of elements
connected with the burning activities), but its intensity is not as high as in a typical cultural layer
or soil maintained by humans (Smejda et al., 2018; Janovsky et al., 2020a,b). These geochemical
proxies are not separately convincing, but may be used as a proof of human activities when they
are read as a fold up mosaic of information, for example, by adding the information about the
slightly greater number of artefacts and archaeobotanical findings (mainly section E and bottom
of sections A, B and D) documenting the presence of possibly a remnant of very thin ancient
cultural layer. But where is the former soil horizon developed since the beginning of Holocene up
to the anthropogenic accumulation of overburden and how to identify it? The OSL date suggests
that the former surface was exposed before 561 CE. If there would not be any erosion present than
since the beginning of Holocene the well-developed soil should originate there. Macroscopically,
the horizon between the cryoturbated geological substrate and anthropogenically accumulated
mass of sediments could be identified as the spodic horizon, which usually has brownish black or
reddish-brown color caused by the presence of an increased amount of organic mass (as opposed
to overburden) as well as oxides and hydroxides Al and sometimes also Fe. The Al and Fe are
present in relatively large amounts (see supplemental), but the differences between this horizon
and the overburden are not very significant. The amount of CEC represents the presence of B
horizon or the relicts of B horizons more effectively but still the intensity of the soil development
doesnt correspond to the timespan expected since the beginning of Holocene. The chronosequence
studies show that incipient podsolization usually becomes visible between 100 and 500 y and
mature Podzols develop in 1,000-6,000 y and the time for its development depends mainly on the
type of the vegetation (Sauer et al., 2007; Zwanzig et al., 2021). The explanation of absence of not
well developed spodic horizon may be explained by the intensity of erosion processes and in fact

the former surface is possible to detect by just slightly changed geochemical signal.
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Geomorphology, climate and human impact as possible triggers of

erosion processes

As already mentioned, La Terrasse is one of the highest areas of the Bibracte oppidum. Apart
from the north-eastern part of La Terrasse, the relatively flat terrain of that area falls sharply into
the valley (Figure. 1). Today, the steep rocky geological background is mitigated by the
construction of the rampart, but before the construction of ramparts, the exposure of the terrain
would have played a significant role in the degree of erosion intensification. The slope processes
start generally since the 2 % of the slope. As mentioned in the chapter 2.2 the most of the Bibracte
“intra murros” area is exposed in the angle higher than 7 % and it is obvious from the
archaeological record that the area was intensively cut of vegetation. Liu et al. (2001) show that
the critical slope gradient of soil erosion is dependent on grain size, soil bulk density, surface
roughness, runoff length, net rain excess, and the friction coefficient of soil, etc. The critical slope
gradient has been estimated theoretically with its range between 41.5¢ «~ 50°. Taking in account
that the vegetation of the oppidum had been intensively cut off during the construction of it and
the frost weathered geological substrate prone to erosion was exposed we can assume relatively
high erosion which influenced intensively the recent soil cover. After the encircling rampart
construction, the terrain/landscape was relatively stabilized/preserved and the natural or
anthropogenic erosion processes ceased. The layer representing the former (now buried) surface,
i.e., the remnants of the occupational layer at La Terrasse was documented as a thin layer, which
contained the smallest number of finds in the highest central part of La Terrasse (see Figures. 2
and 3, the layer 111.). Towards the rampart the thickness of that layer increases. This layer (at twice
the original thickness) was also detected under the rampart. Neolithic chipped stone artefacts were
recovered in the area of La Terrasse, but these were found in the overburden (A20, B20, C30, E80,
F140, H50) and not buried below them except for the one from 80 cm depth in section E. Missing
well-developed soil horizons between the cryogenically influenced geological substrate and the
human induced overburden which was accumulated at La Terrasse after 561 CE are strong proofs
of soil erosion at the place. We suppose, that the erosion processes preceding the Neolithic
occupation were triggered mainly by climate, as no proof of pre-neolithic occupation was detected
in the area and there are no signs of forest clearance (wood charcoal accumulations). During the

erosion, almost all the soil, developed in the area since the beginning of Holocene until the onset
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of Neolithic, was removed and redeposited down the slopes. In spite of that is necessary to take
into the account that the first human induced erosion in Europe occurred at the beginning of the
Neolithic period (approximately 5500-2200 BCE). The sedimentological archives of the Massif
Central indicate that human impact on the landscape begins in the 5th millennium BC (Surmely et
al., 2009; Miras et al., 2011; Cubizolle et al., 2014; Dendievel et al., 2019). The second human
induced phase of erosion in the area of Massif Central occurred from the Early Iron Age (ca. 7th—
6th century BCE) (Allée, 2003; Arnaud et al., 2012; Notebaert and Berger, 2014; Notebaert et al.,
2014; Mayoral, 2018). This continued until and throughout the La Tene period (5th century BCE—
1%t century CE; Méckel et al., 2002; Mayoral et al., 2018) and peaked locally in the Gallo-Roman
period (1% —5th century CE; Dendievel et al., 2019; Notebaert and Berger, 2014; Méckel et al.,
2002). It seems, that before the La Tene period the soils at Bibracte had to be already eroded,
because redeposited soil was not detected in the area between the slope and ramparts which
surrounds the site. With regards to human impact, the indicators of agro-pastoral activities are very
scarce and punctuated throughout prehistory and the Bronze Age (from ca 5 000 to 800 BCE). The
oldest traces of occupation of Mont Beuvray date back to the Neolithic period (5™ millennium BC;
Martineau et al., 2011; Guichard and Paris, 2013). Even after this date, and despite further
deforestation phases occurring during the Iron Age (800-50 BC), the classical Middle Ages
(around 1000 CE) and the Modern period, woodland remains dominant, and proximal pollen and
fungal indicators of human activity are only present in one core, dating to the beginning of the 16"
century to the beginning of the 19" century (Jouffroy-Bapicot et al., 2013). The decrease of
anthropogenic pollen indicators during the middle Neolithic in some parts of the Morvan coincides
with the onset of the Neoglacial, but this trend is not obvious everywhere (Jouffroy-Bapicot et al.,
2013). The most obvious climatic change in the Morvan area is the decrease in human activity
during the middle Bronze Age connected with a cool and moist phase corresponding to an
abandonment of lacustrine habitats in the Jura and the Alps (Magny et al., 2009). The vegetation
and land-use history of the surroundings of Mont Beuvray are documented by three
palaeoecologically studied peat sequences (GrandMontarnu near the Haut-Folin, sources de
I’Yonne and Port-desLamberts some 5 km north of Mont Beuvray; Jouffroy- Bapicot et al., 2013)
and recently also by two sections in the alluvial zone of small streams close to Mont Beuvray
(Petiik et al., 2021). Agro-pastoral indicators, woodland openness and metallic pollution increased

in the Late Iron Age (since the 5" century BCE) and reached a maximum during the last two
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centuries BC (Jouffroy-Bapicot, 2007). This trend was also documented in the aggradation of
alluvial deposits around Bibracte (Petrik et al., 2021). Thereafter, agro-pastoral activities in the
Haut-Morvan decreased during the Gallo-Roman period, but increased again during the Early
Medieval period (5""- 10" century CE). Palynological, archaeological and historical data
complement each other, and document the history of the Medieval period and Modern Times
(Balland et al., 2019). The study of alluvial deposits in close proximity of Bibracte show that
increased sedimentary activity occurred in the High Medieval period and continued until the post-
Medieval period (Petrik et al., 2021).

The increasing human impact during the Late Iron Age and the Roman period in the Morvan is
in keeping with the central European trend, which coincides with a wetter and warmer climate
(Buntgen et al., 2011). The impact of the ‘Little Ice Age’ on the Morvan Massif is not clear,
probably mainly because of the specific land use prevalent on the massif at that time. The
exploitation of firewood relegates agropastoral activities to a marginal activity (Jouffroy-Bapicot
et al., 2013). The Medieval Climate optimum is reflected in the Morvan area by the intense
cultivation of chestnut trees on its southern slopes (JouffroyBapicot et al., 2013). Favorable climate
conditions may have facilitated this cultivation, which was at the periphery of the known
geographic distribution of chestnut production during the late Middle Ages and modern times
(Conedera et al., 2009).

The evidence of human impact in an area seemingly not influenced by

human activity

The La Terrasse area is heavily anthropogenically influenced even though the corresponding
archaeological soils do not suggest this. Disregarding the possible anthropogenically triggered
erosion events before AD 561, two construction activities/phases at the site can be considered as
the main anthropogenic influences. One of them is the construction of ramparts, which enclose
this area from three sides and thus prevent possible erosion of the soil cover. The age of the
ramparts is not sufficiently corroborated, but the terminus post quem Iron Age pottery, probably
dates to the 1% century BCE (cf. also Almagro-Gorbea, 1989, 214) - this dating would be in
agreement with the existence of a ditch, which formed part of the enclosure (Golanova et al., 2020,

2021); though an earlier Iron Age date for the rampart can’t be excluded. In spite of the fact, that
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OSL sample show the date younger than the construction of the rampart the coexistence of rampart
construction and the accumulation of overburden can’t be excluded. At first there exist just one
date. The second reason is the unusually high dose rate (natural concentration of the radioisotopes
more than two times higher than for typical colluvium or loess deposits), which may influence
final younger age of the sample. Another construction activity/phase that took place in the studied
area in the past is represented by surface thickening and/or levelling of the surface inside the
ramparts by about 50 cm. The former surface on which the new layer was deposited is detectable
only as a slight discoloration, but a geochemical signal indicates the presence of ashes,
microcharcoal and increased amounts of corroded clasts. The main mass of accumulated sediments
shows in the micromorphological record, and essentially no significant changes are expected for
the uppermost 30 cm. There is very little evidence for the presence of cultural material. The
accumulated material does not contain corroded clasts, but occasionally contains microcharcoal or
decomposed organic matter. These elements are the result of possible anthropogenic
contamination during the sediment deposition, or contamination due to the micro and mesofauna
bioturbation/action. Mehlich 11 (Mehlich, 1984) extraction of all sections as well as XRF analyses
revealed increased amounts of Cu, Pb and Zn, very unevenly distributed in the profiles. Metal
amounts reach the level typical for anthropogenic origin, reflecting the production and/or a
workshop in the area studied. Accessibility of the heavy metals at relatively mild Mehlich I11
(Mehlich, 1984) extraction conditions points to a weathered geological substrate, or to the soil
potentially containing dissipated waste from smelting/metal workshop but not metals tightly bound
in (sulfidic) ores. It should be mentioned that Cu and especially Pb are quite conservative in soil
profiles (nonmobile), thus, it could be expected that the metals were introduced to the profiles
through a longer lasting activity. It is a question if to link the increase of heavy elements such as
Pb and Zn in the uppermost parts of the studied section with the increase in mining activity. We
know, that the sedimentary archives of Bibracte show the strong impact of human activities,
namely of paleometallurgy, on the natural environment (Cauuet and Tamas, 2008; Duval and
Lacoste, 2014). The uppermost part of La Terrasse sedimentary sections is rich in Pb but on organic
matter which bounds Pb as well. Jouffroy-Bapicot et al. (2008) documented the sediments rich of
Pb in a peat bog cores near Bibracte and linked that record to the local mining operations starting
from the Late Bronze Age, ca. cal. 1300BCE. They argue, that the lead inputs peaked at the height
of Aeduan civilization and then decreased after the Roman conquest of Gaul, when the site was
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abandoned. Petiik et al. (2021) linked the peaks of Pb recognized in the alluvium around Bibracte
with the mining activity as well, but in their case, due to the Pb values such trends are more easily
explained by the effect of bonding (and accumulating) of these elements onto the organic matter.
This is similar to La Terrasse, because the uppermost 30 cm manifests increased values of total
carbon, total nitrogen and sulfur and thus corresponds to the presence of a relatively well-
developed “A” horizon unaffected by erosion factors precisely due to the stabilization of the

landscape (see above).

Conclusions

The most obvious anthropogenic influence on the La Terrasse relief/ area at present is caused
by the construction of ramparts. The remnants of a former soil or occupational surface have been
preserved although they are detectable mainly geochemically. The construction of the ramparts
practically makes further natural or anthropogenic erosion of the area of La Terrasse impossible.
However, this was not the case before the construction of these ramparts. It is clear that before the
onset of the Neolithic or earlier, the surface (and soils) of La Terrasse were repeatedly eroded,
probably due to natural processes, exposure of the terrain and the presence of frost-weathered
subsoil. With the onset of the Neolithic, erosion was also inhibited/triggered anthropogenically,
but its intensity was relatively low because sediments containing artifacts are preserved, although
rarely both in the area of La Terrasse itself and under the ramparts that surround it. The mode of
preservation, distribution, numbers and recovered species of plant macroremains within the
excavated sequences suggest: 1. low intensity of human exploitation in the area; 2. presence of
possibly a remnant of a thin ancient cultural layer at the base of section E (70) 90 to 110 cm); 3.
anthropogenic and non-local origin of at least some of the charcoal fragments; 4. (strong impact)
prevailing vertical bioturbation processes within deposit sequences. The detection of the former
surface, i.e., the detection of former archaeological soil at a site with intense erosion is
macroscopically almost impossible. The former surface, on which human activities probably took
place, was macroscopically very indistinct in the field and its presence was not substantiated by
any significant archaeological finds. The best indicator of the former horizon seems to be the CEC
as a result of formation of B horizon. This proxy was well developed in the recent part of the soil

developed on overburden as well as in the lower part of the layer I11. One possibility is that this
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horizon was a spodic soil horizon. However, based on geochemical analyses, it can be stated that
this more or less continuous horizon does not show typical signs of a spodic horizon and, is
enriched in elements that document the presence of ash. The burned organic matter was captured
to a greater extent in the micromorphological record. At the same time, however, corroded clasts
of rock clusters were micromorphologically identified, which, under certain assumptions of
retrograde soil degradation, brings back into play the possibility of an original presence of a spodic
horizon. At the latest after AD 561, material was deposited on the former surface of the La Terrasse
area, which, due to its geochemical composition, suggests the presence of tailings from long term
metallurgical activities. Procurement of loosely bound heavy metals points to a weathered state of
geological substrate, or more probably, to dissipation of waste arising from the smelting/metal
workshop onto the soil. Taking into account that Cu and especially Pb are quite conservative in
soil profiles (non-mobile), it could be expected that the metals were introduced to the profiles
through a longer lasting activity. The geochemical signal of the newly formed archaeological soil
is not typical for long term use because the material of that soil was accumulated quite quickly
from the areas with relatively low human impact. The reason for the construction design of the La
Terrasse recent morphology may be related to leveling of the surface for other purposes. However,
the discussion of the purpose of the construction activities at La Terrasse is not the subject of this
paper. In any case, it is clear that the detection of the former surfaces in erosive exposed
archaeological sites is always a complex matter and can only be resolved through a combination
of field observations, geochemical and micromorphological proxies. The properties of
archaeological soils do not necessarily contain a signal of intensive use even when they are located

in a suitable morphological area of the site.
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5.2. Soils as an environmental record of changes between Iron Age and
Medieval occupations at Chotébuz-Podobora hillfort (Published

articles)

Adapted from Geoderma 429 (2023)116259

https://doi.org/10.1016/j.geoderma.2022.116259
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Abstract

The geochemical signal of anthropogenic soils reflects past settlement activities. The soils
which are a part of an archaeological archive at a multi-phase hillfort Chotébuz-Podobora were
formed under the significant influence of Early Iron Age and Medieval occupation and various
subsequent factors at different parts of the hillfort. The hillfort layout is divided into three parts
distinguished by different geomorphological characteristics, the acropolis, 1% bailey and 2" bailey.
While the original morphology of the 1% and 2" bailey was relatively flat, the acropolis surface
was under the slope. All these parts were drilled and detected archaeological strata studied in terms
of their geochemical composition and magnetic susceptibility, including its frequency dependence.
Finally, the soil horizons typical for each of the part of hillfort were studied micromorphologically.
The soil record detected at the site contained high amount of phosphorus, even higher than usually
recorded at abandoned medieval villages. Based on areal and stratigraphic distribution were
discovered three groups of elements: 1) elements with maxima in “Archaeology” category (Si, P,
Ti, Mn, Sr, Zr); 2) elements with maxima in “Topsoil” category (Cu, Zn, As, Pb, LE and Fe, Mn
partially); 3) elements with maxima in “C” category (Al, K, Rb and partially Fe). The values of
magnetic susceptibility (y) increased mainly in the topsoil of 2" bailey. Frequency dependent
susceptibility (yFD%) reached the highest values in the archaeological layer with spatial diversity
in 1%t and 2" baileys. The high yFD% values confirmed that the Hallstatt horizon at acropolis is
redeposited soil, not only redeposited dumping. The oldest human presence is attested by the
development of soil reflecting the presence of organic residues. After the first abandonment of the
site at the end of Hallstatt period was the organic rich horizon eroded and accumulated at one side
of the acropolis. The surface of the acropolis became flatter and levelled. The soil development in
the Medieval period was highly influenced by an aggradation of material originally used for
different types of building constructions. The presence of anthropogenic elements reflects in that
time not only the deposition of organic matter but also the deposition of ash. While the acropolis
was heavily occupied, and its geomorphology dramatically changed over time, the 1% bailey served
mainly as a production space. The function of the 2" bailey stays unsolved due to its poor
preservation. The most recent human influence in the soil record is visible in the topsoil; first as
the result of agricultural practices and second as the contamination by Pb and magnetic particles

resulting from the atmospheric pollution.
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Introduction

Sediments and artifacts are the essential material archive used by archaeologists to reconstruct
the past climatic conditions and influence of human activities for the reconstruction history of the
site. Human influenced soils may develop as a result of long term or intensive use of the site. Their
soil terminology is not always clear. The nature of such soils is usually variable depending on the
geological substrate, population density, building materials, climate and activities that took place
on the site. For these explanations, it is possible to categorize them as a specific sub-category of
anthropogenic soils such as Anthrosols and Technosols (Holliday, 2004; Soil Survey Staff, 2014;
Howard, 2017). Human settlement activities tend to the accumulation of various elements as for
example P, Ca, K, Mn, Fe, and Cu (Hillman et al., 2015; Homsher et al., 2016; Smejda etal.,2017;
Devos, 2018; Van Gils and Mélder, 2019; Wouters et al., 2019; Fernandez et al., 2002). The long-
term intensive human settlement activities such as domestic/organic waste disposal, craft
production, prescribed burning of the forest, farming, animal husbandry, and agriculture can result
in the formation of archaeological anthrosols (FAO, 2008; Motsara and Roy, 2008; Devos et al.,
2011; Soil Survey Staff, 2014; Howard, 2017; Devos et al., 2021). The minor nutrients, also
directed to as micronutrients or trace elements, supplied by the soil are molybdenum, copper, zinc,
manganese, iron, nickel, boron, selenium, and chlorine (Bunt, 1988). In the natural soil procedure,
healthy ecosystems soil nutrient levels are maintained by the nutrient cycle and are relatively stable
(USDA and Soil Survey Staff, 2010; Soil Survey Staff, 2014). Recent or sub-recent anthropogenic
fertilization such as application of weedicides, lime, fertilizers, and atmospheric deposition can
alter the soil by the loading of some elements (Janovsky et al., 2020a,b). Such patterns develop
when past human activity modifies the physicochemical and biological soil properties, which
affect the distribution of natural and anthropogenic elements loadings (Terry et al., 2004; Smejda
etal., 2017; Horék et al., 2018; Janovsky et al., 2020a).

The case study Chotébuz-Podobora hillfort offered a well-preserved record of human
influenced soils dated to the time span between the Hallstatt to Medieval period and aimed us to

determine whether minor/ microelements in combination with magnetic proxies and
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micromorphological control are suitable proxy indicators of past human activities. Based on our
research we tried to answer the questions: (a) to what extent the distribution of waste could affect
the geochemical composition of soils? (b) how recent and sub-recent conditions may influence the
soil records? (c) how geological substrate could affect the geochemical composition of soil? (d)

which method is appropriate to apply for this type of study?

Regional settings and history of research

Geology, morphology and climatic factors.

Hillfort in Chotsbuz-Podobora is situated on a low watch tower about 5 km north of Cesky
T&sin. Its total area is 1.74 ha and consists of three fortified parts — acropolis, 1%, and 2" bailey.
While the surface of the 1% and 2" bailey is naturally flat, the surface of the acropolis was
originally (i.e., during the prehistoric times) under the slope. This fact resulted into the
accumulation of the thick cultural layer, reaching more than 1.5 m on the north-western part of the
acropolis (Figure. 1). From the point of geology is the hillfort located at the forehead of the
Carpathian mantle on a ridge that falls steeply into the floodplain of the Olza River to the east and
northeast. The geological substrate of the hillfort is built of rocks of the Silesian unit of the
Carpathian mantle typical by alternating sandstones and clay-stones. In the peripheral parts,
especially on the slopes near the river floodplain, there are rare small outcrops of picrite’s and
téSinites or their tuffs. In the top part and on the slopes, the rocks of the Carpathian flysch are
covered with a continuous layer of loess-like deposits or eluvium. Loess-like deposits are usually
partially or completely decalcified. In the area of the hillfort and it’s surrounding the soil types are
represented by haplic Luvisols to a lesser extent as of cambisols. According to Quitt (1971), the
climatic conditions correspond to the slightly warm area of MT 10 (Kdppen classification Cfb;
Tolasz et al., 2007), where the average annual temperature is slightly above 7 degrees Celsius, and
the average annual precipitation is in the range of 700-750 mm. The western and north western

wind currents significantly predominate in the area (Figure. 1).
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Figure. 1. The hillfort Chotébuz-Podobora and its surroundings: a) depicts the plan of the hillfort
showing the position of the acropolis and the 1%t and 2" baileys, as well as the position of the core
sites depicted by symbol x; b) also depicts the position of the hillfort in the regional context
(hillfort as a black polygon), as it was placed on the margin of upland above broad valley of Olse
/ Olsza River (which is located on the Czech / Polish border); ¢) is position of Chotébuz-Podobora
in context of Czechia (Chotébuz-Podobora as a black circle) in the context of Czechia and neighbor
countries Germany, Poland, Austria and Slovakia. Local and regional map are depicted with

background by aerial photo with terrain digital model (sourced by the Czech Cadastral Institute).

Archaeology of the site
Site history

Hillfort in Chotébuz-Podobora was in past occupied in two main phases with one thousand
years of hiatus between them. The first phase is represented by Hallstatt period and the second one

by Slavic period. The long-term anthropogenic impact on this area formed not only soil record but



also influenced significantly the recent morphology. The site consists of three fortified parts, of
which the highest is the acropolis adjacent to the south by two fortifications. The area south and
west of the fortified settlement was used in various intensities as settlement, but probably not
fortified. From the eastern side, the watchtower sloped sharply to the Ol$a River, and from the
north it was additionally protected by a smaller rampart. The first excavations of the site dates to
the beginning of the 20" Century, followed by Victor Karger (1913,1914) and Lumir Jisl (1952,
1954). The hillfort was systematically excavated by Pavel Koufil during the seasons 1978 —2014
and 2017- 2019 (Koufil, 1994; Koufil, 1997; Koutil, 2007; Koufil and Gryc, 2011; Koufil and
Gryc, 2018; Kourtil and Gryc, 2019). The most researched part is the acropolis and the area of the

first bailey adjacent to the inner rampart.

Occupation of the Hallstatt period

The prehistoric settlement of the locality is associated with the Lusatian culture, and its heyday
falls in the Early Iron Age. The relative chronology created by P. Reineck and his successors for
the territory of southern Germany divided the period of the Bronze Age and the Iron Age into
several stages. Although Reinecke's system is not fully applicable for the area under discussion, it
is considered the common denominator of local periodization systems (Przybyta, 2017; 193-195).
According to this breakdown, we place the beginning of settlement of the hillfort at the end of the
Bronze Age (Ha B2-3), the greatest flourishing is observed in the earlier Iron Age (Ha D), and it
was inhabited to a limited extent even at the beginning of the Late Period (Lt A) (Table. 1).
Absolute dating of periodization for Czechia based on Jiran (2008); Venclova (2008); Jiran and
Venclova (2007-2008); Sady (2012); Przybyta (2017). Phases of Bronze and Iron Ages in
Southern Germany (Przybyta, 2017, s. 195).

Phases of Bronze and Iron Ages in Phases of Bronze and Dendrochronology,
Southern Germany (Przybyta, 2017, s. Iron Ages in Czechia radiocarbon dating
195) (Venclova, 2008; s. 26; | (Venclova, 2008, s.
Jirafi, 2008, s. 144-145) | 26)
400 LtA LtA LtA
450 460
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Ha D3

480
Ha D2-3 Ha D3
500 500
Ha D2 550
Ha D2
530
Ha D1 540
Ha D1
600 600
600
Ha D1
625
Ha C3 Ha C2
650 650
660
Ha C2 Ha C2 Ha C1b
720
725
700
Ha C1 730
800
Ha Cla
Ha C1
800
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Ha B3 (HaB2) Ha B3

Ha B2 925

Ha B1
1000 Ha Bl 1025

First phase of hillfort occupation is concerned mainly in the northern part of the acropolis. The
remains of a light fence were discovered under the body of the wall separating the acropolis from
the 1% bailey. It can be dated to the end of the Ha Cla or at the beginning of the Ha C1b. The
acropolis was additionally divided into two parts. The moat, which intersects the acropolis in about
two thirds, and the accompanying light palisade. From the west, east and north sides, the acropolis
was perhaps only lightly fortified with a simple palisade. The fortifications were sometimes
destroyed and rebuilt during the Hallstatt period, while the rampart was significantly widened,
raised and fitted with a wooden palisade. The demise of the fortification's dates to the course of
stage RHD2-3 (Tuma, 2008; 2010). In several places, housing estates of the Hallstatt period and
perhaps even the early La Tene period were destroyed into the destruction of the Hallstatt
fortifications. The intensive settling of the fort ends during the Ha D3 stage, but some of the
findings would suggest that the settlement may have survived here during the Lt A (Table. 1).

In general, we can state that the acropolis was permanently inhabited, and the area was
intensively used until the end of the prehistoric phase. This is evidenced not only by the thickness
of the cultural layer, but also by its very intense saturation with macro-remains of plants and animal
bones. It can be assumed that the development consisted of smaller homesteads without a visible
arrangement, which included objects of various functions. The accumulation of objects indicative
of handicraft production (metal workshop, weaving, free-standing heating installations) would also
indicate that the acropolis area was rather reserved for the elite and specialized craftsmen,; cattle
housing, activities related to agriculture and farming were then located outside the acropolis.
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The area of the 1% bailey was occupied mainly in the stage RHC1b - RHD2-3 (Table. 1). There
was recorded a torso-shaped preserved rampart with an inner moat on the eastern side of the
watchtower dated to the prehistoric times. Most of the recorded buildings were concentrated in the
immediate vicinity of the hypothetical fortifications, while the central area seems to have remained
undeveloped. These were mainly recessed pits of amorphous shape, containing innumerable and
very fragmented ceramic material, which often accompanied pile pits and distinctive hearths.
Fragments of iron slag or landfills of burnt tees - raw materials most often used as an admixture
of ceramic dough were also found in some of the buildings. Due to the absence of buildings in the
central part, the refugial function of this part of the bailey or its use for economic activities was
considered.

Significant traces of settlement were also documented in the area of the 2" bailey. In all probes,
both the cultural layer and objects that can be associated with the Hallstatt period were recorded.
The objects contained innumerable ceramic fragments (among other things decorated with
solidified fragments of cups of the oldest phase), and fragments of slag, heavily secondary burnt-
out fragments of ceramics (probably secondarily used for production purposes) or landfills of burnt
solids (Table. 2).

Occupation during the Slavic period

After almost a thousand years of hiatus, the area of the fortified settlement was repopulated by
new settlers. The oldest phase of new occupation which concentrates again to the northern part of
acropolis, and which can be captured mainly in the form of ceramic fragments, dates to the second
half of the 8" century. It is probable that the first Slavs used mainly the remains of the older
fortifications and the new fortifications were built during the 9th century AD. The rampart was
raised, the ditch was deep ended, and the crown of the rampart was fitted with a wood-clay
chamber structure. The construction was preceded by extensive landscaping and the entire western
side was levelled, using mainly gravelly soil coming from a deepened ditch. As in prehistoric
times, the northern part of the acropolis was delimited in the 9™ century by a moat and additionally
protected by a more massive wooden structure. The archaeological structures dated to this period
consist of above-ground or partially sunken buildings containing otherwise standard ceramics and

finds. Housing animal shelter with the production building (blacksmithing) was identified in the
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southern part of the 1% bailey. As in prehistoric times, the buildings were concentrated almost

exclusively along the inner base of the fortifications, and it seems that some of the buildings were

directly connected to the inner wall of the wall. Due to the nature of archaeological finds, this part

of the fort appears to be a district intensively used for economic activities, especially the processing

of grain is obvious (Kuna and Kfivankova, 2006; Koufil and Gryc, 2018).

Table. 2. Number of samples in soil / stratigraphy and area categories.

Simple Categories Fine Categories A (Acropolis) 1 (First Bailey) 2 (Second Bailey) Summa
T (Top soil) T (Topsoil) 0 42 23 65
L (Leveling) 11 0 0 11
AR (Archeology) EM (Early Medieval) 16 7 0 23
EM9 17 0 0 17
CH (Charcoal Layer) 0 4 0 4
H (Hallstatt Layers) 84 15 0 99
B (Soil B horizon) 0 28 30 58
C (Soil C horizon)  C (Soil C horizon) 6 41 10 57
Summa 134 137 63

The occupation intensity of the 2" bailey seems less significant for Slavic period, but whole

part has been used since the beginning of Slavic settlement, as evidenced by both the finds of

pottery and objects of an exceptional nature (spur with hooks). During the 9" century, the

construction of the fortification began, but was never completed. Research with a metal detector

then revealed numerous findings of slag, which, however, could be related to both the older (9"
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century) and younger (2" half of the 10" century - 1% half of the 11" century) phases of Slavic

settlement.

Abandonment of the site

At the turn of 9 to 10" century, the entire fort was forcibly destroyed. In the area of the acropolis,
mainly buried structures were identified. Finds of grinding stones confirm grain processing,
frequent finds of iron processing slag and lead ingots prove lead processing directly on the

acropolis. During the second half of the 11" century, the castle was forcibly destroyed and

definitively abandoned.

Figure. 2. Sections showing where samples were collected (i) acropolis., (ii) 1% bailey, (iii) 2"

bailey.
Methodology

Sampling strategy

The main aim of the sampling was to cover all three parts of the hillfort to get an idea of how
the geochemical composition of the soil record differs in time and space. All sampling was done
from coring (Figure. 1). The situation at the acropolis is quite complex and the sedimentary record
differs according to the position (higher thickness in the NW part). The archaeological excavations
which were done there just a few years ago gave possibility to control the sedimentary record from
cores with the archaeological documentation done. The natural morphology of the 1% bailey is flat,
and the thickness is constant there. Therefore, we used cross sampling of whole area. The second

bailey is heavily turbated and the archaeological situation there is not very clear. The sampling
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strategy was to cover the general information from the site and therefore the cores were positioned
in places where the historical sediments and layers are intact and well known and documented

from previous archaeological research (Figure. 2).

Pedological description and characterization of horizons for statistic

The pedological description of the cores brings important information about the nature of the
soil record. During the description the main aim is concerned to the color, and some other
pedological properties. The color of sediments was identified in both wet and dry states using a
Munsell soil color chart. Soil color and other factors containing texture, structure, and consistency
have been used to determine and specify soil layers and to group soils according to the soil
classification system (USDA and Soil Survey Staff, 2010; Liles et al., 2013; Sawada et al., 2013;
Soil Survey Staff, 2014).

Soil color has been used as one of the key characteristics to determine horizons in a profile and
to categorize soil types in a territory. Regular measurement of soil color has often been
accomplished in the field by visually comparing a soil sample with the chips of standard color
charts (Munsell, 1905).

For describing and lately interpreting and visualizing the categories, we used the categorization
of hillfort areas into horizontal layers called horizons (“T” for topsoil described at acropolis, 1%
and 2" bailey, “L” for recent levelling at acropolis, “EM” for early medieval horizons, “EM9” for
9" century early medieval horizons, “CH” for dark horizon located at 1% bailey (see Figure. 3),
“H” for Hallstatt, “B” for soil B horizon at 1% and 2" bailey and “C for soil C horizon™). The
simple categorization had categories “T” (combining topsoil), “AR” for archaeology (combining

all archaeological layers and soil B horizon), and “C” for soil C horizon.

Soil micromorphology

Soil micromorphology is the study of soil substrate via oriented thin sections. While the
analytical method will show the general composition of the soils, the soil micromorphology may
reveal much more information related to the primary and post sedimentary formation processes.

There was sampled in total 16 small thin section of the diameter 2.5 — 3.5 cm. Material for thin
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section was taken from the cores at acropolis, 1 as well 2" bailey from the horizons where any
lithological change was visible. The dating of the timespan of accumulation is based on
archaeological knowledge of this site. The samples were packed into clink foil and transported to
the laboratory, dried and impregnated in vacuum by resin Polylite 2000. After curing thin section
of the thickness of 30 um were done from them. Those sections were studied under the polarizing
microscope at the magnifications ranging 16 — 400x and described according to Stoops (2003),

Stoops et al. (2010) in Supplementary material 1, 2 and 3.

Analytical method

Portable X-Ray fluorescence (pXRF) is a non-destructive analytical technique that provides
near-instantaneous elemental analysis of materials. This technique is unique to the elemental
composition of the sample. Because each element has its characteristic, and pXRF can tell exactly
what elements are in the sample and in what quantity, can be operated in the field anytime
(anywhere), and provide fast acquisition of geochemical data for rapid delineation of anomalous
zones and the in-depth, quantitative analysis of metal content for geochemical mapping. (Potts et
al., 1997; Kalnicky and Singhvi, 2001; Markowicz and Van Grieken, 2002; Sitko, 2009).

We processed the analytical stage this way: we dried the samples at 40 °C for 24 hours. Then,
the material was sieved on 2 mm mesh sieve and resulting fraction was grounded in porcelain
mortar. We used a portable ED-XRF (pXRF) analyser (the device model was “Delta Professional”
by Olympus InnovX). The mode “Soil Geochem” was used and every sample was measured for
30 s by 10 kV beam (better measurement of lighter elements) and for 30 s by 40 kV beam (better
measurement of heavier elements). Results are in weight ppm. The quality of the device
measurements was successfully tested on 55 reference materials. This process was used in several
of previous studies (e.g., Horak et al., 2018; Janovsky et al., 2020a,b; Danielisova et al., 2022).
Such processes are in good reliability with more developed and established laboratory techniques
(Save et al., 2020).

Magnetic susceptibility proxies

The magnetic properties of the soil minerals depend essentially on the Fe content, because Fe

is 40 times more abundant than the sum of all other magnetic elements in the earth’s crust (Coey,
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1987), and Fe-oxides such as magnetite and maghemite are ferrimagnetic (Cornell and
Schwertmann, 2003) and can be easily identified due to their very intense response to external
magnetic field. Magnetic susceptibility measurements were performed in the Laboratory of Rock-
Magnetism in the Institute of Geophysics, Czech Academy of Sciences. Bulk samples were used
to measure volume-specific magnetic susceptibility (x, SI) by using an MFK1-FA Kappabridge
device (AGICO, Brno, Czech Republic) (Pokorny et al., 2011). Each sample was measured twice
at two operating frequencies, f1 = 976 Hz and fz = 15 616 Hz. Readings of the unconsolidated
samples were taken in plastic bags; the measured susceptibility values were normalized by the
mass of each sample and expressed as mass-specific magnetic susceptibility [y, m%kg]. Magnetic
susceptibility refers to the concentration, size and character of Fe-oxides minerals, and can be
detected even in trace quantities in any rock, soil, or even in organic tissue (e.g., Thompson and
Oldfield., 1986). Frequency-dependent magnetic susceptibility, yrp%, is a particular property of
ultrafine, superparamagnetic grains, which result from pedogenic processes (e.g., Maher, 1986).

This parameter was characterized by the following commonly accepted formula:
0% = 100 X (yLF — yHF) / yLF [%],

where yLr and yxr are mass-specific magnetic susceptibilities determined for frequencies f; and fs.
(Dearing et al., 1996; Hrouda, 2011).

Magnetic susceptibility refers to bulk sample properties in contrast to (electron) microscopical
techniques where only a small fraction of a sample can be analyzed. From the analytical
perspective, magnetic susceptibility is frequently used due to its sensitivity, rapidity, ease of
sample preparation, comparatively modestly priced instrumentation for data acquisition, non-
destructiveness, and in particular the ability to sense grain-size variation in the ultrafine grain-size
range. Therefore, magnetic susceptibility parameters are well suited as proxy parameters (e.g.,
Fialova et al., 2006).

Dataset characteristics

The statistical software R in version 3.6.0. was applied for the data analyses. The final dataset
(Supplementary material 4) consisted of 334 samples and these elements: Al, Si, K, P, Ti, Mn, Fe,
Cu, Zn, As, Rb, Sr, Zr, Pb and LE. Abbreviation LE stands for “light elements” and is aggregate
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expression of the content of elements from H to Na, which can be detected by pXRF, but cannot
be distinguished. Although it is not an elemental content, but rather quasi-elemental variable, we
usually use it in analyses anyway, as it bears proxy information (and usually tends to be connected
to the topsoil or organic material (Horéak et al., 2018). The basic statistical characteristics are
presented in Table. 5. There were also some unmeasured values in used dataset (3 samples in case
of P). We computed these missing values by using function impKNNa (R package rob
Compositions (Boogaart et al., 2010), which is suited for such tasks when working with
geochemical data. There were used mainly exploratory visualization techniques like boxplots and
scatterplots. For testing the diversity between categories, we used Kruskal-Wallis test. We also
used multivariate analysis (principal component analysis: PCA). We performed it in two ways: on
elemental content data, and on such data after ilr-transformation (ilr-transformation is part of log-
ratio transformations which are suitable for compositional data like geochemical data - Reimann
et al., 2008). Both approaches emphasize different aspects of the dataset, and their combination

can uncover interesting patterns.
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Figure. 3. General view on sedimentological record preserved in three parts of hillfort (Acropolis,
1% bailey and 2" bailey), together with stratigraphic units, the micromorphology sampling position
and codes for geochemical sampling. The stratigraphic units are described in detail in the chapter
3.2.

Results and interpretations

Pedology and micromorphology
Acropolis

The sedimentary record of the acropolis varies significantly, because the accumulation of the
soil material is influenced by the natural sloping of the site. The thickness of the soil in NW part
is much thicker than the soil on E part of acropolis (Figure. 3). The soil record in NW part is thicker
than on E part of acropolis. Macroscopically was possible to divide minimally 4 layers differing
by color from 10YR 3/2, 4/4, 4/6, 3/2, 6/3, 6/4, 3/1, and 6/6 with the texture of clay, clayey silt,
and silty clay. The transition between single horizons is always abrupt. Archaeologically is
possible to link those layers to the different occupational periods, i. e. horizon accumulated during
Hallstatt period, horizon accumulated during 9™ century, horizon accumulated during 9" to 10"
century, horizon accumulated during 11" century and recently accumulated horizons (Figure. 3).
Key morphological characteristics of studied soil horizons at acropolis were, easily demarcated,
ranging from clear to abrupt with either wavy or smooth horizon topography. Well drained parts
with very dark grayish brown clay (10YR 3/2) topsoil “T” overlying leveling part “E horizon”
with dark yellowish brown (10YR 4/4) with clayey silt (Figure. 3) texture. Abundant distinct clay
at L horizons was observed in the indicating eluviation-illuviation as dominant pedogenic process.
EM layers had colors (wet- Field condition) between dark yellowish brown (10YR 4/6- deep) to
dark brown (10YR 3/2- top); EM9 with pale brown (10YR 6/3), Hallstatt from light yellowish
brown (10YR 6/4- deep) to very dark gray (10YR 3/1- top) (Figure. 3). With clay texture, and CL
with brownish yellow (10YR 6/6).

Micromorphological samples taken from the core at acropolis revealed fundamental differences
between the archaeological layers related to the different timespan of acropolis occupation (see
Supplementary material 1). The layers accumulated during the Hallstatt period show significant
laminar microstructure (Figure. 4A). They consist of single thin laminae of redeposited material
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rich of phosphates (bones, burned bones, phosphatic pedofeatures), organic matter in different
state of decomposition, charcoal, microcharcoal, fragmented clay coating and mineral fraction
(Figure. 4B). Another typical pedofeature relates to the origin of Fe/Mn nodules and present
depletion, reflecting changing oxidation/reduction environment. Contrary to it there is visible
change in microstructure in the layer accumulated in 9™ century and later. The layer typical for 9™
century doesn’t show any sign of lamination (Figure. 4C), but its composition stays the same. The
layers representing period of accumulation during 9""— 10" century has a lack of phosphatic
features and Fe/Mn features are quite rare there. The material of this layer is also less-sorted
(Figure. 4D). The layer typical for 10— 11" century shows again the signs of oxidation/reduction
processes reflected in common presence of Fe/Mn nodules and strong depletion (Figure. 4E). The
matrix is in this period well sorted and the significant is high bioturbation. The recent layers consist
obviously of the destruction of different material, the matrix is unsorted, with several different
types of pores, depletion and accumulation features and the presence of rock fragments as well as

soil aggregates floating in the space (Figure. 4F).
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Figure. 4. Micromorphological documentation of the main differences between soils accumulated
in different timespan at acropolis; A — Hallstatt period (Table. 1) is typical by the appearance of
laminated substrate (detected in three different thin sections). Note the presence of oriented, but
fragmented clay coating, widely distributed microcharcoal and the in situ origin of Fe/Mn nodules
(in the center); B — Another typical features for the layers accumulated during Hallstatt period are
phosphatic accumulations (neoformations, see the blue arrow), presence of decomposed organic

matter (red arrow) and clay coating often connected with the presence of charcoal (yellow arrow);
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C — layer accumulated in 9" century has often similar composition as Hallstatt layer but it is not
laminated and it is often heavily bioturbated; D — 9™ — 10" century layers are less sorted and there
is noticeable lack of phosphatic features, clay coating and bones; E — 10" to 11" century layers are
moderately sorted, they have lack of phosphatic features and clay coatings, but Fe/Mn nodules are
very common; F — recent layers are mechanically heavily turbated, unsorted with the presence of
fragmented clay coating microcharcoal and in situ Fe/Mn nodules (all photos are taken in plane
polarized light — PPL).

1%t bailey

The soil record of the first bailey is typical by stable thickness and the appearance of horizons
with colors from 10YR 5/1, 5/2, to 7/1 (Figure. 3) with clay, silty clay, clayey silt texture. The
transitions between single horizons are always abrupt. According to archaeological findings was
possible to link single horizons to the single timespans of occupation, often with the overlapping.
The micromorphological description revealed further details. The first micromorphological sample
taken from the depth of 50 — 55 cm should represent the beginning of Hallstatt occupation at the
site. The matrix is typical by intensive depletion and the presence of Fe/Mn nodules (Figure. 5A).
These Pedofeatures are linked to the changing oxidation/reduction environment. The layer is also
typical by the presence of charcoal and microcharcoal (Figure. 5A). The timespan interpretation
of the sample from the depth 35 — 40 cm is more complicated and was suggested as the transition
between Hallstatt, 9" and 9 — 10™" century. Morphological characteristics of studied soil horizons
at first bailey were partially easily demarcated. Less drained parts with gray (10YR 5/1) for “T”,
and “B” horizons, grayish brown (10YR 5/ 2) for “EM9” and Hallstatt and light gray (10YR 7/1)
for “CL” with clay, silty clay, clayey silt soil textures (Figure. 3). It differs from the sample below
fundamentally. Its composition is variable due to the presence of different rock fragments and daub
(Figure. 5B). It also contains a high number of charcoal and Fe/Mn nodules, but the depletion is
presented only locally. Interesting results were revealed from the darker horizon at the depth of 20
— 25 cm which is archaeologically aid to the timespan of 9" 10" century. This layer is typical by
the presence of Fe impregnations and limonite neoformation (Figure. 5C). The number of charred

materials is not higher than in other samples and it also contains fragmented clay coating. It is
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quite probable that this layer relates to the metalworking practices at first bailey. The remaining
three thin sections represent the wide timespan from 10 to 11" century up to recent times. This
horizon is extremely variable in composition, it contains different rock fragments and daub
(Figure. 5D). The presence of Fe/Mn nodules together with the depletion reflect variable

oxidation/reduction environment. The presence of charred material is documented but the presence

of bone fragments or clay accumulation is lacking (see Suplementary material 2).
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Figure. 5. Micromorphological documentation of the main differences between soils accumulated
in different timespan at 1 and 2" bailey; A — Hallstatt horizon of the 1% bailey, depleted and rich
of Fe/Mn nodules; B — unsorted horizon of the timespan from Hallstatt to 9™ and 9™ to 10" century
at 1% bailey; C — dark horizon dated as 9" to 10" century at 1% bailey with a noticeable appearance
of limonite neoformation and Fe/Mn concentrations; D — unsorted uppermost soil horizon at 1%
bailey dated to the spam 10"-11" up to recent. There is a high appearance of daub and rock
fragments in locally depleted matrix with common passage features; E — probably Hallstatt horizon
at 2" bailey typical again by the depleted matrix, fragments of the local geological substrate (red
arrows), charred organic matter and Fe/Mn nodules (yellow arrows); F - relatively homogenized
horizon of soil from the depth of 30 — 35 cm at 2" bailey. The timespan of accumulation is not

known, but matrix is not depleted and contain several charred organic matter and Fe/Mn nodules.

2" bailey

The soil record of the 2" bailey showed to be relatively well stratified, but archaeological
interpretation was not possible to suggest due to the low knowledge about the archaeological
findings in this area. Micromorphology partly suggested possible dating according to similarities
with the horizons excavated at acropolis and at 1% bailey (see Supplementary material 3).
Macroscopically was possible to divide minimally 3 layers differing by color from 10YR 2/1, 5/1,
and 6/1 with texture of clay, clayey silt and silty clay. The thin section taken at the depth of 65 —
70 cm reflects the composition of non-human influenced geological substrate. It is generally
composed of depleted clay loam with the abundance of clay accumulations and the Fe/Mn nodules
development. The composition of the aggregate of the substrate is nicely visible at Figure. 5E (red
arrows). The sample taken in the depth of 55 — 66 already document clear human impact. The
composition of this horizon is very similar to the Hallstatt horizon at 1% bailey, and partly to the
Hallstatt horizons at acropolis. Generally, represents depleted silty loam with a high abundance of
charred material (Figure. 5E) and several Fe/Mn nodules documenting changes in
oxidation/reduction environment. The sample from the depth of 30 — 35 cm documents some later
phase of occupation. There is not visible any depletion, but the presence of Fe/ Mn nodules is
noticeable (Figure. 5F). Morphological characteristics of studied soil horizons at second bailey
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was not easily demarcated. Less drained parts with black (10YR 2/1) at topsoil and B horizons,
gray (10YR 5/1) at Hallstatt and “CL” (10YR 6/1) horizons (Figure. 3).

Analysis of pXRF

Element content

The elementary composition of studied soils is quite similar to those studied by Salisbury (2020)
at central European sites. Usually, the phosphorus (P) in soils reach thousands of ppm. The soils
at Chotébuz Podobora site had the mean and median of P 3648 ppm and 3015 ppm respectively.
The basic statistical characteristics of the elements in analyzed dataset is at Supplementary material
5. The content of P was also higher than in usual not so intensively influenced environment of
deserted medieval villages, where P content usually reached only hundreds of ppm (Horak and
Klir, 2017; Horéak et al., 2018; Janovsky et al., 2020a,b). Kruskal-Wallis tests showed that there
was prevailing diversity of the elemental content between the categories of area (“A”, “17, “2”)
and stratigraphy (“TL, “AR”, “C”) and between their combinations. All elements were tested
different except of Al and Fe (between areas), Si (between stratigraphy). According to the
elemental distribution we could distinguish three groups of elements (Figure. 6 and Supplementary
material 6, 7 and 8 in details) representing interpolated maps of elemental content and boxplots
(Figure. 7 and supplementary material 9, 10 and 11 in details): 1) elements with maxima in
“Archaeology” category (Si, P, Ti, Mn, Sr, Zr); 2) elements with maxima in “Topsoil” category
(Cu, Zn, As, Pb, LE and also Fe partially and Mn partially); 3) elements with maxima in “C”
category (Al, K, Rb and partially Fe). Here we comment only on interesting and outstanding results
and indications. Only some elements from first group (P, Mn, Sr) recorded distinguished diversity
between the categories, and the maxima were reached mainly in archaeological layers of acropolis
and 1% bailey (categories “A” and “1”) and in stratigraphic layers dated to Early Medieval 9
century and Hallstatt (categories “EM9” and “H”). The other elements from this group (Si, Ti, Zr)
did not record such distinguished variability. Elements from second group (Cu, Zn, As and Pb)
reached high values in topsoil of 1% and 2" baileys (categories “T”, “1, “2”), but Cu and Zn
reached similar values also in archaeological layers of acropolis, where As and Pb reached low
values (categories “A”, “EM”, “EM9”, “H”). Some elements from third group recorded interesting

patterns: Aluminum (Al) distinguished very well C horizon from any other material by values
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higher than 60,000 ppm, Rubidium (Rb) recorded interesting bimodal distribution in Hallstatt layer

in acropolis (categories “A”, “H”).

Figure. 6. Interpolated maps of elemental content (weight ppm) in three main stratigraphic levels.

The stratigraphic levels are: “T” for topsoil, “AR” for archaeological layers, “C” for C horizon.
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Figure. 7. Boxplots and histograms of elemental content (weight ppm) in categories combining
area and dating levels. The categories are ordered primarily by depth / chronological order (“L”
for levelling, “T” for topsoil, “EM” for Early Medieval, “EM9” for Early Medieval 9" century,
“CH” for charcoal layer, “H” for Hallstatt, “B” for B horizon, “C” for C horizon) and then by the
hillfort areas (“A” for acropolis, “1” for 1% bailey, “2” for 2" bailey).
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Multivariate analysis

Principle component analysis performed on elemental content data (described as PCA and its
components as PC1) and the version performed on data after ilr-transformation (described as
PCAIlr and its components as Comp1l) revealed interesting patterns. Here we present and comment
only first five components, as they explain majority of variability, the results for all components
including tables and figures are in Supplementary materials 12-19). First component PC1
explained over 43 % of variability. It was connected to Al, Si, K, Ti, Rb and Zr positively and to
Mn, Fe, Cu, Zn, As, Pb negatively. According to boxplots representation, the most outstanding
pattern was connected to negative values manifested in topsoil of 2" bailey (categories “T” and
“2”). Positive values tended to be connected to archaeological layers and C horizon, mainly in 1%
bailey (categories “AR”, “C”, “1”’). Component PC2 explained over 24 % of variability and was
connected to P, Mn, Cu, Zn and Sr positively and to As and Pb negatively. Boxplot representation
showed that this component was very well linked to archaeological layers (scores higher than —
0.89, except B horizon in 2" bailey, category “B: 2”), and to C horizon (scores lower than 0.15).
Component PC3 explained over 11 % of variability and was connected to Fe, As, Pb positively
and to LE negatively. High positive values were manifested only in topsoil of 1% bailey and topsoil
and B horizon of the 2" bailey (categories “T: 17, “T: 2”, “B: 2”). Interpolation showed positive
values also in archaeological layers in 1% bailey. Component PC4 explained over 7 % of variability
and was linked to Al positively and Zr negatively. The most distinctive pattern of this component
was manifestation of positive values in C horizon. Component PC5 explained over 5 % of
variability and was connected to Si negatively and to Fe and Rb positively. Boxplots representation
showed that positive values were linked mainly to C horizon in all areas, while topsoil categories
and archaeological layers were like each other. The results of PCAIilr were oriented mainly on P,
Mn, Cu, Zn, As and Pb, Results for first five components are in Table. 7 and Figure. 15 for maps
and Figure. 16 for boxplots. First component (Compl) explained over 61 % of variability and was
linked positively to P and Mn (mainly archaeological layers, distinctively manifested in Hallstatt
layers of acropolis, “H: A” category) and negatively to As and Pb (manifested mainly in topsoil of
1% and 2" bailey, categories (“T: 17, “T: 2”). Component Comp2 explained over 27 % of
variability. It was connected negatively to Si, K and Zr, and positively to P, Mn, Zn and Pb.

Boxplot representation showed continuous increase of values along stratigraphical gradient from
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C horizon (lowest) through Hallstatt and layers dated to Early Medieval to topsoil layers (highest).
Component Comp3 explained over 4 % of variability. It was connected positively to P and
negatively to Mn. The boxplot representation showed that topsoil samples were influenced by both
positive and negative values similarly. Archaeological layers too, with diversity found in cases of
B horizons in 1%t and 2" bailey (categories “B:1”, “B:2”), where great ranges of values were also
found. The charcoal and Hallstatt layer in 1% bailey (categories “CH: 17, “H: 1) were the only
categories almost avoiding positive values. The diversity was also observed between C horizons
in acropolis and first bailey (categories “C: A”, “C: 1””). Component Comp4 explained over 2 %
of variability and was connected to P (positively) and to Cu, Zn and Sr negatively. Boxplot
representation showed interesting pattern with all categories reaching maximal values at same
level, thus containing diversity only by negative values. The low values were reached in all topsoil
categories, in B horizon of 2" bailey (“B:2”), and in C horizon of the 1% bailey (“C:1”’). Component
Comp5 explained over 1 % of variability. It was connected to “As” (positively) and to Sr and Pb
(negatively). Boxplot representation showed slight difference between archaeological layers from
acropolis and 1% bailey. Spatial interpolation found distinctive spatial diversity in area of the 2"
bailey.

Magnetic susceptibility

The results of mass-specific magnetic susceptibility (y) and its frequency dependence (xFD%)
are presented in (Supplementary material 4). The x values ranged between ca 5.3 and 1620.7 (x10°
8 m3 /kg) and ¥FD% values from 1.2 % to 15.9 %. The spatial distribution of the magnetic
parameters and boxplot representation shows large diversity among topsoil, archaeological and C
horizon stratigraphic contexts. The highest y values were recorded in 2" bailey in topsoil (category
“T: 2”). The topsoil of 2" bailey is highly influenced by the recent forest vegetation. In the litter
and Ah horizon ferrimagnetic fly ash particles are accumulated mainly due to atmospheric
deposition. They are most probably derived from recent industrial activities (coal combustion) in
Ostrava and Katowice power plants (Heller et al., 1998). One can imagine that fly ash particles
were distributed on the whole investigated area, but as acropolis and 1% bailey has grass vegetation,
particles can migrate down along the profile while at 2" bailey fly ash may be concentrated in the

soil litter (Jordanova et al., 2008). Early medieval layers at acropolis contain according to
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micromorphological evidence commonly the daub and charcoal fragments, which contribute to
increase of y. of daub fragments is always higher than sediment (in B and C layers), because
archaeological layer was certainly affected by fire create ferrimagnetic minerals as magnetite and
maghemite (Tite and Mullins, 1971). The lowest y values were recorded in early medieval layer
and B horizon from 1% bailey (“EM: 17, “B: 1”*), and in C horizons of acropolis and 1% bailey (“C:
A”, “C: 17) despite the fact, that B horizon of the 1% bailey contained in micromorphological
reference the relicts of daub quite commonly. On the other hand, it may be just local exception.
The highest yFD% values (pedogenic fraction) were determined at acropolis in the EM9, H and C
subcategories. The lowest yFD% was determined at 2" bailey in topsoil and C-horizon
(subcategories T2 and CL2). Low ¥FD% can be explained by the called masking effect, because
high content of coarse-grained anthropogenic ferrimagnetic particles obstructs the identification
of pedogenic fraction (Szuszkiewicz et al., 2021). The interpolation of these results calculated by
Spearman correlation (Table. 9) has brought these patterns: The  shows strong positive
correlations with Mn, Cu, Zn and Pb, Comp 2 and “visually” — with PC3 (which show positive
correlation with Fe, As, and Pb). The yFD% exhibits strong correlation with the P, Sr, Comp 1,
(which is positively linked to P and Mn) and to PC2 (which make links to P, Mn, Cu, Zn, Sr). This
is good indicator of archaeological layers distinctively manifested in Hallstatt layers of acropolis,
“H: A” category, because is extremely rich in phosphate and Fe/Mn nodules as revealed from

micromorphology.

Discussion

Multivariate analyses and pXRF elemental content

The results showed that geochemical record of soil record at Chotébuz-Podobora hillfort was
quite usual: we have found strong distinction between elements usually connected and interpreted
as anthropological indicators (P, Mn, Sr, Cu, Zn) (e.g., Horak et al., 2018; Smejda et al., 2018) and
elements interpreted as those derived from natural environment (Si, Al, Rb, Zr) (Horak et al., 2018;
Janovsky et al., 2020a,b). There was also distinction of elements which can be interpreted as
connected to recent anthropogenic sources (As, Pb, as found in Horak and Klir, 2017). The

elemental composition of the main stratigraphic categories was a bit mixed between typical human
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indicators (P) and natural elements (Si), as was also found in similar context (Danielisova et al.,
2022). Nevertheless, such mixing was well diversified by multivariate analyses in the Chot¢buz-
Podobora dataset. Therefore, the interpretation was that there is strong and well distinguishable
anthropogenic signal on the hillfort connected mainly to P and Mn, and to Cu and Zn. As revealed
from the micromorphological results, mainly layers related to Hallstatt period and 9" century
occupation are extremely rich of phosphatic pedo-features and presence of bones and burned
bones. These features give the soil the strong phosphorus signal. All archaeological layers show
the high dependence on oxidation/reduction processes with the development of Fe/Mn nodules, so
the increased values of Mn are quite predictable. The geochemistry was also influenced by
(potentially) recent deposition by As and Pb. Such pollution was identified previously also in the
alluvial plain of nearby river (Faméra et al., 2018). Based on the connection to specific elements
and also to areas and sediments of anthropogenic influence, we interpreted these signals as
anthropogenic: negative values of PC1 (probably recent), positive values of PC2 (archaeological
signal), positive values of PC3 (probably recent), positive values of Compl (archaeological
signal), negative values of Comp1 (probably recent), positive values of Comp2, negative values of
Comp3 (distinguishing between anthropogenic Mn and natural P), positive values of Comp4 (P),
negative values of Comp5 (Pb and Sr, whereas positive values represent natural aspect of As). The
analyses show usual ways of distinguishing anthropological and natural signals: whereas
traditional PCA performed on elemental content showed distinction between main categories of
signals (natural vs archaeological vs recent anthropogenic), the PCA on ilr-transformed data
(respecting compositional character of geochemical data) focuses on elements with more
variability (usually anthropogenic indicators) and therefore distinguishing more the diversified
aspects of anthropogenic signals. Further, we would like to emphasis some specific patterns
directly: 1) Generally, the main difference in archaeological layers was between areas of acropolis
and 1% bailey, not among the chronological categories. Such example can be stated for a distinction
between early medieval layers from acropolis (“EM: A”, “EM9: A”) and from the 1% bailey
(category “EM: 17). This was observed in case of most of elements except of As, Sr, Pb and LE;
in cases of PC1 to PC4 (not in PC5) and in case of Comp2. This shows that although historical
context can change, the activities were performed in the context of the site — which apparently
retained throughout the centuries and the space was used in similar manners in Hallstatt and Early

Medieval periods. 2) There were indications, that some categories as described probably mixed
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real categories. The most distinctive example was the similarity of H: 1 and B:1 signal often
connected with multimodality of H: 1 data in cases of PC2 or Compl. That would mean, that some
samples although categorized based on archaeological knowledge of the site and macroscopic
observation should be labelled by another category (i. e geochemical signals identify such layers /
materials differently). This shows the potential of pXRF to be used on methodical level to better
distinguish between descriptive categories. Bimodality and / or multimodality was also found in
cases of Rb content, scores of PC1, PC5, Compl1 and Comp2. Similarly, some of the signals were
very distinctive in defining the categories and thus being the “thing”, which archaeologists usually
want to use in geochemistry: find a “typical signal for something”. Examples of this could be: PC4
distinguished EM A from EM 1; Compl distinguished H: A very well; Comp2 showed decrease
in chronology (highest values in latest layers vs lowest in oldest); PC2 strictly defined what is or
is not archaeological signal. But the important finding in this way, that in such way usually work
only results of multivariate analyses and not elemental contents. Therefore, such using is strictly
site specific and can be used after substantial amount of data are analyzed. 3) There were also
patterns in interpolations indicating spatial diversity inside areas (not between areas as it was
already mentioned, and it was also basically recorded in all cases). Indications of intra-areal spatial
diversity were found in cases of PC1, C3, PC4; Compl and Comp3, but basically not in the cases
of elemental content (there, only between areal diversity was observed). Therefore, we can see that
spatial distribution of the archaeological activities can influence the spatial distribution of soil

characteristics, but again, this was revealed mainly in the results of multivariate analyses.

What extent of waste could affect the geochemical composition of soils?

Archaeological Dark Earth soils belong into the category of anthrosols. These soils are human
influenced and typical mainly by the higher content of nutrients and organic matter. The formation
of these soils could happen on Acrisols, Arenosols, Cambisols, Ferralsols, Latosols, Luvisols,
Nitisols, and Podzols (Macphail and Courty, 1985; FAO, 2008; Motsara and Roy, 2008; Macphail
et al., 2003; FAO, 2021). The appearance of these soils (ADE) is associated with the obligatory
deposition of organic and inorganic waste, as well as deliberate modifications to improve home
grasslands and crop fields or repeated destruction of forts during medieval warfare, including the

burning of ramparts and settlement timbers, wattle and thatched houses, crops, and wooden tools,
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all of which could result in charcoal in the soil. Typical properties of soils at hillfort were firmly
usual, which was strong bond between the measured elements and defined human influenced
factors such as phosphorous, manganese, strontium, copper and zinc. The results of analysis were
mainly oriented on P, Mn, Cu, Zn, As and Pb elements. Based on the analysis 5 category were
distinguished in the area. First category explained the most variability and was linked positively
to phosphorous and manganese elements at archaeological layers, as Hallstatt layers of acropolis,
and negatively to As and Pb elements in the top soils of 1% and 2" bailey. Second component
discovered around half percentages of variability which was connected negatively to Si, K and Zr,
and positively to P, Mn, Zn and Pb (Horak et al., 2018; Janovsky et al., 2020a,b). The data
represented continuous increase of values along stratigraphical gradient from C horizon through
Hallstatt and early medieval layers to topsoil layers. The third variety of analysis was connected
positively to P and negatively to Mn which both topsoil samples and archaeological layers (1% and
2" pailey) were influenced by both positive and negative values similarly. The fourth and fifth
components explained less variety which was connected to P and As positively, respectively and
to Cu, Zn and Sr at fourth and Sr and Pb at fifth negatively.

Does the soil record differ over the time and space of Choté¢buz-Podobora
hillfort?

Most archaeological contexts are located within the soil. Hence, processes of soil formation and
soil geomorphology (FAO, 2008; Motsara and Roy, 2008; Devos et al., 2011; Soil Survey Staff,
2014; FAO, 2021) recreate an important function in the archive of history. These processes have
substances for the ways of monitoring, recording, understanding, and interpreting these contexts.
As revealed from the combination of different methodological approaches, the single approach to
understand the soil formation processes may be misleading. For examples we were able to realise
from the geomorphology acropolis studied during long term archaeological research, that the
original surface of acropolis as under the slope. The micromorphological analyses of Hallstatt
horizons revealed that all those layers are redeposited on the slope without any signs of
bioturbation, so the sloping was quite quick and repeating. The micromorphology also revealed
that the material of Hallstatt horizon is extremely rich of phosphates hidden in bones, burned bones

and phosphatic accumulations/nodules. This finding nicely explains the extremely increased
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values of P by pXRF (Horéak et al., 2018; Janovsky et al., 2020a,b), but according to the internal
structure of the sediment one could say, that these values doesn’t reflect the intensity of pedology,
but simply the presence of degraded bones. Another methodological approach we used, the
frequency depended magnetic susceptibility on the other hand confirmed, that the magnetic signal
clearly confirms high intensity of pedological processes. This means, that Hallstatt horizon buried
at acropolis has on one side the signs of redeposited cultural layer (confirmed by geomorphology,
micromorphology and geochemistry) and on the other hand also the properties of well-developed
soil (confirmed by magnetic studies as well as by geochemistry). The final scenario interpretation
may be as follow: During the Hallstatt occupation developed at the site soil which was highly
influenced by human action and by pedological processes. Later, the soil was repeatedly eroded
and accumulated at the bottom parts of the slope and was lately buried by horizon developed in
9th century occupation. The 9th century occupation seems to be different story from the point of
formation processes. While the micromorphological properties show soil rich of organic matter,
phosphate, Fe/Mn nodules and high bioturbation, the other proxies get by XRF, and magnetic
studies are less extreme than in case of Hallstatt layers. The soil properties at acropolis differs over
the time a lot. The reason is, that those horizons were formed in different conditions and the
material used has different provenance also. While the lower parts of the profiles are represented
by colluviated soil rich of phosphates and organic matter, the upper parts were accumulated quite
quickly mainly from the destruction of objects constructed at acropolis. The result is unsorted soil
with lower number of anthropic elements. On the other hand, the presence of daub it the reason
why magnetic susceptibility enhancement is nicely visible there. It can be also said that there are
big differences between the soils of acropolis, 1%t and 2" bailey, not only because these differences
are clearly visible today. These spaces were obviously used in the past by different way (see the
chapter 2), which influenced the development of different properties of soils. The original surface
of the 1%t and 2" bailey had to be flat, because none of studied horizons doesn’t show any sign of
slope processes. What is typical for Hallstatt layers in all three parts of the hillfort is intensive
depletion of soil and simultaneously the origin of Fe/Mn nodules. This fact is probably influenced
by the clayey and therefore water holding geological substrate, but it intensively influences the
property of the soil and for sure it influenced the living environment in that time. The intensity of
human influence is always marked by the presence of charred organic matter. While the Hallstatt

horizons at acropolis are rich of phosphate, the phosphates are at 1%t and 2" bailey nearly missing
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as confirmed by micromorphology as well as by geochemistry. Surprisingly, during the processing
of the chatted organic matter the soil was not influenced by high temperature, because the
enhancement of magnetic susceptibility doesn’t reflect it. The black layer at 1% bailey can be used
as a marker, because it is continuous all over this area. At first it was thought that the layer is
composed mainly of charred material but as confirmed from the micromorphology, it doesn’t
contain more charred organic matter than the layers above or below. The typical color of the layer
is made of limonite. This was also the reason why there was not visible enhancement of magnetic
signal in this layer. Contrary to it, the magnetic signal is enhanced in the layers above, and the
reason is, that those layers contain the fragments of daub not visible by naked eye. The presence

of limonite may relate to some metallurgic procession in the 1% bailey.

How the refuse management influence the properties of soils?

Past human activities could be related to the accumulation of some archaeological elements like
P, Ca, Mn, K, Fe, Zn and Cu in soils (Fernandez et al., 2002; Smejda et al., 2017) which could
result soil like anthrosols by a period and intensive activities. The activities could contain
prescribed burning of forests, animal husbandry, domestic waste disposal etc. The settlement
activities created some chemical signatures which was specific for the site because of combined
features of soil forming factors and processes, site- use history and geology substrate. One of the
examples of refuse management may be linked with the Hallstatt occupation of acropolis. During
the occupation was the refuse dumped on the surface and intercorporate into the soil. The result is
intensive pedogenesis detected by frequency dependent susceptibility. It could be clear that people
may transport material down the slope to clean the acropolis surface, and to make its surface flatter.
But this is not the case, the Hallstatt horizon accumulated at one site of acropolis was accumulated
naturally, probably after the abandonment of the site, because those microlayers don’t seem to be
trampled or dumped. The second example of the refuse management is the 9th century at 1 bailey.
It was thought that the black layer is kind of refuse rich of charcoal, may relate to the metallurgic
management. We realized, that the layer has color due to the presence of limonite, not due to the
presence of charred material. It may relate to the refuse, but more likely is the color of the layer
related to the post depositional processes. All over the refuse management influence the properties

of soils significantly. It is nicely visible that most medieval layers are composed by the material
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from the object destruction, i.e., there was possible to detect nicely by the magnetic properties and
by micromorphology the presence of daub as well as the presence of rock fragments not related to

the local geological substrate.

Conclusion

The vast majority of the archaeological record is in one way or another part of the soil and
therefore affected by soil processes that rework the remains of past human activities studied by
archaeologists. During all our interventions into the subsurface archaeologists constantly observe
soils though we rarely see them and record them as such, which may have negative consequences
for our understanding of the contexts we observe. The study showed several important and
interesting results. One of them is the general observation on problematic of soil record in
archaeological contexts. So far there doesn’t exist the exact terminology for soils influenced in
past by human action in different intensity and consequences. The differences between terms like
cultural layer or Anthrosols or Dark Earth are often used as synonyms, without explanation of
detail formation processes. The distribution and interpretation of variable geochemical
composition of soil record was one of the main goals of the paper. The soil record detected at the
site contained high amount of phosphorus, even higher than usually recorded at abandoned
medieval villages. Based on areal and stratigraphic distribution were discovered three groups of
elements: 1) elements with maxima in “Archaeology” category (Si, P, Ti, Mn, Sr, Zr); 2) elements
with maxima in “Topsoil” category (Cu, Zn, As, Pb, LE and Fe, Mn partially); 3) elements with
maxima in “C” category (Al, K, Rb and partially Fe). The statistic evaluation of given data helped
to understand the dependence between different components. Component PC1 explained over 43
% of variability which was positively connected to Al, Si, K, Ti, Rb, and Zr and negatively to Mn,
Fe, Cu, Zn, As, Pb. The most outstanding pattern was connected to negative values manifested in
topsoil of second bailey, and the positive values tended to be connected to archaeological layers
and C horizon, mainly in 1% bailey. Results of component PC2 were connected to P, Mn, Cu, Zn
and Sr positively and to As and Pb negatively. This component was very well linked to
archaeological layers and to C horizon. Results of component PC3 was connected to Fe, As, Pb
positively and to LE negatively. High positive values were manifested only in topsoil of 1% bailey

and topsoil and B horizon of the 2" bailey. Results of component PC4 were linked to Al positively
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and Zr negatively. The most distinctive pattern of this component was contained the positive values
in C horizon. Results of component PC5 results were connected to Si negatively and to Fe and Rb
positively (linked to C horizon). The magnetic properties combined with the micromorphology as
the additional proxies helping to characterize the soil and its formation processes showed to be
very useful. The values of magnetic susceptibility ()) increased mainly in the topsoil of 2" bailey.
The reason is the ash deposition combined with the presence of forest recently covering the area.
The values of samples coming from 1% bailey were distinctively lower. Frequency dependent
susceptibility (yFD%) reached the highest values in the archaeological layer with spatial diversity
in 1%t and 2" baileys. The combination with the micromophological observations showed, that
there are clear signs of redeposition with missing bioturbation and therefore soil record with the
high yFD% values within the Hallstatt horizon at acropolis is redeposited soil, not only redeposited
dumping. The micromorphology also revealed that the material of Hallstatt horizon is extremely
rich of phosphates hidden in bones, burned bones and phosphatic accumulations/nodules which
significantly influenced the soil composition. Finally, all these observations helped to unlock the
formation processes at the site. The oldest human presence is attested by the development of soil
reflecting the presence of organic residues. After the first abandonment of the site at the end of
Hallstatt period was the organic rich horizon eroded and accumulated at one side of the acropolis.
The surface of the acropolis became flatter and levelled. The soil development in the medieval
period was highly influenced by an aggradation of material originally used for different types of
building constructions. The presence of anthropogenic elements reflects in that time not only the
deposition of organic matter but also the deposition of ash. While the acropolis was heavily
occupied, and its geomorphology dramatically changed over time, the 1% bailey served mainly as
a production space. The function of the 2" bailey stays unsolved due to its poor preservation. The
most recent human influence in the soil record is visible in the topsoil; first as the result of
agricultural practices and second as the contamination by Pb and magnetic particles resulting from
the atmospheric pollution. The soil record at archaeological sites differs significantly not only over
the time, but also regionally. The reason is original geomorphology, use of the space in the past
during the settling as well as in recent times and availability to the recent pollution. The refuse
management influence significantly the properties of soils and it is well detectable in Hallstatt

horizons as well as in medieval horizons.
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5.3. The Influence of Ant Activity on Soil Dynamics at an

Archaeological Site, case: Oppidum Bibracte

Bioturbation stands as a fundamental soil formation process, and extensive research has
investigated its impact on soil morphology and development (McKey, 2022). Soil fauna activities
play a significant role in global terrestrial bioturbation, influencing the distribution of soil particles,
arrangement of soil layers, blending of mineral and organic materials, thereby affecting soil
properties (Kristiansen et al., 2001). However, the capacity of soil fauna to disturb archaeological
records or even imitate human-made structures is profound and extensively documented (McKey,
2022; Venn, 2015). Such occurrences at archaeological sites can considerably complicate
archaeological interpretations (Eldridge and Myers, 2001; Rink et al., 2013). Ants enhance soil
aeration by forming macropores, thereby accelerating water infiltration rates and impacting
nutrient dispersion (Evans et al., 2011; Frouz and Jilkova, 2008). This activity also contributes to
enhancing soil fertility. Through the construction of both vertical and lateral galleries, ants wield
significant influence on soils to a depth of approximately 150-200 cm, leading to modifications in
the physical, chemical, and biological attributes of the soil (Mikheyev and Tschinkel, 2004).

5.4. The influence of ants on soil microstructure

The impact of ants on the soil environment, both within and outside their nests, is widely
acknowledged. Their influence on the soil ecosystem encompasses structural modifications and
nutrient accumulation (Dostal et al., 2005; Jurgensen et al., 2008; Nkem et al., 2000). Ant activity
often leads to the accumulation of organic matter and organo-mineral particles, subsequently
followed by the bioturbation of the degraded material. During bioturbation, various ant species
and environmental factors determine the mixing of organic and organo-mineral particles with the
mineral matrix in distinct ways (Frouz and Jilkova, 2008). Interestingly, micromorphological
investigations of these processes are relatively limited compared to studies involving other forms
of soil macrofauna (Kooistra and Pulleman, 2010; Cosarinsky et al., 2020).

We recorded the below-ground structures of recent and former ant heap and soil in a close vicinity
of the recent AH. These soils were influenced by the activities of Formica s. str ants (Figure. 4).

Our micromorphological observations showed that the internal structure of the recent AH
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comprised horizons differing in mineral content, element content, intensity of organic matter
degradation and, especially, in presence of different sizes of granules. These microstructures
apparently originated from excavation and nest building activities of this ant species. Specifically,
the layers with more degraded organic matter are characterised by high abundance of
microgranules, and those with less degraded organic matter are characterised by presence of bigger
granules. This aggregation occurs during the mound building process, especially when the soil is
moist, or when it has already been aggregated through the activity of soil organisms, including the
ants themselves, e.g., when the ants use their saliva to bind soil particles together to create stable
tunnels and galleries (Petal, 1978). We can speculate that the microgranulae were created by the

subsequent breakdown of tunnel and galleries walls after the nest abandonment.

Figure. 4. Ant head capsule of Formica s. str. in frontal view with visible signs of invertebrate-
caused decomposition (A). Part of thorax in lateral view (B) and a head capsule with missing

mandibles and antennae (C) retrieved from “recent AH”.
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5.5. Geochemical and magnetic signals produced by ant activity

Prior researchers have documented elevated levels of carbon (C) and phosphorus (P) within ant
nests compared to adjacent soils (Farji-Brenner and Werenkraut, 2017; Frouz et al., 2005). This
increase in nutrient content is attributed to the accumulation of plant material used for nest
construction, prey storage, and ant feces deposition. Typically, the center of ant nests exhibits the
highest P concentrations, accompanied by micromorphological evidence of decomposed and
partially decomposed organic matter, along with a distinctive granular microstructure. Since the
central area of the nest serves as the primary hub of nesting activity, elevated P levels are expected.
Conversely, Formica s. str. ants tend to introduce mineral soil into the mound profile (and older
nests may even distribute it outside the mound), potentially diluting the overall nutrient content
within the nest (Frouz and Jilkova, 2008). In fact, the dilution effect, resulting from the mixing of
P, S, and total organic carbon (TOC)-rich organic materials like spruce needles, food remnants,
and feces with the mineral soil horizon, might be one reason why the current nest did not exhibit
higher concentrations of calcium (Ca), magnesium (Mg), iron (Fe), and manganese (Mn). Given
that F. polyctena can contribute annual pine needle input to the nest profile, accounting for 12—
37% of the total nest volume (Pokaryhevskij, 1981), this dilution influence likely plays a pivotal
role in the overall nest chemistry. While elevated levels of mercury (Hg) and lead (Pb) are often
interpreted as soil contamination indicators, these proxies are also influenced by the presence of
organic matter (Ballabio et al., 2021). The parent material of the studied site contains abundant
Hg, Pb, and Th elements (Gourault, 1999). However, it is plausible that ants transport lithogenic
particles rich in these elements into the mound profile during the excavation of underground
tunnels and chambers. Consequently, ants have the capacity to augment both the quantity and
distribution of these elements within the soil profile. The impact of ant activity on the formation
of iron-oxide minerals and, consequently, the measurement of magnetic susceptibility (y), has not
been extensively investigated. In this study, characterizing the AH sediment was more intricate
due to its location within an archaeological site. Generally, frequency-dependent magnetic
susceptibility (yFD%) displayed elevated values across all studied soils up to a depth of 40 cm, yet
only AH soils exhibited heightened magnetic susceptibility (¥) in comparison to the Reference
Soil. The "former AH" section comprises a cultural layer, with its lower portion composed of the
geological substrate. Magnetic properties effectively mirror these features. The cultural layer

demonstrates the highest y values among all the investigated soils, likely due to its enrichment
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with micro-remains of ceramics and other burnt materials. This material also displays the highest
yFD% values among all the investigated soil sections. YFD% starts decreasing with depth beneath
this cultural layer. The geological substrate shows relatively low y and decreasing xFD%,
reflecting a lower content of pedogenic grains towards the section's base and poor magnetic
lithology. The Reference Soil exhibits the lowest y, yet possesses high yFD% values, akin to the
investigated AH soils. This observation suggests that AH soils contain a greater proportion of fine-
grained ferrimagnetic particles, while reference soils contain a higher content of low-magnetic

material (including needles).

6. Discussion

Discussions of offered results of the research and comments on the results are given in the
following subchapters. The first subchapter discusses research on long-term inhabited villages
from the late iron ages, Hallstatt period and the Slavic period. The sites were conserved over time
which enabled to compare their geochemical reflection on a land-use basis. In this part will be
description of the methods, due to the fact that the intensity of human impact and pedological
processes, and the types of formation processes were not clear macroscopically so we employed
different techniques to determine the data. The second subchapter deals with the pedology part of
the sites and the methods which used in the research. The third subchapter discusses the
geochemical signal of anthropogenic soils which can reflect reflects past settlement activities.
The last subchapter dicusse about How to identify AH structures in soils, andi which way ants can

influence archaeological interpretations.

6.1. Studied sites

For our studies some sites were selected. The locality of Chotébuz and Pilsen were located in
Czech Republic, and the location of Bibracte is Located in France. The Chotébuz site were studies
in three parts as Acropolis, first bailey and second bailey. The second site late Iron Age oppidum
Bibracte on Mont Beuvray which 7 trenches and profile such as Le Porrey, Le Verger, Le
Champlain, La Chaume, La Terrasse, Parc aux Chevaux (PC), and La Braconne were studies in
this site. During last five years, the area of Bibracte oppidum was accessible in several trenches

and profiles covering sediments with different formation history. In majority of profiles layers was
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difficult to distinguish phases of natural deposition vs. phases influenced by human activity. For
the further research is essential to solve the problem of the sedimentary formation, therefore, we
decided to sample in detail set of sections in the profiles and trenches where the origin of large
sedimentary bodies was clear. Late Iron Age oppidum Bibracte as a hill-top site on Mont Beuvray
as founded at the end of 2" century BCE and initially consisted of wooden buildings which were
replaced by stone structures in the second half of the 1% century BCE. These modifications in the
architecture (and in material culture) reflect the political and cultural shifts that took place after
the Gallic Wars (cf. Caesar, 1917), connected with Romanization of the Gaul (Luginbuhl et al.,
2014; Szabo et al., 2019). Apart from public and private buildings, workshops producing metal
artefacts were scattered throughout the area of oppidum (Dhennequin et al., 2008).

The oppidum was surrounded by two systems of fortifications (construction type murus
gallicus): an outer rampart system was 7 km long, that was abandoned at the beginning of 1%
century BCE and ideal for inner rampart system 5.2 km long, enclosing the area of 135 ha. Less
impressive enclosure systems are still visible intra muros, surrounding the summits of Le Porrey
and La Terrasse. In the first century BCE, Bibracte reached its peak, shortly before its rapid
abandonment after the beginning of the first century AD in favor of a new city, Augustodunum
(Barral and Nouvel, 2012), and was never fully populated again. During the Medieval period, a
monastery was built in the center of the area enclosed by ramparts (Beck and Saint-JeanVitus,
2018), and the 700 m distant hilltop plateau of La Chaume was regularly used only as a site for
annual markets. Recently, mining activities were discovered in the oppidum; these were
abandoned at the latest during the 1% century BCE (Guichard et al., 2018). So far, no strong proofs
of agricultural activities (cultivation of crops, intense cattle breeding) exist for the area intra muros
from 2" to 1% century BCE (Golanova et al., 2020), with slightly different picture for the Medieval
and recent past (Beck and Saint-Jean Vitus, 2018).

Hillfort in Chot&buz-Podobora consists of three fortified parts — acropolis, 1%, and 2" bailey
which in the past was occupied in two main phases. The first phase is represented by Hallstatt
period and the second one by Slavic period. The long-term anthropogenic impact on this area
formed not only soil record but also influenced significantly the recent morphology. While the
surface of the 1% and 2" bailey is naturally flat, the surface of the acropolis was originally under
the slope. This fact resulted into the accumulation of the thick cultural layer, reaching more than

1.5 m on the north-western part of the acropolis. The geological substrate of the hillfort is built of
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rocks of the Silesian unit of the Carpathian mantle typical by alternating sandstones and clay-
stones.

The prehistoric settlement of the locality was associated with the Lusatian culture, and its
heyday falls in the Early Iron Age. According to this breakdown, we place the beginning of
settlement of the hillfort at the end of the Bronze Age (Ha B2-3), the greatest flourishing is
observed in the earlier Iron Age (Ha D), and it was inhabited to a limited extent even at the
beginning of the Late Period (Lt A). First phase of hillfort occupation is concerned mainly in the
northern part of the acropolis. The remains of a light fence were discovered under the body of the
wall separating the acropolis from the 1% bailey. It can be dated to the end of the Ha Cla or at the
beginning of the Ha C1b. Acropolis was permanently inhabited, and the area was intensively used
until the end of the prehistoric phase. This is evidenced not only by the thickness of the cultural
layer, but also by its very intense saturation with macro-remains of plants and animal bones.
Significant traces of settlement were also documented in the area of the 2" bailey. In all probes,
both the cultural layer and objects that can be associated with the Hallstatt period were recorded.
The occupation intensity of the 2" bailey seems less significant for Slavic period, but whole part
has been used since the beginning of Slavic settlement, as evidenced by both the finds of pottery
and objects of an exceptional nature. During the 9" century, the construction of the fortification
began, but was never completed. Research with a metal detector then revealed numerous findings
of slag, which, however, could be related to both the older (9™ century) and younger (2" half of
the 10" century — 1% half of the 11" century) phases of Slavic settlement. The situation at the
acropolis was quite complex and the sedimentary record differs according to the position. The
archaeological excavations which were done there just a few years ago gave possibility to control
the sedimentary record from cores with the archaeological documentation done. The natural
morphology of the 1% bailey is flat, and the thickness is constant there. Therefore, we used cross
sampling of whole area. The 2" bailey is heavily turbated and the archaeological situation there is
not very clear. The sampling strategy was to cover the general information from the site and
therefore the cores were positioned in places where the historical sediments and layers are intact
and well known and documented from previous archaeological research. For the study of the sites,
we usedsome analysis such soil micromorphology, Portable X-ray fluorescence (pXRF), magnetic
properties, Principal components analysis, and Optically Stimulated Luminescence dating which

some of them noticed partially.
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Soil micromorphology is the study of soil substrate via oriented thin sections. While the
analytical method will show the general composition of the soils, the soil micromorphology may
reveal much more information related to the primary and post sedimentary formation processes.
There was sampled in total 16 small thin section of the diameter 2.5 — 3.5 cm. Material for thin
section was taken from the cores at acropolis, 1 as well 2" bailey from the horizons where any
lithological change was visible. The dating of the timespan of accumulation is based on
archaeological knowledge of this site. The samples were packed into clink foil and transported to
the laboratory, dried and impregnated in vacuum by resin Polylite 2000. After curing thin section
of the thickness of 30 um were done from them. Those sections were studied under the polarizing
microscope at the magnifications ranging 16 — 400x and described according to Stoops (2003),
Stoops et al. (2010) in Supplementary material 1, 2 and 3.

Portable X-ray fluorescence (pXRF) is a non-destructive analytical technique that provides
near-instantaneous elemental analysis of materials. This technique is unique to the elemental
composition of the sample. Because each element has its characteristic, and pXRF can tell exactly
what elements are in the sample and in what quantity, can be operated in the field anytime
(anywhere), and provide fast acquisition of geochemical data for rapid delineation of anomalous
zones and the indepth, quantitative analysis of metal content for geochemical mapping. (Potts et
al., 1997; Kalnicky and Singhvi, 2001; Markowicz and Van Grieken, 2002; Sitko, 2009).

The magnetic properties of the soil minerals depend essentially on the Fe content, because Fe
is 40 times more abundant than the sum of all other magnetic elements in the earth’s crust (Coey,
1987), and Fe-oxides such as magnetite and maghemite are ferrimagnetic (Cornell and
Schwertmann, 2003) and can be easily identified due to their very intense response to external
magnetic field. Magnetic susceptibility measurements were performed in the Laboratory of Rock-
Magnetism in the Institute of Geophysics, Czech Academy of Sciences. Bulk samples were used
to measure volume-specific magnetic susceptibility (k, SI) by using an MFK1-FA Kappabridge
device (AGICO, Brno, Czech Republic) (Pokorny et al., 2011). Each sample was measured twice
at two operating frequencies, f1 = 976 Hz and fz = 15 616 Hz. Readings of the unconsolidated
samples were taken in plastic bags; the measured susceptibility values were normalized by the
mass of each sample and expressed as mass-specific magnetic susceptibility [y, m® /kg]. Magnetic
susceptibility refers to the concentration, size and character of Fe-oxides minerals, and can be

detected even in trace quantities in any rock, soil, or even in organic tissue (Thompson and
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Oldfield, 1986). Frequency-dependent magnetic susceptibility, yFD%, is a particular property of

ultrafine, superparamagnetic grains, which result from pedogenic processes (Maher, 1986).

6.2. Formation of the soils at the studied sites

Five sedimentary categories based on field observations were divided at oppidum Bibracte: 1)
recent soil; 2) cultural layer; 3) anthropogenic colluvium; 4) natural colluvium; and 5) geological
substrate. The assignment of individual categories to the sedimentary record was made on the basis
of macroscopic observations. Along with the detailed characteristics of individual categories, it is
necessary to state the terminological context. For the purposes of this characteristic, general terms
have been chosen for several reasons. The division should be as simple as possible in order to be
able to perform a comparative PCA analysis and at the same time the terminological scope as
general as possible because the more detailed genesis of individual horizons could not always be
fully determined. The terms used are often understood more specifically in various fields, so it is
stated at the very beginning of their characteristics how the term is understood and used.

Recent soil is defined as humous uppermost A horizon developed due to the soil processes. The
specific of Bibracte oppidum is the lack of well differentiated soil horizons, therefore we decided
to mark as soil horizon only the uppermost soil horizon corresponding to A horizon. The category
“recent soil” is represented by unsorted sediments with the clast content of 1 — 50 cm (60— 70%)

and grayish brown (10YR 5/2) to very dark grayish brown (10YR 3/2) moist color.

Cultural layer is in this case defined as layer originated due to the settlement activities. We
assume that the layer was formed on site by disposal of settlement waste, homogenization due to
settlement activities and bioturbation. The soils at these parts as a macromorphological features
had pale yellow (10YR 8/4 to 10YR 7/4) moist color, distinct to smooth distinctness (boundary),
unsorted material - dusty sandy sediment with a high content of rock clasts with a size of 1- 10 cm
with no signs of rooting, most of the pores were between single aggregates, sandy silt with the
presence of rock fragments.

Anthropogenic colluvium is defined as sediment that was formed as a result of gravitation and
anthropogenic activity. This category can include both sediment whose part consists directly of
anthropogenic waste and sediment which was formed, for example, by erosion caused by man or

directly by man's relocation due to some construction activities. The color at anthropogenic sites
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were black to very grayish brown (10YR 2/1 or 7.5YR N2 to 10YR 3/2) in moist conditions. The
distinctness (boundary) between layers at this part were mostly wavy/irregular to convolute. The
category “anthropogenic colluvium” is represented by unsorted sediments with the 15 cm thick
black layer composed of charcoal. The grain size was responsible for the material with sandy silts
with the presence of clasts of between 1 to 2 cm with the percentage of 50 %. The grain size was
responds from single grain to blocky structure with rapid to moderate soil infiltration rate, sandy
silt texture (macromorphological features).

The term natural colluvium means a type of sediment that originated in a more or less natural
way with the main trigger the gravitation. If there was human impact present in the origin of that
sediment, then it is not macroscopically obvious, i.e., that the sediment shows no signs of human
influence, including artefactual filling. Colluvium is defined as ‘a superficial deposit transported
predominantly by gravity containing less than 50% of material by for example erosion (Lisé et al.,
2022a) of less than 60 mm in size (i.e., cobbles). Colluvium comprises dense material, silty sand
with many cobbles and boulders and it was generally located in the lower and middle portions of
the study area. The colluvium appears to be intermittent in extent, separated by extensive zones of
saprolite and rock outcrop.

Geological substrate is a term which on oppidum Bibracte characterizes the eluvium of the
bedrock and does not show signs of displacement. It is mostly a ventilated rock that is disturbed
by frost processes, or affected by pedogenic processes. The macroscopical features were brown to
dark brown (10YR 5/3 to 10YR 4/3) moist color, occulated to diffuse distinctness (boundary),
moderately sorted. Massive structure with very slow infiltration rate. The geological substrate at
Bibracte were contain rhyolite mostly, which was affected by permafrost.

The pedological description of the cores from Chotébuz brings important information about the
nature of the soil record. During the description the main aim is concerned to the color, and some
other pedological properties. The color of sediments was identified in both wet and dry states using
a Munsell soil color chart. Soil color and other factors containing texture, structure, and
consistency have been used to determine and specify soil layers and to group soils according to
the soil classification system (USDA and Soil Survey Staff, 2010; Liles et al., 2013; Sawada et al.,
2013; Soil Survey Staff, 2014). Soil color has been used as one of the key characteristics to

determine horizons in a profile and to categorize soil types in a territory. Regular measurement of
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soil color has often been accomplished in the field by visually comparing a soil sample with the

chips of standard color charts (Munsell, 1905).

The sedimentary record of the acropolis varies significantly, because the accumulation of the
soil material was influenced by the natural sloping of the site. The thickness of the soil in NW part
is much thicker than the soil on E part of acropolis. The soil record in NW part was thicker than
on E part of acropolis. Macroscopically was possible to divide minimally 4 layers differing by
color from 10YR 3/2, 4/4, 4/6, 3/2, 6/3, 6/4, 3/1, and 6/6 with the texture of clay, clayey silt, and
silty clay. The transition between single horizons is always abrupt. Archaeologically is possible to
link those layers to the different occupational periods, i. e. horizon accumulated during Hallstatt
period, horizon accumulated during 9™ century, horizon accumulated during 9™ to 10" century,
horizon accumulated during 11" century and recently accumulated horizons. Key morphological
characteristics of studied soil horizons at acropolis were, easily demarcated, ranging from clear to

abrupt with either wavy or smooth horizon topography.

6.3. Geochemical signal of anthropogenic soils

Past human activities could be related to the accumulation of some archaeological elements like
phosphorous (P), manganese (Mn), potassium (K), iron (Fe), Zinc (Zn), and copper (Cu) in soils
(Smejda et al., 2017; 2018) which could result in anthropogenic soils like anthrosols after a period
of intensive domestic activities. The activities could contain repeated burning of vegetation
biomass, conducting animal husbandry, domestic waste disposal etc. The settlement activities
created some chemical signatures which were specific for the site because of combined features of
soil-forming factors and processes, site-use history and geological substrate. With regards to
human impact, the indicators of agro-pastoral activities are very scarce and punctuated throughout
prehistory and the Bronze Age (from ca 5 000 to 800 BCE). The oldest traces of occupation of
Mont Beuvray date back to the Neolithic period (5" millennium BC; Martineau et al., 2011;
Guichard and Paris, 2013). Even after this date, and despite further deforestation phases occurring
during the Iron Age (800-50 BC), the classical Middle Ages (around 1000 CE) and the Modern
period, woodland remains dominant, and proximal pollen and fungal indicators of human activity
are only present in one core, dating to the beginning of the 16" century to the beginning of the 19"

century (Jouffroy-Bapicot et al., 2013). The decrease of anthropogenic pollen indicators during the
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middle Neolithic in some parts of the Morvan coincides with the onset of the Neoglacial, but this
trend is not obvious everywhere (Jouffroy-Bapicot et al., 2013). The most obvious climatic change
in the Morvan area is the decrease in human activity during the middle Bronze Age connected with
a cool and moist phase corresponding to an abandonment of lacustrine habitats in the Jura and the
Alps (Magny, 2004; Magny et al., 2009). The vegetation and land-use history of the surroundings
of Mont Beuvray are documented by three palaeoecologically studied peat sequences
(GrandMontarnu near the Haut-Folin, sources de 1’Yonne and Port-desLamberts some 5 km north
of Mont Beuvray; Jouffroy- Bapicot et al., 2013) and recently also by two sections in the alluvial
zone of small streams close to Mont Beuvray (Petiik et al., 2021). Agro-pastoral indicators,
woodland openness and metallic pollution increased in the Late Iron Age (since the 5™ century
BCE) and reached a maximum during the last two centuries BC (Jouffroy-Bapicot, 2007). This
trend was also documented in the aggradation of alluvial deposits around Bibracte (Petiik et al.,
2021). Thereafter, agro-pastoral activities in the Haut-Morvan decreased during the Gallo-Roman
period, but increased again during the Early Medieval period (5"— 10" century CE). Palynological,
archaeological and historical data complement each other, and document the history of the
Medieval period and Modern Times (Balland et al., 2019). The study of alluvial deposits in close
proximity of Bibracte show that increased sedimentary activity occurred in the High Medieval
period and continued until the post-Medieval period (Petiik et al., 2021). The increasing human
impact during the Late Iron Age and the Roman period in the Morvan is in keeping with the central
European trend, which coincides with a wetter and warmer climate (Buntgen et al., 2011). The
impact of the ‘Little Ice Age’ on the Morvan Massif is not clear, probably mainly because of the
specific land use prevalent on the massif at that time. The exploitation of firewood relegates
agropastoral activities to a marginal activity (Jouffroy-Bapicot et al., 2013). The Medieval Climate
optimum is reflected in the Morvan area by the intense cultivation of chestnut trees on its southern
slopes (Jouffroy-Bapicot et al., 2013). Favorable climate conditions may have facilitated this
cultivation, which was at the periphery of the known geographic distribution of chestnut
production during the late Middle Ages and modern times (Conedera et al., 2009).

Le Porrey site were containing elements like “As, Rb and S” which are typical at Bibracte for
colluvial materials- which can be seen at Le Porrey site are colluvial deposits. The research showed
that part of La Terrasse, small part of Le Champlain, Le Verger, La Terrasse A, La Chaume and

La Braconne (BRAC) were affected by recent soil pedogenesis. This soil has been undisturbed
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long enough ago to allow for development of a clear topsoil horizon, but not long enough for any
differentiation of the subsoil to occur. However, narrow bands of alluvium left by erosion (Lisa et
al., 2022a,b) at different times can be seen, especially in the lower depths. Recent soils are usually
very fertile and can be used for a wide range of purposes, especially if they are deep and free-
draining; the most characteristic elements in this soil type were; revealing probably the presence
of organic matter.

By the term anthropogenic elements like Th, Sr, K, Sr, Z, Rb, Mn, Cu and P which refer to
elements brought along with materials modified by the humans, part of Le Verger, La Champlain,
major part of PC2, and part of La Terrasse were affected by human activities and reveal the highest
human impact on soil chemistry in comparison with other recognized areas. Part of La Braconne
(BRAC), Le Porrey, Le Verger, and Le Champlain was affected by chemical elements like Si, Al,
Ti, Ni, Fe and Zn. The La Terrasse sedimentary archives appear to be heavily bioturbated by roots
of woody plants. Although the volume of roots (present in dried flot fractions) generally decreases
towards the deeper strata (in all but test-pit H), there are exceptions to this rule. The root
accumulations in lower strata probably coincide with buried fossil soil horizon(s). Other types of
plant macroremains, such as wood charcoal, seeds and fruits fossilized (archaeologies) through
charring or seeds fossilized through mineralization, are extremely rare.

At Chotébuz we have found strong distinction between elements usually connected and
interpreted as anthropological indicators (P, Mn, Sr, Cu, Zn) (Horéak et al., 2018; Smejda et al.,
2018) and elements interpreted as those derived from natural environment (Si, Al, Rb, Zr) (Horak
et al., 2018; Janovsky et al., 2020a,b). There was also distinction of elements which can be
interpreted as connected to recent anthropogenic sources (As, Pb, as found in Horak and Klir,
2017). The elemental composition of the main stratigraphic categories was a bit mixed between
typical human indicators (P) and natural elements (Si), as was also found in similar context.
Nevertheless, such mixing was well diversified by multivariate analyses in the Chotébuz-Podobora
dataset. Therefore, the interpretation was that there is strong and well distinguishable
anthropogenic signal on the hillfort connected mainly to P and Mn, and to Cu and Zn. As revealed
from the micromorphological results, mainly layers related to Hallstatt period and 9" century
occupation are extremely rich of phosphatic pedo-features and presence of bones and burned
bones. These features give the soil the strong phosphorus signal. All archaeological layers show

the high dependence on oxidation/reduction processes with the development of Fe/Mn nodules, so
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the increased values of Mn are quite predictable. The geochemistry was also influenced by
(potentially) recent deposition by As and Pb. Such pollution was identified previously also in the
alluvial plain of nearby river (Faméra et al., 2018). Based on the connection to specific elements
and also to areas and sediments of anthropogenic influence, we interpreted these signals as
anthropogenic: negative values of PC1 (probably recent), positive values of PC2 (archaeological
signal), positive values of PC3 (probably recent), positive values of Compl (archaeological
signal), negative values of Compl (probably recent), positive values of Comp2, negative values of
Comp3 (distinguishing between anthropogenic Mn and natural P), positive values of Comp4 (P),
negative values of Comp5 (Pb and Sr, whereas positive values represent natural aspect of As). The
analyses show usual ways of distinguishing anthropological and natural signals: whereas
traditional PCA performed on elemental content showed distinction between main categories of
signals (natural vs archaeological vs recent anthropogenic), the PCA on ilr-transformed data
(respecting compositional character of geochemical data) focuses on elements with more
variability (usually anthropogenic indicators) and therefore distinguishing more the diversified

aspects of anthropogenic signals.

6.4. Unraveling AH Structures in Soils and the Impact of Ants on

Archaeological Inferences

The macroscopic identification of former AH structures, especially within archaeological contexts,
is complex. Subterranean portions of ant nests, intended to be of similar thickness as their above-
ground counterparts, often manifest as shallow depressions in the soil. These depressions result
from bioturbation or agricultural practices. Detecting ant activity without overt signs involves
potential indicators such as macro-remains concentration, chemical signal enhancement, or
micromorphological changes. While the archaeobotanical dataset for this study was limited,
intriguing observations were made. For instance, Picea sp. needles were absent from the core of
recent AH ant nests, contrasting with their presence in reference soil samples. Conversely, higher
concentrations of other plant debris were noted within the nest's core. After nest collapse and
organic matter decay, nutrient retention contributed to elevated phosphorus (P) concentrations.
Increased phosphorus (P) and nitrogen (N) levels, coupled with higher total organic carbon (TOC),
were linked to organic matter accumulation. Degraded organic matter also correlated with
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localized increases in mercury (Hg) and lead (Pb). Significantly, soil microstructure emerged as a
crucial indicator of ant activity. The presence of typical granular microstructures played a pivotal
role in confirming former AH structures at various sites. For instance, microstructures at Le Verger
(former AH) mirrored those at Le Theurot de la Roche (recent AH). The Formica s. str. group,
characterized by regular migratory behavior, is likely to leave cryptic macroscopic evidence of
their construction endeavors. Formica ants are known to excavate nests between 0.5 and 2 meters
deep into the soil profile, relocating nests and creating satellite nests. A common approach involves
quantifying nest number and size per unit area, allowing estimation of ant-driven soil modification
over time. Multiple nests on a site suggest prolonged ant-driven soil reworking under stable
environmental conditions. In the context of research at La Terrasse (Lisa et al., 2021), aimed at
understanding human influence on soil, notable disparities in chemical composition, grain size
distribution, and magnetic signals emerged. Micromorphological granule identification throughout
the site further indicated the substantial impact of long-term ant activity on soil characteristics.
Hence, heightened attention is warranted for potential ant nest presence in archaeological sites.
The subtle yet impactful effects of ant activity can significantly influence soil structure, a crucial
component of the sedimentary archive essential for comprehending landscape formation processes

within an archaeological context.

7. Conclusion

The vast majority of the archaeological record is in one way or another part of the soil and
therefore affected by soil processes that rework the remains of past human activities studied by
archaeologists. During all our interventions into the subsurface archaeologists constantly observe
soils though we rarely see them and record them as such, which may have negative consequences
for our understanding of the contexts we observe. The study showed several important and
interesting results. One of them is the general observation on problematic of soil record in
archaeological contexts. So far there doesn’t exist the exact terminology for soils influenced in
past by human action in different intensity and consequences. The differences between terms like
cultural layer or Anthrosols or Dark Earth are often used as synonyms, without explanation of
detail formation processes. The distribution and interpretation of variable geochemical

composition of soil record was one of the main goals of the paper. The soil record detected at the
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site contained high amount of phosphorus, even higher than usually recorded at abandoned
medieval villages.

Currently, the pXRF methodology has been increasingly used in applied geochemistry and
successfully provided compositional data in the mining industry and environmental sciences,
among others. Its main contribution is providing a rapid and cost-effective alternative to classical
laboratory protocols. A well-maintained and calibrated pXRF analyzer provides soil chemistry
compositional data that are in good correspondence to other analytical methods. Providing real-
time analytic data either directly in the field or in laboratory environment, pXRF is today a strong
technique in many disciplines, such as waste management, environmental remediation, geology,
mineral extraction, archaeology etc. Providing a high spatial density data in field, site prospection
has thus received a substantial enhancement. Having acknowledged the known limits and potential
shortcomings of the pXRF analyses, it has become clear that this methodology has become a
standard and indispensable part of the toolkit of contemporary research, especially where the soil
composition data and its variability provides the critical insight into the classification of sediments
and the interpretation of their genesis (e.g., natural vs. artificial origin).

Our findings highlight ants' substantial influence on soil structure and geochemical signals. The
geochemical signal from ants can potentially overlap with that of the organic-rich cultural layer.
Notably, the ultrafine pedogenic fraction, as measured by xFD%, is higher in the lower section of
recent ant nests compared to the reference soil. This observation implies a possible connection
between the presence of small granules in the archaeological record and ant activity. The
dispersion of these microgranules could contribute to the variability in soil geochemical, magnetic,
and physical properties across the La Terrasse site. As a result, we propose that the formation and
disappearance of ant structures may trigger significant structural and chemical modifications in
archaeological site soils. Therefore, it is imperative to consider this aspect fully when interpreting
soil sections. Superparamagnetic fraction quantified by yFD% show the most increased
pedogenetic activity in the lower part of the ant heap compare to all examined soils. Ants are able
to translocate organic remains like charcoal and macro-remains into the nest and vertically within

the nest. By this way they are able to influence the position of the material used for C14 dating.

124



Acknowledgment

I would like to thank everyone who associate towards the correspond thesis, especially my
supervisor prof. RNDr. Vladislav Chrastny, Ph.D. | would like thank to Mgr. Jan Horak, Ph.D et
Ph.D and Mgr. Lenka Lisa Ph.D. Many thanks to my family, my husband Goerge and their
supports.

In remembrance of my former supervisor doc. PhDr. Ladislav Smejda Ph.D. and my sister

Roya.

“Out beyond ideas of wrongdoing and right doing, there is a field. I'll meet you there. When
the soul lies down in that grass, the world is too full to talk about. Ideas, language, even the phrase
“each other” doesn’t make any sense. The breeze at dawn has secrets to tell you. Don’t go back
to sleep. You must ask for what you really want. Don’t go back to sleep. People are going back
and forth across the doorsill where the two worlds touch. The door is round and open. Don’t go

back to sleep.”

Rumi

125



List of figures

Figure. 1. Topographical map of oppidum Bibracte with the location of the sites which provided
data for PCA analyses; La Champlain, Le Porrey, La Braconne, La Chaume, La Terrasse, Le
Verger, Parc aux ChevauXx (PC2) .......oiiiiiii e e 16

Figure. 2. General observed categories at La Braconne (BRAC) and Parc aux Chevaux (PC )
with sampling positions. La Braconne (BRAC): Recent soil with a clast of approx. 5 cm and roots
with organic matter (Depth: 0—30 cm), Natural colluvium with the clast 5 cm (Depth: 30-85 cm),
and Geological substrate (>80 cm). Samples positon of 1 and 2 for optically stimulated
luminescence dating, and 3 for micromorphological studies. Parc aux Chevaux (PC):
anthropogenic colluvium with clast of approximately 10 cm (depth: 0-20 cm), anthropogenic
colluvium with clast about 5 cm (Depth: 20—40 cm), Natural colluvium with the clast 5 cm (Depth:
40-80 cm), and geological substrate (>80 cm). Samples positon of 1 and 2 for micromorphological

samples; and 3 and 4 for optically stimulated luminescence dating......................ccccceeieenenn 18
Figure. 3. General observed categories Le Verger with sampling positions........................ 22
Figure. 4. Ant head capsule of Formica s. str. in frontal view with visible signs of invertebrate-

caused decomposition (A). Part of thorax in lateral view (B) and a head capsule with missing

mandibles and antennae (C) retrieved from “recent AH”..............cooiiiii i 111

126



8. References

Ackermann, O., Greenbaum, N., Ayalon, A., Bar-Matthews, M., Boaretto, E., Bruins, H.J., Cabanes, D.,
Horwitz, L.K., Neumann, F.H., Porat, N., Weiss, E., Maeir, A.M., 2015. Using palaeo-
environmental proxies to reconstruct natural and anthropogenic controls on sedimentation rates,
Tell es-Safi/Gath, eastern Mediterranean. Beckmann, T. 1997. Préparation bodenkund licher
Diinnschliffe flirmikro morphologische Untersuchungen. Hohenheimer Bodenkund liche Hefte 40,
89-103.

Aitken, M.J., 1998. An Introduction to Optical Dating. The Dating of Quaternary Sediments by the Use
of Photon-stimulated Luminescence. 267 pp. Oxford University Press, Oxford.

Allée, P., 2003. Dynamiques hydrosédimentaires actuelles et holocenes dans les systemes fluviaux de
moyenne montagne (Limousin, Hautes Cevennes, Maures). Limoges: Universite de Limoges
(habilitation a  diriger les recherches). https://halunilim.arch  ives-ouvertes.fr/tel-
01126748/file/Philippe%20All’ee HDR_2003.pdf Argant.

Almagro-Gorbea, M., Beck, P., Bonenfant, P.P., Brunet, P., Buchsenschutz, O. et al., 1989. Les fouilles
du Mont-Beuvray. Rapport biennal 1986-1987. Revue Archeologique de I’Est et du Centre-Est
XL/2, 205-228.

Amosse, J., Le Bayon, R.C., Gobat, J.M., 2014. Are urban soils similar to natural soils of river valleys?
J. Soils Sediments 15 (8), 1716-1724.

Antoine, P., Rousseau, D., Degeai, J.P., Moine, O., Lagroix, F., Kreutzer, S., Fuchs, M., Hatté, C.,
Gauthier, C., Svoboda, J., Lis4, L., 2013. High-resolution record of the environmental response to
climatic variations during the Last Interglacial-Glacial cycle in Central Europe : the loess-paleosol
sequence of Dolni Véstonice (Czech Republic). Quat. Sci. Rev. 67, 17-38.

Argant, J., Bravard, J.P., Bourguignon, J.P., Béal, J.C., 2011. Nouvelles données sur les changements
paléoenvironnementaux de la plaine alluviale de la Saonedepuis le Tardiglaciaire: palynologie,
géomorphologie. Quaternaire 22, 235-260. https://doi. org/10.4000/quaternaire.5984.

Arnaud, F., Revillon, S., Debret, M., Revel, M., Chapron, E., Jacob, J., Giguet-Covex, C., Poulenard, J.,
Magny, M., 2012. Lake Bourget regional erosion patterns reconstruction reveals Holocene NW
European Alps soil evolution and paleohydrology. Quaternary Science Reviews 51, 81-92.
https://doi.org/10.1016/j. quascirev.2012.07.025.

RN
N
-~



Arnold, L.J., Bailey, R.M., Tucker, G.E., 2007. Statistical treatment of fluvial dose distributions from
southern Colorado arroyo deposits. Quaternary Geochronology journal. 2 (1-4), 162-167.
https://doi.org/10.1016/j.quageo.2006.05.003.

Arrhenius, O., 1931. Die Bodenanalyse im Dienst der Arché&ologie. Zeitschrift fir Pflanzenernéhrung,
Dingung und Bodenkunde, Teil B 10, 427-4309.

Ash, C., Botavka, L., Tejnecky, V., Nikodem, A., Sebek, O., Drabek, O., 2014. Potentially toxic element
distribution in soils from the Ag-smelting slag of Kutna Hora (Czech Republic): descriptive and
prediction analyses. J. Geochem. Explor. 144, 328-336.

Audouze, F., 1985. L'apport des sols d'habitat a I'ktude de I'outillage lithique. In Otte, M. (editor), La
Sign$cation Culturelle des Industries Lithiques (Actes du Colloque de Li6ge) (Oxford, British
Archaeological Reports International Series 239) 58-68.

Ballabio, C., Jiskra, M., Osterwalder, S., Borrelli, P., Montanarella, L., Panagos, P., 2021. A spatial
assessment of mercury content in the European Union topsoil. Sci Total Environ. 769, 44755.
https://doi: 10.1016/j.scitotenv.2020.144755.

Balland, V., Chevassu, V., Jouffroy-Bapicot, I., 2019. Des faines, des glands et des chataignes. " Regards
crois’es sur la for"et morvandelle et son exploitation. In: Bepoix, S., Richard, H. (Eds.), La for"et
au Moyen-Age. " Les Belles Lettres, Paris, pp. 331-347.

Barral, P., and Nouvel, P., 2012. La dynamique d’urbanisation a la fin de I’age du Fer dans le centre-est
de la France, In La question de la proto-urbanisation a I'age du Fer. Actes du 34e colloque
international de I'Association frangaise pour I'étude de I'age du. pp. 139-164.

Bateman, M.D., Frederick, C.D., Jaiswal, M.K., Singhvi, A.K., 2003. Investigations into the potential
effects of pedoturbation on luminescence dating. Quat. Sci. Rev., 22 1169e1176.

Bavec, S., Gosar, M., Biester, H., Gréman, H., 2015. Geochemical investigation of mercury and other
elements in urban soil of Idrija (Slovenia). Journal Geochem. Explor. 154: 213-223.
https://doi.org/10.1016/j.gexplo.2014.10.011.

Beck, F., Saint-Jean Vitus, B., 2018. Le couvent des Cordeliers du Mont Beuvray. Histoire et
archeologie. Collection Bibracte 27. Glux-en-Glenne: BIBRACTE — Centre archéologique
europeen.

Bellavia, V., 2013. Archéobotanique : les charbons de bois. In: Guichard, V. (dir.): Programme
quadriennal de recherche 2013-2016 sur le Mont Beuvray. Rapport intermédiaire 2013. Synthése.
Glux-en-Glenne, 329-336.

=
N
(00]


https://doi.org/10.1016/j.quageo.2006.05.003
https://doi.org/10.1016/j.gexplo.2014.10.011

Bellavia, V., 2014. Archéobotanique : les charbons de bois. In: Guichard, V. (dir.): Programme
quadriennal de recherche 2013-2016 sur le Mont Beuvray. Rapport intermédiaire 2014. Synthese.
Glux-en-Glenne, 283-287.

Bellavia, V., 2015. Archéobotanique : les charbons de bois. In: Guichard, V. (dir.): Programme
quadriennal de recherche 2013-2016 sur le Mont Beuvray. Rapport intermeédiaire 2015. Synthese.
Glux-en-Glenne, 365-368.

Bem, C., Asandulesei, A., Venedict, B., Cotiuga, V., 2011. Identity in Diversity, in Archaeological
Prospection - Extended Abstracts, ed. by M. G. Drahor and M. A. Berge, 9" International
Conference of Archaeological Prospection, Izmir, Turkey, pp. 25-28.

Berger, G.W., 2010. An alternate form of probability- distribution plot for De values. Antient TL 28,
11-22.

Birke, M., and Rauch, U., 1997. Geochemical investigations in the Berlin metropolitan area. Z. Angew.
Geol. 43 (1), 58-65.

Birkeland, P.W., 1999. Soils and geomorphology. 3rd (ed). Oxford Univ. Press, New York.

Bloemendal, J., Liu, X.M., Sun, Y.B., Li, N.N., 2008. An assessment of magnetic and geochemical
indicators of weathering and pedogenesis at two contrasting sites on the Chinese Loess plateau.
Palaeogeography, Palaeoclimatology, Palaeoecology. 257, 152-168.
https://doi.org/10.1016/j.palae0.2007.09.017.

Blume, H.P., and Hellriegel, T., 1981. Lead and cadmium content of soil of Berlin. Z. Pflanzenernahr.
Bodenkd. 144, 181-196 (in German).

Bdniger, U., and Tronicke, J., 2010. Integrated data analysis at an archaeological site: A case study using
3D GPR, magnetic, and high-resolution topographic data, Geophysics,Vol. 75, No. 4, pp. B169-
B176.

Bonnaire, E., 2013. Archéobotanique: carporestes. In: Guichard, V. (dir.): Programme quadriennal de
recherche 2013-2016 sur le Mont Beuvray. Rapport intermédiaire 2013. Synthése. Glux-en-
Glenne, 323-328.

Boogaart, V.D., Tolosana, K.G.R., Bren, M., 2010. Compositions: Compositional Data Analysis. R
package version 1.10-1.

Borrelli, P., et al., 2020. Land use and climate change impacts on global soil erosion by water
(2015-2070). Proc. Natl. Acad. Sci. U. S. A. 117, 21994-22001.

RN
N
(o]


https://doi.org/10.1016/j.palaeo.2007.09.017

Batter-Jensen, L., 2000. Development of optically stimulated luminescence techniques using natural
minerals and ceramics, and their application to retrospective dosimetry.

Batter-Jensen, L., Bulur, E., Duller, G.A.T., Murray, A.S., 2000. Advances in luminescence instrument
systems. Radiation Measurements 32, 523-528.

Boyer, F., 1996. Les études géologiques au Mont Beuvray. Bilan et perspectives. In: Buchsenschutz, O.
and Richard, H., eds. L environment du Mont Beuvray. Collection Bibracte 1. Glux-en-Glenne:
BIBRACTE — Centre archéologique européen, 9-26.

Boyer, F., Buchsenschutz,O., Ralston, I.B.M., 1996. Sondages au sud-ouest de I’oppidum, in: Barral,
Ph., Beck, P., Bernal, J., Boyer, F., Buchsenschutz, O., Flouest, J.L., Luginbul, T., Paratte, CI.A.,
Paunier, D., Quinn, D., Ralston, I., Szabd, M., Vitali, D., Wiethold, J. (Eds.), Les fouilles du Mont
Beuvray (Nievre — Sadne-et-Loire): Rapport biennal 1992-1993. Revue archéologique de I’Est et
du Centre-Est. 46, Glux en Glenne, pp. 226-232.

Buchsenschutz, O., Ralston, 1.B.M., 1993. Le Fou du Loup (verger au-dessus des Grandes Portes). In
Rapport scientifique 1993 (activités 1993, previsions 1994), p. 155-165.

Buchsenschutz., O, Hervé, R., 1996. Environnement du Mont Beuvray. Centre archéologique éuropéen
du Mont Beuvray, Glux-en-Glenne.

Bulliot, J.G., 1899. Fouilles du Mont Beuvray (ancienne Bibracte) de 1867 a 1895. Dejussieu, Autun.

Bullock, P., Federov, N., Jongerius, A., Stoops, G., Tursina, T., Babel, U., 1985. Handbook for Soil Thin
Section Description. 152 pp. Waine Research Publications, Wolverhampton, UK.

Bunt, A.C., 1988. Media and Mixes for Container-Grown Plants, seconded. Unwin Hyman Ltd., London,
UK.

Biintgen, U., Tegel, W., Nicolussi, K., McCormick, M., Frank, D., Trouet, V., Kaplan, J. O., Herzig, F.,
Heussner, K. U., Wanner, H., Luterbacher, J., Esper. J., 2011. 2500 Years of European Climate
Variability and Human Susceptibility. Science 04 Feb 2011: Vol. 331, Issue 6017, pp. 578-582,
DOI: 10.1126/science.1197175.

Butzer, K.W., 1982. Archaeology as Human ecology: theory and methos for contextual approach. New
York: Cambridge university press.

Caesar, G.1., 1917. The Gallic Wars (Comentarii de Bello Gallico). Translated by H.J. Edwards. Loeb

Classical Library 72. Harvard University Press, Cambridge.

=
w



Campy, M., 1982. Le Quaternaire Franc-comtois: Essai Chronologique et Palkoclimatique (Besangon,
These de Doctorat es Sciences naturelles, n"I59, Facultt des Sciences et Techniques de I'Universite
de Franche-Comte).

Canti, M., and Huisman, D.J., 2015. Scientific advances in geoarchaeology during the last twenty years.
Journal of Archaeological Science 56, 96-108. doi:10.1016/j.jas.2015.02.024.

Carcaud, M., Garcin, M., Visset, L., Musch, J., Burnouf, J., 2002. Nouvelle lecture de I’"evolution des
paysages fluviaux a I’Holoc ene dans le bassin de la Loire moyenne. In: Bravard, J.P., Magny, M.
(Eds.), Les fleuves ont une histoire - Paleoenvironnement des rivieres et des lacs frangais depuis
15000 ans. Errance, Paris, pp. 71-84.

Casana, J., 2009. Alalakh and the Archaeological Landscape of Mukish: The Political Geography and
Population of a Late Bronze Age Kingdom. Bull. Am. Sch. Orient. Res. 353, 7-37.

Cauuet, B., and Tamas, C.G., 2008. Les exploitations mini eres. In: Dhennequin L, Guillaumet J-P and
Szabo M (eds) L’oppidum de Bibracte (Mont-Beuvray, France). Bilan de 10 ann”ees de recherches
(1996-2005). Budapest: Akad emiai Kiado, pp. 11- 12.

Chang, C.L., 1968. Fuzzy Topological Space. The Journal of Mathematical Analysis and Applications,
24, 182-190. https://doi.org/10.1016/0022-247X(68)90057-7.

Charzynski, P., Hulisz, P., Bednarek, R (Eds.)., 2013. Technogenic Soils of Poland. Polish Society of
Soil Science, Torun.

Charzynski, P., Markiewicz, M., Majorek, M., Bednarek, R., 2015. Geochemical assessment of soils in
the German Nazi concentration camp in Stutthof (Northern Poland). Soil Sci. Plant Nutr. 61, 47—
54.

Chen, J., An, Z., Head, J., 1999. Variation of the Rb/Sr ratios in the loess-936 paleosol sequences of
Central China during the last 130,000 years and their implications for monsoon paleoclimatology.
Quaternary Research 51, 215-219. https://doi.org/10.1006/qres.1999.2038.

Chesworth, W., Dejou, J., Larroque, P., Garcia Rodeja, E., 2004. Alteration of olivine in a basalt from
central France. Catena 56, 21-30.

Clark, A.J., 1990. Seeing Beneath the Soil. Prospecting Methods in Archaeology. London: B.T. Batsford
Ltd.

Closset-Kopp, D., and Decocq, G., 2015. Remnant artificial habitats as biodiversity islets into forest

oceans. Ecosystems 18, 507-519.

||
w
e


https://doi.org/10.1016/0022-247X(68)90057-7
https://doi.org/10.1006/qres.1999.2038

Coey, J.M.D., 1987. Magnetic order in trioctahedral sheet silicates: A review. In: Schultz, L.G., van
Olphen, H., Mumpton, F.A. (Eds.), Proceedings of International Clay Conference, Denver, 1985,
The Clay Minerals Society, Bloomington, IN. pp. 261-266.

Conedera, M., Tinner, W., Neff, C., Meurer, M., Dickens, A.F., Krebs, P., 2009. Reconstructing past
fire regimes: methods, applications, and relevance to fire management and conservation,
Quaternary Science Reviews, Volume 28, Issues 5-6, Pages 555-576, ISSN 0277-3791,
https://doi.org/10.1016/j.quascirev.2008.11.005.

Conolly, J., and Lake, M., 2006. Geographical Information Systems in Archaeology. Cambridge
University Press, New York.

Conry, M.J., 1972. Pedological evidence of man’s role in soil profile modification in Ireland. Geoderma,
8, 139—146.

Cornell, R., and Schwertmann, U., 2003. The Iron Oxides. Structure, properties, reactions, occurrence
and uses. Weinheim, New York.

Cosarinsky, M.I., Rémer, D., Roces, F., 2020. Nest Turrets of Acromyrmex Grass-Cutting Ants:
Micromorphology Reveals Building Techniques and Construction Dynamics. Insects. 11, 140,
11020140.

Courty, M.A., and Fedoroff, N., 1982. Micromorphology of a Holocene dwelling. PACT 7, 257-55.

Courty, M.A., and Fedoroff, N., 1985. Micromorphology of recent and buried soils in a semi-arid region
of north-west India. Geoderma 35, 285-332.

Courty, M.A., Goldberg, P., Macphail, R.l., 1989. Soils and Micromorphology in Archaeology
(Cambridge, Cambridge University Press).

Crespi, M., Dore, N., Partuno, J., Piro, S., Zamuner, D., 2011. Comparison of SAR data, Optical Satellite
Images and GPR Investigations for Archaeological Site Detection, in Archaeological Prospection
- Extended Abstracts, ed. by M. G. Drahor and M. A.Berge, 9" International Conference of
Archaeological Prospection, 1zmir, Turkey, pp.169-173.

Cubizolle, H., Argant, J., Fassion, F., Latour-Argant, C., Deng-Amiot, Y., Dietre, B., 2014. L’histoire
de la vegétation depuis la fin du tardiglaciaire et 1’évolution de I’emprise humaine a partir du
milieu de I’holocéne dans le Massif Central oriental (France). Quaternaire. 25, 209-235.
https://doi.org/10.4000/quaternaire.7060.

Danielisova, A., Horék, J., Janovsky, M., Strouhalova, B., Bursak, D., 2022. Geochemical approach to

determine the anthropogenic signal at non-intensively settled archaeological sites. The case of an

=
w
N


https://doi.org/10.4000/quaternaire.7060

Iron Age enclosure in  Bohemia. Journal of Catena. 210, 105895.
https://doi.org/10.1016/j.catena.2021.105895.

David, F., Julien, M., Karlin, C., 1973. Approche d'un niveau archkologique en sediment homogene. In
L'homme Hier et Aujourdhui, Recuel d'ktude en hommage a Andrt Leroi-Gourhan (Paris, Cujas)
65-72.

Dazzi, C., and Lo Papa, G., 2015. Anthropogenic soils: general aspects and features. Ecocycles. 1, 3—8.

Dearing, J.A., Dann, R.J.L., Hay, K., Lees, J.A., Loveland, P.J., Maher, B.A., O'Grady, K., 1996.
Frequency-dependent susceptibility measurements of environmental materials, Geophysical
Journal International, Volume 124, Issue 1, Pages 228-240. https://doi.org/10.1111/j.1365-
246X.1996.th06366. X.

Debnérova, A., and Weissmannova, H., 2010. Assessment of heavy metal pollution (Cd, Cu, Pb, Hg) in
urban soils of roadsides in Brno. Trans. Transp. Sci. 3 (4):147-156. https://doi.
0rg/10.2478/v10158-010-0021-1.

Dejmal, M., and Hoch, A., 2013. Kozené artefakty z hradu ve Veseli nad Moravou — Lederartefakte von
der Burg in Veseli nad Moravou (Wessely an der March), AH 38, 653-671.

Dendievel, A.M., Dietre, B., Cubizolle, H., Hajdas, 1., Kofler, W., Oberlin, C., Haas, J.N., 2019.
Holocene palaeoecological changes and agro-pastoral impact on the La Narce du Beage mire
(Massif Central, France). Journal of Holocene. 29, 992-1010.
https://doi.org/10.1177/09596836198314.

Desaules, A., 1993. Soil monitoring in Switzerland by the nabo-network: objectives, experiences and
problems. Soil Monitoring Monte Verita, pp. 7-24.

Devos, Y., 2018. Near-total and inorganic phosphorus concentrations as a proxy for identifying ancient
activities in urban contexts: the example of dark earth in Brussels, Belgium. Geoarchaeology 33,
470-485. https://doi.org/10.1002/gea.21665.

Devos, Y., Vrydaghs, L., Degraeve, A., Modrie, S., 2011. Unraveling urban stratigraphy. The study of
Brussels (Belgium) dark earth. An archaeopedological perspective. Medieval and Modern Matters,
European Journal of Soil Science, 2, 51-76. https://doi.org/10.1111/ejss.12965.

Dhennequin, L., Guillaumet, J.P., Szabd, M., et al., 2008. L’oppidum de Bibracte (Mont-Beuvray,
France). Bilan de 10 années de recherches (1996-2005). Acta Archaeologica Academiae

Scientiarum Hungaricae 59(1): 1-152.

=
w


https://doi.org/10.1111/j.1365-246X.1996.tb06366.%20x
https://doi.org/10.1111/j.1365-246X.1996.tb06366.%20x
https://doi.org/10.1177/0959683619831416
https://doi.org/10.1002/gea.21665
http://dx.doi.org/10.1111/ejss.12965

Dietre, B., Reitmaier, T., Walser, Ch., Warnk, T., Unkel, 1., Hajdas, I., Lambers, K., Reidl, D., Haas,
J.N., 2020. Steady transformation of primeval forest into subalpine pasture during the Late
Neolithic to Early Bronze Age (2300—1700 BC) in the Silvretta Alps, Switzerland. Holocene.
30(3): 355 — 368.

Dietre, B., Walsel, Ch., Lambers, K., Reitmaier, T., Haidas, I., Haas, J.N., 2014. Palaeoecological
evidence for Mesolithic to Medieval climatic change and anthropogenic impact on the Alpine flora
and vegetation of the Silvretta Massif (Switzerland/Austria). Quaternary International. 353:(3-16).

Dostal, P., Bifeznova, M., Kozlickova, V., Herben, T., Kovar, P., 2005. Ant-induced soil modification
and its effect on plant below-ground biomass. Pedobiologia. 49, 127-137.

Dotterweich, M., 2008. The history of soil erosion and fluvial deposits in small catchments of central
Europe: deciphering the long-term interaction between humans and the environment a review.
Geomorphology 101 (1-2), 192-208. http://dx.doi.org/10.1016/j.geomorph.2008.05.023.

Dotterweich, M., 2013. The history of human-induced soil erosion: Geomorphic legacies, early
descriptions and research, and the development of soil conservation-A global synopsis.
Geomorphology 201, 1-34. DOI: 10.1016/j.geomorph.2013.07.021.

Dror, 1., Yaron, B., Berkowitz, B., 2017. Microchemical contaminants as forming agents of
anthropogenic soils. Ambio, 46, 109—-120.

Dudal, R., 2005. The sixth factor of soil formation. Eurasian J. Soil Sci. 38, S60—S65.

Dupouey, J.L., Dambrine, E., Laffite, J.D., Moares, C., 2002. Irreversible impact of past land use on
forest soils and biodiversity. Ecology 83, 2978-2984.

Dutt, A., Minkov, M., Lin, Q. et al., 2019. Experimental band structure spectroscopy along a synthetic
dimension. Nat Commun 10, 3122. https://doi.org/10.1038/s41467-019-11117-9.

Duval, A., and Lacoste, D., 2014. L’atelier de forgea la Porte du Rebout, in: GUICHARD (V.) dir. -
Etudes sur Bibracte - 2. Glux-en-Glenne: Bibracte, 378 p (Bibracte ; 24).

Eldridge, D., and Myers, Ch.A., 2001. The Impact of Warrens of the European Rabbit (Oryctolagus
Cuniculus L.) on Soil and Ecological Processes in a Semi-Arid Australian Woodland. Journal of
Arid Environment. 47, 3, 325-37.

Elhacham, E., Ben-Uri, L., Grozovski, J., Bar-On, Y.M., Milo, R., 2020. Global human-made mass
exceeds all living biomass. Nature, 588, 442—444.

Ellis, E.C., and Ramankutty, N., 2008. Putting people in the map: anthropogenic biomes of the world.
Front. Ecol. Environ. 6, 439—-447.

=
w


http://dx.doi.org/10.1016/j.geomorph.2008.05.023
https://doi.org/10.1038/s41467-019-11117-9

EPA., 2021.Climate Change Indicators 2020; https://www.epa.gov/ climate-indicators/weather-climate
(accessed 2021-09-01).

Evans, K.J., Gomez, D.R., Jones, M.K., Oakey, H., Roush, R.T., 2011. Pathogenicity of Phragmidium
violaceum isolates on European blackberry clones and on leaves of different ages. Plant Pathology.
60, 532-544.

Fairbridge, R.W., Balah, M.l., Sutcliffe, J.V., Balah, M.I., Hellstrém, T., 2012. Nasser lake. In
Encyclopedia of Lakes and Reservoirs; Bengtsson, L., Herschy, R. W., Fairbridge, R. W. Eds.;
Springer: Dordrecht, The Netherlands, pp 541-554.

Faméra, M., Kotkova, K., Tamova, S., Elznicova, J., Matys Grygar, T., 2018. Pollution distribution in
floodplain structure visualized by electrical resistivity imaging in the floodplain of the Litavka
River, the Czech Republic, catena, Volume 165, 2018, Pages 157-172, ISSN 0341-8162.
https://doi.org/10.1016/j.catena.2018.01.023.

FAO and ITPS., 2015. Status of the World’s Soil Resources (SWSR): Main Report; Food and
Agriculture Organization of the United Nations and Intergovernmental Technical Panel on Soils:
Rome, Italy. http://www.fao.org/3/i5199e/I15199E.pdf (accessed 2021-09- 01).

FAO., 2008. Guide to Laboratory Establishment for Plant Nutrient Analysis. FAO fertilizer and plant
nutrition bulletin, Rome, Italy http://www.fao.org/3/a-i0131e.pdf. (Accessed 4 September 2020).

FAO., 2021. FAO soil portal. http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/en/.

Farji-Brener, A.G., and Werenkraut, V., 2017. The effects of ant nests on soil fertility and plant
performance: a  meta-analysis. Journal of Animal Ecology. 86, 866-877,
https://doi.org/10.1111/1365-2656.12672.

Farrand, W.R., 1975. Sediment analysis of a prehistoric rockshelter: the Abri Pataud. Quaternary
Research 5, 1-26.

Fernandez, F.G., Terry, R.E., Inomata, T., Eberl, M., 2002. An ethnoarchaeological study of chemical
residues in the floors and soils of Q’eqchi Maya houses at Las Pozas, Guatemala. Geoarchaeology,
17, 487-519. https://doi.org/10.1002/gea.10026.

Fialova, H., Maier, G., Petrovsky, E., Kapicka, A., Boyko, T., Scholger, R., Magprox Team., 2006.
Magnetic properties of soils from sites with different geological and environmental settings,
Journal of Applied Geophysics, 59, 273-283.

Fisher, P.F., and Macphail, R.l.,, 1985. Studies of archaeological soils and deposits by
micromorphological techniques. In Feiller, N., Gilbertson, D.D. and Ralph, N.G.A. (editors),

=
w


https://doi.org/10.1016/j.catena.2018.01.023
http://www.fao.org/3/a-i0131e.pdf
http://www.fao.org/soils-portal/soil-survey/soil-maps-a
https://doi.org/10.1002/gea.10026

Palaeoenvironmental Investigations: Research Design, Method and Data Analysis (Oxford, British
Archaeological Reports International Series 258) 93-1 12.

Fleisher, J., and Sulas, F., 2015. Deciphering public spaces in urban contexts: geophysical survey, multi-
element soil analysis, and artifact distributions at the 15"-16" century AD Swahili settlement of
Songo Mnara, Tanzania. J. Archaeol. Sci. 55, 55-70.

Franzini, M., Leoni, L., Saitta, M., 1975. Revisione di una metodologia analitica per florescenza X,
basata sulla correzione compl eta degli effetti di matrice. Rendiconti d"elia Societa ~ Italiana di
Mineralogia e Petrologia. 31, 365-378.

Frouz, J., and Jilkova, V., 2008. The effect of ants on soil properties and processes (Hymenoptera:
Formicidae). Myrmecological News. 11, 191-199.

Frouz, J., Kalcik, J., Cudlin, P., 2005. Accumulation of phosphorus in nests of red wood ants Formica s.
str. Annales Zoologici Fennici. 42, 269-275.

Galbraith, R., Roberts, R., Laslett, G., Yoshida, H., Olley, J., 1999. Optical dating of single and multiple
grains of quartz from Jinmium Rock Shelter, Northern Australia: Part I. Experimental design and
statistical models. Journal of Archaeometry. 41, 339-364. https://doi.org/10.1111/j.1475-
4754.1999.tb00988.x.

Gall, M.J., 2012. It's elemental! A case study in the use of multi-element geochemical analysis as an aid
in locating cultural features at the foundation site, Northeast Historical Archaeology. 41(1), 96-
125. https://doi.org/10.22191/neha/vol41/iss1/6.

Gallet, S., Jahn, B.M., Torii, M., 1996. Geochemical characterization of the Luochuan loess—palaeosol
sequence, China, and paleoclimatic implications. Chemical Geology 133, 67-88.
https://doi.org/10.1016/S0009-2541(96)00070-8.

Garcia-Ruiz, J.M., 2010. The effects of land uses on soil erosion in Spain: a review. Catena 81 (1), 1-
11. https://doi.org/10.1016/j.catena.2010.01.001.

Garenne, X., 1867. Bibracte. Autun. 228, p.

Garland, N., 2020. The origin of British oppida: understanding transformation in Iron Age practise and
society. Oxford Journal of Archaeology, 39(1), 107 — 125.

Gladfelter, B.G., 1981. Developments and directions in geoarchaeology. In Schiffer, M.B. (editor),
Advances in Archaeological Method and Theory 4 (New York, Academic Press) 343-363.

=
w
»


https://doi.org/10.1111/j.1475-4754.1999.tb00988.x
https://doi.org/10.1111/j.1475-4754.1999.tb00988.x

Global synthesis of the classifications, distributions, benefits and issues of terracing, Earth-Science
Reviews, Volume 159, 2016, Pages 388-403, ISSN 0012-8252,
https://doi.org/10.1016/j.earscirev.2016.06.010.

Golanova, P., and Maly, K., 2017. Doklady hutnické vyroby z doby Zelezné¢ v Olomouci-Neteding —
Evidence of Iron Age bloomery smelting from Olomouc-Netedin, AR LXIX, 44-73.

Golanova, P., Bochnak, T., Wawer, M., Hamm, G., Filipova, M., Zeman, J., PtiStakova, M., 2015. Le
quartier du Champlain, Intervention 824. Glux-en-Glenne: Bibracte, 2015. 23 s. Rapport
interm’”ediaire.

Golanova, P., Hajnalova, M., Lisa, L., Milo, P., Petr, L., Frankova, M., Kysela, J., Flammer, P.,
Kocarova, R., Barta, P., 2020. Investigating the complex story of one ditch-A multidisciplinary
study of ditch infill provides insight into the spatial organization within the oppidum of Bibracte
(Burgundy, France). Journal of PLOS ONE. 15 (4), 1-32.
https://doi.org/10.1371/journal.pone.0231790.

Golanova, P., Kysela, J., Lisa, L., Frankova, M., Mohammadi, S., 2021. Caractérisation des espaces non-
construits de I"oppidum (le Porrey, le Verger, le Champlain, la Fontaine du Loup Bourrou), in :
BIBRACTE, programme de recherches sur le Mont Beuvray. Rapport annuel., Mont Beuvray,
pp.199-222.

Goldberg, P., 1979. Micromorphology of Pech de I'Aze 11 sediments. Journal of Archaeological Science
6, 1747.

Goldberg, P., 1981. Applications of micromorphology in archaeology. In Bullock, P. and Murphy, C.P.
(editors), Soil Micromorphology. Vol. I: Techniques and Applications (Berkhamstead, A.B.
Academic Publishers) 139-150.

Gourault, C., 1999. Géologie des gites minéraux du Morvan minéralisation du socle et de la couverture
mésozoique. Autun : Société d’Histoire Naturelle et des Amis du Muséum d’ Autun.

Graham, R.C., and O’Geen, A.T., 2010. Soil mineralogy trends in California landscapes. Geoderma
154:418-437.

Green, G.M., 2018. dustmaps: A Python interface for maps of interstellar dust. Journal of Open Source
Software, 3(26), p.695.

Grill, G., etal., 2015. An index-based framework for assessing patterns and trends in river fragmentation

and flow regulation by global dams at multiple scales. Environ. Res. Lett. 10, 015001.

=
w
by


https://doi.org/10.1371/journal.pone.0231790

Gruel, K., and Beck, F., 1996. Fouilles de la partie sud du lieu-dit, La Terrasse 1989/1993/1995. In :
Rapport triennal 1993-1995.

Gruel, K., and Beck, P., 1986. La Terrasse. In : Fouilles du Mont-Beuvray. Campagne 1986, Glux-en-
Glenne, pp. 43-63.

Guerin, G., Mercier, N., Adamiec, G., 2011. Dose-rate conversion factor, update Ancient TL, 29 (2011),
pp. 5-8.

Guichard, V., and Paris, P., 2013. Chroniques des recherches sur le Mont Beuvray 2009-2012. Revue
Archeologique de I’Est 62, 113-155.

Guichard, V., Meunier, A., Paris, P., 2018. Chronique des recherches sur le Mont Beuvray, 2013-2016.
Revue archeologique de I’Est. 67, 151-211.

Hall, C.A.S., Lambert, J.G., Balogh, S.B., 2014. EROI of different fuels and the implications for society,
Energy Policy, Volume 64, 2014, ISSN 141-152, 0301-4215.
https://doi.org/10.1016/j.enpol.2013.05.049.

Harris, T.M., and Lock, G.R., 1990. The diffusion of a new technology: A perspective on the adoption
of Geographic Information Systems within UK technology, in Allen, Green, Zubrow 1990, 33-38.

Hejecman, M., Karlik, P., Ondracek, J., Klir, T., 2013a. Short-Term Medieval Settlement Activities
Irreversibly Changed Forest Soils and Vegetation in Central Europe. Journal of Ecosystems. 16,
652-663. https://doi.org/10.1007/s10021-013-9638-3.

Hejcman, M., Ondracek, J., Smrz, Z., 2011. Ancient waste pits with wood ash irreversibly increase crop
production in Central Europe. Plant Soil 339, 341-350.

Hejeman, M., Souckova, K., Gojda, M., 2013b. Prehistoric settlement activities changed soil pH, nutrient
availability, and growth of contemporary crops in Central Europe. Journal of Plant Soil. 369, 131-
140. https://doi.org/10.1007/s11104-012-1559-y.

Heller, F., Strzyszcz, Z., Magiera, T., 1998. Magnetic record of industrial pollution on forest soils of
Upper Silesia (Poland). Journal of Geophysical Research Atmospheres 1031(B8):17767-17774.
https://doi.org/10.1029/98JB01667.

Herrmann, D.L., Schifman, L.A., Shuster, W.D., 2018. Widespread loss of intermediate soil horizons in
urban landscapes. Proc. Natl. Acad. Sci. U. S. A. 115, 6751-6755.

Hillman, A.L., Abbott, M.B., Yu, J., Bain, D.J., Chiou-Peng, T., 2015. Environmental legacy of copper
metallurgy and Mongol silver smelting recorded in Yunnan Lake sediments. Environmental
Science Technology 49, 3349-3357. https://doi.org/10.1021/ es504934r. Epub 2015 Feb 26.

=
w


https://doi.org/10.1016/j.enpol.2013.05.049
https://doi.org/10.1007/s10021-013-9638-3
https://doi.org/10.1007/s11104-012-1559-y
https://www.researchgate.net/journal/Journal-of-Geophysical-Research-Atmospheres-2156-2202
http://dx.doi.org/10.1029/98JB01667
https://doi.org/10.1021/

Hoffmann, T., Erkens, G., Gerlach, R., Klostermann, J., 2009. Trends and controls of Holocene
floodplain ~ sedimentation in the Rhine catchment. ~CATENA 77, 96-106.
https://doi.org/10.1016/j.catena.2008.09.002.

Holliday, V.T., 2004. Soils in archaeological research. Oxford: Oxford University Press.

Holliday, V.T., Gartner, W.G., 2007. Methods of soil P analysis in archaeology. Journal of
Archaeological Science 34, 301-333. https://doi.org/10.1016/j.jas.2006.05.004.

Homsher, R.S., Tepper, Y., Drake, B.L., Adams, M.J., David, J., 2016. From the Bronze Age to the
"Lead Age": observations on sediment analysis at two archaeological sites in the Jezreel Valley,
Israel. Mediterranean Archaeology and Archaeometry 16, 203-220.
https://doi.org/10.5281/zenodo.35533.

Horak, J., and Hejcman, M., 2016. 800 years of mining and smelting in Kutn& Hora region (Czech
Republic) — spatial and multivariate meta-analysis of contamination studies. J. Soils Sediments.
http://dx.doi.org/10.1007/s11368-015-1328-7.

Horédk, J., and Klir, T., 2017. Pedogenesis, pedochemistry and the functional structure of the
Waldhufendorf field system of the deserted medieval village Spindelbach, the Czech Republic.
Interdisciplinaria Archaeologica: Natural Sciences in Archaeology. 8/1. pp. 43-57.
http://dx.doi.org/ 10.24916/iansa.2017.1.4.

Horak, J., Janovsky, M., Hejcman, M., Smejda, L., Klir, T., 2018. Soil geochemistry of medieval arable
fields in  Lovétin  near  Ttest, Czech  Republic. Catena, 162, 14-22.
https://doi.org/10.1016/j.catena.2017.11.014.

Hornberg, J., Binder, B., Bruggeman, F., et al., 2005. Control of MAPK signalling: from complexity to
what really matters. Oncogene 24, 5533-5542. https://doi.org/ 10.1038/sj.onc.1208817.

Howard, J.,, 2017. Anthropogenic soils. Springer International, Cham-  Switzerland.
https://doi.org/10.1007/978-3-319-54331-4-8.

Hrouda, F., 2011. Models of frequency-dependent susceptibility of rocks and soils revisited and
broadened. Geophysical Journal International 187(3): 1259-1269. https://doi.org/10.1111/j.1365-
246X.2011. 05227. x.

Huang, J., Yu, H., Guan, X., Wang, G., Guo, R., 2016. Accelerated dryland expansion under climate
change. Nat. Clim. Change 2016, 6, 166—171.

Hulisz, P., Charzynski, P., Greinert, A., 2018. Urban soil resources of medium-sized cities in Poland: a

comparative case study of Torun and Zielona Goéra. J. Soils Sediments 18 (2), 358-372.

=
w
©


https://doi.org/10.1016/j.catena.2008.09.002
https://doi.org/10.1016/j.jas.2006.05.004
https://doi.org/10.5281/zenodo.35533
http://dx.doi.org/10.1007/s11368-015-1328-7
http://dx.doi.org/10.1016/j.catena.2017.11.014
https://www.researchgate.net/journal/Geophysical-Journal-International-1365-246X
http://dx.doi.org/10.1111/j.1365-246X.2011.05227.x
http://dx.doi.org/10.1111/j.1365-246X.2011.05227.x

Hirkamp, K., Raab, T., Volkel, J.,, 2009. Two and three-dimensional quantification of lead
contamination in alluvial soils of a historic mining area using field portable X-ray fluorescence
(FPXRF) analysis, Geomorphology, 110(1-2). ISSN 28-36, 0169-555X.
https://doi.org/10.1016/j.geomorph.2008.12.021.

Imhoff, M.L., Bounoua, L., Ricketts, T., Loucks, C., Harriss, R., Lawrence, W.T., 2004. Global patterns
in human consumption of net primary production. Nature. 2004 Jun 24;429(6994):870-3. doi:
10.1038/nature02619. PMID: 15215863.

IUSS Working Group WRB., 2014. World Reference Base For Soil Resources. International soil
classification system for naming soils and creating legends for soil maps (3 rd ed.). Rome: FAO.

Ivanov, P., Banov, M., Tsolova, V., 2009. Classification of Technosols from Bulgaria According to the
World Reference Base (WRB) for Soil Resources. Journal of Balkan Ecology, vol. 12, No 1: 53-
57.

Jaffé, R., Ding, Y., Niggemann, J., Vahatalo, A.V., Stubbins, A., Spencer, R.G., Campbell, J., Dittmar,
T., 2013. Global charcoal mobilization from soils via dissolution and riverine transport to the
oceans. Science 340 (6130), 345-347.

James, L.A., 2013. Legacy sediment: Definitions and processes of episodically produced anthropogenic
sediment. Anthropocene, 2, 16—26.

Janovsky, M.P., Horak, J., Ackermann, O., Tavger, A., Cassuto, D., Smejda, L., Hejecman, M., Anker,
Y., Shai, 1., 2020a. The contribution of POSL and PXRF to the discussion on sedimentary and site
formation processes in archaeological contexts of the southern Levant and the interpretation of
biblical strata at Tel Burna, Quaternary International. ISSN 2020, 1040-6182.
https://doi.org/ 10.1016/j.quaint.2020.11.045.

Janovsky, M.P., Karlik, P., Horak, J., émejda, L., Asare Opare, M., Benes, J., Hejcman, M., 2020b.
Historical land-use in an abandoned mountain village in the Czech Republic is reflected by the
Mg, P, K, Ca, V, Cr, Mn, Fe, Ni, Cu, Zn, Rb, Zr, and Sr content in contemporary soils. Journal of
Catena. 187, 104347. https://doi.org/10.1016/j.catena.2019.104347.

Jaramillo, F., and Destouni, G., 2015. Local flow regulation and irrigation raise global human water
consumption and footprint. Science, 350, 1248—1251.

Jenny, H., 1941. Factors of soil formation; McGraw-Hill: New York.

Jenny, H., 1961. Derivation of state factor equations of soils and ecosystems. Soil Sci. Soc. Am. J., 25,
385—388.

[N
IS


https://doi.org/10.1016/j.geomorph.2008.12.021
https://doi.org/10.1016/j.quaint.2020.11.045
https://doi.org/10.1016/j.catena.2019.104347

Jiran, L (ed.)., 2008. Archeologie pravékych Cech 5: doba bronzové, Praha (in Czech).

Jiran, L., and Venclova, N., 2007. Archeologie pravékych Cech, dil 1-8. Archeologicky ustav AV CR,
Praha, v.v.i. in the southern Levant. Quaternary International 483, 111-123.

Jordanova, D., Hus, J., Evlogiev, J., Geeraerts, R., 2008. Palacomagnetism of the lcess/palacosol
sequence in Viatovo (NE Bulgaria) in the Danube basin Phys. Earth Planet. In., 167, pp. 71-83.

Jouffroy-Bapicot, 1., 2007. L’impact environnemental des activites metallurgiques sur la foret du
Morvan. In: Dupouey, J-L, Dambrine, E, Dardignac, C. (eds) La m"emoire des forets. Nancy:
ONF-INRA-DRAC, pp. 45-55.

Jouffroy-Bapicot, 1., Forel, B., Monna, F., Petit, C., 2008. Paleometallurgie dans le Morvan: 1’apport
des analyses polliniques et geochimiques. In: Richard, H., Garcia, D. (Eds.), Peuplement de 1’ Arc
alpin. Tradition et innovation, 131e congres national. CTHS, Paris, pp. 323-334.

Jouffroy-Bapicot, 1., Vanniere, B., Gauthier, E., Richard, H., Monna, F., Petit, C., 2013. 7000 years of
vegetation history and land-use changes in the Morvan Mountains (France): A regional synthesis.
The Holocene. 23 (12), 1888-1902. https://doi.org/ 10.1177/0959683613508161.

Jurgensen, MLF., Finér, L., Domisch, T., Kilpeldinen, J., Punttila, P., Ohashi, M., Niemeld, P.,
Sundstrom, L., Neuvonen S., Risch A.C., 2008. Organic mound-building ants: their impact on soil
properties in temperate and boreal forests. J. App. Entomol. 266-275.

Kéadar, 1., 1995. The Contamination of Soil-Plant-Animal-Human Food Chain by Toxic Elements in
Hungary. Akaprint, MTA TAKI, Budapest (in Hungarian).

Kalnicky, D.J., and Singhvi, R., 2001. Field portable XRF analysis of environmental samples, Journal
of Hazardous Materials, Volume 83, Issues 1-2, 2001, Pages 93-122, ISSN 0304-3894,
https://doi.org/10.1016/S0304-3894(00)00330-7.

Klir, T., 2008. The settlements and agriculture of the margins in the Later Middle Age and Early New
Age. In: Dissertationes Archaeologicae Brunenses/Pragensesque 5. Prague.

Knabb, K.A., Erel, Y., Tirosh, O., Rittenour, T., Laparidou, S., Najjar, M., Levy, T.E., 2016.
Environmental impacts of ancient copper mining and metallurgy: multi-proxy investigation of
human-landscape dynamics in the Faynan valley, southern Jordan. J. Archaeol. Sci. 74, 85-101.
http://dx.doi.org/10.1016/j.jas.2016.09.003.

Kooistra, M.J., and Pulleman, M.M., 2010. Features related to faunal activity, in: Stoops, J., Marcelino,
V., Mees, F. (Eds.): Interpretation of Micromorphological Features of Soils and Regoliths.
Elsevier, Oxford, pp. 397-418.

-


http://dx.doi.org/10.1016/j.jas.2016.09.003

Kopftiva, S., 2015. Plant sulfur nutrition: from Sachs to big data. Plant Signal. Behav. 10, €1055436.
http://dx.doi.org/10.1080/15592324.2015.1055436. Leopold, M., Vdlkel, J., 2007. Quantifying
prehistoric soil erosion.

Kouiil, P., 1994. Slovanské osidleni ¢eského Slezska, Brno-Cesky Té&sin. (in Czech).

Kouril, P., 1997. Severni ptedpoli Moravské brany a zasah velkomoravsky [The north Moravian Gate
and the intervention of the Great Moravian]. — In: Wachowski, K. (ed.), Slask i Czechy a kultura
wielkomorawska, Uniwersytet Wroctawski, Wroctaw, p. 65-75. (in Czech)

Kourtil, P., 2007. Jezdecka elita na hradisku v Chotébuzi Podobote [Equestion elite riders from
Chotébuz-Podobora hillfort]. Tésinsko, 50: 5-8. (in Czech)

Koutil, P., and Gryc, J., 2011. Der burgwall in Chotébuz-Podobora und seine Stellung in der
Siedlungsstruktur des oberen Odergebietes von 8. bis zum 9. /10. Jahrhundert. In: J. Machagek, S.
Ungerman (Hrsg.): Friihgeschitliche Zetralorte in Mitteleuropa. Studien zur Archaologie Europas
14, Bonn: Habelt, s. 217-243.

Koutil, P., and Gryc, J., 2018. Early Medieval Stronghold in Opava- KyleSovice and Its Importance for
the Understanding of the Silesian Region in the Tenth—Eleventh Centuries. In: P. Koufil, R.
Prochézka et al.: Moravian and Silesian Strongholds of the Tenth and Eleventh Centuries in the
Context of Central Europe. Spisy Archeologického ustavu AV CR Brno 57. Brno: The Czech
Academy of Science, Institute of Archaeology, Brno, 185-213.

Koutil, P., and Gryc, J., 2019. Czech Silesia in the Early Middle Ages, Piehled vyzkumu 60/2, s. 93-
143. (in Czech)

Kramer, A., Herzschuh, U., Mischke, S., Zhang, C., 2010. Holocene tree line shifts and monsoon
variability in the Hengduan Mountains (southeastern Tibetan Plateau), implications from
palynological investigations. Palaeogeogr. Palaeoclimtol. Palaeoecol. 286, 23-41.

Kreutzer, S., Burow, C., Dietze, M., Fuchs, M., Schmidt, C., Fischer, M., Friedrich, J., Riedesel, S.,
Autzen, M., Mittelstrass, D., 2020. Luminescence: Comprehensive Luminescence Dating Data
Analysis. R package version 0.9.10.

Kreutzer, S., Schmidt, C., Fuchs, M.C., Dietze, M., Fischer, M., Fuchs, M., 2012. Introducing an R
package for luminescence dating analysis. Ancient TL 30, 1-8.

Kristiansen, S.M., and Amelung, W., 2001. Abandoned anthills of Formica polyctena and soil

heterogeneity in a temperate deciduous forest. Morphology and organic matter composition.

[N
N



European Journal of Soil Science, 52 (3), 355-363. https://doi.org/10.1046/j.1365-
2389.2001.00390.x.

Kuna, M., and Kiivankova, D., 2006. Archeologicka databaze Cech- manual. Archeologicky Ustav AV
CR, Prague. (in Czech)

Lang, A., and Bork, H.R., 2006. Past soil erosion in Europe. In: J. Boardm Sons, Ltdan and J. Poesen.
Soil erosion in Europe. John Wiley & Sons, Ltd.

Laville, H., 1976. Deposits in calcareous rockshelters: analytical methods and climatic interpretation. In
Davidson, D.A. and Shackley, M.L. (editors), Geoarchaeology (London, Duckworth) 137-155.

Lehmann, A., Stahr, K., 2007. Nature and significance of anthropogenic urbansoils. J. Soils Sediments
7 (4), 247-260.

Li, Y.Y., Wu, J., Hou, S.F., Shi, C.X., Mo, D.W., Liu, B., Zhou, L.P., 2010. Palaeoecological records of
environmental change and cultural development from the Liangzhu and Qujialing archaeological
sites in the middle and lower reaches of the Yangtze River. Quaternary International 227 (1), 29—
37. https://doi.org/10.1016/j.

Liles, G.C., Beaudette, D.E., O’Geen, A.T., Horwath, W.R., 2013. Developing predictive soil C models
for soils using quantitative color measurements. Soil Sci. Soc. Am. J., 77, 2173-2181.
https://doi.org/10.2136/sssaj2013.02.0057.

Linford, N., Linford, P., Payne, A., David, A., Martin, L., Sala, J., 2011. Stonehenge: Recent Results
from a Ground Penetrating Radar Survey of the Monument, in Archaeological Prospection -
Extended Abstracts, ed. by M. G. Drahor and M. A.Berge, 9" International Conference of
Archaeological Prospection, 1zmir, Turkey, pp. 86-89.

Lisa, L., Lisy, P., Chadima, M., Cejchan, P., Bajer, A., Cilek, V., Sukova, L., Schnabl, P., 2012.
Microfacies description linked to the magnetic and non-magnetic proxy as a promising
environmental tool: Case study from alluvial deposits of the Nile River. Quaternary International.
266, 25-33. https://doi.org/10.1016/j.

Lisa, L., Hosek, J., Bajer, A., Grygar, T.M., Vandenberghe, D., 2014. Geoarchaeology of upper
palaeolithic loess sites located within a transect through Moravian valleys, Czech Republic. Quat.
Int. 351, 25-37.

Lisa, L., Mohammadi, S., Golanova, P., Hajnalova, M., Bajer, A., Moska, P., Rohovec, J., Kral, P.,

Kysela, J., Kocarova, R., 2022a. Detection of occupational surface remnants at a heavily eroded

=
w


https://doi.org/10.1016/j

site; case study of archaeological soils from La Terrasse, Bibracte oppidum. journal of Catena.
210,105911. https://doi.org/10.1016/j.catena.2021.105911.

Lisa, L., Mohammadi, S., Golanova, P., Hajnalova, M., Bajer, A., Moska, P., Rohovec, J., Kral, P.,
Kysela, J. Kocarova, R., 2021. Detection of occupational surface remnants at a heavily eroded site;
case study of archaeological soils from La Terrasse, Bibracte oppidum. Catena. 210, 105911.

Lisa, L., Polenik Mohammadi, S., Tima J., Grison, H., Bajer, A., Rohovec, J., Koc¢ar P., Kocarova R.,
Hajnalova, M., Golanova, P., 2022b. The impact of ant bioturbation activities on evolution of
archaeological soils — A case study from Celtic oppidum Bibracte. journal of Holocene (in print).

Liu, Q.g., Chen, L., Li, J.c., 2001. Influences of Slope Gradient on Soil Erosion. Applied Mathematics
and Mechanics 22, 510-519.

Liu, W, Li, C., and Zhao, Z. et al., 2013. Elemental and strontium isotope geochemistry of soil profiles
developed on limestone and sandstone in karstic terrain on Yunnan-Guizhou Plateau, CHINA:
Implication for chemical weathering and parent materials. Journal of Asian Earth Sciences 67-68:
138-152.

Lubos, C., Dreibrodt, S., Bahr, A., 2016. Analysing spatio-temporal patterns of archaeological soils and
sediments by comparing pXRF and different ICP-OES extraction methods. Journal of
Archaeological Science Reports 9, 44-53. https://doi.org/10.1016/j.jasrep.2016.06.037.

Luginbdhl, T., Lanthemann, F., Hoznour, J., 2014. La pierre et le Theurot de la Wiwre. Résultats de
cinque campagnes de recherche (2003-2007) sur un de sommets du mont Beuvray. In : Guichard,
V. ed. Etudes sur Bibracte — 2. Collection Bibracte 24. Glux-en-Glenne: BIBRACTE — Centre
archéologique européen, 167-230.

Méckel, R., Schneider, R., Friedmann, A., Seidel, J., 2002. Environmental Changes and Human Impact
on the Relief Development in the Upper Rhine Valley and Black Forest (SouthWest Germany)
during the Holocene. Zeitschrift fiir Geomorphologie, Supplementary Issues 128, 31-45.

Macphail, R.1., Courty, M.A., 1985. Interpretation and significance of urban deposits. In T. Edgren &
H. Jungner (Eds.), Proceedings of the third Nordic conference on the application of scientific
methods in archaeology (pp. 71-83). Helsinki, Finland: The Finnish Antiquarian Society.

Macphail, R.1., Galinie, H., Verhaeghe, F., 2003. A future for Dark Earth. Antiquity, 77, 349-358.

Magny, M., 2004. Holocene climate variability as reflected by mid-European lake-level fluctuations and
its probable impact on prehistoric human settlements. Journal of Quaternary International. 113,
65-79. https://doi.org/10.1016/S1040-6182(03)00080-6.

[N
IS


https://doi.org/10.1016/j.catena.2021.105911
https://doi.org/10.1016/j.jasrep.2016.06.037
https://doi.org/10.1016/S1040-6182(03)00080-6

Magny, O., Peyron, E., Gauthier, Y., Rouéche, A., Bordon, Y., Billaud, E., Chapron, A., Marguet, P.,
Pétrequin, B., Vanniere, B., 2009. Quantitative reconstruction of climatic variations during the
Bronze and early Iron ages based on pollen and lake-level data in the NW Alps, France. Quaternary
International 200, 102-110. https://doi.org/10.1016/j.quaint.2008.03.011.

Maher, B.A., 1986. Characterization of soils by mineral magnetic measurements. Phys. Earth Planet.
Inter., 42, 76-92. https://doi.org/10.1016/S0031-9201(86)80010-3.

Marcoux, E., 1986. Isotopes du plomb et paragenéses métalliques, traceurs de I’histoire des gites
minéraux : illustration des concepts de source, d’héritage et de régionalisme dans les gites frangais
- applications en recherche miniere. Orléans: Editions du BRGM.

Markowicz, A.A., andVan Grieken, R.E., 2002. in: Handbook of X-ray spectrometry, 2" edn, revised
and expanded, edited by R E VVan Grieken and A A Markowicz (Marcel Dekker, New York, Basel)
Chapter 6, p. 407.

Martineau, R., Linton, J., Affolter, J., Francisco, S., Saligny, L., Basset, L., 2011. Le néolithique du
Morvan: état des connaissances. Revue archéologique de I'Est 60, 5-44.

Mayoral, A., 2018. Analyse de sensibilité aux forcages anthropo-climatiques des paysages
protohistoriques et antiques du plateau volcanique de Corent (Auvergne) et de ses marges par une
approche géoarchéologique pluri-indicateurs. PhD Thesis, University of Clermont Auvergne.
https://hal-clermont-univ.archives-ouvertes.fr/tel-01864032v1.

Mayoral, A., Peiry, J.L., Berger, J.F., M. Ledger, P., Depreux, B., Simon, F.X., Milcent P.Y., Poux, M.,
Vautier, F., Miras, Y., 2018. Geoarchaeology and chronostratigraphy of the Lac du Puy intraurban
protohistoric  wetland, = Corent,  France. = Geoarchaeology 33 (5), 594-604.
https://doi.org/10.1002/gea.21678.

McKey, D., 2022. Soil animals and archaeological site formation processes, with a particular focus on
insects. Les Nouvelles de I'Archéologie. 167, 37-44.

Mebhlich, A., 1984. Mehlich-3 soil test extractant: a modification of Mehlich-2 extractant. Commun. Soil
Sci. Plant Anal. 15, (12), 1409-1416.

Menze, B.H., and Sherratt, A.G., 2006. Detection of Ancient Settlement Mounds: Archaeological Survey
Based on the SRTM Terrain Model. Photogramm. Eng. RemoteSens., 72, 321-327.

Mercuri, A.M., and Florenzano, A., 2019. The long-term perspective of human impact on landscape for
environmental change (LoTEC) and sustainability: from Botany to the interdisciplinary approach.
Sustainability 11, 1-7.

[N
IS


https://doi.org/10.1016/j.quaint.2008.03.011
https://doi.org/10.1016/S0031-9201(86)80010-3
https://hal-clermont-univ.archives-ouvertes.fr/tel-01864032v1

Meuser, H., 2010. Contaminated Urban Soils. Springer, Dordrecht.

Miao, Y., Wu, F., Warny, S., Fang, X., Lu, H.Fu, Song, C., Yan, X., Escarguel, G., Yang, Y., Meng, Q.,
Shi, P., 2019. Miocene fire intensification linked to continuous aridification on the Tibetan Plateau.
Geology 47 (4), 303-307.

Middleton, W.D., 2004. Identifying chemical activity residues on prehistoric house floors. A
methodology and rationale for multi-elemental characterization of a mild acid extract of
anthropogenic sediments. Journal of Archaeometry. 46(1), 47-65.

Middleton, W.D., and Price, D.T., 1996. Identification of activity areas by multi-element
characterization of sediments from modern and archaeological house floors using inductively
coupled plasma-atomic emission spectroscopy. Journal of Archaeolology. Sci. 23 (5), 673-687.
http://dx.doi.org/10.1006/jasc.1996.0064.

Mikheyev, A.S., and Tschinkel, W.R., 2004. Nest architecture of the ant Formica pallidefulva: Structure,
costs and rules of excavation. Insectes Sociaux. 51(1), 30-36. https://doi.org/10.1007/s00040-003-
0703-3.

Miras, Y., Guenet, P., Richard, H., 2011. Holocene vegetation, landscape and reconstruction of human
activity from Prehistory to the Roman period based on new pollen data performed in “The plateau
de Millevaches” (Limousin, Massif Central, France). Journal of Quaternaire. 22(2), 147-164.
https://doi.org/10.4000/quaternaire.5927.

Miskovsky, J.C., 1974. Le Quaternaire du Midi Miditerranien: Stratigraphie et Palioclimatologie d’aprh
I’Ptude Skdimentologique du Remplissage des Grottes et Abris-sous- Roches (Ligurie, Provence,
Bus-Languedoc, Roussillon, Catalogne). (Universite de Provence, Etudes Quaternaires 3).

Montgomery, D.R., 2007. Soil erosion and agricultural sustainability. Proc. Natl. Acad. Sci. U. S. A.
104, 13268—13272.

Moore, T., 2017a. Beyond Iron Age ‘towns’: Examining oppida as examples of lowdensity urbanism.
Oxford Journal of Archaeology 36 (3), 287-305.

Morel, J.L., Chenu, C., Lorenz, K., 2015. Ecosystem services provided by soils of urban, industrial,
traffic, mining, and military areas (SUITMAS). J. Soils Sediments 15, 1659-1666.

Morillo, C., Belloch, A., Garcia-Soriano, G. 2007. Clinical obsessions in obsessive—compulsive patients
and obsession-relevant intrusive thoughts in non-clinical, depressed and anxious subjects: Where
are the differences?, Behaviour Research and Therapy, Volume 45, Issue 6, 2007, Pages 1319-
1333, ISSN 0005-7967, https://doi.org/10.1016/j.brat.2006.11.005.

[N
»


http://dx.doi.org/10.1006/jasc.1996.0064
https://doi.org/10.4000/quaternaire.5927
https://doi.org/10.1016/j.brat.2006.11.005

Morrison, D.F., 1990. Multivariate statistical methods, 3rd ed. McGraw-Hill, New York.

Moser, K.F., Ahn, C., Noe, G.B., 2009. The influence of microtopography on soil nutrients in created
mitigation wetlands. Restor. Ecol. 17, 641—-651.

Moska, P., Bluszcz, A., Por¢ba, G., Tudyka, K., Adamiec, G., Szymak, A., Przybyla, A., 2021.
Luminescence dating procedures at the Gliwice Luminescence Dating Laboratory
Geochronometria. 48, 1-15. https://doi.org/10.2478/geochr-2021-0001.

Motsara, M.R., and Roy, R.N., 2008. Guide to Laboratory Establishment for Plant Nutrient Analysis. 19
FAO fertilizer and plant nutrition bulletin. Food and Agriculture Organization of the United
Nations, Rome. https://www.fao.org/3/i0131e/i0131e.pdf.

Munsell, A.H., 1905. A Color Notation: A Measured Color System, based on the Three Qualities Hue,
Value, Chroma with Illustrative Models, Charts, and a Course of Study Arranged for Teachers, p.
89. G. H. Ellis Co, Boston, MA.

Murray, A.S., and Wintle, A.G., 2000. Luminescence dating of quartz using an improved single-aliquot
regenerative-dose protocol, Radiation Measurements. 32(2), 57-73.
https://doi.org/10.1016/S1350-4487(99)00253-X.

Nathanail, C.P., Ferguson, C.C., Browne, M.J., Hooker, P.J., 1998. Mapping the risks to human health
from urban soils using geostatistical techniques. Contam. Soil 98, 1013-1014.

Nicholls, R.J., and Cazenave, A., 2010. Sea-level rise and its impact on coastal zones. Science 2010,
328, 1517-1520.

Nielsen, N.H., and Kristiansen, S.M., 2014. Identifying ancient manuring: Traditional phosphate vs.
multi-element analysis of archaeological soil. J. Archaeol. Sci. 42, 390-398.
https://doi.org/10.1016/j.jas.2013.11.013.

Nkem, J.N., Lobry de Bruyn, L.A., Grant, C.D., Hulugalle, N.R., 2000. The impact of ant bioturbation
and foraging activities on surrounding soil properties. Pedobiologia. 44, 609-621.

Norra, S., Kramar, U., Stiiben, D., 2002. Base maps for the estimation of diffuse soil pollution in urban
areas. In: Breh, W., Gottlieb, J., Hotzl, H., Kern, F., Liesch, T., Niessner, R. (Eds.), Field Screening
Europe 2001, pp. 79-84.

Notebaert, B., Berger, J., 2014. Quantifying the anthropogenic forcing on soil erosion during the Iron
Age and Roman Period in southeastern France. Anthropocene 8, 59-69. DOI:
10.1016/j.ancene.2015.05.004.

\‘


https://doi.org/10.2478/geochr-2021-0001
http://a.s./
http://a.g./
https://doi.org/10.1016/S1350-4487(99)00253-X
https://doi.org/10.1016/j.jas.2013.11.013

Notebaert, B., Berger, J.F., Brochier, J.L., 2014. Characterization and quantification of Holocene
colluvial and alluvial sediments in the Valdaine Region (southern France). The Holocene 24,
1320-1335. DOI: 10.1177/0959683614540946.

Oonk, S., Slomp, C.P., Huisman, D.J., 2009a. Geochemistry as an aid in archaeological prospection and
site interpretation: current issues and research directions. Archaeol. Prospect. 16, 35-51.

Pachauri, R.K., Meyer, L.A., 2014. Climate Change. Synthesis Report. Contribution of Working Groups
I, 11 and 111 to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Geneva, Switzerland: Intergovernmental Panel on Climate Change.

Pansu, M., and Gautheyrou, J., 2006. Handbook of Soil Analysis. Springer Verlag Berlin Heidelberg.

Parma, D., Vejrostova, L., Lis4, L., Bajer, A., Pacina, J., Gottvald, Z., 2015. Neolithic Occupation of
Svratka Alluvial Plain; Case Study from Brno-Piizienice, Czech Republic. - IANSA, VI, 2, 181-

193.
Pastor, A., Gallello, G., Cervera, M.L., de la Guardia, M., 2016. Mineral soil composition interfacing
archaeology and  chemistry. TrAC - Trends Anal. Chem. 78, 48-59.

https://doi.org/10.1016/j.trac.2015.07.019.

Paunier, D., and Luginbtihl, T., 2004. Le site de la maison du Parc aux Chevaux (PC1). Des origines de
I"oppidum au régne de Tibere. Collection Bibracte 8. Glux-en-Glenne: BIBRACTE - Centre
archéologique européen.

Paunier, D., Barral, P., Luginbihl, T., Paratte, C.A., 1994. Systéeme de description et de gestion du
mobilier céramique (Fouilles du Mont Beuvray). Glux-en-Glenne: Centre archéologique européen
du Mont Beuvray.

Petal, J., 1978. Role of ants in ecosystems. International Biological Programme, in: Brian, M.V. (Ed.),
Production Ecology of Ants and Termites, Cambridge University Press, Cambridge, 293—-325.

Petrie, C.A., Orengo, H., Green, A., Walker, J., Garcia, A., Conesa, F., Knox, J., Singh, R.N., 2019.
Mapping Archaeology While Mapping an Empire: Using Historical Maps to Reconstruct Ancient
Settlement Landscapes in Modern India and Pakistan. Geosciences 9, 11.

Pettik, J., Adamekova, K., Petr, L., Jouffroy-Bapicot, 1., Kocar, P., Kocarova, R., Golanova, P.,
Guichard, V., 2021. Landscape evolution around the oppidum of Bibracte (Northern Massif
Central, France) from the Late lron Age to the Post-Mediaeval period. In press.
10.1016/j.quaint.2021.02.022.

Pimentel, D., 2006. Soil erosion: a food and environmental threat. Environ. Dev. Sustain. 8, 119—137.

=
(00]


https://doi.org/10.1016/j.trac.2015.07.019

Pimentel, D., et al., 1995. Environmental and economic costs of soil erosion and conservation benefits.
Science 1995, 267, 1117-1123.

Poesen, J., Nachtergaele, J., Verstraeten, G., Valentin, C., 2003. Gully erosion and environmental
change: importance and research needs. Catena 50, 91-133.

Pokaryhevskij, A.D., 1981. The distribution and accumulation of nutrients in nests of ant Formica
polyctena (Hymenoptera, Formicidae). Pedobiologia. 21, 117-124.

Pokorny, J., Pokorny, P., Suza, P., Hrouda, F., 2011. A Multi-Function Kappabridge for High Precision
Measurement of the AMS and the Variations of Magnetic Susceptibility with Field, Temperature
and Frequency. https://doi.org/10.1007/978-94-007-0323-0-20.

Polednik Mohammadi, S., Horak, J., Lisa, L., Grytz, J., Grison, H., Bajer, A., Smejda, L., 2023. Soils as
an environmental record of changes between Iron Age and Medieval occupations at Chotébuz-
Podobora hillfort, Geoderma, Volume 429, 116259, ISSN 0016-7061,
https://doi.org/10.1016/j.geoderma.2022.116259.

Potts, P.J., Williams-Thorpe, O., Webb, P.C., 1997. The bulk analysis of silicate rocks by portable X-
ray fluorescence: Effect of sample mineralogy in relation to the size of the excited
volume, Geostandards Newsletter, 21(1), 29— 41. https://doi.org/10.1111/j.1751-
908X.1997.tb00529.x.

Prescott, J.R., and Stephan, L.G., 1982. The contribution of cosmic radiation to the environmental dose
for thermoluminescence dating. PACT, 6, 17-25.

Przybyta, M.S., 2017. The formation and breakdown of the Carpathian social networks - a discussion on
the archaeological record from the Bronze Age Upper Vistula River [In:] The past societies, vol.
3: Polish lands from the first evidence of human presence to the Early Middle Ages: 2000-500 BC,
ed. U. Bugaj, Warszawa 2017, pp. 188-262.

Putzer, A., Festi, D., Edlmair, S., Oeggl, K., 2016. The development of human activity in the high
altitudes of the SchnalsValley (South Tyrol/Italy) from the Mesolithic to modern periods. Journal
of Archaeological Science: Reports. 6:(136-147).

Quitt, E., 1971. Klimatické oblasti Ceskoslovenska. Climatic regions of Czechoslovakia. Brno.
Geograficky tstav CSAV- Institute of Geography of the Czechoslovak Academy of Sciences
(Brno).

Ramankutty, N., Evan, A.T., Monfreda, C., Foley, J.A., 2000. Farming the planet: 1. Geographic
distribution of global agricultural lands in the year, Global Biogeochem. Cycles 2008, 22, GB1003.

149


http://dx.doi.org/10.1007/978-94-007-0323-0_20
https://doi.org/10.1016/j.geoderma.2022.116259
https://doi.org/10.1111/j.1751-908X.1997.tb00529.x
https://doi.org/10.1111/j.1751-908X.1997.tb00529.x

Rees-Jones, J., 1995a. Optical dating of selected British archaeological deposits, unpubl. D.Phil. thesis,
University of Oxford.

Rees-Jones, J., 1995b. Dating young sediments using fine grained quartz OSL, Ancient TL, 13, 9-14.

Reimann, C., Filzmoser, P., Garrett, R., Dutter, R., 2008. Statistical data analysis explained. John Wiley
and Sons, Applied Environmental Statistics with R.

Reisinger, H., Scholler, G., Muller, B., Obersteiner, E., 2009. Resource Potential and Environmental
Impact of the Heavy Metals Cadmium, Lead and Mercury in Austria. Umweltbundesamt GmbH,
Wien. (in German)

Richter, D.D., 2020. Game Changer in Soil Science. The Anthropocene in soil science and pedology. .
J. Plant Nutr. Soil Sci., 183: 5-11. https://doi.org/10.1002/jpIn.201900320.

Richter, D.D., and Yaalon, D.H., 2012. The changing model of soil revisited. Soil Sci. Soc. Am. J. 76,
766—7609.

Ricordel, C., Parcerisa, D., Thiry, M., Moreau, M.G., Gomez-Gras, D., 2007. Triassic magnetic
overprints related to albitization in granites from the Morvan massif (France). Palaeogeography,
Palaeoclimatology, Palaeoecology 251, 268-282.

Rigaud, J.Ph., 1979. Contribution methodologique a 1’ttude d’un sol d’occupation. Revista do Museu
Paulista, Suo Paul0 XXVI, 189-199.

Rink, W.J., Dunbar, J.S., Tschinkel, W.R., Kwapich, C., Repp, A., Stanton, W., Thulman, D.K., 2013.
Subterranean transport and deposition of quartz by ants in sandy sites relevant to age
overestimation in optical luminescence dating. Journal of Archaeological Science. 40(4) 2217—
2226. https://doi.org/10.1016/j.jas.2012.11.006.

Ritchie, H., and Roser, M., 2013. Land Use. published online at OurWorldInData.org, retrieved from
https://ourworldindata.org/ land-use (accessed 2021-09-01).

Romans, J.C.C., and Robertson, L., 1983. The general effect of early agriculture on the soil. In Maxwell,
G.S. (editor), The Impact of Aerial Reconnaissance on Archaeology (London, Council for British
Archaeology Research Report 49) 136-141.

Rondelli, B., Stride, S., Garcia-Granero, J.J., 2013. Soviet military maps and archaeological survey in
the Samarkand region. J. Cult. Herit. 14, 270-276.

Ropke, A., Stobbe, A., Oeggl, K., Kalis, A.J., Tinner, W., 2011. Late-Holocene land-use history and

environmental changes at the high altitudes of St Antonien (Switzerland, Northern Alps):

=
a1l
o


https://doi.org/10.1002/jpln.201900320
https://doi.org/10.1016/j.jas.2012.11.006

Combined evidence from pollen, soil and tree-ring analyses. Holocene. DOI:
10.1177/0959683610385727.

Sady, A., 2012. Chotébuz-Podobora. Sprawozdanie z badan paleobotanicznych, rukopis piechovavany
v archivu AVCR Brno.

Salisbury, R.B., 2013. Interpolating geochemical patterning of activity zones at Late Neolithic and Early
Copper Age settlements in eastern Hungary. J. Archaeol. Sci. 40, 926-934.

Salisbury, R.B., 2020. Advances in archaeological soil chemistry in Central Europe. Interdisciplinaria
Archaeologica: Natural Sciences in Archaeology 11, 199-211.
https://doi.org/10.24916/iansa.2020.2.5.

Salma, 1., and Maenhaut, W., 2006. Changes in elemental composition and mass of atmospheric aerosol
pollution between 1996 and 2002 in a Central European City. Environ. Pollut. 143, 479-488.
Sarris, A., 2008. Remote Sensing Approaches / Geophysical, in Encyclopedia of Archaeology, ed. By

Deborah M. Rearsall, Academic Press, New York, vol. 3, pp. 1912-1921.

Sauer, D., Sponagel, H., Sommer, M., Giani, L., Jahn, R., Stahr, K., 2007. Podzol: Soil of the Year 2007.
A review on its genesis, occurrence, and functions. Journal of plant nutrition and soil science. 170,
5,581 — 597.

Save, S., Issenmann, R., Kovacik, J., Poirier, S., Demarly-cresp, F., Sedlbauer, S., Teyssonneyre, Y.,
2020. Large-scale geochemical survey by pXRF spectrometry of archaeological settlements and
features: new perspectives on the method. Archaelogical peospection. 1-16.
https://doi.org/10.1002/arp.1773.

Sawada, K., Wakimoto, T., Hata, N., Taguchi, S., Tanaka, S., Tafu, M., Kuramitz, H., 2013. The
evaluation of forest fire severity and effect on soil organic matter based on the L*, a*, b* color
reading system. Anal. Methods, 5, 2660-2665. https://doi.org/10.1039/c3ay26251Kk.

Schad, P., 2018. Technosols in the World Reference Base for Soil Resources—history and definitions.
Soil Science and Plant Nutrition 64, 138-144. https://doi.org/10.1080/00380768.2018.1432973.

Scherer, S., Hopfer, B., Deckers, K., Fischer, E., Fuchs, M., Kandeler, E., Lechterbeck, J., Lehndorff,
E., Lomax, J., Marhan, S., Marinova, E., Meister, J., Poll, C., Rahimova, H., Résch, M., Wroth,
K., Zastrow, J., Knopf, T., Scholten, T., Kiihn, P., 2021. Middle Bronze Age land use practices in
the northwestern Alpine foreland — a multi-proxy study of colluvial deposits, archaeological
features and peat bogs, SOIL, 7, 269-304, https://doi.org/10.5194/s0il-7-269-2021.

Scianna, A., and Villa, B., 2011. GIS Applications in archaeology. Archeol. e Calc. 22, 337-363.

-


https://doi.org/10.24916/iansa.2020.2.5
https://doi.org/10.1002/arp.1773
https://doi.org/10.1039/c3ay26251k
https://doi.org/10.1080/00380768.2018.1432973
https://doi.org/10.5194/soil-7-269-2021

Simon, E., Vidic, A., Braun, M., Fabian, I., Tothmérész, B., 2012. Trace element concentrations in soils
along urbanization gradients in the city of Wien, Austria. Environ. Sci. Pollut. Res.
https://doi.org/10.1007/s11356-012-1091-x.

Sitko, R., 2009. Quantitative X-ray fluorescence analysis of samples of less than ‘infinite thickness’:
Difficulties and possibilities -, Spectrochimica Acta—Part B Atomic Spectroscopy.

gmej da, L., Hejcman, M., Horak, J., Shai, 1., 2017. Ancient settlement activities as important sources of
nutrients (P, K, S, Zn and Cu) in Eastern Mediterranean ecosystems — The case of biblical Tel
Burna, Israel, CATENA, Volume 156, Pages 62-73, ISSN 0341-8162,
https://doi.org/10.1016/j.catena.2017.03.024.

Smejda, L., Hejcman, M., Horak, J., Shai, 1., 2018. Multi-element mapping of anthropogenically
modified soils and sediments at the Bronze to Iron Ages site of Tel Burna in the southern Levant,
Quaternary  International,  Volume 483, Pages 111-123, ISSN  1040-6182,
https://doi.org/10.1016/j.quaint.2017.11.005.

Smith, S., and Chambrade, M.L., 2018. The Application of Freely-Available Satellite Imagery for
Informing and Complementing Archaeological Fieldwork in the “Black Desert” of North-Eastern
Jordan. Geosciences 8, 491.

Sobockd, J., 2008. Anthrozems in Slovakia and its correlation with technosols., WRB 2006.
Antropizaciapdd IX. Zbornikprispevkov z vedeckéhoseminara, 27-28.5.2008 Bratislava, pp. 46—
54.

Sobocka, J., Bedrna, Z., Jurdni, B., Racko, J., 2000. Anthropogenic soils in the morphogenetic soil
classification system of Slovakia. In: Burghardt, W., Dornauf, C.H. (Eds.), Proceedings of the First
Int. Conf. of SUITMA, Essen. 1, pp. 277-281.

Soil Survey Staff., 2014. Keys to Soil Taxonomy, 12" ed. U.S. Department of Agriculture.

Stein, J.K., 1985. Interpreting sediments in cultural settings. In Stein, J.K. and Farrand W.R. (editors),
Archaeological Sediments in Context (Orono, Center for the Study of Early Man) 5-19.

Stein, J.K., and Farrand, W.R (editors)., 1985. Archaeological Sediments in Context (Orono, Center for
the Study of Early Man).

Stoops, G., 2003. Guidelines for Analysis and Description of Soil and Regolith Thin Sections. Soil
Science Society of America, Madison, Wisconsin, 184 p.

Stoops, G., 2021. Guidelines for analyses and description of soil and regolith thin sections. Second
Edition, Wiley.

=
(€]
N


https://doi.org/10.1007/s11356-012-1091-x
https://doi.org/10.1016/j.quaint.2017.11.005

Stoops, G., Marcelino, V., Mees, F., 2010. Lateritic and bauxitic materials. In Stoops, G., Marcelino, V.,
and Mees, F. (eds.), Interpretation of Micromorphological Features of Soils and Regoliths.
Elsevier, Amsterdam, 329-350.

Surmely, F., Miras, Y., Guenet, P., Nicolas, V., Savignat, A., Vanniere, B., WalterSimonnet, A.V.,
Servera, G., Tzortzis, S., 2009. Occupation and land-use history of a medium mountain from the
Mid-Holocene: a multi-disciplinary study performed in the South Cantal (French Massif central).
Comptes Rendus Palevol. 8(8), 737—748. https://doi.org/10.1016/j.crpv.2009.07.002.

Szabd, M., Timar, L., Szab6, D., 2019. La basilique de Bibracte et son environnement. In: Guichard, V.,
Vaginay, M. Les modeles italiens dans larchitecture” des lle et ler siecles avant notreere en Gaule
et dans les regions voisines. Actes du colloque de Toulouse, 2-4 octobre 2013. Collection Bibracte
30., Glux-en-Glenne, pp. 389-406.

Szuszkiewicz, M., Grison, H., Petrovsky, E., Szuszkiewicz, M.M., Gotuchowska, B., Lukasik, A., 2021.
Quantification of pedogenic particles masked by geogenic magnetic fraction. Scientific Reports
11, 14800. https://doi.org/10.1038/s41598-021-94039-1.

Terry, R.E., Fernandez, F.G., Parnell, J.J., Inomata, T., 2004. The story in the floors: chemical signatures
of ancient and modern Maya activities at Aguateca, Guatemala. Journal Archaeological Science
31, 1237-1250. https://doi.org/10.1016/j.jas.2004.03.017.

Thompson, R., and Oldfield, F., 1986. Environmental Magnetism. Allen und Unwin, London.

Tite, M.S., and Mullins, C., 1971. Enhancement of the magnetic susceptibility of soils on archaeological
sites. Archaeometry 13(2), 209-219. https://doi.org/10.1111/].1475-4754. 1971.tb00043.x.

Tolasz, R., et al., 2007. Climate Atlas of Czechia. Prague and Olomouc.

Tuma, O., 2008. Vyzkum halstatského hradist¢ Chotébuz-Podobora v letech 1991 a 2004.
Nepublikovand magisterska diplomova prace. Opava.

Ttma, O., 2010. Slezské a platénické osidleni hradiska v Chotébuzi-Podobote ve svétle vyzkumi z let
1991 a 2004, In: Furméanek, V. — Mirossayova, E. (edd.), Popolnicové polia a doba halstatska.
Nitra, 341-352.

USDA and Soil Survey Staff., 2010. Keys to Soil Taxonomy, (11" ed.), U.S. Dep. Agric., Soil Conserve.
Serv., Washington, DC.

Van Gils, H., and Mdlder, A., 2019. An open strip-field system at its tipping point in the German-Dutch
River Dinkel catchment. Part 2. Landscape History, 40, 57-75. https://doi.org/10.1080/
01433768.2020.1676042.

=
w


https://doi.org/10.1038/s41598-021-94039-1
https://doi.org/10.1016/j.jas.2004.03.017
http://dx.doi.org/10.1111/j.1475-4754.1971.tb00043.x
https://doi.org/10.1080/

Vejrostova, L., Lisa, L., Bajer, A., Pacina, J., 2017. Evaluation of Human Impact on valley bottom
sedimentation in Highlands: Case Study from Ceska B&la, Czechia. Geografie 122(1).
DOI:10.37040/geografie2017122010021.

Vejrostova, L., Lisa, L., Parma, D., Bajer, A., Hajnalova, M., Kocarova, R., Moska, P., Pacina, J., 2019.
Human-induced prehistoric soil buried in the flood plain of Svratka River, Czech Republic.
Holocene. 29, 4, 565-577.

Venclova, N., 2008. Archeologie pravékych Cech 6: doba halstatska, Praha. (in Czech)

Venn, Cassandra., 2015. Disturbing Effects: Towards an Understanding of the Impact of Ant and
Termite Activity on Australian Archaeological Sites. 10.13140/RG.2.1.3791.5048.

Visset, L., 2011. Le paléoenvironnement au cours de I’Holocene dapres les données palynologiques. In:
Zadora-Rio, E. (Ed.), Atlas Arch”eologique de Touraine. FERACF, Tours.

Vyncke, K., Degryse, P., Vassilieva, E., Waelkens, M., 2011. Identifying domestic functional areas.
Chemical analysis of floor sediments at the Classical-Hellenistic settlement at Diizen Tepe (SW
Turkey). Journal of Archaeological Science. 38, 2274-2292.
https://doi.org/10.1016/j.jas.2011.03.034.

Wade, A.M., Richter, D.D., Craft, C.B., Bao, N.Y., Heine, P.R., Osteen, M.C., Tan, K.G., 2021. Urban-
Soil Pedogenesis Drives Contrasting Legacies of Lead from Paint and Gasoline in City Soil.
Environ. Sci. Technol. 55, 7981-7989.

Wei, W., Chen, D., Wang, L., Daryanto, S., Chen, L., Yu, Y., Lu, Y., Sun, G., Feng, T., 2016.

Weiss, P., Riss, A., Gschmeidler, E., Schentz, H., 1994. Investigation of heavy metal, PAH, PCB patterns
and PCDD/F profiles of soil samples from an industrialized urban area (Linz, Upper Austria) with
multivariate statistical methods. Chemosphere 29 (9-11), 2223-2236.

Weissmanova, D., Pavlovsky, H., Chovanec, J., 2015. Heavy metal contaminations of urban soils in
Ostrava, Czech Republic: assessment of metal pollution and using principal component analysis.
Int. J. Environ. Res. 9 (2), 683-696.

Wheatley, D., and Gillings, M., 2002. Spatial Technology and Archaeology: The Archaeological
Applications of GIS; Taylor and Francis: New York, NY, USA.

Wiethold, J., 2011. Bibracte, Niévre et Sadne-et-Loire. Les recherches carpologiques depuis 1989.
Agriculture et alimentation végétale du second age du Fer, du début de I"époque gallo-romaine et
du Moyen Age. In: Wiethold, J. (dir.): Carpologia. Collection Bibracte 20. Glux-en-Glenne, 221-
252.

=
(€2


https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.37040%2Fgeografie2017122010021?_sg%5B0%5D=NlchuS8re3ZMyqSPMPGDnJpRqAeY_gx2c119PzFOIaCo0WJ7BO9OSPd_zmxROhVX2iKSfG9WbCUo2V0XmkXOcb85Sg.n8GD9jZELg345Uk9JNN5M1c2jV9uK7Kivvn7IOPNb8Bk17OOtSV1P6NBmsYMzDDGiTd0Y-qPhfN-UPEE3srSKw
https://doi.org/10.1016/j.jas.2011.03.034

Wiethold, J., 2014. Les macro-restes vegétaux carbonisés. In: Bonenfant, P. et al. : Fouilles de
I"Université libre de Bruxelles a Bibracte (1987-1995). La Pature du Couvent, Tlot des Grandes
Caves. Etudes sur Bibracte 2. Collection Bibracte 24. Glux-en-Glenne, 70-76.

Wilkinson, T.J., 2003. Archaeological Landscapes of the Near East; University of Arizona Press:
Tucson, AZ, USA.

Wilson, C., Davidson, D.A., Cresser, M.S., 2008. Multi-element soil analysis: An assessment of its
potential as an aid to archaeological interpretation, Journal of Archaeological Science. 35(2), 412-
424,

Wouters, B., Devos, Y., Vrydaghs, L., Ball, T., De Winter, N., Reygel, P., 2019. An integrated
micromorphological and phytolith study of urban soils and sediments from the Gallo-Roman town
Atuatuca Tungrorum, Belgium. Geoarchaeology 1-19. https://doi.org/10.1002/gea.21722.

Wuepper, D., Borrelli, P., Finger, R., 2020. Countries and the global rate of soil erosion. Nat. Sustain
2020, 3, 51-55.

Yaalon, D.H., and Yaron, B., 1966. Framework for man-made soil changesan outline of
metapedogenesis. Soil Sci. 102, 272-277.

Zawadzki, J., Szuszkiewicz, M., Fabijanczyk, P., Magiera, T., 2016. Geostatistical discrimination
between different sources of soil pollutants using a magneto-geochemical data set. Chemosphere
164, 668-676.

Zech, M., Zech, R., Zech, W., Glaser, B., Brodowski, S., Amelung, W., 2008. Characterisation and
palaeoclimate of a loess-like permafrost palaeosol sequence in NE Siberia. Geoderma 143, 281
295. https://doi.org/10.1016/j. geoderma.2007.11.012.

Zikeli, S., Kastler, M., Jahn, R., 2005. Classification of Anthrosols with vitric/andic properties derived
from lignite ash. Geoderma, 124: 253-265.

Zimova, M., Duris, M., Spevackova, V., Melichercik, J., Lepsi, P., Tesarova, B., Knotek, P., Kubinova,
P., Ronen, Y., 2001. Helth risk of urban soils contaminated by heavy metals. Int. J. Occup. Med.
Environ. Health 14 (3), 231-234.

Zwanzig, L., Zwanzig, M., Sauer, D., 2021. Outcomes of a quantitative analysis of 48 soil
chronosequence studies in humid mid and high latitudes: Importance of vegetation in driving
podsolization. Catena 196, 104821.

=
(6]
ol


https://doi.org/10.1002/gea.21722

9. Curriculum vitae, list of publications and other activities

Sahar Polednik Mohammadi

Address: Ovesna 1873, Hostivice 25301
Research links: orcid.org/0000-0001-6556-3187 (ORCID)
linkedin.com/in/sahar-poledn%C3%ADk-645050236/

researchgate.net/profile/Sahar-Polednik-2 (Reseachgate)

Email: mohammadis@fzp.czu.cz

Saharmohammadi46@yahoo.com

Educations
2020- Present Faculty of Environmental Sciences, Department of Environmental
Geoscience, Czech University of Life Sciences
Prague
-Ph.D. studies
-Applied ecology
2015-2017 Department of Soil Science, Tabriz University, Iran

-Master studies

-Soil science

List of Publications

Sahar Polednik Mohammadi, Jan Horak, Lenka Lisa, Jana Grytz, Hana Grison, Ale$ Bajer,
Ladislav Smejda., 2023. Soils as an environmental record of changes between Iron Age and
Medieval occupations at Chotébuz -Podobora hillfort, Geoderma, Volume 429, 2023,
116259, ISSN 0016-7061, https://doi.org/10.1016/j.geoderma.2022.116259.

Lenka Lisa, Sahar Mohammadi, Petra Golanova, Maria Hajnalova, Ales Bajer, Piotr Moska, Jan
Rohovec, Pfemysl Kral, Jan Kysela, Romana Kocarova., 2022. Detection of occupational

surface remnants at a heavily eroded site; case study of archaeological soils from La

156


mailto:mohammadis@fzp.czu.cz
mailto:Saharmohammadi46@yahoo.com
https://doi.org/10.1016/j.geoderma.2022.116259

Terrasse, Bibracte oppidum, CATENA, Volume 210, 2022, 105911, ISSN 0341-8162,
https://doi.org/10.1016/j.catena.2021.105911.

Petra Golanova, Jan Kysela, Lenka Lisa, Markéta Frankova, Sahar Mohammadi., 2021.
Caractérisation des espaces non-construits de 1I’oppidum (le Porrey, le Verger, le Champlain,
la Fontaine du Loup Bourrou). In Guichard, Vincent. Rapport annuel 2020 du programme
quadriennal de recherche 2017-2020 sur le Mont-Beuvray. Glux-en-Glenne: Bibracte,
Centre archéologique européen, 2021. s. 199-222. ISBN 978-2-490601-08-0.

Sahar Mohammadi, Lenka Lisa., 2019. Book Review, Reconstructing Archaeological
sites: Understanding the Geoarchaeological Matrix Panagiotis, IANSA, Karkanas, Paul
Goldberg Wiley-Blackwell, Oxford, 296 pp., ISBN 9781119016403.2021 IANSA).

Sahar Polednik Mohammadi, Lenka Lisa, et al., 2023. Unveiling the Enigma: Decoding Human
Influence in Soils with poor Development. A Fascinating Journey into the Celtic Oppidum

Bibracte. (Catena- Underreview).

Sahar Polednik Mohammadi, Ivana Sitnerova, Lenka Lisa, et al., 2023. The medieval croft
pluzina field system in a mountain region of Central Europe: the transdisciplinary record of

agricultural terraces formation in Debrné, Czechia (Geoarchaology- revise).

Lenka Lisa, Sahar Polednik mohammadi, et al., 2023. The impact of ant bioturbation activities
on evolution of archaeological soils-Case of study Celtic oppidum Bibracte (Holocene-

revise).

Sahar Mohammadi, Aliasghar jafarzade, et al., 2017. Semi quantative review of soil evolution
based on Morphological and Micromorphological studies in Goharan-Khoy region, Water

and soil science Journal of Tabriz, Volume29, 2017, 3-11 pp.

Sahar Mohammadi, Aliasghar jafarzade, et al., 2017. Assessing soil Evolution by Morphological

and physical indices. (15" Iranian soil science congress).

Lenka Lisa, Sahar Mohammadi, et al., 2020. Archaeology of empty spaces -geoarchaeological
research of Mt. Beuvray / Bibracte -Celtic oppidum in light of micromorphology 2020.

Integrated Microscopy Approaches in Archaeobotany.

157


https://doi.org/10.1016/j.catena.2021.105911

Sahar Mohammadi, Lenka Lisa, et al., 2021. A Pedological Approach to the Study of buried Soils
as a Contribution to the climatic and human-induced erosion activity; La Terrasse, Bibracte

oppidum. 2021. DIG Conference.

Sahar Mohammadi, lenka lisa, et al., 2021. Geochemical composition of archaeological soils as
an environmental archive of changes between Celtic and medieval occupation; case study
from hillfort Chotébuz (Conference-RMS).

Grant and Projects

The work included in this PhD thesis was founded by the following research projects:

e Faculty of Environmental Sciences CZU Prague “Crucial impact of the ancient
anthropogenic settlement on soil pedogenes — No. 2021B0001”. Faculty of Environmental
Sciences, Czech University of Life Sciences Prague, Kamycka 129, Praha — Suchdol, 165
00, Czech Republic.

e Project GA19-02606S (Oppidum as an urban landscape: multidisciplinary approach to the
study of space organization "intra muros"), funded by The Czech Science Foundation
(GACR)

e Institute of Geology of the Czech Academy of Sciences (no. RVO 67985831) and by the
project ,,Ultra-trace isotope research in social and environmental studies using accelerator
mass spectrometry “, Reg. No. CZ.02.1.01/0.0/0.0/16_019/0000728".

e INTER-COST (LTC19) subprogram of program INTEREXCELLENCE by Ministry of
Education, Youth and Sports of the Czech Republic [Project: ‘Geochemical insight into
non-destructive archaeological research”; project number: LTC19016].

e INTER-EXCELLENCE of the Ministry of Education, Youth and Sports of the Czech
Republic (MEYYS), grants No. LTC19029.

158



Teaching activities

o Reviewer of bachelor thesis: Daniel Marsék., 2022. HOLOCENNI KLIMATICKE
OPTIMUM V OBLASTI IRANU: GEOARCHEOLOGICKE A KLIMATOLOGICKE
STUDIUM VE SPOJITOSTI S LIDSKYM OSIDLENIM. JJHOCESKA UNIVERZITA
V CESKYCH BUDEJOVICICH. FILOZOFICKA FAKULTA. ARCHEOLOGICKY
USTAV.

e Seminar-teaching: Pedology and Micromorphology.,2021. (Assoc. Professor dr. Lenka
Lisa). Pilsen.

e Seminar-teaching: Soil Micromorphology.,2020. (Assoc. Professor dr. Lenka Lisa). Pilsen.

e Seminar: The High Medieval croft pluzina in the mountainous region of Central Europe:
origin and soil development of agricultural terraces from Debrné, Czechia - Poland

e Workshop: Archaeology and Pedology- Spain. 2022.

o Seminar: Iran, Anthropology department- Pilsen (PhDr. Ladislav Smejda, Ph.D.)

e Workshop: Royal Microscopical Society, 2021. United Kingdom (online).

e Archaeology soil micromorphology workshop. 2022. London-United Kingdom.

159



