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1. INTRODUCTION
In ancient times, iron was one of the most valuable materials, and 
whole cultures relied upon iron production that was utilised to 
create an array of different objects. The main method for produc-
tion of iron in pre-industrial times was the smelting of iron ores 
via a direct reduction process, in order to obtain an iron bloom. 
The metallurgical principle in this method relies on the chemical 
reduction of iron oxide(s) and oxyhydroxide(s) present in the iron 
ore by carbon or gases formed during smelting (PLEINER, 
2000). During the smelting process, carbon monoxide (CO) from 
charcoal reacts with iron oxide(s)/oxyhydroxide(s) from the ore, 
forming iron particles and carbon dioxide (CO2) (CHARLTON 
et al., 2010). Air could have been blown into a furnace through 
blowing holes/tuyeres incorporated in the furnace walls to elevate 
the temperature and improve the bloom formation. Additional 
material in the form of fluxes could have been added during the 
process to enhance iron gain and to lower melting temperatures 
(CHARLTON et al., 2012). Compounds such as silica, aluminium 
and unreduced iron partition from the iron as a liquid phase so-
lidifying at the bottom of the furnace, forming furnace bottom 
slag (FBS) or they are discharged from the furnace, forming tap 
slag (TS) (PORTILLO-BLANCO et al., 2020). Textural charac-
teristics of slag are depended on the cooling conditions, while the 
mineralogical and geochemical composition of smelting slags de-
pends on the raw material used (ore, charcoal, furnace walls), 
potential use of flux materials (carbonates) and the way the pro-
cess was carried out (air input, ratio of ore:charcoal etc.).

In the study area of the Podravina region, several sites with 
traces of iron production and processing were excavated (SEKELJ 
IVANČAN & KARAVIDOVIĆ, 2021) while over 150 potential 
sites were identified through field surveys (VALENT, 2021). Bog 
iron ores were also detected on some sites within an archaeologi-
cal context and during surface field surveys (BRENKO et al., 
2021), implying that they were potentially utilised for iron produc-
tion. Iron ores, and especially bog iron ores (KACZOREK & 
SOMMER, 2003), are never formed purely from iron oxides/oxy-
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Abstract
Archaeological excavations in the Podravina region led to discovery of sites with traces of bloom-
ery iron production during Late Antiquity and the Early Middle Ages. Mineralogical analysis of 
the slags recognized fayalite as the main mineral phase, while geochemical analysis confirmed 
high Fe contents, typical for bloomery iron smelting. Based on the previously established occur-
rences of bog iron ores in the study area, provenance studies were carried out using trace and 
rare earth elements to create a geochemical signature. Similar shapes and patterns of bog iron 
ores and iron slag signatures imply a genetic connection between the ore and the slag, as well 
as variation related to the temporal and spatial context of both slags and ores.

hydroxides (RAMANAIDOU & WELLS, 2014), but rather as a 
combination of iron oxides/oxyhydroxides and aluminosilicate soil 
phases. The combination of heterogenous iron ore, with the pos-
sible addition of flux materials, charcoal and furnace lining during 
smelting, significantly complicates provenance studies. However, 
recent studies regarding the usage of major and trace elements (in-
cluding rare earth elements) indicate the potential for following the 
geochemical signature from the iron ore to the iron slag (HORST-
MADSEN & BUCHWALD, 1999, CREW, 2000; COUSTURES 
et al., 2003; SCHWAB et al., 2006; DESAULTY et al., 2009). Ma-
jor element analysis is used as a first discriminator of the smelting 
process using Non-Reduced Compounds (NRC) ratios (DILLMAN 
& L’HÉRITIER, 2007). By comparing major element ratios in iron 
slags, it is possible to distinguish different ore sources. However, 
NRC ratios are only useful in limited cases when there are some 
significant differences among the ore deposit sites.

Therefore, special attention must be given to the differentia-
tion of elements between the solid and liquid phases during smelt-
ing, especially the trace elements. Trace elements that prefer to 
remain in the solid phase (bloom) are termed compatible, while 
trace elements that go into the liquid phase (slag) are termed in-
compatible, as they are incompatible in the crystal structure and 
will try to partition at the first available opportunity, i.e. during 
smelting when high temperatures are introduced into the system 
(ROLLINSON, 1993). According to studies undertaken by 
COUSTURES et al. (2003) and DESAULTY et al. (2009), it can 
be deduced that the majority of incompatible elements will pass 
into the slag during the smelting process. DESAULTY et al. 
(2009) concluded that the enrichment factor of incompatible ele-
ments is close to their modal factor, meaning that their ratios 
should remain constant from the ore to the slag. A similar obser-
vation was previously made by COUSTURES et al. (2003) where 
plotting pairs of incompatible elements that have the same num-
ber of electrons and an equivalent ionic radius revealed that the 
incompatible pairs should retain the same ratios between the ore 
and the slag. Despite the fact that the slag can contain traces of 
iron particles from the bloom, due to their small size and low 
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quantities it can be considered that their effect on the overall trace 
element content in the slag is negligible.

Considering these aspects, this paper has two main aims: (i) 
defining the mineralogical and geochemical characteristics that 
can lead to determining temporal and spatial variation in tap and 
furnace bottom slags from three sites dated to the Late Antiquity 
and Early Middle Ages and (ii) constructing the geochemical sig-
nature of iron slags to compare it to the local bog iron ores. In or-
der to do that, two different slag sample types were analysed using 
geochemical and mineralogical methods. To establish the prove-

nance of the studied iron slags, the geochemical signature using 
26 selected trace elements and rare earth elements (REEs) was 
established for all slag samples. Geochemical signatures of slags 
are compared to the geochemical signatures of previously ana-
lysed bog iron ores found in the study area (BRENKO et al., 2021).

2. GEOLOGICAL AND ARCHAEOLOGICAL  
SETTINGS
The archaeological sites related to iron production from which 
the slag and ore samples originate are dated to the Late Antiquity 

Figure 1. A) Map of the study area with locations of iron slags and iron ores used in this study. Typical morphology of B) tap slags and C) furnace bottom slags in 
the study area.
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and Early Middle Ages, from the 4/5th (Virje-Sušine), 5/6th cen-
tury (Virje-Volarski breg), as well as to the end of the 6th and mid-
7th century (Virje-Sušine, Hlebine-Velike Hlebine) and to the end 
of the 8th and the beginning of the 9th centuries (Virje-Volarski 
Breg). Individual sites Virje-Volarski Breg and Virje-Sušine have 
several positions, where archaeological trenches were set on the 
basis of prior geophysical research, through which the area satu-
rated with iron production debris was presumed. On all of the 
excavated positions traces of bloomery iron production work-
shops (SEKELJ IVANČAN & KARAVIDOVIĆ, 2021) were dis-
covered. The basic technological solution, in terms of the type of 
furnace used, was similar on all sites. The furnaces were free-
standing, with a shallow hearth from which the slag was tapped 
out during the smelting procedure. The shaft was built entirely 
of clay, saturated with sand to some degree.  The sites are all lo-
cated in the central part of the lowland Podravina region (Croa-
tia), on a linear distance between 0.7–7 km (Fig. 1). The most 
prominent geographical feature in the area is the meandering 
Drava River. Surrounding the river is the low-lying terrain of 
three alluvial river terraces. The river valley formed during the 

last Holocene climatic warming period (HEAD, 2019), where 
constant floods resulted in the deposition of a variety of flood 
sediments, including gravels, sands and silts (LÓCZY et al., 
2014). Hydrological (BRKIĆ et al., 2010; BRKIĆ & BRIŠKI, 
2018) and hydrochemical (KOPIĆ et al., 2016) studies discovered 
that the groundwater table is close to the surface, with the aquifer 
system often showing elevated contents of iron and manganese. 
The majority of soils in the study area are determined as Fluvi-
sols and Gleysols (BAŠIĆ, 2013). The combination of shallow 
groundwater enriched with iron results in the formation of bog 
iron ore in the study area (BRENKO et al., 2021), a sedimentary 
accumulation of iron and accompanying elements formed in soils 
due to the precipitation of iron in intervals with higher oxygen 
concentration (RAMANAIDOU & WELLS, 2014). 

3. MATERIALS AND METHODS
In this study, 33 iron slag samples (Table 1) were selected and 
analysed. Samples can be categorized in two main slag groups: 
furnace bottom slags (FBS) and tap slags (TS). From each site, 

Table 1. Mineral composition of selected tap slags and furnace bottom slags in the Podravina region. Mineral abbreviations: Ank – ankerite; Dol – dolomite;  Fay – fayalite; 
Gth – goethite; Hem – hematite; Lct – leucite; Mag – magnetite; Pl – plagioclase; Px – pyroxene; Spl – spinel; Wus – wüstite; 10Å/14Å clay – phyllosilicates with 001 peaks 
at 10 or 14Å.

Sample
Trench / SU / 

Sample nr.
Site Age Fay Qz Gth Hem Mag Wüs Other minerals

H-VH TS 1 1/38B/133

Hlebine – Velike 
Hlebine

6–7th 
century

+++ – – – + + Spl

H-VH TS 2 1/37A/1/137 +++ ? – – – + Spl, Dol (?)

H-VH TS 3 1/37A/1/140 +++ ? – – – – Spl, Dol (?)

H-VH TS 4 2/113/266 +++ + + – – ? Pl, Stishovite (?)

H-VH TS 5 2/113/270 +++ + – – – – Px (?)

H-VH TS 6 2/109-110/251 +++ ? – – – – Spl

H-VH TS 7 2/109-110/251 +++ ? – – – – Spl (?)

H-VH TS 8 2/97/98/ +++ + – – – ? /

H-VH TS 9 2/65/169 +++ – – – – + Spl

H-VH FBS 1 1/38A/135 +++ ? ? – – + Spl, Px (?)

H-VH FBS 2 1/37A/144 +++ + – – – ++ /

H-VH FBS 3 1/37A/1/137 +++ + – – – – Px, 10Å clay (?)

H-VH FBS 4 1/001/25/36 +++ + – – – + Px (?)

V-S TS 1 7/327/432

Virje – Sušine

4–5th 
century

+++ + – – – + Spl

V-S TS 2 7/327/427-1 +++ + – – – ++ Px

V-S TS 3 7/314/295-1 +++ ? – – – ++ /

V-S TS 4 7/317/305/ +++ + – – – ++ Px (?)

V-S TS 5 7/314/295-7 +++ ? – – – – /

V-S TS 6 7/314/295-14 +++ + – – – + Spl (?)

V-S FBS 1 5/237/126 ++ + ? – – ++ Lct

V-S TS 7 5/270/125
6–7th 

century

+++ + – – – – Spl (?), Pl

V-S TS 8 5/217/124 +++ + ? + – – Pl, Px (?)

V-S TS 9 5/240/115 ++ + – – – – Px, 10Å clay (?)

V-VB TS 1 3/191/55

Virje – Volarski 
Breg

5/6–7th 
century

+++ ? – – – – Spl (?)

V-VB TS 2 2a/138/140 +++ + ? – – + Spl

V-VB TS 3 2a/138/140 +++ ? – – – ++ Spl

V-VB FBS 1 3/201/74 +++ + – – – ++ Spl, Px (?)

V-VB FBS 2 3/201/80 +++ + + – – ++ Spl, Px (?)

V-VB FBS 3 3/187/54 +++ + – – – + Spl, Lct

V-VB FBS 4 3/001/180/56a +++ ? – – – – Spl, Lct

V-VB FBS 5 3/001/180/56b +++ + + – – ++ Px (?)

V-VB FBS 6 2a/173/51 ++ ? ++ + – ++ Ank

V-VB FBS 7 1/38/95
8–9th 

century
++ ++ + – – + Pl, 10Å / 14Å

+ – relative abundance of minerals based on X-ray diffraction (no quantitative value assigned to +); +++ major component, ++ minor component; + traces; ? – not enough 
 diffraction peaks to fully confirm
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both slag types were selected and analysed (Fig. 1B and C). The 
main objective of sample selection was to take into consideration 
samples from temporally and spatially different sites, as well as 
samples of different types of slag generated through the bloom-
ery smelting process in order to compare their composition to lo-
cal bog iron ores from archaeological and/or geological contexts.

In order to acquire a reliable mineralogical and geochemical 
dataset, a slate from the cross section of each sample was cut us-
ing a circular saw. By doing so, homogenization was ensured, 
and potential sampling of rusted or adhering clayey or sandy ma-
terials was avoided. Each slate was air-dried at room temperature 
for several days, removing excess moisture and then homoge-
nized to powder fraction using a vibratory mill for several min-
utes in a steel grinding set. The mineralogical composition was 
determined by X-ray powder diffraction (XRD) using a Phillips 
vertical X-ray goniometer (type X‘Pert) equipped with Cu tube 
and graphite crystal monochromator. Scan settings were 3–70° 
2θ, 0.02° step size, 1 second count time per step while generator 
settings were 40 kV and 35 mA. Semi-quantitative mineral iden-
tification was conducted using PANalytical X’Pert HighScore 
software with standardised Powder Diffraction Files (PDF) of the 
International Centre for Diffraction Data (ICDD) (Newton 
Square, PA, USA) and by comparing peak shapes and heights 

with internal standards for quartz, feldspars and clay minerals, 
while fayalite, wüstite and other Fe mineral contents were esti-
mated based on geochemical data. The geochemical composition, 
including the main oxides, major-, micro- and REEs was deter-
mined in MSALabs (Langley, Canada). Multielement contents of 
trace and REEs were analysed using inductively coupled plasma-
mass spectrometry (ICP-MS), while 4-acid digestion including 
hydrochloric, nitric, perchloric and hydrofluoric acids was used 
for near total digestion. Only the most highly resistant minerals 
could possibly remain not fully dissolved. Based on two internal 
standards, several blanks and duplicates, instrumental precision 
was between 3–5% and the detection limits for most analysed el-
ements were in the part per million (ppm) or lower bracket. Ma-
jor oxide contents were determined using inductively coupled 
plasma-atomic emission spectrometry (ICP-AES) with lithium 
borate fusion. Loss on ignition (LOI) was determined by weight 
difference after ignition at 1000 °C.

This approach using trace elements and REEs was under-
taken in the provenance studies of iron slags in the Podravina re-
gion. Based on the behaviour of the 26 selected elements, it is 
believed that the geochemical signature of the discovered iron 
slags could be traced back to ore used for archaeological iron pro-
duction in the region. To supress the Oddo-Harkins effect and to 

Table 2. Chemical composition of selected iron slags in the Podravina region. All values for major oxides and LOI given in mass. %.

Sample Location SiO2 TiO2 Al2O3 Fe2O3 MgO MnO CaO K2O Na2O P2O5 LOI

H-VH TS 1

Hlebine - Velike 
Hlebine

22.52 0.24 4.51 65.36 0.53 0.79 1.09 0.59 0.29 0.67 -5.09

H-VH TS 2 25.16 0.23 4.85 63.15 0.57 0.79 1.63 0.77 0.28 0.59 -5.05

H-VH TS 3 26.51 0.27 5.49 66.40 0.65 0.96 2.24 0.92 0.45 0.66 -5.97

H-VH TS 4 29.84 0.27 5.21 61.13 0.78 2.00 1.99 0.81 0.36 0.83 -1.77

H-VH TS 5 26.30 0.22 4.18 66.46 0.81 1.97 1.84 0.67 0.28 0.81 -4.93

H-VH TS 6 27.36 0.30 6.01 60.45 0.67 1.00 1.45 0.97 0.39 0.77 -5.69

H-VH TS 7 32.57 0.35 6.81 58.85 0.88 1.22 2.51 1.67 0.47 0.68 -4.88

H-VH TS 8 27.63 0.28 5.89 59.60 0.60 1.56 2.49 0.99 0.41 0.78 -5.69

H-VH TS 9 26.80 0.25 5.36 65.15 0.81 1.82 2.32 0.83 0.38 0.96 -6.07

H-VH FBS 1 25.58 0.22 4.61 65.35 0.64 0.85 1.75 0.74 0.28 0.61 -4.96

H-VH FBS 2 22.33 0.21 4.99 62.63 0.53 0.73 2.20 0.97 0.30 0.69 -6.31

H-VH FBS 3 32.57 0.34 6.13 55.47 0.72 0.76 2.00 1.12 0.47 0.62 -3.72

H-VH FBS 4 26.64 0.36 5.10 62.68 0.67 0.45 1.66 1.15 0.51 0.74 -3.14

V-S TS 1

Virje - Sušine

25.20 0.19 4.59 54.43 0.52 0.99 1.25 0.82 0.36 0.88 -6.13

V-S TS 2 29.19 0.29 5.66 63.12 0.72 1.02 3.03 1.07 0.42 0.94 -5.26

V-S TS 3 20.88 0.14 3.74 61.02 0.54 0.64 1.99 0.67 0.29 0.99 -6.35

V-S TS 4 25.91 0.19 4.44 61.29 0.70 0.81 3.05 0.97 0.30 0.78 -5.92

V-S TS 5 35.41 0.38 7.23 58.03 0.72 1.00 1.87 1.28 0.56 0.52 -5.27

V-S TS 6 28.92 0.29 5.72 64.26 0.50 1.09 1.16 0.83 0.47 0.52 -5.77

V-S TS 7 37.28 0.38 7.01 55.98 0.70 1.04 1.47 1.08 0.60 0.58 -4.69

V-S TS 8 34.05 0.38 6.74 56.91 0.93 1.18 3.08 1.08 0.56 0.51 -3.87

V-S TS 9 27.96 0.26 5.45 61.11 0.62 0.92 1.68 0.83 0.44 0.49 -4.28

V-S FBS 1 25.72 0.27 4.59 54.87 0.99 0.53 3.63 2.84 0.34 1.15 -2.08

V-VB TS 1

Virje - Volarski Breg

28.57 0.33 7.89 55.80 0.97 1.52 1.86 1.13 0.41 0.66 -5.12

V-VB TS 2 25.90 0.25 7.26 53.46 0.79 1.09 1.90 1.12 0.34 0.93 -4.32

V-VB TS 3 25.67 0.24 6.68 57.60 0.75 1.26 1.98 1.19 0.36 1.03 -5.36

V-VB FBS 1 21.19 0.22 5.95 55.57 0.86 1.06 2.64 0.77 0.27 1.11 -3.35

V-VB FBS 2 18.55 0.16 4.91 53.23 0.54 0.51 1.58 0.68 0.28 0.87 -2.39

V-VB FBS 3 25.20 0.33 8.03 52.30 1.17 1.36 1.90 0.86 0.38 1.24 -0.52

V-VB FBS 4 23.76 0.30 7.89 54.49 1.11 0.59 2.26 1.16 0.32 0.92 -3.03

V-VB FBS 5 14.56 0.12 4.10 61.34 0.51 0.37 1.53 0.61 0.22 0.65 -2.33

V-VB FBS 6 11.69 0.11 4.34 60.06 0.47 0.31 0.76 0.45 0.10 0.59 4.02

V-VB FBS 7 27.96 0.27 5.03 56.49 0.69 1.06 1.77 1.09 0.43 0.73 -1.34
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avoid artificial peaks in the geochemical signature of iron slags, 
the REEs and trace elements were normalized to Upper Conti-
nental Crust (RUDNICK & GAO, 2003) and then plotted on the 
appropriate diagrams for each archaeological site. Geochemical 
signatures of bog iron ores are derived from the dataset in 
BRENKO et al. (2021), where both unroasted and roasted iron 
ores were analysed. The analysed ores were found in the same 
archaeological context as iron slags or on temporally and spatially 
related sites as well as in their natural geological setting, during 
an archaeological field survey of the wider area around archaeo-
logical sites under study (samples from Novigrad Podravski).

4. RESULTS
4.1. Mineralogical and geochemical characteristics  
of iron slags
Tap slags (TS) tend to be dark grey in colour with high lustre, and 
occasional signs of porosity. Their upper surface usually contains 
signs of flow texture due to their previously melted state.  Fur-
nace bottom slags (FBS) are also greyish in colour, with parts of 
samples being red. They tend to be slightly concave in shape due 
to their position at the bottom of the furnace and usually have 
higher porosity than TS. 

Mineralogically, both TS and FBS samples contain fayalite 
(Fe2SiO4) as the main mineral phase. Besides fayalite, all samples 
contain quartz in traces to moderate amounts, while wüstite 
(FeO) also occurs in the majority of samples as either a major or 
trace component. Other minerals, including iron minerals (mag-
netite, haematite and goethite) as well as pyroxene, spinel (her-
cynite) and leucite occur in trace amounts (Table 1). Additionally, 
slightly elevated background levels, especially noted in the Virje-
Volarski breg site, point to the possible occurrence of amorphous 
matter, such as the glassy slag matrix.

Major oxides composition in the slags mainly consists of 
Fe2O3 ranging from 52.30 - 66.46 mas. % (χ = 59.52 mas. %) and 
SiO2 ranging from 11.69 to 37.28 mas. % (χ = 26.22 mas. %) (Ta-
ble 2). TS and FBS from the Hlebine-Velike Hlebine site have 
the highest Fe2O3 contents, with values between 55.47 - 66.46 
mas. % (χ = 62.95 mas. %, n = 13). This is followed by Fe2O3 
contents in slags from the Virje-Sušine positions, where the con-
tents range from 54.34 - 64.26 mas. % (χ = 59.10 mas. %, n = 10), 
while slags from the Virje-Volarski Breg positions have the low-
est contents, with values between 52.30 - 61.34 mas. % (χ = 56.03 
mas. %, n = 10) (Table 2). Only Al2O3 with values between 3.74 
- 8.03 mas. % (χ = 5.65 mas. %, n = 33) is present in significant 
quantities at all archaeological sites. Contents of CaO (0.76 – 3.63 
mas. %, χ = 1.99 mas. %), MnO (0.31 – 2.00 mas. %, χ = 1.01), 
K2O (0.45 – 2.84 mas. %, χ = 0.99 mas. %), P2O5 (0.49 – 1.24 
mas. %, χ = 0.77 mas. %), MgO (0.47 – 1.17 mas. %, χ = 0.72 mas. 
%), Na2O (0.10 – 0.60 mas. %, χ = 0.37 mas. %) and TiO2 (0.11 
– 0.38 mas. %, χ = 0.26 mas. %) are mostly present as minor com-
ponents (Table 2). 

NRC ratios for several major oxides are presented in Fig. 2 
and compared with geochemical data from several studies from 
Croatia and Europe. Biplot diagrams revealed a positive linear 
correlation in the case of the SiO2/Al2O3 ratio with the Virje-Vol-
arski Breg site standing out due to higher Al contents (Fig. 2A).  
SiO2/Fe2O3 and Fe2O3/MnO ratios show a grouping of data for 
all sites (Fig. 2B and 2C). Principal component analysis of the 
major oxide composition in iron slags resulted in ten principal 
components (PCs). The first principal component accounts for 
49.20 % of the total variance with the second PC accounting for 

18.90 % and the third for 11.47 % of the total variance (Fig. 3B, 
3C). According to the obtained values in principal components, 
PC 1 particularly represents SiO2, TiO2, Al2O3, MgO, K2O and 
Na2O, while strongly representing MnO and CaO. PC 2 particu-
larly represents P2O5, while Fe2O3 is only strongly represented 
by both PC 2 and PC 3. The resulting scatterplot of PC 1 plotted 
against PC 2 shows relatively scattered cloud datasets for all study 
sites (Fig. 3A), although confidence ellipses show some grouping. 
Samples from Hlebine-Velike Hlebine are grouped together, as 
all the samples are in relative proximity to one another. Samples 
from the concurrent Virje-Sušine site are grouped and plotted 
close to the Hlebine-Velike Hlebine samples. Samples of Virje-
Volarski Breg dated to the end of the 5th and into the 6th century 
are plotted distantly from the first two groups and are widely dis-
persed. The samples from Virje-Sušine 4-5th century are also 
widely dispersed and overlap all other datasets.

4.2. Geochemical signature of slags based on trace 
elements

In order to define the geochemical signature of the iron slags, 
26 trace elements and REEs were selected and normalized to the 
Upper Continental Crust. Apart for several incompatible ele-
ments, slag samples from the Hlebine-Velike Hlebine site have 
an almost identical geochemical signature. Slight variability can 
be seen in the total trace and REE contents, however, same char-
acteristic peaks are appearing through all samples. These slag 
samples are compared with roasted ore samples (BRENKO et al., 
2021) from the same site i.e. the same archaeological context in-
terpreted as an iron production workshop and from a nearby and 
contemporary Hlebine-Dedanovice site. For the majority of the 
ore samples the patterns have similar shapes and peak heights. 
Some differentiation in ore geochemistry is noticeable, mostly 
the trace element contents (Cs-K) (Fig. 4A).

Samples from the Virje-Sušine site are divided in two 
groups, based on the 14C age determined for charcoal samples 
from two spatially separate positions (BOTIĆ, 2021; Trench 5 and 
7), both of which can be interpreted as iron production work-
shops, dated to the end of 4th and into the 5th century (Trench 7) 
and to the end of the 6th and into the ½ 7th century (Fig. 4B). These 
slag samples are compared with samples of natural and roasted 
bog iron ore found within the archaeological context (Trench 7) 
and geological samples of bog iron ore from a near-by location of 
Novigrad Podravski-Milakov Berek (linear distance 200-300 me-
tres). Differentiation can be noted for the same trace elements 
(Cs-K), however the general shape of the signature is similar, with 
same peaks appearing as in the case of Hlebine-Velike Hlebine 
(Fig. 4B). When comparing these archaeological samples with 
bog iron ores from Novigrad Podravski major differences are seen 
in both the trace and REEs of the ores, such as Eu and Sm posi-
tive anomalies and a strong enrichment of Ba (Fig. 4B).

The Virje-Volarski Breg site is also divided into two groups 
based on two positions (Trench 2a and 3, Trench 1) where traces 
of differently dated iron production workshops were found 
(5/6thcentury and 8th/9th century). The ores used for provenance 
were discovered in an archaeological context within settlement 
features (Trench 2b) that can be dated relatively to 8/9th centuries 
and are spatially connected to both positions (linear distance 45–
251 metres). Geochemical signatures of the ores and slags showed 
a great resemblance. Very small differentiation is present for Ba 
contents between the ore and slag, while other elements have the 
same peaks and peak heights (Fig. 4C).
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Figure 2. NRC ratios of slag for A) SiO2/Al2O3, B) Fe2O3/SiO2 and C) Fe2O3/MnO compared to other case studies in Croatia and Europe (according to HEIMANN et al., 
2001; COUSTURES et al., 2003; SELSKIENE, 2007; THELEMANN et al., 2017 and NEMET et al., 2018).
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5. DISCUSSION
5.1. Temporal and spatial differences in ore and slag 
characteristics
The mineralogical and geochemical composition of the ore, es-
pecially the gangue minerals associated with the iron minerals, 
has a predominant contribution to the mineralogical and geo-
chemical composition of the resulting slags (PORTILLO-
BLANCO et al., 2020). Fayalite in the slag was formed as the 
product of the thermal reaction between Fe minerals in the ore 
(goethite in bog iron ores, haematite in roasted bog iron ores) and 
quartz during the smelting process, forming the compound Fe-
2SiO4 that upon solidification formed olivine phase fayalite 
(CHARLTON et al., 2012). Studies suggest that the formation 

temperatures for this process were somewhere between 1100 and 
1400 °C (POLLARD & HERON, 1996). Wüstite is a situation-
ally occurring mineral in iron slags, mostly occurring in slags 
from the Virje sites. It is formed when iron oxide occurs in excess 
amounts (GORDON, 1997), with some studies suggesting that 
the crystallization starts to occur when the Fe/SiO2 ratio exceeds 
1.5 (KONGOLI & YAZAWA, 2001; KĄDZIOŁKA et al., 2020). 
Occurrence of magnetite in some tap slags indicates incomplete 
reduction during the process, or a secondary formation of mag-
netite due to the supply of excess air in the smelting system (MA-
NASSE & MELLINI, 2002). Traces of goethite and haematite 
can be associated with oxidising conditions (MORTON & 
WINDGROOVE, 1969) to which the slags would be exposed af-

Figure 3. A) PCA scatterplot of PC 1 and PC 2 of the major oxide concentrations, B) Principal component loading and eigenvalues and C) Eigenvalues of covariance 
matrix plot.
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Figure 4. Geochemical signature of iron slags from A) Hlebine-Velike Hlebine, B) Virje-Sušine and C) Virje-Volarski Breg compared to discovered bog iron ores and 
roasted iron ores from same or nearby study sites.
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ter being removed out of the furnace or through the post-deposi-
tional changes, influenced by oxidising conditions and humid soil 
layers. XRD analysis also revealed the occurrence of an Al-spinel 
phase (hercynite) in the smelting slags from all sites, with most 
occurrences from the Virje-Volarski Breg positions. The presence 
of hercynite indicates that the used ores had elevated contents of 
aluminium, possibly from Al-phases such as clay minerals and 
plagioclase. This is in line with previous studies of bog iron ores 
in the study area (BRENKO et al., 2021), where mineralogical 
analysis pointed to the occurrence of soil minerals such as clays 
and feldspars/plagioclase. 

The sum of iron, silica and aluminium contents in all loca-
tions is mostly around 85 – 90 mass. %, clearly indicating that all 
samples are metallurgical slags produced during the bloomery 
iron-making process (BANI-HANI et al., 2012). The geochemi-
cal composition of the slag samples shows similarity to other 
available study cases from Europe (Fig. 2). It is worth noting that 
chemical data of iron slags in this study is similar to data obtained 
by NEMET et al. (2019) for slag samples from the neighbouring 
Turopolje region, especially in regard to MnO contents, indicat-
ing overall similar chemical conditions in the wider area. Upon 
closer inspection of the major oxide ratios, the regularity and be-
haviour of major oxides for each site can be detected. Studies 
(BLAKELOCK et al., 2009; CHARLTON et al., 2012) suggest 
that certain oxide ratios remain similar between the ore and the 
slag and could be used to distinguish the usage of different ores 
between different sites. Previous research regarding possible ore 
sources for iron production in the Podravina region (BRENKO 
et al., 2021) indicated higher aluminium contents in bog iron ores 
from sites within the Virje area (Sušine and Volarski Breg) when 
compared to the Hlebine area (Velike Hlebine and Dedanovice). 
Based on the geochemical data, it is highly likely that in each 
workshop locally available ore from different, probably nearby 
deposit(s) was used. Iron ore used in the Hlebine-Velike Hlebine 
site probably contained a lower quantity of gangue minerals (clay 
minerals and feldspars), therefore having lower Al contents. It is 
also possible that the ore was pre-processed by washing or that 
the ore was carefully chosen, while avoiding clayey ore lumps, 
as was proposed by BRENKO et al. (2021) based on the REE 
contents. On the other hand, some of the ore used at the Virje-
Volarski Breg site, both from the workshop dated to 8/9th and to 
the 5/6th centuries, was probably slightly enriched with gangue 
minerals, which led to an increase of Al in some slags from these 
positions. Increase in Al content might be a micro-regional fea-
ture typical for the Virje area, although this is not entirely sup-
ported by the composition of all slag samples from the workshop 
dated to 4/5th centuries at the Virje-Sušine site.  However, archae-
ological evidence strongly suggests that separation of the ore was 
carried out at this site as several samples of roasted bog iron ore 
were found in a waste discarding area (BRENKO et al., 2021) so 
it could be presumed that the ore was more thoroughly pre-pro-
cessed and/or more carefully selected. Another option could be 
that the ores used for individual smelting procedures were not all 
of the same microregional origin as at the other positions in the 
Virje area.

This study revealed that the discovered iron ores from the 
Virje-Sušine and Virje-Volarski Breg sites tend to have increased 
Mn contents with values sometimes reaching over 20 mass. %. 
However, as shown in Table 2, analysed iron slags have low Mn 
contents, with values around 1 mass. %. Such low Mn contents 
imply that ore was processed for both manganese and for clay 
minerals. However, as some Mn can still be incorporated into the 

iron bloom (albeit on rare occasions) (NAVASITIS & 
SELSKIENĖ, 2007), further investigation into iron bloom geo-
chemistry could reveal whether the ore was truly pre-processed 
for Mn as well. This could also mean that bog iron ores of differ-
ent composition were used within a single workshop. The latter 
would be in line with general bog iron ore characteristics, that 
can be of very variable quality and overall composition, even if 
found within the same deposit, and more so in relation to differ-
ent microenvironmental conditions under which they were 
formed i.e. different deposits within the same region. A sign of 
inconsistency of overall characteristics of used ore or the way that 
the ore was smelted can be seen in the wide dispersion of slag 
samples from the Late Antiquity, the Virje-Sušine workshop 
(4/5th centries) as well as from the workshop on the Virje-Volarski 
Breg site belonging to the end of 5/6th century (Fig. 3).

5.2. Provenance studies
Numerous studies have been carried out, in an attempt to estab-
lish the relationship between possible iron ore and iron slags 
(PLEINER, 1967; DEVOS et al., 2000; SCHWAB, 2006; 
BLAKELOCK et al., 2009), which is not always unbiased, due 
to numerous reasons. The ore used in iron smelting accounts for 
around 77–100 % of the chemical composition of slag, and there-
fore, slag derives the majority of its bulk composition from ore, 
with part of the composition depending on the furnace structural 
ceramics, fuel and flux material (CREW, 2000). This can be re-
flected in the frequency distribution charts of major element NRC 
ratios. COUSTURES et al. (2003) determined that although clay 
and charcoal alter the trace element composition of the slag, the 
variability is so insignificant that the correlation coefficient of the 
two is acceptable. Previous study (BRENKO et al., 2021) sug-
gested that it is possible to determine the type of used ore by com-
paring the geochemical signature of rare earth and trace elements 
between samples of bog iron ore and archaeological samples of 
roasted bog iron ore. However, the method of clustering and cor-
relation was used on archaeological samples that were exposed 
to an average temperature between 550 and 600 °C, with a max-
imum spike in temperature of 1038 °C (KARAVIDOVIĆ, 2020), 
where limited mobility was recognized between rare earth and 
trace elements. As iron slags are formed at temperatures much 
higher than roasted ores, some degree of mobility and fraction-
ation in trace elements is to be expected, even in the case when 
considering immobile elements such as REEs or trace elements 
(LINTHEWAS & SETIAWAN, 2018). Slight differentiation of 
rare earth and trace element contents can be noticed in all sites 
when comparing the signature of tap slags and furnace bottom 
slags. Based on the diagrams in Fig. 4, it seems that tap slags have 
slightly higher contents of REEs and trace elements than furnace 
bottom slags which can be explained by the thermodynamic be-
haviour of the incompatible elements, as they are more likely to 
separate to a more liquid phase, such as the tap slag. Therefore, 
the type of analysed slag inevitably holds some degree of influ-
ence on the overall geochemical signature, at least content re-
lated.

The ideal case in determining the type of used ore in an ar-
chaeological context would be to compare the ore found in the 
same context as the slag itself, which is rarely possible due to the 
nature of the archaeological record where used raw materials are 
often not discovered. However, in the case of the Hlebine-Velike 
Hlebine, slags could be compared to two archaeological samples 
of roasted ore from the same site interpreted as an iron produc-
tion workshop, and four samples of roasted ore from a close-by 



G
eo

lo
gi

a 
C

ro
at

ic
a

174 Geologia Croatica 75/1

concurrent Hlebine-Dedanovice site. The total contents of trace 
and REEs between the ore and slag samples differ in favour of 
the slag that can be attributed to iron depletion from the ore to 
the slag (DESAULTY et al., 2009). Analysed iron slags have 
lower Fe contents than the ore samples used for provenance 
(BRENKO et al., 2021). However, when the same elements are 
plotted on a multielemental diagram, they exhibit characteristic 
peaks that could indicate the provenance of the slag material. The 
first noticeable peak is the high positive enrichment of phospho-
rus in both ores and slags. Studies often indicate that bog iron 
ores contain significant contents of P2O5 (STOOPS, 1983; LAN-
DUYDT, 1990; TÖRÖK & THIELE, 2013; THELEMANN et al., 
2017). This is a strong indication in the usage of bog iron ores for 
iron production in the study area. Trace elements such as Cs, Rb, 
K and U are often observed in variable contents in the soils 
(MAES et al., 1999; GINGELE & DECKER, 2007; ZAUN-
BRECHER et al., 2015; FULLER et al., 2015). Such behaviour 
was also detected through soil profiles in the Podravina region 
(BRENKO et al., 2020). Therefore, some variability in the geo-
chemical signatures of bog iron ores formed in such soils, and 
accompanying slags is to be expected, especially if the soils are 
subjected to constant redox changes such as in the Podravina re-
gion due to fluctuation of groundwater. The REEs (Y-Lu) part of 
the diagram is almost identical in shape and patterns in both ores 
and slags, indicating a similar genetic origin between them.

Bog iron ores from the archaeological context of the Virje-
Sušine site and ores found in a geological context from a nearby 
Novigrad Podravski-Milakov Berek site are compared with the 
iron slags from Virje-Sušine. It can be seen that the geochemical 
signature of slag samples found in the context of the workshop 
dated between the end of 4th and the beginning of 5th century, and 
samples from another workshop dated between the end of the 6th 
and into 7th century show slight discrepancies to one another. 
This suggests variety in the ore used, most notably the clay min-
erals, that could be due to exploitation of different deposits or dif-
ferent ore-processing activities. Additionally, the geochemical 
signature of the compared ores belonging to the same archaeo-
logical context, the workshop at Virje-Sušine dated to 4/5th cen-
turies, also shows pattern variability. A possible explanation for 
this is found within the archaeological context as all of the ore 
samples were found in layers of smelting debris, implying that 
these ores were possibly not meant to be used, due to their inad-
equate metallurgical characteristics as proposed by BRENKO et 
al. (2021).  However, a distinctive positive phosphorus peak is 
again present in both ores and slag, indicating that bog ores were 
used as the primary ore source. Based on the mineralogy of the 
analysed bog iron ores from the study site and nearby Novigrad 
Podravski site, differentiation of the used ores can be achieved by 
observing their Ba and Sr contents. Previous study (BRENKO et 
al., 2021) suggests that Ba in the ore correlates well with the Mn 
amorphous phase, while an Eu anomaly occurs due to the substi-
tution of Eu3+ with Ca2+ in the calcite structure (HELLE-
BRANDT et al., 2017), a mineral that was discovered occurring 
in the ore samples from that location. This implies that Mn-rich 
ores were most likely not used in the individual smelting episodes 
represented in selected samples. This anomaly also provides ev-
idence to propose that the composition of bog iron ores from the 
same regional origin can vary significantly in relation to the lo-
cation of the deposit and presumably the period when bog iron 
ore was formed.

The clearest situation in terms of provenance can be seen in 
the Virje-Volarski Breg site. The ore samples were found in fea-

tures within a settlement context dated to the 8/9th centuries, that 
is spatially connected to the concurrent iron production workshop 
from which the analysed slag originates (Trench 1). This implies 
that the ore discovered at this location was used for iron smelting 
and production on the same site. All three ore samples have an 
almost identical geochemical signature to the signature of the 
slags, with all the characteristic peaks as indicated by the aver-
age ore and average slag lines on Fig. 4C. When compared to the 
slag samples from the workshop dated to the 5/6th centuries, a 
similar degree of overlapping geochemical signatures is seen. 
Here, some slag samples show depletion in overall contents while 
others are of almost identical signature. Some differentiation can 
be noticed in the Ba contents, but these can also be attributed to 
slight variations in the Mn contents of the bog iron ore, as previ-
ous study (BRENKO et al., 2021) showed correlation between 
Mn and Ba in bog iron ores.

6. CONCLUSION
In the study area of the Podravina region, iron was produced via 
the direct process i.e. bloomery smelting in the Late Antiquity 
and the Early Middle Ages, as excavated archaeological sites sug-
gest. The analysed slag is divided into two groups based on mac-
roscopic analysis: tap slag and furnace bottom slag.  Both slag 
types are characterized by fayalite as the main Fe mineral phase. 
Occurrences of other Fe minerals, such as wüstite, haematite and 
magnetite imply some variability in the smelting processes. Over-
all, the major oxide composition of analysed slags suggests dif-
ferentiation for some NRC ratios, such as slight Al2O3 differen-
tiation at the Virje-Volarski Breg site. This is related to a higher 
clay content in the ores used within the Virje-Volarski Breg work-
shops but as samples of slag and ores originate from differently 
dated sites, these characteristics could be connected to the usage 
of iron ores that were formed under similar micro-environmental 
conditions, presumably in the surroundings of the Virje site.

An attempt was made to determine the provenance of iron 
slags in the Podravina region, through the analysis of trace and 
rare earth elements in both slags and locally discovered ores. 
Methods included normalization and plotting of selected ele-
ments, forming geochemical signatures for both ores and slags, 
that were then further compared and analysed. Specific peaks, 
such as the positive P peak implies the usage of locally discov-
ered bog iron ore as the main raw material. In the case of the 
Virje-Volarski breg site, identical shapes and peak heights unde-
niably point to the usage of bog iron ore as the main raw material. 
Differentiation and inconsistency can be seen in signatures from 
Hlebine-Velike Hlebine and Virje-Sušine, most notably in the 
trace element contents. Such differentiation stems from trace el-
ements that are incorporated into clay minerals, such as Cs, Rb 
and K, questioning their usability as such in the provenance stud-
ies. However, general shape of the signatures points toward bog 
iron ore usage on Hlebine-Velike Hlebine and Virje-Sušine sites. 

Differentiation between the potential location of the deposits 
and/or time when the ores were formed can also be presumed 
from the ores signature, as the ore samples from the archaeolog-
ical context of Virje-Sušine site and the geological context from 
the nearby Novigrad Podravski-Milakov Berek site exhibited a 
different geochemical signature, most notably in regard to Ba 
content. Therefore, study indicates the possibility of discrimina-
tion in the usage of ores based on their micro-locational or tem-
poral provenance, by detailed mineralogical analysis followed by 
geochemical analysis.
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