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Spreading from the Near East in the declining Bronze Age from the 2nd millennium BCE onwards, the technique
of iron smelting reached Eastern Silesia, Poland, in approximately the 2nd century BCE (pre-Roman Iron Age). At
this time the region of the Widawa catchment area was inhabited by the Przeworsk culture. While the older
moraine landscape of the study area lacks ores from geological rock formations, bog iron ores were relatively
widespread and, due to their comparatively easy accessibility, were commonly exploited for early iron produc-
tion. This paper investigates the mineralogical and elemental composition of local bog iron ore deposits and
iron slag finds, as a by-product of the smelting process, also taking into account the state of the art in research
regarding the formation, distribution and utilization of bog iron ores and considering data from comparative
studies.
The crystalline mineralogical composition of local bog iron ores is dominated by quartz (SiO2) and goethite (α-
FeO(OH)), in contrast to slag samples in which fayalite (Fe2SiO4), wüstite (FeO) and quartz, with traces of goe-
thite, represent themainminerals. Ores and slags are both characterized by notable hematite (Fe2O3), magnetite
(Fe3O4) and maghemite (γ-Fe2O3) contents. Analyzed bog iron ore samples show iron contents of up to
64.9 mass% Fe2O3 (equivalent to 45.4 mass% Fe), whereas the iron contents of bloomery slags vary between
48.7 and 72.0 mass% FeO (equivalent to 37.9 and 56.0 mass% Fe). A principal component analysis of the element
contents, which were quantified by portable energy-dispersive X-ray fluorescence spectrometry, indicates local
variations in the elemental composition. The results of this study show that bog iron ores are relatively widely
distributed with spatially varying iron contents along the Widawa floodplain but present-day formation condi-
tions, such as changed groundwater levels, are negatively affected bymodern land-use practices, such as agricul-
ture and melioration measures.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Bog iron ore
Prehistoric iron smelting
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Prehistoric iron slags
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Przeworsk culture (6)
1. Introduction

First iron smelting attempts date back to the 2ndmillennium BCE in
the Near East (Pleiner, 2000; Yalçin, 2000; Bebermeier et al., accepted).
Over the following two millennia this technology was disseminated all
over Europe and probably arrived in the study area of Eastern Silesia,
Poland, in approximately the 2nd century BCE (Madera, 2002). In the
pre-Roman Iron Age the region of the Widawa catchment area (Fig. 1)
was inhabited by the Przeworsk culture (3rd century BCE to 5th century
CE; Godłowski, 1985; Dąbrowska, 2003). Cultural and technological
preconditions as well as requirements in terms of natural resources
had to be met for the introduction of the innovative iron smelting. The
titute of Geographical Sciences,
, Germany.
helemann).
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main resources necessary for local iron productionwerewood for char-
coal production, clay for the construction of bloomery furnaces,
water for pre- and post-processing of ores and bloom and, above
all, iron ores as a fundamental prerequisite (Koschke, 2002; Pleiner,
2000). For a local and independent iron production only places that
united these resources were suitable for early iron smelting
(Oberrascher, 1939). During the beginning of iron smelting a local
small-scale production of iron was prevailing in the study area and
the amounts of wood needed for the production of charcoal were
rather negligible due to the occurrence of vast forested areas
(Thelemann et al., in press).

While the glacially shaped older moraine landscapes of Northern
and Central Europe mostly lack iron gangue minerals from geological
rock formations, sedimentary bog iron ores were relatively widespread
(Leb, 1983) and, due to its comparatively easy accessibility and reduc-
ibility, bog iron ore was commonly exploited for early iron production
or prehistoric iron production in Central Europe— A case study of the
.1016/j.catena.2016.04.002
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Fig. 1. Fig. 1 A. Location of the study area in Silesia and comparative case studies taken into account from literature on bog iron ores and iron slags; 1 B. Distribution of investigated bog iron
ore deposits and iron slag findings in the catchment area of the Widawa River. Data sources: Fig. 1: A: Bog iron ores sites from Graupner (1982), Hensel (1986), Joosten et al. (1998),
Ratajczak and Rzepa (2011), Puttkammer (2012), Brumlich et al. (2012); iron slag sites from Domanski (1972), Piaskowski (1976), Hensel (1986), Joosten et al. (1998), Puttkammer
(2012), Brumlich et al. (2012), country borders Natural Earth Data; B: Digital elevation model from USGS (2000) SRTM-data; Widawa catchment area and rivers from KZGW (2015);
terminal moraine and Oder glacial valley Liedtke (1981).
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(Küster, 1999; Sperling, 2003; Leb, 1983; Brumlich et al., 2012; Sitschick
et al., 2005).

This paper summarizes the state of the art of research on bog iron
ores as a raw material for early iron smelting in Northern Central
Europe. For the catchment area of the Widawa River geochemical and
mineralogical data on local bog iron ores and slags are presented. As
the chemistry of the bog iron ore – apart from other factors – dominates
the chemical composition of the resulting slags, a focus is set on the
analyses of the utilized ores.

The paper thus deals with the following research questions regard-
ing the study area of theWidawa catchment area: (i) How can the pres-
ent distribution and quality of bog iron ore resources be characterized,
(ii) how is the mineralogical and elemental composition of iron slags
and what conclusions can be drawn regarding the utilized ores and
the early iron smelting techniques and (iii) how favorable was the
study area for early iron production and are local variations in the
quality of ores verifiable?

1.1. State of the art on bog iron ore

Bog iron ore is a subtype of bog ores. Main component of these ores
is either iron ormanganese.While manganese-rich bog ores are charac-
terized by a gray-blackish color, the color of bog iron ores is brown-
reddish (Charlton et al., 2010; Krempler et al., 2004). It is assumed
that based on the different colors early iron smelterswere able to clearly
distinguish between both types.

1.1.1. Morphology, elemental and mineralogical composition of bog iron
ores

Bog iron ores are consolidated terrestrial accumulations dominated
by iron minerals precipitated in sandy, silty or clayey sediments
(Graupner, 1982; Sperling, 2003) with an iron content of N25 mass%
Fe2O3 (Wünsche, 2007). In this study the term bog iron ore is used as
an umbrella term for initial (b25 mass% Fe2O3) and developed
(N25 mass% Fe2O3) bog iron ore samples in order to summarize the
different bog iron ore characteristics and development stages.
Please cite this article as: Thelemann, M., et al., Bog iron ore as a resource f
Widawa catchment area in eastern ..., Catena (2016), http://dx.doi.org/10
Bog iron ores are distinguished into three different macro-
morphological types, which can be regarded as development
stages: (i) a soft unstable form, (ii) randomly spread, nest-like distributed
concretions, blocks or nodules and (iii) massive continuous horizons of
horizontal, hard layers (Kaczorek and Sommer, 2003; Kaczorek et al.,
2005; Landuydt, 1990; Sperling, 2003). Bog iron ore layers often reach a
thickness of between several cm and N30 cm (Kaczorek et al., 2004).
On the micro-scale the quartz-rich components of the parent sediment
are separated from each other by an iron-rich matrix, which often domi-
nates the structure of the ore (Krempler et al., 2004). The microstructure
is represented by a relatively high capillarity and porosity and an often
cellular fluctuating structure of micropores, which affects stability,
weathering resistance and water absorbency (Krempler et al., 2004;
Charlton et al., 2010; Lindbo et al., 2010). The stability and resistance de-
pend on solidification and composition of thematerial and vary between
crumbly, disintegrated and very solid fragments (Graupner, 1982;
Krempler et al., 2004). Solidification mainly depends on the content of
iron minerals and the degree of oxidization: the higher these are, the
more cured the material (Graupner, 1982).

Table 1 shows a summary of the major oxide concentrations of bog
iron ores based on a literature analysis. The elemental composition of
bog iron ores is characterized by often considerable phosphorus and
manganese contents of up to 8 mass% P2O5 and up to 10 mass% MnO
(Wünsche, 2007; Landuydt, 1990; Sperling, 2003). The iron contents
in bog iron ores mostly vary between 35 and 50 mass% Fe2O3 but can
also reach up to 95 mass% Fe2O3 (Sitschick et al., 2005; Joosten et al.,
1998; Sperling, 2003; Charlton et al., 2010). Silicon-dioxides (SiO2),
manganese-oxides (MnO), phosphorus-pentoxides (P2O5), calcium
carbonates (CaCO3) and oxides (CaO), nitrogen compounds and water
also characterize the composition of bog iron ores (Krempler et al.,
2004; Graupner, 1982; Puttkammer, 2012; Zwahr et al., 2000).
Aluminium- (Al2O3), potassium- (K2O), barium- (BaO), magnesium-
(MgO), sodium-oxides (Na2O), titanium-dioxides (TiO2), total organic
carbon (TOC) and total inorganic carbon (TIC) are also present in
minor concentrations (Table 1; Krempler et al., 2004; Graupner, 1982;
Puttkammer, 2012; Zwahr et al., 2000).
or prehistoric iron production in Central Europe— A case study of the
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Table 1
Major oxide concentrations of bog iron ores from selected case studies in Poland, Germany and the Netherlands.

Source Location Sample Fe2O3 FeO Fe SUM SiO2 MnO CaO P2O5 Al2O3 K2O MgO Na2O TiO2

Country Site ID [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%]

Graupner (1982) Germany Wietmarschen E30 40.11 – 28.1b 49.59 0.17 0.14 0.41 0.71 0.24 0.02 0.10 0.03
Twist E33 49.18 – 34.4b 11.12 2.91 5.99 3.71 1.02 0.15 0.09 0.07 0.06
Meppen E34 68.10 – 47.6b 11.68 1.99 0.55 1.28 0.38 0.07 0.03 0.04 0.03
Apen E35 18.80 – 13.1b 62.89 2.50 1.01 1.55 3.09 0.80 0.20 0.38 0.16
Holdorf E36 41.80 – 29.2b 37.86 1.05 0.82 3.18 2.35 0.51 0.11 0.30 0.15
Wildeshausen E40 29.29 – 20.5b 44.88 0.85 1.56 3.26 3.88 0.91 0.23 0.50 0.31
Mellendorf E41 62.27 – 43.6b 17.20 0.56 0.63 3.33 1.22 0.26 0.09 0.15 0.08
Schwarmstedt E42 47.23 – 33.0b 31.00 0.63 0.41 3.65 2.08 0.60 0.11 0.26 0.15
Lenzen E50 41.18 – 28.8b 44.71 0.43 0.25 1.46 1.41 0.40 0.03 0.14 0.06

Hensel (1986) Poland Mazovia R1 19.2 0.4 13.7b 58.2 5.40 0.8 1.11 2.4 – 0.1 – 0.17
R2 23.0 0.7 16.6b 55.5 1.20 0.8 2.70 2.4 – 0.1 – 0.19
R3 30.4 0.7 21.8b 24.0 13.5 2.2 3.78 3.4 – 0.3 – 0.15
R4 14.2 0.5 10.3b 71.4 0.99 0.8 1.95 1.6 – 0.1 – 0.13

Joosten et al. (1998) Netherlands Heeten A 46.9 10.3 40.8b 28.7 4.8 1.3 1.5 2.2 0.6 0.2 b0.1a 0.1
B 72.5 npa 50.7b 20.0 2.7 b0.2a 1.7 1.8 0.4 b0.02a 0.2 0.1

De Ooyerhoek C 78.8 0.1 55.2b 14.1 0.8 0.8 3.6 0.9 0.2 0.2 b0.1a 0.1
D 71.9 npa 50.3b 17.1 5.8 1.0 3.1 1.6 0.2 0.1 0.2 0.1

Barvoorde E 78.0 0.2 54.7b 16.1 0.6 b0.2a 3.1 1.4 0.3 b0.02a b0.1a 0.1
Hengelo F 78.5 0.2 55.1b 10.9 6.1 1.1 1.0 1.4 0.3 b0.02a b0.1a 0.03
Looveen G 72.2 0.2 50.7b 20.3 0.6 0.8 3.2 1.6 0.3 0.2 b0.1a 0.1
Hoogeloon H 94.8 0.4 66.6b 6.0 0.3 b0.2a 2.0 0.5 0.1 0.2 b0.1a 0.1
Gennep J 84.1 0.5 59.2b 13.9 0.3 0.3 2.2 1.4 0.1 0.1 b0.1a 0.1

Ratajczak and Rzepa (2011) Poland Długi Borek I 35.07 – 24.5 21.36 0.23 3.27 8.39 1.90 0.29 0.22 0.13 0.12
Prusowy Borek I 50.45 – 35.3b 2.80 0.19 2.14 8.00 0.23 0.03 0.12 0.02 0.01
Prusowy Borek II 51.45 – 36.0b 7.72 0.18 2.67 2.37 0.41 0.08 0.08 0.04 0.02

Puttkammer (2012) Germany Steinbach 1 39.90 – 27.90 44.30 0.08 0.06 0.60 bBGa 0.58 bBGa – –
2 34.80 – 24.34 52.60 0.08 0.06 0.49 bBGa 0.61 bBGa – –
3 41.80 – 29.23 43.00 0.07 0.06 0.61 bBGa 0.58 bBGa – –
4 37.60 – 26.29 49.90 0.07 0.06 0.51 bBGa 0.61 bBGa – –

Lomske 1 41.00 – 28.67 30.20 0.49 0.34 2.26 bBGa 1.09 bBGa – –
2 56.80 – 39.72 20.20 3.36 0.34 1.99 bBGa 0.74 bBGa – –
3 34.50 – 24.12 32.01 1.74 0.84 2.21 bBGa 1.47 bBGa – –
9A I 75.50 – 52.80 13.60 1.79 1.09 3.76 2.80 0.42 0.15 – –
9B II 88.20 – 61.70 7.90 0.35 0.37 0.73 1.57 0.21 0.06 – –

Brumlich et al. (2012) Germany Glienick 14 EP 2/1 64.04 – 44.8b 13.47 1.35 1.15 4.06 1.04 0.09 0.11 0.05 0.04
EP 2/2 69.86 – 48.9b 12.00 1.27 1.27 4.46 0.87 0.07 0.12 0.03 0.03
EP 2/3 72.48 – 50.7b 10.03 1.12 1.14 4.19 0.48 0.03 0.08 b0.01a 0.02
EP 2/4 62.27 – 43.6b 14.80 2.18 1.09 3.55 1.00 0.09 0.11 b0.01a 0.04

a Below respective detection limit.
b Converted from stated Fe2O3, FeO or Fe contents.
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The composition of the ore largely depends on the elemental compo-
sition of the parent sediment in terms of geologic formations, the hydro-
logical situation of the study area and the composition of groundwater
fluxes (Kaczorek et al., 2005), which mainly function as a source of
iron, manganese and phosphorus (Graupner, 1982). According to
Kaczorek et al. (2005) heavy metal contents in bog iron ores, such as
chrome (Cr), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), cadmium
(Cd) and lead (Pb), generally dependparticularly on the parent sediment.
The heavy metal contents of the Pleistocene parent sediments common
in bog iron ores (Graupner, 1982; Oberrascher, 1939; Sitschick et al.,
2005) are often relatively low (Kaczorek et al., 2005). Depending on the
geogenic background considerable amounts of arsenic (As) are also
typical in bog iron ores (Huisman et al., 1997; Banning et al., 2013).

The complexmineralogical composition of bog iron ores depends on
the duration of stable physical-chemical conditions, the redox potential
and the age of the iron minerals (Zwahr et al., 2000; Banning, 2008).
Hardened bog iron ores are dominated by quartz components (SiO2)
and a limonite matrix (Zwahr et al., 2000; Krempler et al., 2004). Limo-
nite is a generic term for a number of iron minerals, such as amorphous
and crystalline iron-hydroxides and -oxides in varying compositions,
mainly ferrihydrites (Fe3+10O14(OH)2) or yellow-brownish goethite
(α-FeO(OH)) and reddish lepidocrocite (Fe3+O(OH)) (Banning, 2008;
Krempler et al., 2004; Kaczorek et al., 2004; Puttkammer, 2012;
Wünsche, 2007; Zwahr et al., 2000). Variations in themineral composi-
tion of the ferritic bindingmaterial influencemorphology, color and sta-
bility, and also reflect the elemental composition of the ore (Krempler
et al., 2004; Zwahr et al., 2000). The mineralogical composition of a
bog iron ore layer can be divided into a ferric upper horizonwith oxidiz-
ing conditions and a ferrous lower horizon with reducing conditions
(Banning, 2008; Krempler et al., 2004; Landuydt, 1990; Leb, 1983).
The top horizon tends to contain mineral phases such as hematites
(Fe2O3), magnetites (Fe3O4) and maghemite (γ-Fe2O3) (Banning,
2008;Wünsche, 2007; Zwahr et al., 2000),whereas in the lower horizon
it is rather siderites (FeCO3), vivianites (Fe32+(PO4)2 × 8H2O)) and py-
rites (FeS2) that prevail (Banning, 2008; Landuydt, 1990; Kaczorek
et al., 2004; Arocena et al., 1990). This differentiation can be explained
by the groundwater level (Graupner, 1982) and volatile small-scale
changes in the redox potential during the bog iron ore formation
(Landuydt, 1990). In the formation of siderites, vivianites and magne-
tites, also microorganisms play an important role since these minerals
are products of bio-reduction by metal-reducing bacteria, produced as
part of the geochemical cycle of iron in the biosphere (Banning, 2008;
Shotyk, 1988). Illite ((Al, Mg, Fe)2(Si, Al)4O10[(OH)2,(H2O)]), apatite
(Ca5(PO4)3(F, Cl, OH), rutile (TiO2), albite (NaAlSi3O8) and potash feld-
spar (KAlSi3O8) represent further typical minerals in bog iron ore
deposits (Krempler et al., 2004).

1.1.2. Formation of bog iron ores
The basic requirement for the complex formation of bog iron ores

is the presence of iron- and manganese-containing minerals and or-
ganic compounds in the catchment area, as is often the case in the
context of Pleistocene deposits (Graupner, 1982; Oberrascher,
1939; Sperling, 2003). These minerals are destabilized through
(bio)chemical weathering (Graupner, 1982) especially at pH values
below 7 and a redox potential below 300 mV (Postawa and Hayes,
2013), often induced by humic or carbonic acids (Buurman and
Jongmans, 2005). They then dissolve as ions or hydroxides into
groundwater, interflow or capillary water and successively relocate
(Graupner, 1982; Kaczorek et al., 2004; Leb, 1983; Sitschick et al.,
2005; Zwahr et al., 2000). At locations close to the surface in an oxi-
dizing or reducing milieu, particularly positively charged dissolved
iron (Fe2+) and manganese (Mn2+) ions are precipitated or oxidized
in the pore volume of a negatively charged parent sediment (Graupner,
1982; Kaczorek et al., 2004; Leb, 1983; Banning, 2008; Kaczorek et al.,
2005; Sitschick et al., 2005; Sperling, 2003; Zwahr et al., 2000). During
the bog iron ore formation the pore volume of the stationary parent
Please cite this article as: Thelemann, M., et al., Bog iron ore as a resource f
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sediment, mainly consisting of SiO2 (Puttkammer, 2012), is gradually
filled with a delivered matrix, which mainly consists of iron minerals
(Oberrascher, 1939; Krempler et al., 2004). With further development
of the ores the ironminerals develop to different Fe-phases: ferrihydrites
(Fe3+10O14(OH)2) age to goethite and subsequently at a minimum tem-
perature of 20 °C to hematite (Fe2O3), whereas lepidocrocite matures to
maghemite (γ-Fe2O3) and subsequently also to hematite, depending on
pH value, temperature and redox potential (Zwahr et al., 2000). With
progressive development the amount of silicon in the ore decreases
and the amount of iron increase. Pedogenetically – as part of a complex
soil-geochemical process – the formation of bog iron ores is bound to
gleys or gley podzols with higher varying redox potentials and a strong
and constant perfusion of iron-containing water (Kaczorek et al., 2004;
Graupner, 1982; Gall et al., 2003; Zwahr et al., 2000). Stable conditions
in the zone of groundwater oscillation facilitate the repetitive contact
of atmospheric oxygen with the groundwater and enable continuous,
gradual bog iron ore formation (Oberrascher, 1939; Wünsche, 2007;
Graupner, 1982; Sperling, 2003). The thickness, morphology and iron
content of the developing ore layer depend on the duration and stability
of favorable environmental conditions (Sperling, 2003), such as the
groundwater level. Further factors influencing formation conditions are
the iron-humusproportion, oxygen availability, groundwaterflowveloc-
ity and climatic conditions (Graupner, 1982). Due to the complexity of
the formation process, the shape, stability and quality of bog iron ore is
highly variable on a small scale (Puttkammer, 2012; Krempler et al.,
2004; Sperling, 2003; Kaczorek and Sommer, 2003).

1.1.3. Formation area
It is commonly accepted that bog iron ores are often bound to loca-

tionswith a shallow groundwater table and hydromorphic structureless
soils (Banning, 2008; Kaczorek and Sommer, 2003; Landuydt, 1990).
There is widespread occurrence in the alluvial sandy, loamy to clayey
soils of the glacially and fluvially shaped landscapes of the Central
European flat lowlands, often in layers with high organic matter con-
tents and/or plant activities (Kaczorek et al., 2005; Landuydt, 1990;
Gall et al., 2003; Puttkammer, 2012; Salesch, 1996; Sperling, 2003).
Areal bog iron ore deposits in particular are situated at the sandy mar-
gins of moist lowlands (Wünsche, 2007; Koschke, 2002; Küster, 1999;
Oberrascher, 1939; Zwahr et al., 2000), whereas the nest-like distribut-
ed type is situated directly inwetter lowlands (Banning, 2008; Kaczorek
and Sommer, 2003; Sperling, 2003; Salesch, 1996; Shotyk, 1988; Zwahr
et al., 2000).

1.1.4. Formation phases and recent development
During the Holocene themain formation phases of bog iron ores are

concentrated in warmer andwetter climate phases, particularly the late
Boreal and the beginning of the Atlantic (Graupner, 1982; Wünsche,
2007; Sitschick et al., 2005). Empirical studies of growth rates of ores
are lacking. According to estimations by Puttkammer (2012), the forma-
tion of bog iron oresmay take between several hundred and a few thou-
sand years depending on environmental conditions. According to
Graupner (1982) considerable neoformations could not be detected in
several case studies in Lower Saxony, Germany. Sitschick et al. (2005)
assumes that neoformations are in principle possible also today, albeit
restricted by centuries ormillennia of agriculture,meliorationmeasures
and bog iron ore mining (Graupner, 1982; Leb, 1983; Puttkammer,
2012),which negatively influence some of the abovementioned prereq-
uisites. Furthermore, recent changes in environmental conditions relat-
ed tomodern agriculture (e.g. drainage, deep ploughing) often not only
inhibit bog iron ore formation but also cause the degradation of remain-
ing depositions (Puttkammer, 2012).

1.1.5. The role of bog iron ores for early iron smelting with a focus on the
Przeworsk culture

In order to produce iron from bog iron ores there is a variety of very
different furnace types, such as slag-pit, slag-tapping or blast furnaces
or prehistoric iron production in Central Europe— A case study of the
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Table 2
Major oxide concentrations of iron slags from selected case studies in Poland, Germany and the Netherlands.

Source Location Period Sample FeO Fe2O3 Fe SUM SiO2 MnO CaO P2O5 Al2O3 K2O MgO Na2O TiO2 RII

Country Site ID [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%]

Domanski (1972) Poland Tarchalice Roman period I 62.98 0.36 50.21 28.22 0.38 0.23 3.12 2.02 – 0.39 – – 1.04
II 49.51 4.39 42.45 32.10 0.45 2.49 3.13 4.83 – 0.46 – – 1.39
III 61.96b – 48.16 25.45 0.21 0.92 1.61 4.30 – 0.19 – – 0.98

Piaskowski (1976) Poland Opole 2nd–5th cent. CE N = n.a. 25.41–48.80 8.05–
30.60

26.39–
57.55

11.50–
34.65

1.62–
9.70

1.42–
5.88

0.23–
1.20

4.20–
18.70

– 0.35–
4.80

– –

�x 33.83 17.18 38.72 23.43 5.70 3.51 0.64 13.24 – 2.38 – – 1.01
Hensel (1986) Poland Milanówek Ancient period I 35,5–51,6 13.5–35.3 44.7–54.0b 14.8–25.9 1.2–1.8 2.3–4.3 4.6–7.4 1.0–2.9 – 0.6–1.7 – 0.0–0.2

�x 46.9 18.91 49.7b 19.7 1.59 3.3 6.0 1.6 – 1.0 – 0.1 0.72
II 38.9–

53.1
15.0–20.6 41.6–55.0b 16.9–30.1 2.0–3.0 2.2–4.0 2.7–5.2 1.4–3.2 – 0.1–1.3 – 0.1–0.2

�x 47.6 17.4 49.2b 22.3 2.7 3.1 4.3 2.4 – 0.8 – 0.1 0.81
III 30.0–

55.0
12.7–31.10 43.1–56.7b 12.9–25.6 0.7–1.1 1.4–4.8 2.6–6.9 0.9–2.2 – 0.0–0.5 – 0.0–0.2

�x 44.3 19.5 48.1b 20.0 1.0 3.3 5.4 1.6 – 0.2 – 0.1 0.76
Joosten et al. (1998) Nether-lands Heeten 2nd–5th cent. CE He1A 58.4 2.8 47.4b 22.8 1.4 2.2 2.3 2.1 0.4 0.2 b0.1a 0.2 0.87

He1B 52.8 2.3 42.7b 26.1 1.9 3.3 2.7 2.1 0.6 0.2 b0.1a 0.2 1.10
He2A 62.8 2.8 50.8b 17.9 1.3 2.3 2.9 1.1 0.3 0.2 b0.1a 0.1 0.64
He3A 62.1 4.2 51.2b 17.6 1.4 2.3 3.0 1.2 0.3 0.2 b0.1a 0.1 0.63
He4A 64.0 2.0 51.2b 17.2 1.4 2.3 3.0 1.1 0.3 0.2 b0.1a 0.1 0.61
HeG 56.1 13.1 52.8b 15.0 0.7 3.0 2.3 2.0 b0.04a 0.3 b0.1a 0.1 0.52

Puttkammer (2012) Germany Lomske 4th cent. CE 3/11 49.08b – 38.15 32.53 3.93 1.66 1.78 3.43 0.97 0.20 0.16 0.27 1.47
8/18 59.62b – 46.34 25.39 0.45 1.56 1.69 3.14 0.69 0.21 0.13 0.20 1.01

Brumlich et al. (2012) Germany Glienick 8th cent. BCE–1st cent. CE SP 1/1 62.70 9.98 55.72b 14.44 2.43 1.95 2.98 0.51 0.20 b0.05a 0.07 0.05 0.47
SP 1/2 63.40 8.07 54.93b 13.33 2.58 1.95 3.08 0.31 0.15 b0.05a 0.05 0.03 0.43
SP 2/1 58.90 5.87 49.89b 19.36 3.08 2.36 2.64 1.09 0.21 b0.05a 0.09 0.07 0.69
SP 2/2 58.40 4.68 48.67b 19.85 2.72 2.07 2.56 1.30 0.21 b0.05a 0.10 0.08 0.73
SP 3/1 53.90 4.15 44.80b 21.33 4.18 3.45 2.96 0.75 0.86 b0.05a 0.11 0.05 0.82
SP 3/2 56.00 3.41 45.91b 21.69 3.84 3.13 2.86 0.93 0.63 b0.05a 0.13 0.05 0.82
SP 6/1 56.99 8.69 50.38b 25.39 1.72 2.89 2.40 1.02 0.36 0.20 0.02 0.04 0.91
SP 6/2 58.10 7.73 50.57b 25.05 1.69 2.89 2.43 1.05 0.35 0.19 0.02 0.04 0.90
SP 7/1 58.59 8.87 51.75b 19.67 3.17 3.06 4.32 0.71 0.33 0.19 b0.01a 0.03 0.67
SP 7/2 56.93 8.84 50.43b 20.75 3.22 3.28 4.61 0.77 0.36 0.18 0.01 0.03 0.73
SP 8/1 63.48 7.63 54.68b 17.83 2.38 3.08 3.96 0.66 0.17 0.19 b0.01a 0.03 0.59
SP 8/2 62.63 8.14 54.38b 18.15 2.39 3.10 3.98 0.64 0.17 0.20 b0.01a 0.03 0.60
SP 9/1 55.13 10.71 50.34b 21.07 2.26 3.71 5.08 0.82 0.15 0.21 b0.01a 0.04 0.75
SP 9/2 56.33 8.99 50.07b 21.66 2.31 3.78 5.14 0.80 0.16 0.20 b0.01a 0.04 0.78

a Below respective detection limit.
b Converted from stated Fe2O3, FeO or Fe contents.
c Reducible Iron Index (according to Charlton et al., 2010).
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(Joosten et al., 1998), which strongly influence the morphology and
microstructure of the resulting slags (Paynter, 2006; Joosten et al.,
1998). For early iron smelting attempts in Eastern Silesia the technology
of bloomery shaft furnaces with a slag pit was “almost solely”
(Orzechowski, 2011) used by the Przeworsk culture (Orzechowski,
2007; Woźniak, 1978; Thelemann et al., in press). For this technique
washed, roasted and crushed bog iron ores and charcoal are placed to-
gether in a clay furnace (Koschke, 2002). The base of the furnace is sit-
uated below the subsurface and consists of a pitwhere the slag solidifies
(Woźniak, 1978). Possibly also further fluxing agents, such as limestone
(CaCO3) or basalt (containing manganese), are added to facilitate the
smelting process in terms of lower process temperatures and to benefit
the transition into the slag phase as it is described for Lusatia
(Puttkammer, 2012; Koschke, 2002). Through additional air supply
the necessary process temperatures of between 1100 and 1400 °C are
reached (Graupner, 1982; Koschke, 2002). During the smelting process
the iron in the ore is reduced to a spongy iron bloom (iron phase),
which stays in the upper part of the furnace, while most of the other el-
ements stream downwards as slag (slag phase) liquefied during the
smelting (Graupner, 1982; Joosten et al., 1998; Koschke, 2002;
Sperling, 2003, Puttkammer, 2012). During this process the iron (III) ox-
ides of the ore (Fe2O3) are first reduced to magnetite (Fe3O4), then to
wüstite (FeO) and finally to pure iron (Fe) (Schöner et al. 2003,
Garner, 2011). In case of iron rich ores it is suggested that silicon-
dioxide from technical ceramic, such as furnace wall or tuyeres, can
react with the smelt (Veldhuijzen and Rehren, 2007), influencing the
acidity and viscosity of the iron slag (Puttkammer, 2012). The produced
slag melt represents the main by-product from iron smelting with a
bloomery furnace (Puttkammer, 2012; Sperling, 2003). Due to reducing
conditions during the smelting process the iron in the slag is primarily
bound in FeO and not in Fe2O3 (Joosten et al., 1998; Puttkammer, 2012;
Sperling, 2003). Table 2 shows a summary of the major oxide concentra-
tions of iron slags based on the literature analysis. Since iron slags were
separated from the bloom, they are usually characterized by lower iron
and higher silicon contents than the originating bog iron ores
(Graupner, 1982; Koschke, 2002; Puttkammer, 2012; Sperling, 2003).

Smelting with a bloomery furnace often results in between 10 and
20 mass% Fe being reduced to iron bloom, while the rest of the iron is
transferred into the iron slag (Puttkammer, 2012; Sperling, 2003). The
main factors for the success of the smelting process are the height and
control of process temperatures, the quality of the ores and the viscosity
of the iron slag (Puttkammer, 2012). The beginning of iron mining and
smelting in the study area was probably limited to local production
scales, as it is typical for Central Europe (Küster, 1999; Schwab 2004;
Fig. 2.A. Pre-Roman Iron Age sites and study sites investigated along thefloodplain of theWidaw
2 C. Pre-Roman Iron Age and study sites in the vicinity of Pielgrzymowice. Data sources: Fig. 2
(2013); Rivers from TK25, 1: 25 000, map sheets 4871, 4872, 4971 and 4972 (TK25, 1886–1938
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Sperling, 2003; Leb, 1983). The following indicators allowed early met-
allurgists to identify bog iron ore deposits in the landscape: (i) withered
grass, (ii) a wet environment, (iii) hygrophilous grass-dominated vege-
tation and (iv) reddish-brown solutions or depositions in nearby rivers
and receivingwaters (Koschke, 2002; Leb, 1983). The ore can be discov-
ered through stoniness and compaction close to the surface, often at a
depth of between 20 and 60 cm (Koschke, 2002; Evenstad, 1801;
Sperling, 2003; Leb, 1983). In order to detect bog iron ore deposits
under the subsurface wooden or metal sticks were stabbed into the
ground (Evenstad, 1801; Leb, 1983; Oberrascher, 1939; Sperling, 2003).

Bog iron ores needed to have a minimum iron content of 55–
60mass% Fe (equivalent to 79–86mass% Fe2O3) in order to be regarded
as suitable by the iron smelters (Pleiner, 2000). Furthermore character-
istic for bog iron ores is an often relatively high manganese content
(Table 1; Graupner, 1982; Sperling, 2003). As Crew et al. (2011) states,
the impact of manganese on the smelting process is subject of an ongo-
ing debate and it has not finally been resolved yet whether manganese
acts as a reduction catalyzer or is actually reduced to the bloom. Never-
theless considerable manganese contents in ores seem to be favorable
for iron smelting: During the smelting process available manganese
substitutes valuable iron as a fluxing agent for SiO2 (Charlton et al.,
2010; Iles, 2014), therefore ores containing considerable amounts of
manganese with b70 mass% Fe2O3 could still be used for bloomery
smelting (Heimann et al., 2001). Heimann et al. (2001) even states
that manganese also lowers the critical CO2 partial pressure, which en-
ables iron smelting at lower process temperatures, also confirmed by
Graupner (1982) and Iles (2014). As the MnO-FeO-SiO2 ternary slag-
diagram of Iles (2014) and Zhang et al. (2011) clearly shows, decreasing
melting temperatures only correlate with increasing manganese con-
tents for slags with N40 mass% fraction SiO2. A ternary slag diagram
for the slag samples of this case study, with liquidus temperatures
after Iles (2014) is displayed in the appendix (Appendix, Fig. A.1). In
case of iron slags below 40 mass% fraction SiO2 in the MnO-FeO-SiO2

ternary slag system increasingmanganese contentswould lead to an in-
crease in the melting temperature (Iles, 2014; Zhang et al., 2011). In
contrast the typically high porosity of bog iron ores clearly facilitates
its reducibility during the smelting (Charlton et al., 2010). Again it is de-
batable whether a considerable phosphorous content – as it is often
characteristic for bog iron ores (Table 1; Bauermeister and Kronz,
2006) – represents a disadvantage for prehistoric iron smelting at-
tempts. While Graupner (1982), Bauermeister and Kronz (2006) and
Sperling (2003) state that a considerable phosphorus content impairs
the quality of the iron bloom as it favors the extraction of graphite in
the bloom during the cooling-down process (Bauermeister and Kronz,
a River; 2 B. Pre-Roman IronAge and study sites in the vicinity of theMichalice Reservoir;
: A/B/C: Digital elevation model from LiDAR data 1 m horizontal resolution from CODGiK
); Lakes and reservoirs from CODGiK (2013); Archaeological sites from AZP (since 1978).
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Fig. 3. Quaternary deposits. Data sources: Quaternary deposits from Geological detailed map 1 : 50 000 from Bartczak (1997), map sheet 0766; Cincio (1997), map sheet 0767.
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2006), it is also seen as a hardening agent when alloyed (Buchwald,
2005). The behavior of phosphorus depends very much on the process
temperatures during iron smelting (Buchwald, 2005). The higher the
temperatures, the more phosphorus is transferred to the metal phase
(Bauermeister and Kronz, 2006). Koschke (2002), Sperling (2003) and
Heimann et al. (2001) state that calcium carbonate (CaCO3) was there-
fore added to the smelting furnace in order to transfer higher phospho-
rus contents from bog iron ore to the slag. However, Bauermeister and
Kronz (2006) state that the intentional adding of calcium carbonate in
Lower Saxony, Germany, cannot be confirmed since it was not possible
for the early blacksmiths to conduct these admixtures in exactmeasures
during closed iron smelting processes. In principle the frequent occur-
rence of calcium-oxide in iron slags can also be explained by the pres-
ence of considerable carbonate or calcium-oxide contents in the
exploited ores (Graupner, 1982; Krempler et al., 2004), furnace-lining
material (Heimann et al., 2001) or charcoal ash (De Rijk, 2003).
Table 3
Setting, study sites and extraction methods.

Setting Study site Sample ID

In-situ
(sediment sequence)

Rychnów bio01-1–bio04-1
Pawłowice bio12-1–bio13-1
Młokicie bio14-1, bio17-1–bio21-2
Wilków bio22-1

Ex-situ
(surface finds)

Pielgrzymowice bio05-1–bio11-2, slag11-1–sl
Młokicie bio15-1–bio16-3
Rychnów slag01–slag10-1
Kowalowice slag20-1–slag22-1
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1.2. Study area

The study area is located in the eastern part of Lower Silesia,
Voivodeship Opole (Poland), in the catchment area of the Widawa
River, a tributary of the Oder River (Fig. 1B). To the north the area is
bound by the Silesian Ridge (Wał Trzebnicki), which represents the ter-
minal moraine of the Warthe stadium of the Saalian glacial period
(Rössner, 1998), while the Oder glacial valley forms the southern
boundary (Fig. 1B). A cluster of prehistoric iron slag sites is located in
this area, as revealed by a countrywide archaeological survey (Figs. 1B
and 2; Archeologiczne Zdjęcie Polski, since 1978). The majority of
these sites are situated in the vicinity of the Michalice reservoir, which
was constructed in 2001 (Wiatkowski et al., 2010).

Geologically speaking, the study area belongs to the Pleistocene Old
Drift landscape, which is – especially on the plateaus – dominated by
Saalian glacial till deposits, but is also characterized by glacial deposits
Sample type Extraction method

Bog iron ore Percussion drilling
Bog iron ore Pürckhauer sondage
Bog iron ore Pürckhauer sondage/soil profile
Bog iron ore Percussion drilling

ag19-2 Bog iron ore/iron slag Archaeological/geographical survey
Bog iron ore Geographical survey
Iron slag Archaeological survey
Iron slag Archaeological survey

or prehistoric iron production in Central Europe— A case study of the
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dating back to the Elsterian glacial period (Fig. 3; Bartczak, 1997; Cincio,
1997). The climate is a cold temperate, always humid continental Dfb
climate with warm summers (Kuttler, 2009; Climate-Data.org,
1982–2012), average monthly temperatures of between−2 and 18 °C
and annual precipitation of between 500 and 600 mm (Pelzer, 1991;
Rössner, 1998; Climate-data.org, 1982–2012). Pedologically the study
area is characterized by chernozems on the western plateaus and acidic
cambisols on the eastern plateaus, podzoluvisols on the slopes and allu-
vial soils along the floodplain (Conrads, 1994; Pawlak, 1997, map sheet
28). The focus of this case study was set on six different sites in the
Widawa catchment area (Fig. 1B).

2. Material and methods

In late summer 2013 and 2014 two field campaignswere conducted.
Themethodological approach included archaeological and geographical
field methods, such as archaeological surveys, Pürckhauer sondages,
percussion drillings using a Wacker drilling hammer (BHF 30 S) and
the recording of soil profiles in order to characterize the archaeological
sites and to extract bog iron ores and slags for geochemical and miner-
alogical analyses. Analyzed ores and slags originate from in-situ (sedi-
ment sequences from drillings and soil profiles) and ex-situ (surveys)
contexts (Table 3). All slag samples originate from prehistoric slag
sites dedicated to the pre-Roman Iron Age and the early Roman period
by the AZP (since 1978). In the laboratory bog iron ore and slag pieces
larger than 5 cm in diameter were divided into up to three subsamples.
This procedure resulted in 35 bog iron ore and 28 iron slag subsamples.
A detailed overview of sampling strategy and setting is given in the
Appendix (Table A.1).

As a preprocessing step for elemental and mineralogical measure-
ments all samples were homogenized, using a vibratory disc mill with
an agate grinding set for 3 min, and dried for eight hours at 105 °C,
and at below 60 °C prior tomineralogical analysis in order to avoidmin-
eral alterations. The mineralogical composition was analyzed by X-ray
powder diffractometry (XRD) using the RigakuMiniFlex 600 X-Ray Dif-
fractometer with a copper Kα-tube and a D/tex Ultra2 detector. The air-
dried powdered samples (homogenized to ~1–10 μmparticle diameter)
were pressed without regulation into the sample holders and analyzed
at 15 mA/40 kV (Cu kα) from 3° to 80° (2θ) with a goniometer step ve-
locity of 0.02° steps and 0.5°/min−1. The software X-Pert HighScore Ver-
sion 1.0b by PHILIPS Analytical B.V. was used for a semi-quantitative
identification and determination of the mineral composition. Five pre-
processing steps were applied: (i) outliers were corrected; (ii) Kα2-
emissions were eliminated; (iii) the quartz I = 100 main peak (d =
3.34 Å) was calibrated; (iv) reflex peaks were identified and
(v) background noise was subtracted. For the assignment of the peaks
to specific minerals standardized reference Powder Diffraction Files
(PDF) of the ICDD (International Centre for Diffraction Data) were
used. The mineralogical XRD measurements of bog iron ores and iron
slags were interpreted very conservatively, with only clearly detectable
peaks being taken into account. Because of the quantitative incompara-
bility of peak intensities of differentminerals the resulting evaluation of
mineral contents was conducted semi-quantitatively according to
Schütt (2004), using four classes.

For the elementalmeasurements of ores and slags, calibrated analyses,
using a portable energy dispersive X-ray fluorescence spectrometer (p-
ED-XRF), were applied. XRF provides a fast, non-consumptive, accurate
and reproducible method to determine the elemental composition of
rocks and sediments (Ramsey et al., 1995; De Vries and Vrebos, 2002;
Jenkins, 1999) and is also a method applied for elemental analyses of
bog iron ores and iron slags (Joosten et al., 1998; Kaczorek et al., 2004;
Rzepa et al., 2009; Heimann et al., 2001; Blakelock et al., 2009). For cali-
bration, selected sample material from Silesia was first analyzed at the
Laboratory of Materials Science at the German Mining Museum Bochum
(DBM) in order to obtain internal standard calibration material for the
p-ED-XRF analyses. Eight selected bog iron ore samples and four selected
Please cite this article as: Thelemann, M., et al., Bog iron ore as a resource f
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iron slag samples from Silesia, as well as one bog iron ore sample from
Heinersbrück, Germany and four iron slag samples from La Esterella,
Majal del Toro and Mina de San Pedro, Spain, were analyzed with induc-
tively coupled plasmamass spectrometry (ICP-MS) using the Thermo Sci-
entific Element XR at the DBM. The results of the ICP-MS analysis are
shown in Tables A.2 and A.3 in the Appendix. The samples from Spain
with relatively high iron contents and the samples from Heinersbrück
with relatively low iron contents were used as additional internal stan-
dardmaterial (Appendix, Tables A.2 andA.3). Supplementary information
on the measurement procedure at the DBM is provided in the Appendix
(Section 1). With the internal laboratory standards obtained at the
DBM, the p-ED-XRF analyses of the samples from Silesia were performed
at the Freie Universität Berlin using a portable Thermo Fisher Scientific
Analyticon NITON XL3t p-ED-XRF equipped with a CCD-camera, a semi-
conductor detector with an Ag-anode. The following filters were applied:
a main filter with 50 kV, a low filter with 15/20 kV, a light filter with 8 kV
and a high filter with 50 kV. The X-ray power is limited to 2watts. For the
measurement about 4 g of the powdered samples were placed in plastic
cups and sealedwithmylar foil (with a thickness of 0.4 μm). The prepared
sample cups were placed on the p-ED-XRF and measured for 120 s with
different filters for the detection of specific elements. In order to use the
internal laboratory standardsmeasured at theDBMby ICP-MS for calibra-
tion of the p-ED-XRFmeasurements, each of the internal laboratory stan-
dard samples was measured four times without calibration. The mean
valueswere then plotted against the reference values in order to calculate
a calibration function with a linear correlation coefficient as a quality
measure. Outliers that distinctly impaired the coefficient were excluded
from the calibration. Due to the differences in the chemical composition
the standards from Spain were only used for the calibration of iron in
the slags from Silesia. The high iron content of this internal standard ma-
terial allows to measure reproducible results. All the calibration internal
standard values used (Tables A.2 and A.3) and the correlation coefficients
for the p-ED-XRF calibration (Table A.4) are presented in the Appendix.
According to this procedure, only elements that were successfully cali-
brated with a correlation coefficient higher than R = 0.80 were consid-
ered for the measurements of ores and slags. A calibrated measurement
was conducted for nine elements: iron (Fe), silicon (Si), manganese
(Mn), calcium (Ca), phosphorus (P), potassium (K), barium (Ba) and tita-
nium (Ti). During the evaluation of the results a review was conducted if
the measured values exceeded four times the standard deviation of the
measuring error and if the highest sample measurement was not
exceeded by the internal standard material. Due to the clear linear corre-
lation between the standard reference materials and the XRF-results all
calibrated results were taken into account for the following statistical
analyses and interpretation even if the values of the reference material
were exceeded for single samples and single elements. The calibrated p-
ED-XRF results of the bog iron ores and iron slags were initially displayed
as element mass percentages. In accordance with comparative studies
(Tables 1 and 2), the element contents were subsequently converted to
oxides using standard conversion factors based on the molar mass,
whereby the iron contents of oxidized bog iron ores were converted to
Fe2O3 and the reduced iron slags were converted to FeO (Joosten et al.,
1998; Puttkammer, 2012; Sperling, 2003).

The TIC and TOC contents were deduced from the loss on ignition
(LOI) measured at 550 °C and 900 °C with the Thermo Scientific M110
Muffle Furnace according to Dean (1974), using a conversion factor of
1 ∗ 1.72−1 from LOI550 to TOC and 1 ∗ (44 ∗ 100)-1 ∗ 0.12) from
LOI900 to TIC (Dean, 1974). Every result for each sample was summed
in order to calculate the total of the elemental composition as a quality
measure.

Using the results of the elemental analyses of iron slags from the
study area the reducible iron index (RII = 2.39 ∗ SiO2/(FeO + MnO))
was calculated according to Charlton et al. (2010) in order to draw con-
clusions on the reduction efficiency of the smelting process (Table 5).
Furthermore the iron and silicon contents, which typically represent
the main elements, were plotted against each other in a total least
or prehistoric iron production in Central Europe— A case study of the
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Table 4
Results of the mineralogical XRD and elemental p-ED-XRF analyses of bog iron ore samples for the study sites along the floodplain of the Widawa River.

Sample Location Quartz Goethite Hematite Magne– Mag– Siderite Pyrite Ortho– Calcite Fe2O3 SiO2 MnO CaO P2O5 Al2O3 K2O BaO TiO2 Remain. TIC LOI TOC LOI Tot. LOI SUM

Name Study site tite hemite clase Results from calibrated energy dispersive portable XRF measurements Oxides (900 °C) (550 °C) (900 °C)

Setting [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%]

bio01–1

Rychnów

Alluvial fan (drilling)

++++ +++ + + ++ 55.9 19.4 1.5 1.7 4.7** 1.7 0.2 0.3 0.2 0.3 1.2 6.0 14.7 100.6

bio02–1 ++++ +++ ++ ++ ++ ++ 64.9** 13.7 0.4 2.2 4.7** 1.7 0.1 0.3 0.1 0.3 0.7 6.7 14.0 102.3

bio03–1 +++ +++ ++ + + ++++ 59.2** 10.6 0.5 7.4** 6.9** 2.0 0.0* 0.3 0.2 0.3 1.2 6.1 15.0 102.4

bio04–1 + ++ + + + + + ++++ 45.5 10.4 0.6 18.7** 3.6 3.4** 0.0* 0.1 0.1 0.5 3.8 7.0 26.2 109.0

bio05–1

Pielgrzymowice

Slope (survey)

++++ ++ + + + + 51.4 20.1 1.0 2.7 3.8 2.6 0.5 0.1 0.1 0.2 0.6 7.1 14.3 96.8

bio05–2 ++++ ++ + ++ + + + 53.9 18.4 1.0 2.8 4.2** 2.7 0.5 0.1 0.2 0.2 0.6 7.8 15.8 99.7

bio06–1 ++++ +++ + + ++ ++ 53.6 18.9 1.0 2.5 3.7 2.7 0.5 0.1 0.2 0.2 1.0 6.2 14.5 98.0

bio07–1 ++++ ++ + + + ++ + 52.4 17.7 1.9 3.4 3.8 2.4 0.4 0.2 0.1 0.2 1.1 7.6 17.0 99.5

bio07–2 ++++ ++ + + + + + + 46.5 17.4 4.4 6.4** 2.8 2.6 0.4 0.2 0.2 0.1 2.0 7.0 19.4 100.3

bio08–1 ++++ +++ ++ ++ 52.2 16.7 2.8 4.8 3.2 2.1 0.3 0.2 0.1 0.2 1.6 6.6 17.3 99.8

bio09–1

Vicinity of

Pielgrzymowice

(clearance cairn)

++++ + + + + + 32.0 36.2 2.4 1.1 2.4 2.0 0.5 0.4** 0.2 0.2 0.6 3.0 7.6 85.1

bio09–2 ++++ ++ + + + 23.6 43.6 2.5 1.0 1.8 2.3 0.7 0.4** 0.3** 0.2 0.6 2.6 6.5 82.7

bio10–1 ++++ ++ + + 38.4 27.0 2.9 0.9 2.0 3.3** 0.7 0.4** 0.3** 0.2 0.8 3.7 9.2 85.3

bio10–2 ++++ ++ + + + 42.9 25.5 2.6 1.0 2.1 2.8 0.6 0.4* * 0.3** 0.2 0.8 3.5 9.0 87.2

bio11–1 ++++ ++ + + + 33.0 35.3 1.4 1.0 2.0 2.1 0.4 0.2 0.2 0.1 0.6 3.3 8.0 83.6

bio11–2 ++++ + 33.5 36.3 1.6 0.8 1.9 1.9 0.5 0.2 0.2 0.1 0.7 3.3 8.1 85.0
bio12–1 Pawłowice ++++ + + + + 21.6 52.7 0.5 0.8 1.5 1.7 0.6 0.1 0.1 0.1 0.6 4.4 6.9 86.5

bio13–1 Slope (drilling) ++++ + + + + 25.8 44.1 1.9 1.3 2.6 3.5** 0.9 0.1 0.2 0.1 0.4 3.1 9.6 90.1

bio14–1
Młokicie

Slope (drilling)
++++ + 23.8 52.1 2.5 1.9 3.2 1.8 0.6 0.03 0.1 0.1 0.8 4.5 10.6 96.6

bio15–1

Młokicie

Riverbed

(survey)

++++ + + + 33.3 41.1 3.3 1.5 2.3 1.9 0.5 0.1 0.1 0.1 0.6 4.7 10.3 94.5

bio15–2 ++++ + + + + 33.8 30.3 4.1 1.6 2.5 1.7 0.5 0.2 0.1 0.1 0.7 5.0 10.9 85.9

bio15–3 ++++ + + + + + ++ 32.7 29.6 5.7 1.9 2.2 2.1 0.4 0.2 0.2 0.1 0.7 5.3 11.7 86.9

bio16–1 ++++ + + + + + + 27.6 39.1 2.9 1.6 2.4 2.9 0.8 0.2 0.2 0.1 0.5 3.9 8.6 86.3

bio16–2 ++++ + + + + + + 34.6 29.5 2.6 1.6 2.7 2.8 0.6 0.2 0.2 0.1 0.6 4.7 10.1 85.1

bio16–3 ++++ + + + + + + + 34.3 30.8 3.0 1.9 2.2 3.1 0.7 0.2 0.2 0.1 0.6 6.8 13.9 90.4

bio17–1

Młokicie

Riverbank

(soil profile)

++++ + + + + + 13.6 47.3 0.7 1.4 1.8 3.2 1.0** 0.1 0.2 0.1 0.4 4.6 9.3 78.5

bio18–1 ++++ + + + + 6.2 57.4** 1.4 1.1 1.6 2.5 0.9 0.1 0.2 0.1 0.3 1.9 4.4 75.7

bio18–2 ++++ + + + + + 12.4 47.4 1.6 1.2 2.3 4.0** 1.0** 0.1 0.3** 0.1 0.4 3.3 7.1 77.6

bio19–1 ++++ + + + + + 11.7 51.8 1.0 1.0 2.1 4.0** 1.2** 0.1 0.3** 0.1 0.5 4.3 9.2 82.4

bio19–2 ++++ + + + + + 7.9 60.2 0.7 1.0 1.8 4.5** 1.3** 0.1 0.3** 0.2 0.4 3.4 7.2 85.10

bio20–1 ++++ + + + + + 1.6 80.3** 0.1 0.7 1.8 3.9** 1.4** 0.1 0.2 0.1 0.3 1.5 3.5 93.7

bio20–2 ++++ + + + + + 2.6 75.6** 0.2 0.7 2.4 4.1** 1.4** 0.1 0.2 0.1 0.3 1.9 4.4 91.8

bio21–1 ++++ + + + + + 18.1 45.0 2.8 1.3 1.8 3.4** 1.0** 0.1 0.2 0.1 0.5 4.0 8.8 82.5

bio21–2 ++++ + + + + + 15.8 45.6 2.9 1.3 1.7 3.6** 1.0** 0.1 0.3** 0.1 0.6 3.8 8.5 80.8

bio22–1
Wilków

Floodplain (drilling)
++++ + 6.7 82.3 0.2 0.2 0.5 2.6 0.9 0.0 0.1 0.1 0.4 2.3 5.2 98.7

bio23–1 Heinersbrück, Germany ++++ + + + + + 22.4 53.4 0.8 1.8 4.7 3.0 0.7 0.1 0.2 0.1 0.4 4.8 9.7 96.9

++++ maximum counts per second          +++ major components          ++ minor components          + traces *smaller than four times the standard deviation of the measuring error **higher than the highest standard measurement

Under Remain. oxides the uncalibrated XRF measurements of CeO2, Sb2O3, SnO, CdO, Ag2O, UO2, Nb2O5, ZrO2, Y2O3, SrO, Rb2O, Bi2O3, PbO, Au2O, SeO3, As2O3, HgO, ZnO, CuO, NiO, CoO, Cr2O, V2O, Cl, SO3 and MgO are summed.
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Fig. 4. Total least squares regression model of iron-hydroxide and silicon-dioxide in bog iron ores. [Further developed bog iron ores in regard to their iron and silicon contents (Table 4)].
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squares regression model and correlation coefficients were calculated.
In order to statistically compare the not-normally distributed results
from the literature review (Tables 1 and 2) and the study area, nonpara-
metric 1- and 2-tailed U tests of iron contents in ores and slags from
both datasets were conducted after Wilcoxon, Mann and Whitney in
order to compare their magnitude (Wilcoxon, Mann and Whitney
cited after Rinne, 2008). Furthermore a multivariate principal compo-
nent analysis (PCA) was conducted from each correlation matrix of
the calibrated oxide measurements with an eigenvalue N1 in order to
investigate coherences in the elemental composition and to analyze,
structure, summarize and simplify the datasets (Fahrmeir et al., 1996;
Hartmann and Wünnemann, 2007; Charlton et al., 2012).

3. Results

3.1. Mineralogical and elemental composition of the bog iron ores

Mineralogically, the analyzed bog iron ore samples mainly consist of
quartz (SiO2), while two samples (bio03-1 and bio04-1) are dominated
by calcite (Table 4). Among the ironminerals goethite (α-FeO(OH) pre-
vails, whilemagnetite (Fe3O4), hematite (Fe2O3),maghemite (γ-Fe2O3),
orthoclase (K[AlSi3O8]) and pyrite (FeS2) occur frequently in traces. Ad-
ditionally, in some samples traces of siderite (FeCO3) were detected
(Table 4). The diffractograms of representative bog iron ore samples
are shown in the Appendix (Fig. A.4 to A.8).

The oxide composition of sampled initial and developed bog iron ores
is mainly comprised of iron (III) oxide (Fe2O3) and silicon-dioxide (SiO2)
Fig. 5. A. PC-plot of PC 1 and 2 of the major oxide concentrations in bog iron ores; 5 B. Princip
process calculated according to Charlton et al., 2010 (Table 5).]
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with contents between 1.6 and 64.9 mass% Fe2O3 (sample bio20-1 and
bio02-1; �x = 31.5 mass% Fe2O3; n = 35), and between 10.4 and
82.3 mass% SiO2 (bio04-1 and bio22-1; �x = 37.4 mass% SiO2; n = 35)
(Table 4). Apart from Fe2O3 and SiO2, the oxides CaO (max.
18.7 mass%), P2O5 (max. 6.9 mass%), MnO (max. 5.7 mass%) and Al2O3

(max. 3.4mass%) are also present in considerable amounts in the elemen-
tal composition of the ores, while K2O (max. 1.4 mass%), TiO2 (max.
0.4 mass%) and BaO (max. 0.4 mass%) represent minor contents
(Table 4). The TIC contents in the sampled ores vary between 0.3 and
3.8 mass% (�x = 0.8 mass%; n = 35), while TOC contents vary between
1.5 and 7.8 mass% (�x = 4.6 mass%; n= 35) (Table 4).

For all samples a linear correlation with a correlation coefficient of
R=−0.93 was detected between iron and silicon (Fig. 4). With values
between 45.5 and 64.9 mass% Fe2O3 (�x=56.4mass% Fe2O3; n=4), the
samples from Rychnów show the highest Fe2O3 contents, followed by
samples from Pielgrzymowice with between 46.5 and 53.9 mass%
Fe2O3 (�x=51.7mass% Fe2O3; n=6)originating from the archaeological
survey, and with between 23.6 and 42.9 mass% Fe2O3 (�x = 33.9 mass%
Fe2O3; n = 6) originating from a nearby clearance cairn (Fig. 1B;
Table 4). The other bog iron ore sites of the riverbed and drilling at
Młokicie and the drilling at Pawłowice reach mean Fe2O3 contents of
32.7 (n=6), 23.8 (n=1), and 23.7 (n=2)mass% Fe2O3. At the remain-
ing sites of Młokicie (riverbank) and Wilków (floodplain) the samples
show mean iron contents of 10.0 (n = 9) and 6.7 (n = 1) mass%
Fe2O3 (Fig. 1B; Table 4).

The PCA of the elemental composition of bog iron ores resulted in
nine principal components (PCs). The first two PCs account for 52.1
al component loadings of the PCA on bog iron ores. [Reduction efficiency of the smelting
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Table 5
Results of the mineralogical XRD and elemental p-ED-XRF analyses of slag samples for the study sites along the floodplain of the Widawa River.

Sample Location Faya– Quartz Wüs– Goethite Hema– Magne–Maghe– Side– Pyrite Ortho– Augite FeO SiO2 MnO CaO P2O5 Al2O3 K2O BaO TiO2 Remain.TIC LOI TOC LOITot. LOI SUM RII
Name Study site lite tite tite tite mite rite clase Results from calibrated energy dispersive portable XRF measurements oxides (900 °C)(550 °C)(900 °C) ***

Setting [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%] [mass%]

slag01–1

Rychnów

Slope (survey)

++++ + ++ + + ++ ++ + + + 69.1 22.3 5.8 1.7 0.6 3.7** 0.5 0.1* 0.1 0.3 0.0 0.0 0.0 104.2 0.71

slag02–1 ++++ + + + + +++ ++ + + 56.1 26.5 8.4** 3.8 0.6 4.0** 1.0 0.1 0.1 0.3 0.0 0.0 0.0 101.0 0.98

slag03–1 ++++ ++ + + ++ + + ++ 54.3 26.7 8.2** 3.3 0.8 4.6** 1.2** 0.1 0.2 0.4 0.0 0.0 0.0 99.7 1.02

slag03–2 ++++ + + + + + + + ++ 58.1 27.7 5.7 2.1 0.6 5.3** 1.0 0.1* 0.2 0.3 0.0 0.0 0.0 101.1 1.04

slag04–1 ++++ + ++ ++ 54.8 26.6 7.5 2.9 0.7 4.6 1.1 0.1 0.3 0.4 0.0 0.0 0.0 98.9 1.02

slag05–1 ++++ ++ + + ++ + + + + 62.1 24.7 7.0 1.3 0.5 3.9** 0.8 0.1 0.2 0.3 0.0 0.0 0.0 100.9 0.85

slag06–1 ++++ +++ + + 61.7 24.6 6.9 1.3 0.6 4.1 0.8 0.1 0.2 0.3 0.0 0.0 0.0 100.6 0.86

slag07–1 ++++ + ++ + + + + + ++ 62.8 26.2 5.8 1.4 0.6 3.6 0.9 0.1* 0.1 0.3 0.0 0.0 0.0 101.8 0.91

slag08–1 ++++ + +++ + + ++ ++ + + 71.2 23.0 5.2 1.2 0.6 3.7** 0.5 0.1 0.1 0.4 0.0 0.0 0.0 105.8 0.72

slag09–1 ++ ++++ ++ + + ++ ++ + + + 67.0 20.3 4.7 1.7 1.1 3.4 0.4 0.0* 0.1 0.3 0.0 0.0 0.0 99.1 0.68

slag10–1 ++++ ++ + ++ + + + 59.5 25.8 7.0 2.6 0.9 4.4 1.1** 0.1 0.2 0.3 0.0 0.0 0.0 101.8 0.93

slag11–1

Pielgrzymowice

Slope (survey)

++ ++ + ++ ++ ++ ++ + ++ ++++ 11.7 45.6 0.1 11.0** 0.9 9.3** 1.5** 0.2 0.9** 5.8 0.0 0.0 0.0 87.1 9.24

slag12–1 ++++ + +++ ++ 57.2 26.2 3.2 4.4 0.6 5.7** 0.8 0.1 0.3 0.3 0.0 0.0 0.0 98.8 1.04

slag13–1 +++ ++++ ++ + + ++ + + + + 71.6 28.9 0.8 1.3 2.9 2.1 0.4 0.1 0.1 0.3 0.0 0.0 0.0 108.4 0.95

slag14–1 ++++ + + + + + + + 60.7 27.0 4.9 1.5 5.1** 2.6 0.6 0.4** 0.3 0.4 0.0 0.0 0.0 103.4 0.98

slag15–1 ++++ + + + + ++ + + + + 48.7 40.7 3.3 1.9 2.4 2.4 0.8 0.3 0.2 0.2 0.0 0.0 0.0 100.9 1.87

slag16–1 ++++ ++ + + ++ ++ + + 56.8 25.7 3.2 4.5 0.7 5.9** 0.8 0.1 0.3 0.4 0.0 0.0 0.0 98.2 1.02

slag16–2 ++++ ++ + + ++ ++ + + 56.9 26.5 3.2 4.5 0.7 6.1** 0.9 0.1* 0.2 0.4 0.0 0.0 0.0 99.3 1.05

slag17–1 ++++ +++ +++ ++ ++ 51.0 30.6 3.6 5.0 0.5 5.9** 0.9 0.1 0.4** 0.3 0.0 0.0 0.0 98.2 1.34

slag18–1 +++ ++++ ++ + + + + + 68.1 30.3 0.4 2.0 4.8** 2.2 0.4 0.1 0.1 0.3 0.0 0.0 0.0 108.7 1.06

slag18–2 +++ +++ ++ + + + + + + + 72.0 22.1 0.5 2.3 6.4** 2.1* 0.3 0.1 0.1 0.3 0.0 0.0 0.0 106.2 0.73

slag19–1 ++++ + ++ + ++ ++ + + + 51.5 29.1 3.8 5.2** 0.6 6.9** 1.0 0.1* 0.3 0.3 0.0 0.0 0.0 98.6 1.26

slag19–2 ++++ ++ + + + ++ + + ++ 51.6 27.4 3.8 5.2 0.5 6.2** 1.0 0.1 0.3 0.4 0.0 0.0 0.0 96.5 1.18

slag20–1

Kowalowice

Slope (survey)

++++ ++ + + + ++ + ++ + 57.2 23.1 8.6** 2.6 7.3** 1.9 0.7 0.8** 0.5** 0.4 0.0 0.0 0.0 102.9 0.84

slag20–2 ++++ ++ ++ + + + + + + + 61.8 22.0 8.3** 2.5 7.0** 2.1 0.6 0.8** 0.5** 0.3 0.0 0.0 0.0 105.9 0.75

slag21–1 ++++ + ++ + + ++ + + + + 59.4 27.2 7.3 2.0 0.6 4.6 1.0 0.1 0.2 0.4 0.0 0.0 0.0 102.8 0.97

slag21–2 ++++ + ++ + + ++ + + ++ + 60.1 26.4 7.2 2.1 0.5 4.5 1.0 0.1 0.2 0.3 0.0 0.0 0.0 102.4 0.94

slag22–1 ++++ ++ ++ ++ + ++ + ++ ++ ++ 16.2 44.9 0.0* 6.8** 0.5 12.4** 2.3** 0.1 1.1** 0.6 0.0 0.0 0.0 84.9 6.62

slagMR1
La Esterella 1, 

Spain
– – – – – – – – – – – 73.3 15.4 0.0* 0.7 0.0* 0.8* 0.0* 0.0* 0.0* 0.7 0.0 0.0 0.0 91.1 0.50

slagMR2
La Esterella 2, 

Spain
– – – – – – – – – – – 79.6 6.4 0.0* 0.6 0.0* 0.9* 0.0* 0.0* 0.0* 0.2 0.0 0.0 0.0 87.6 0.19

slagMR3
Majal del Toro 2, 

Spain
– – – – – – – – – – – 5.2 47.8 0.0* 0.3 0.0* 1.7 0.0* 0.0* 0.0* 20.4 0.0 0.0 0.0 75.4 21.97

slagMR4
Mina de San 

Pedro 1, Spain
– – – – – – – – – – – 23.9 37.0 0.0* 0.3 0.0* 0.9* 0.0* 0.0* 0.0* 20.4 0.0 0.0 0.0 82.5 3.70

++++ maximum counts per second +++ major components ++ minor components          + traces                    *smaller than four times the standard deviation of the measuring error **higher than the highest standard measurement

***Reducible Iron Index (according toCharlton et al., 2010)

Under Remain. oxides the uncalibrated XRF measurements of CeO2, Sb2O3, SnO, CdO, Ag2O, UO2, Nb2O5, ZrO2, Y2O3, SrO, Rb2O, Bi2O3, PbO, Au2O, SeO3, As2O3, HgO, ZnO, CuO, NiO, CoO, Cr2O, V2O, Cl, SO3 and MgO are summed.
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and 17.6% of the total variance (Fig. 5A). According to the values of the
PC loadings, PC 1 particularly represents the oxides K2O, Fe2O3, SiO2,
P2O5 and Al2O3, whereas PC 2 mainly represents the oxides MnO and
BaO (Fig. 5B). The resulting plot of PC 1 against PC 2 (Fig. 5A) is evenly
scattered, while the point clouds of the samples from different study
sites hardly overlap, apart from the clearance cairn at Pielgrzymowice
and the riverbed at Młokicie (Fig. 5A).

The statistical comparison between the iron contents in bog iron ores
from the literature review and the study area, applying the 2-tailedU test
afterWilcoxon,Mann andWhitneywith the null hypothesis that the dis-
tributions of both datasets come from the same population, resulted in a
p-value of P=0.001, which rejects the null hypothesis of P N 0.05with a
significance level of α=0.05. A subsequent 1-tailed U test with the null
hypothesis that the comparative studies tend to have larger values,
resulted in a p-value of P = 0.001, which accepts the null hypothesis of
P b 0.05 with a significance level of α= 0.05.

3.2. Mineralogical and elemental composition of the iron slags

All collected slags are greyish in color, showmagnetic properties and
do not contain TIC and TOC contents in terms of inorganic carbon (e.g.
CaCO3), humus or plant material (Table 5). Mineralogically, most of
these samples mainly consist of fayalite (Fe2SiO4), only four slag sub-
samples (slag09-1, slag13-1, slag18-1 and slag18-2) consist mainly of
quartz (SiO2) and one of augite ((Ca,Mg,Fe)2Si2O6; slag11-1). A major
to minor component in the iron slags is wüstite (FeO). Magnetite
(Fe3O4) and maghemite (γ-Fe2O3) mostly occur as minor components,
whereas pyrite (FeS2), orthoclase (K[AlSi3O8]), siderite (FeCO3), hematite
(Fe2O3) and goethite (α-FeO(OH)) often occur in traces (Table 5).
Diffractograms of representative iron slag samples are shown in the Ap-
pendix (Fig. A.9 to A.13).

The elemental composition of the sampled slags mostly consists of
FeO (11.7 to 72.0 mass% FeO; �x = 56.8 mass% FeO; n = 28) and SiO2

(20.3 to 45.6 mass% SiO2; �x=45.6 mass% SiO2; n= 28) (Table 5). Sim-
ilar to the bog iron ores, the FeO and SiO2 contents in the iron slags also
show a linear correlation with a correlation coefficient of R = −0.86:
the higher the FeO content, the lower the SiO2 content (Fig. 6). The
iron slags from Rychnów with values between 54.3 and 71.2 mass%
FeO (�x = 61.5 mass% FeO; n = 11) show the highest iron contents,
followed by the samples from Pielgrzymowice with between 11.7 and
72.0mass% FeO (�x=54.8mass% FeO; n=12), and Kowalowice with be-
tween 16.2 and 61.8 mass% FeO (�x = 50.9 mass% FeO; n= 5) (Table 5).
Furthermore Al2O3 (max. 12.4 mass%), CaO (max. 11.0 mass%), MnO
(max. 8.6 mass%) and P2O5 (max. 7.3 mass%) are significant elements in
the composition of the sampled iron slags, while K2O (max. 2.3 mass%),
TiO2 (max. 0.9 mass%) and BaO (max. 0.8 mass%) only contribute minor
contents (Table 5). The RII (Table 5), lies between 0.7 and 1.9 with two
outliers reaching 6.6 and 9.2. Most samples show an RII smaller than 1
and depending on the iron, silicon and manganese contents the RII
(Table 5) shows a high negative correlation of R= −0.91 with the iron
contents in the slags (Table 5; Fig. 6).
Fig. 6. Total least squares regression model of ir

Please cite this article as: Thelemann, M., et al., Bog iron ore as a resource f
Widawa catchment area in eastern ..., Catena (2016), http://dx.doi.org/10
Throughout the PCA of the elemental slag composition nine PCswith
loadings for each element were calculated. PC 1 accounts for 57.9% and
PC 2 covers 21.7% of the total variance. While PC 1 with FeO, Al2O3, K2O,
CaO, TiO2 and SiO2 represents most of the selected oxides, PC 2 particu-
larly represents the oxides BaO and P2O5 (Fig. 7B). The resulting
scatterplot (Fig. 7A) shows relatively wide overlapping point clouds
for the study sites of Pielgrzymowice and Kowalowice, while the point
cloud of Rychnów is relatively concentrated.

The statistical comparison between the iron contents in iron slags
from the literature review and the study area, applying the 2-tailed U
test with the null hypothesis that the distributions of both datasets
come from the same population, resulted in a p-value of P = 0.019,
which rejects the null hypothesis of P N 0.05 with a significance level
of α = 0.05. The 1-tailed U test with the null hypothesis that the com-
parative studies tend to have larger values, resulted in a p-value of
P=0.009, which accepted the null hypothesis of P b 0.05 with a signif-
icance level of α = 0.05.

4. Discussion

4.1. Bog iron ores

The sampled bog iron ores in the study area –with varying iron and
silicon contents – come from in-situ samples (Rychnów, Pawlowice,
Młokicie and Wilków) as well as from surface finds (Pielgrzymowice
and Młokicie) (Tables 3 and 4). At the prehistoric smelting site of
Pielgrzymowice and the study sites of Lubska, Kowalowice and
Wojciechów, in-situ ore deposits were not detected (Fig. 2). Bog iron
ore finds from the study area originate from the wetter margins of the
Widawa floodplain, as is also described in general by Wünsche (2007)
and for Lusatia (Germany) by Koschke (2002). Outside the lowlands
no bog iron ores or iron concretions were detected in any of the con-
ducted drillings (Fig. 2). The Saalian glacial till plateaus (Fig. 3) probably
function as the main source of iron and manganese, which were
relocated with the groundwater flux (Graupner, 1982; Oberrascher,
1939), whereas the Pleistocene glaciofluvial sands of the valley margins
of the study area (Fig. 3) provide typical favorable conditions for bog
iron ore formation (Oberrascher, 1939).

The rare occurrence and fragmented distribution of present day
bog iron ore deposits reflect former mining activities as well as agri-
culture and melioration measures. These activities not only inhibit
neoformations but also degrade former deposits (Graupner, 1982;
Leb, 1983; Puttkammer, 2012), which impedes a complete recon-
struction of the prehistoric situation. Additionally, the dryer climate
compared to that of the main bog iron ore formation period in the
Atlantic (Graupner, 1982) negatively affected recent bog iron ore
neoformations (Wünsche, 2007). Therefore, today's deposits often
represent only relicts of the former distribution (Graupner, 1982).

Mineralogically – besides quartz (SiO2), orthoclase (K[AlSi3O8]) and
calcite (CaCO3) – the collected bog iron ores from the study area consist
of a number of iron minerals that are typical for (bog) iron ores, such as
on-oxide and silicon-dioxide in iron slags.

or prehistoric iron production in Central Europe— A case study of the
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goethite (α-FeO(OH)), magnetite (Fe3O4), hematite (Fe2O3), maghemite
(γ-Fe2O3), siderite (FeCO3) and pyrite (FeS2) (Banning, 2008; Graupner,
1982). Other ironminerals typical for bog iron ores, such as lepidocrocite
(Fe3+O(OH)) and vivianites (Fe32+(PO4)2 × 8H2O) (Krempler et al.,
2004; Banning, 2008; Sitschick et al., 2005), were not detected in
the XRD analyses (Table 4). Especially considerable hematite and
maghemite contents (bio02-1, bio03-1; Table 4), but also notable
goethite and magnetite contents (bio01-1, bio05-2; Table 4), indicate a
further developed iron mineral formation (Zwahr et al., 2000). Charac-
teristic for the samples from the in-situ bog iron ore site of Rychnów
(bio02-1, bio03-1, bio04-1; Table 4) is the occurrence of calcite
(CaCO3)minerals, which is interpreted as resulting from increasing tem-
perature or decreasing hydrostatic pressure that led to the (near-sur-
face) precipitation of carbonates from the groundwater flux (Correns,
1969). Since the applied XRD analysis measures the diffraction reflexes
of crystal structures, this method provides hardly any information on
non-crystalline, amorphous substances (Last, 2001), such as amorphous
iron-hydroxides (e.g. ferrihydrites (Fe3+10O14(OH)2)), which are typical
for bog iron ores (Banning, 2008). Diffraction reflexes of amorphous
minerals are only detectable through background noise in the unpro-
cessed XRD-diffractograms (Appendix, Figs. A.4, A.6, A.11 and A.13),
which leads to an underestimation of iron mineral contents compared
to elemental iron contents from the p-ED-XRF analyses (Table 4).

In their elemental composition the bog iron ores from the study area
show typical contents (cf. Section 1.1.1), which are dominated by iron
(Fe2O3) and silicon (SiO2) and supplemented by considerable manga-
nese (MnO) and phosphorus (P2O5) contents (Graupner, 1982;
Sperling, 2003). The existing very strong, negative linear correlation be-
tween iron and silicon, with a correlation coefficient of R = −0.93
(Fig. 4) in the samples from the study area represents a typical pattern
for bog iron ores of different qualities. Thus this correlation is also ob-
servable in the results from the literature review (Table 1; Fig. 1A)
with a correlation coefficient of R = −0.82 (Appendix, Fig. A.2). This
pattern represents different stages in the bog iron ore formation process
(Fig. 4). During this process the changingmatrix-component ratio leads
to a change of the iron-silicon ratio. The higher the iron contents are, the
lower the relative silicon content and the further developed the bog iron
ores from initial soft stages to hardened, compacted bog iron ore layers
(Fig. 4). Especially the bog iron ores with lower iron contents, sampled
at the study site of Młokicie (Table 4), are characterized by soft concre-
tions representing a typical initial bog iron ore development stage
(Kaczorek et al., 2004), whereas the samples from the study site of
Rychnów represent a rather developed type of bog iron ore (Fig. 4).
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Regarding the quality for iron smelting in the study area, the iron-
hydroxide contents of between 1.6 and 64.9 mass% Fe2O3 (equivalent
to 1.1 and 45.4 mass% Fe) of all collected initial and developed bog
iron ore samples (Table 4) are situated in the lower midfield compared
to the literature review from Poland, Germany and the Netherlands
(Fig. 1A; Table 1): Only in Mazovia (Poland) the iron contents are
lower than in the study area (Hensel, 1986). Also the applied 1- and
2-tailed U tests confirmed that the iron contents of the bog iron ores
from the comparative studies tend to be higher. As bog iron ores often
show increased manganese and phosphorus contents (Graupner,
1982; Sperling, 2003), the contents of these elements in the ores of
the study area are typical with values between 0.1 and 5.7 mass%
MnOand0.5 and 6.9mass%P2O5 (Table 4). Highestmanganese contents
are associated to the samples fromMłokicie (riverbed),whereas highest
phosphate contents occurred in the samples from Rychnów. The range
of these variations is similar to values from comparative studies,
which show manganese and phosphorus contents of between 0.1 and
13.5 mass% MnO and 0.4 and 8.4 mass% P2O5 (Table 1). According to
Iles (2014), Heimann et al. (2001) andGraupner (1982)manganese over-
all has a positive effect on the smelting process (cf. Section 1.1.5), while
the phosphorus content can – depending on the process temperatures –
decrease the quality of the produced iron (cf. Section 1.1.5; Graupner,
1982; Bauermeister andKronz, 2006; Sperling, 2003; Puttkammer, 2012).

The influence of element measurements exceeding the standard
values on the PCA is regarded as comparatively negligible due to the
clear linear correlation between the standard reference materials and
the XRF-results. PC 1 from the PCA of bog iron ores represents with
iron (Fe2O3) and silicon (SiO2) the main quality measure of the ores in
terms of their suitability for prehistoric iron smelting: the lower the
PC 1 value, the higher the Fe2O3 and the lower the SiO2 contents. A
lowPC 1 also represents high phosphorus contents (Fig. 5B). PC 2 partic-
ularly represents manganese (MnO) and barium (BaO) contents: the
higher the PC 2 value, the higher the MnO and BaO contents (Fig. 5B).
Thus, higher iron and manganese contents are represented in the PCA
by a low PC 1 and a high PC 2 (Fig. 5A). These are according to Iles
(2014), Heimann et al. (2001) and Graupner (1982) overall improving
the favorability for iron smelting with a bloomery furnace. The point
cloud in the PCA-scatterplot (Fig. 5A) shows eight clusters, each
representing a set of samples from different sites, pointing to a spatial
variability of the chemical composition of the ores.

Distinctly higher iron contents were measured in the samples from
Rychnów and Pielgrzymowice in comparison to those from Młokicie,
Pawłowice and Wilków (Table 4). While the highest iron contents
or prehistoric iron production in Central Europe— A case study of the
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with values up to 64.9 mass% Fe2O3 (equivalent to 45.4 mass% Fe;
Table 4) result fromRychnów, iron contents above the empirical bound-
ary value for iron smelting with a bloomery furnace of 55–60 mass% Fe
(equivalent to 79–86 mass% Fe2O3) (Pleiner, 2000), are not reached in
the samples. Therefore the samples from Rychnów represent ores that
are most suitable for iron smelting in the study area. Whether these
ores are indeed suitable for a successful iron smelting with a bloomery
furnace depends not only on the iron content but also on the metal-
slag separation in regard to available fluxing agents (Puttkammer,
2012). Altogether 20 smelting experiments with bloomery furnaces by
Thiele (2010) in Hungary utilizing ores with iron contents of up to
67 mass% Fe2O3 (equivalent to up to 47 mass% Fe) indicate that the
quality of the ores from the Widawa floodplain would be sufficient to
obtain an iron bloom. Subsequent experiments showed that this
bloomwas too breakable for forging (Thiele, 2010). However the expe-
riences and knowledge of early blacksmiths might have allowed
obtaining better results.

4.2. Iron slags

The distribution of the slag sites in the study area, taken from the ex-
tensive archaeological survey, shows that these sites are bound to the
margins of the Widawa floodplain (Fig. 2), similar to the detected bog
iron ore sites (Fig. 2). The grey color and magnetic properties of the
sampled slags from the Rychnów, Pielgrzymowice and Kowalowice
site (Table 5) are typical for iron slags (Schwab et al., 2006; Shotyk,
1988). The lack of TIC and TOC contents are also characteristic of slags
because during the iron-smelting process with temperatures of above
1100 °C the humus components are combusted and the calcium carbon-
ates (CaCO3) are thermally decomposed to calcium-oxide (CaO) and
volatile carbon-dioxide (CO2) (Dean 1974; Wang and Thomson, 1995).

Mineralogically, in contrast to the local bog iron ores, the slags from
the study area hardly contain any quartz (Table 5). The silicon aswell as
the iron in the slags ismostly bound in fayalite (Fe2SiO4), an iron-silicon
mineral, which is typical for iron slags (Puttkammer, 2012). Fayalite is
formed from quartz and iron minerals in bog iron ores during the
smelting process at between 1100 and 1400 °C (Joosten et al., 1998;
Pollard and Heron, 1996), according to Puttkammer (2012) especially
above 1200 °C. Since most of the iron is transferred into fayalite, other
iron minerals, such as goethite (α-FeO(OH)), hematite (Fe2O3), siderite
(FeCO3) andpyrite (FeS2) often only occur in traces,whilewüstite (FeO)
and maghemite (γ-Fe2O3) – as is typical (Schöner et al., 2003; Schwab,
2004) – occur asmajor or often asminor components. The occurrence of
magnetite (Fe3O4) – as a ferric iron oxide – in the slag is rather untypical
for an efficient smelting process and either points to an incomplete
reduction or a formation of magnetite with oxygen from additional air
supply (Manasse and Mellini, 2002).

Regarding the elemental composition of the sampled slags, the iron-
oxide contents lie between 48.7 and 72.0mass% FeO (equivalent to 37.9
and 56.0mass% Fe) (Table 5). As two slag samples (slag11-1 and slag22-
1, Table 5) show iron contents below 16.2 mass% FeO these samples
probably represent melted furnace lining or slags contaminated by
dissolved furnace lining (Joosten et al., 1998) and are not to be regarded
as bloomery slags. Compared to the sampled ores the iron contents in
the local slags are relatively high, especially if it is taken into account
that 10 to 20mass% Fe of the prehistoric slags has already been reduced
to iron bloom (Puttkammer, 2012; Sperling, 2003). This indicates that
the utilized prehistoric ores originally showed much higher iron con-
tents than the analyzed samples. The variance in the iron contents of
the sampled slags is also noticeable in the negative correlation of iron-
oxides and silicon-dioxides (R = −0.86; Fig. 6). This pattern in the
iron-silicon ratio (Fig. 4) results from the quality of utilized bog iron
ores as well as from the process conditions in the furnace (Joosten
et al., 1998). The linearity in the correlation between iron-oxides and
silicon-dioxide in slags is typical and can also be observed in a joint
iron-silicon plot (Appendix, Fig. A.3) of the results of the samples from
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the literature review (Table 2) with a negative correlation coefficient
of R = −0.77. Most analyzed bloomery slags – with an RII below 1.0 –
represent samples with excess iron retained in the slag, which points
to a lower reduction efficiency (Charlton et al., 2010). Compared to
the calculated RII of the comparative studies from the literature review
(Table 2) the reduction efficiency in the slags of the study area is rela-
tively high with 39% of the analyzed slags showing an RII above 1.0
(Tables 2 and 5). Iron smelting with a bloomery furnace is generally
characterized as being relatively inefficient (Sperling, 2003). An iron
content of N50 mass% Fe (equivalent to 64 mass% FeO), as it was mea-
sured in most of the slags from the study area (Table 5), even indicates
a “very inefficient reduction process” (Mihok, 2006; Heimann et al.,
2001). Those iron quantities are most oftenly accompanied by a lower
RII (Tables 2 and 5). Nevertheless the Fe contents in the slags of the
study area are, apart from the mentioned outliers, of similar but lower
magnitude than the results of the comparative studies (Fig. 1A;
Table 2), also confirmed by the applied 1- and 2-tailed U tests. These
lower contents can either indicate lower iron contents in the prehistoric
ores used (Puttkammer, 2012) or a higher efficiency of the smelting
process (Joosten et al., 1998).

Increasedmanganese and phosphorus contents are characteristic for
iron slags produced from bog iron ores (Table 2; Gordon, 1996;
Photos-Jones and Atkinson, 1998). This characteristic can be used to dif-
ferentiate slags from bog iron ores and iron gangue minerals. With
values of up to 8.6 mass% MnO the analyzed samples show particularly
high manganese contents even for bog iron ores. The phosphorus con-
tents –with up to 7.3 mass% P2O5 – are mostly lower than in compara-
tive studies (Tables 2 and 5) but are still typical for iron slags produced
from bog iron ores (Kaczorek et al., 2004; Sperling, 2003; Oberrascher,
1939).

Principal component 1 mainly represents the iron and silicon
contents, which correlate with the reduction efficiency of the smelting
processes or the quality of smelted ores: the higher PC 1, the higher
the FeO and the lower the SiO2 contents. Furthermore a high PC 1
value also represents low Al2O3, K2O, TiO2 and CaO contents. In contrast
a high PC 2mainly represents high BaO and P2O5 contents (Fig. 7B). Par-
ticularly for P2O5with up to 7.3mass% these results are again influenced
by negligible inaccuracies with increasing element contents since the
used reference material only reached 3.8 mass% (Table 5). The PC-plot
of PC 1 against PC 2 of the sampled iron slags (Fig. 7A) shows a wide
overlapping scattering of the slag samples from Pielgrzymowice and
Kowalowice, while the slags from Rychnów show a relatively narrow
distribution. These differences in the point patterns, which represent a
wider variability in the elemental composition in the slags from
Pielgrzymowice and Kowalowice than from Rychnów, indicate more
distinctive differences in (i) the elemental composition of utilized
ores, e.g. their phosphorus and manganese contents (Joosten et al.,
1998; Graupner, 1982; Schwab, 2004) and (ii) contaminations with
fuel ash, furnace lining and additional fluxing agents (Joosten et al.,
1998; Koschke, 2002; Sperling, 2003) as well as in the process condi-
tions, such as (iii) the process temperatures (Puttkammer, 2012;
Joosten et al., 1998), (iv) the duration, efficiency and homogeneity of
the smelting process (Garner, 2011; Schwab et al., 2006; Joosten et al.,
1998) and/or (v) the utilized furnace type (Schöner et al., 2003;
Degryse et al., 2009). In contrast to the relatively consistent elemental
composition of the slags from Rychnów there seems to be no typical
elemental composition for the iron slags from Pielgrzymowice and
Kowalowice (Fig. 7A).

5. Conclusions

In the study area bog iron ores of varying quality are relatively wide-
ly distributed. The detected ores are situated at the margins of the
Widawa floodplain (Rychnów and Młokicie) or by its tributaries
(Pawłowice) at wetter topographic positions between Holocene fluvial
and Saalian glacial deposits. The ores are characterized by a typical,
or prehistoric iron production in Central Europe— A case study of the
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goethite-dominated mineralogical composition and a variety of differ-
ent iron-silicon ratios, which represent different bog iron ore formation
stages.With increasing iron and decreasing silicon contents the suitabil-
ity of the ores for iron smelting with a bloomery furnace increases. The
analyzed ores show significantly lower iron contents than those from
studies in Poland, Germany and the Netherlands. Ores with iron con-
tents of up to 64.9 mass% Fe2O3 originate from the study site of
Rychnów. These ores show sufficient iron contents to produce an iron
bloom with a bloomery furnace. The elemental variability of ores was
investigated by conducting a principal component analysis, indicating
a specific elemental ore composition at each sampling site.

The sampled prehistoric iron slags are characterized by a typical,
fayalite-dominatedmineralogical composition pointing to process tem-
peratures above 1200 °C. Considerablemanganese and phosphorus con-
tents in the slags verify that bog iron ores and not (imported) ores from
iron ganguemineralswere used for smelting attempts. Compared to the
sampled ores of the study area the iron contents in the local slags are
relatively high, which indicates that the prehistoric ores utilized origi-
nally showed higher iron contents than the presently located ores. A
principal component analysis of the major oxide concentrations in
iron slags shows a higher variability in the elemental compositions of
slags fromPielgrzymowice andKowalowice,which indicates theutiliza-
tion of ores of different quality and/or inhomogeneous smelting condi-
tions in the bloomery furnaces. In contrast, a lower variability in the
elemental composition of slags from Rychnówwas revealed, suggesting
more homogeneous ore compositions and smelting conditions. All in all
the principal component analysis is regarded as a useful tool to investi-
gate patterns in the elemental composition of iron slags and bog iron
ores of different sub-sites of a study region.

In summary, several indicators suggest favorable conditions for pre-
historic iron production in the study area: (i) There is a large number of
known prehistoric slag sites in the study area, which contrasts to the
few in-situ bog iron ore sites presently in existence, (ii) the iron con-
tents in the local analyzed slags are comparable to other centers of
early iron production, especially to the close-by study areas of
Tarchalice andMilanówek (Poland), (iii) the iron contents in the prehis-
toric slags are relatively high compared to the bog iron ores detectable
nowadays, and (iv) despite the negative effects of deforestation, mod-
ern agriculture and melioration measures, bog iron ores probably suit-
able for iron production were even today detected in the study area.
However, in the vicinities of slag sites, such as Pielgrzymowice and
Lubska, recent in-situ ore deposits were not detected. The number of
sampled sites and their density are too low in terms of identifying
areas of higher favorability for the formation of bog iron ores within
the study area. Anyhow, it can be stated that samples from different
study sites show significantly different qualities of bog iron ores, with
higher qualities at the study site of Rychnów and lower qualities at
Młokicie, Pawłowice and Wilków.

The identified discrepancy in the iron contents of current bog iron ore
deposits compared to prehistoric ores is ascribed to landscape changes in-
ducedbydeforestation, intensified land-usepractices andbog ironore ex-
ploitation in the study area during the last millennia, as well as to a dryer
and cooler climate compared to the main bog iron ore formation phase
during the Atlantic. Therefore the present conditions do not reflect the re-
source situation in prehistoric times, when bog iron ores of higher quality
could be exploited. Nevertheless our study has demonstrated that bog
iron ores of varying quality, comparable to those found in comparative
studies, are situated along theWidawa floodplain and that iron slags sim-
ilar to those of other centers of early iron smelting were identified at the
numerous prehistoric iron slag sites in the study area.
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