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ABSTRACT

Long term field examinations in the Podravina region led to discoveries of iron production in
the region, resulting in extensive targeted archaeological field surveys during the previous 30
years. Based on the archaeological evidence, iron ore was locally exploited for individual
purposes of local smiths and settlements. Previous geological studies in the region failed to
recognize iron ore deposits that would enable such iron production. However, archaeological
and geological surveys in southeastern Hungary, with similar geological, pedological and
hydrogeological conditions as the Podravina region, point to occurrence and usage of bog iron
ore, a sedimentary type of iron ore deposit, as the primary raw material.

Detailed soil analyses, including mineralogical, geochemical and textural analysis,
were conducted through the region. Significant content of goethite and higher than average
Fe>O3 contents in such soil types point to bog iron ore formation. Correlation between
groundwater depth with Fe accumulation zones indicates groundwater as the main carrier of
the Fe enrichment in soils, with the main precipitation zone between 10 and 100 cm.
Established formation mechanism is well in line with discoveries of three bog iron types (soil,
nodules and fragments) in the region, which represent bog ore development phases.
Mineralogical composition determined variable goethite contents, increasing from soils to
fragments, while vice-versa was observed for quartz. Geochemical analysis confirmed Fe>Os
and SiO> as the two main oxides, with varying iron-silicon ratios, increasing from soil to the
fragment samples, indicating different phases of the cementation process during formation.

Analysed archaeological samples of roasted iron ore and iron slags point to thermal
reactions between 300 and 1000 °C (average 500-650 °C) for roasted iron ore and above
1000 °C for slags, with presence of hematite and magnetite in roasted ore and fayalite and
wiistite in slags. Geochemically, roasted ore has higher Fe2O3 contents than bog ore, as part of
the ore pre-processing. On the other hand, slags have variable contents of Fe;Os, SiO> and
Al>O3, which in some cases indicates temporal and spatial variability of the used ore.

Hierarchical clustering analysis of bog iron ore revealed that Fe does not hold any
influence on the contents of trace and rare earth elements, therefore, trace and rare earth
elements can be used to create and compare geochemical signatures between bog iron ore and
archaeological samples of roasted iron ore and iron slags. By comparing these signatures,
similar shapes and peaks were observed between ore and archaeological material, confirming
the hypothesis that bog iron ore was the primary raw material used for the iron production in

the Podravina region during Late Antique and Early Middle Ages.



PROSIRENI SAZETAK

Tijekom viSegodiSnjih terenskih obilazaka podru¢ja Podravine prikupljeni su indikativni
povrsinski nalazi komada talionicke zgure, ulomaka keramickih sapnica i stijenki glinenih
peci koji su potaknula ciljana arheoloska iskopavanja na vise poloZaja uz rijeku Dravu (Sekelj
Ivanéan i Karavidovié¢, 2021; Valent i dr., 2017; Valent, 2021). Veliki broj manjih nalaza
tragova taljenja i proizvodnje Zeljeza ukazuje da je ruda eksploatirana lokalno, za individualne
potrebe ljudi koji su naseljavali taj prostor (Karavidovié, 2020). Medutim, ranija geoloska
istrazivanja nisu ukazala na pojave Zeljezne rude na podrucju Podravine, stoga se postavilo
pitanje o podrijetlu i vrsti koristene rude. Arheoloska i geoloska istraZivanja u jugoisto¢noj
Madarskoj ukazala su na pojave mocvarne Zeljezne rude, sedimentnog tipa lezista Zeljezne
rude, koja se obi¢no javlja u mo¢varnim podru¢jima (Gomori, 2006; Torok i dr., 2015). S
obzirom na sli¢ne geoloske, pedoloske i1 hidrogeoloske uvjete izmedu juzne Madarske i
podru¢ja Podravine, pretpostavilo se da je i na podru¢ju Podravine formirana i koriStena ista
vrsta rude.
Ciljevi i hipoteze

Glavni ciljevi ovog rada bili su utvrditi moguénost formiranja mo¢varne Zeljezne rude
na podrucju Podravine, utvrditi tipove, mineraloske i geokemijske karakteristike mocvarne
zeljezne rude, przene zeljezne rude i Zeljezne zgure te utvrditi medusobnu korelaciju izmedu
mocvarne zeljezne rude, przene rude i Zeljezne zgure koriStenjem dostupnih mineraloskih 1
geokemijskih analiza. Ciljevi su bazirani na tri hipoteze: (i) tijekom kasne antike i ranog
srednjeg vijeka mocévarna Zeljezna ruda formirana je na podrudju Podravine, (ii) zbog
kompleksnog mehanizma formiranja, ocekuje se da ¢e mocvarna Zeljezna ruda imati
varijabilan mineralni i geokemijski sastav i (iii) mocvarna Zeljezna ruda koriStena je kao
glavna mineralna sirovina za taljenje 1 proizvodnju Zeljeza na podruc¢ju Podravine tijekom
kasne antike i ranog srednjeg vijeka.
Znanstveni doprinos

Rezultati ovog istrazivanja doprinose razumijevanju eksploatacije i uporabe Zeljezne
rude na podru¢ju Podravine tijekom kasne antike i ranog srednjeg vijeka kroz analizu
mineraloskih i geokemijskih karakteristika mocvarne zeljezne rude i pripadajuceg
arheoloskog materijala. Prvi put pruzen je uvid u detaljnu analizu razli¢itih razvojnih faza
mocvarne zeljezne rude na podrucju istrazivanja i u Republici Hrvatskoj opéenito. Posebna
pozornost posvecena je udjelima elemenata u tragovima i elemenata rijetkih zemalja, te

njihovom ponaSanju i mobilnosti prilikom razli¢itih termickih tretmana. Prikupljeni podaci



koristeni su za provenijencijska istrazivanja ulomaka zeljezne zgure, Sto predstavlja prvi takav
tip istrazivanja u Republici Hrvatskoj.
Metode i postupci

U svrhu odredivanja prisutnosti mo¢varne Zeljezne rude u tlima Podravine te je li
upravo mocvarna zeljezna ruda bila glavna sirovina za taljenje i proizvodnju zeljeza tijekom
kasne antike i ranog srednjeg vijeka, provedene su detaljne mineraloske i geokemijske
analize. Rendgenska difrakcija na prahu (XRD) i induktivno spregnuta plazma (ICP-
MS/AES) koriStene su na uzorcima tala, razli¢itim tipovima mocvarne zeljezne rude te
arheoloskim uzorcima przene rude i zeljezne zgure. Dodatno su na profilima tla odredeni
granulometrijski sastav, udio karbonata, te pH i elektri¢éna vodljivost. U svrhu odredivanja
korelacije izmedu rude i arheoloskih uzoraka koristeni su elementi u tragovima i elementi
rijetkih zemalja (REE), kako bi se kreirali i usporedili njihovi geokemijski otisci. Za §to
preciznije povezivanje rude i uzoraka zgure koriStene su statisticke analize, poput klaster
analize (eng. hierarchical cluster analysis) i analize primarnih komponenata (eng. principal
component analysis).
Rezultati i zakljucci

Kako bi se utvrdila moguénost formiranja mocvarne Zzeljezne rude na podrudju
Podravine, uzorkovano je preko 50 profila tla, u blizini lokaliteta gdje je na povrsini
zamijeéena pojava zgure, kojima je odredena boja te magnetski susceptibilitet. Sest profila je
odabrano za daljnja mineraloska, geokemijska i granulometrijska istraZivanja obzirom na
znacajnu prisutnost zeljezovitih tragova u obliku prevlaka i1 ispuna crvene 1 narancaste boje.
MineraloSke analize unutar profila tla ukazale su na prisutnost goethita (Fe-oksihidroksida),
dok su geokemijske analize pokazale §irok raspon udjela Fe2Os i SiO,. Unutar svih profila, a
poglavito u intervalu 50—-100 cm dubine, zabiljezeni su poviseni udjeli Fe2Os, s maksimalnom
vrijednosc¢u od 31,52 mas. % u 60-80 cm intervalu tla s lokaliteta Kalinovac-Hrastova Greda.
Navedene dubine obogacenja odgovaraju prosje¢noj razini fluktuacije podzemne vode (Brki¢
i Briski, 2018), za koju je ve¢ u ranijim istrazivanjima (Kopi¢ i dr., 2016) utvrdeno
obogacenje s Fe, Mn 1 As. S obzirom na navedeno, moZe se utvrditi da je podzemna voda
glavni nositelj redoks-osjetljivih kemijskih elemenata poput Fe, Mn i As u tlima Podravine, a
¢ija se mobilnost mijenja S promjenom redoks uvjeta. Navedeni elementi taloze se u intervalu
izmedu 10 i 100 cm dubine, u oksidacijskim zonama koje poti¢u oksidaciju iz Fe?* u Fe®*,
odnosno iz Mn?* u Mn3*#* te As®* u As®*. Trovalentno Fe predstavlja imobilni oblik u tlima,
¢ime je omoguceno postupno talozenje i obogacenje zeljeza u tlu. Medutim, uslijed

poljoprivrednih procesa i melioracijskih zahvata te regulacija vodnih tokova od 19. stoljeca,



snizava se razina podzemne vode, ¢ime se znatno otezava precipitacija mocvarne zeljezne
rude u Podravini. Stoga se pretpostavlja da trenutni nalazi predstavljaju inicijalnu fazu
razvoja, s obzirom da je daljnji razvoj onemogucen zbog nepovoljnih uvjeta u okolisu.

Terenskim istrazivanjima utvrdene su tri razvojne faze mocvarne zeljezne rude
(zeljezovita tla, nodule i Zeljezoviti fragmenti) koji su mineraloski i geokemijski analizirani.
Mineraloske analize ukazuju na varijabilne udjele goethita, ¢iji udio raste od tala prema
fragmentima. Uz njega, zabiljezeni su i tipi¢ni minerali tla poput kvarca, plagioklasa i
filosilikata. Geokemijski udjeli Fe;Os i SiO2 prate mineraloske analize pa su tako u tlima
zabiljezeni najnizi udjeli Fe.O3 (13,20-27,93 mas. %) te najvisi udjeli SiO2 (50,75-63,38
mas. %). U nodulama udjeli Fe>O3 (22,99-39,54 mas. %) i SiO, (27,06-44,10 mas. %) su
podjednaki, dok su kod fragmenata udjeli Fe-O3 (32,03-70,89 mas. %) veéi od udjela SiO>
(3,59-30,67 mas. %). Takve vrijednosti ukazuju na slab metalurski potencijal prve dvije
razvojne faze mocvarne zeljezne rude (tla i nodule), dok samo moévarno zeljezni fragmenti
pokazuju dovoljno visoke udjele Fe>Os, kao posljedicu naprednije Fe cementacije.

Analize uzoraka przene Zeljezne rude ukazuju na prisustvo Fe-oksida koji nastaju na
viSim temperaturama, poput hematita i magnetita. Sam proces prZenja rude radi se s ciljem
oplemenjivanja sirovine pa su sukladno tome u przenim rudama zabiljeZzeni prosje¢no visi
udjeli Fe2O3 (8,44-84,97 mas. %), te nizi udjeli SiO> (4,17-62,67 mas. %). U sklopu analize
zeljeznih zgura, analizirani su arheoloski uzorci s tri lokaliteta, Hlebine-Velike Hlebine,
Virje-Susine i Virje-Volarski breg. Minerali fayalit (Fe2SiOs) i wiistit (FeO) u uzorcima zgure
ukazuju na termalne reakcije izmedu Fe i Si na temperaturama preko 1000 °C, tipi¢nim za
temperature u talionickim pec¢ima. Varijabilni geokemijski udjeli Fe-O3 (52,30-66,46 mas. %)
i SiO2 (11,69-37,28 mas. %) ukazuju na mogucu vremensku i prostornu varijabilnost u
uzorcima zgura s razli¢itih lokaliteta, kao posljedice geokemijskog sastava rude, sto se moze i
uociti na dijagramu glavnih komponenti (PCA). Povisene vrijednosti Al2Os u uzorcima s
lokaliteta Virje-Volarski breg ukazuju da je ruda s tog lokaliteta sadrzavala vise
alumosilikatne komponente.

Kako bi se odredio izvori$ni materijal przenih ruda i Zeljeznih zgura napravljene su
klaster analize uzoraka prirodne i przene rude koje ukazuju da se redoks-osjetljivi elementi
poput Fe i Mn odjeljuju od elemenata u tragovima i elemenata rijetkih zemalja (REE). To
znaci da su elementi U tragovima i REE neovisni o udjelu Fe, §to ih ¢ini pogodnima za daljnje
odredivanje provenijencije 1 geokemijskih korelacija. Udjeli odabranih elemenata u tragovima
i REE normalizirani su na hondrit (Anders i Greevese, 1989) te gornju kontinentalnu koru

(Taylor i McLennan, 1995), te naneseni na multiclementne dijagrame, formirajuci

v



geokemijske otiske rude i zgure. Tako prikazani uzorci pokazuju karakteristi¢ne pikove, poput
povisenog fosfora koji se ¢esto veze uz mocvarnu zeljeznu rudu. Udjeli REE pokazuju isti
geokemijski otisak kod ruda i zgura, ¢ime se nedvojbeno moze zakljuciti da je mocvarna
zeljezna ruda koriStena kao glavna sirovina prilikom taljenja i proizvodnje Zeljeza tijekom

kasne antike i ranog srednjeg vijeka na podrué¢ju Podravine.
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1. INTRODUCTION

1.1. Review of archaeological iron research in the Podravina region

Long term field examinations in the Podravina region resulted in discovering and collecting
multiple surface finds of various smelting slags, ceramic tuyeres and clayey furnace walls
fragments. These discoveries resulted in numerous targeted archaeological field campaigns
over the last 30 years, which resulted in several archaeological sites being discovered in the
lowland Drava River area and dated to several time periods, spanning over 1,500 years
(Sekelj Ivanc¢an, 2014, 2015; Valent et al., 2017). Most notable among them are numerous
samples of Late Antique and Early Middle Age traces of smelting and smiting of iron and iron
ores (Figure 1-1).

3
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Figure 1-1. Geophysical explorations (a, b and c¢) that led to archaeological excavations on the
Hlebine-Velike Hlebine site (d) and discovery of an in situ smelting furnace (e) (modified according to
Musi¢ and Horn, 2021; Sekelj Ivanéan et al., 2021)



Discovered archaeological sites, such as Virje-Susine, Virje-Volarski breg and Hlebine-
Velike Hlebine, where in situ smelting furnace was discovered, point to existence of iron
production in the Podravina region (Sekelj lvan¢an and Karavidovi¢, 2021).

Local and regional settings of the Podravina region have natural prerequisites for the
formation of resources necessary for iron production. These include clay and water resources
for the production of smelting furnace walls and local wood as an essential fuel component in
the process. However, the question of raw ore material remained dubious. Based on several
iron smelting workshops found at three locations (Sekelj Ivan¢an and Karavidovié, 2021)
and on numerous slag and roasted ore findings throughout the Podravina region (Valent et
al., 2017) it is believed that the ore necessary for the iron production was locally mined in
smaller quantities for individual needs of the local smiths (Karavidovié, 2020). Case studies
from several archaeological sites in Southern Hungary (Gomori, 2006; Torok et al., 2015),
with similar geological, pedological and hydrogeological settings as in Podravina region

pointed to the usage of bog iron ore as the primary raw ore material.

1.2. Bog iron ore characteristics and formation mechanisms

Bog iron ore represents sedimentary type of iron deposits (Ramanaidou and Wells, 2014),
usually occurring in low-lying areas such as swamps, bogs, river valleys and
microdepressions where the groundwater table is situated close to the surface (Kaczorek and
Zagorski, 2007), while drainage is impeded (Stanton et al., 2007). This type of terrestrial
iron (Fe) accumulations is often developed in hydromorphic, loamy, sandy and clayey
alluvium sediments and soils (De Geyter et al., 1985; Landuydt, 1990) and is mostly
consisted of Fe oxides and oxyhydroxides (Banning, 2008). Bog iron ore is widespread in the
central and northern Europe, Asia and North America (Crerar et al., 1979; Breuning-
Madsen et al., 2000; Ratajczak and Rzepa, 2011). It is usually differentiated to three
different macromorphological types: (i) a soft, unstable form, often referred to as “soft” bog
iron, (ii) randomly distributed concretions, block or nodules in soil and (iii) well-cemented,
massive horizons, continuous or discontinuous, often referred as “hard” bog iron (Thelemann
et al., 2017), which corresponds to development phases, with soft bog iron being the first
phase, and hard bog iron being the final phase.

The fundamental process in the bog iron ore formation is the precipitation of the solid
phase under the presence of dissolved atmospheric oxygen. Groundwater percolating through
regional rocks tends to get enriched with ferrous (Fe?") iron via dissolution of minerals such

as sulphides, silicates and carbonates. These minerals are dissolved through (bio)chemical
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weathering, particularly under acidic condition of pH under 7 (Postawa et al., 2013). Iron is
dissolved as ions or hydroxides into the groundwater, and transported via groundwater flow
(Kaczorek et al., 2004). Upon reaching zones with higher concentrations of dissolved
atmospheric oxygen, oxidation of ferrous to ferric (Fe®*) iron starts to occur. This leads to
precipitation of iron in the soil pore space. Pore space is originally occupied by primary soil
minerals, such as quartz and clay minerals, that are gradually coated and repressed by the Fe3*
oxide/hydroxide matrix. Due to seasonal oscillations of the groundwater table, periods of
wetting and drying occur in the soil profile, typically producing an oxidized zone in the upper
50-80 c¢cm interval and an underlying reduced zone in the deeper parts of the soil profile
(Stoops, 1983; Kaczorek and Sommer, 2003). Changing physico-chemical conditions and
redox potential leads to complex mineralogical composition in the bog iron ore. A variety of
iron minerals can be found in the bog ore due to oxidation of ferrous iron under acidic
conditions that are present in bogs and marshes. Oxidation of ferrous solution typically results
in the formation of poorly crystallized iron oxyhydroxides such as ferrihydrite. Ferrihydrite is
thermodynamically unstable and as such, acts as the precursor for goethite (Pinney et al.,
2009) or hematite (Vodyanitskii, 2010). Goethite (a-FeOOH) is the main Fe mineral found in
bog iron ore, often exhibiting yellow-brownish colour (Banning, 2008). Besides goethite,
reddish lepidocrocite (y-FeOOH) is often found in bog iron ore (Kaczorek et al., 2004).
Other minerals associated with upper horizon include hematite (Fe203), magnetite (FeFe20a)
and maghemite (y- Fe2O3) (Banning, 2008). In the lower horizon, Fe carbonate siderite
(FeCOs), phosphate vivanite (Fes[PO4]2 x 8H20) and sulphide pyrite (FeSz) can be present
(Kaczorek et al., 2004). Other minerals associated with bog iron ore include typical soil
minerals, such as quartz, feldspars and clay minerals (Kaczorek and Sommer, 2003;
Thelemann et al., 2017).

Geochemical composition of bog iron ore is predominantly characterized by variable
amounts of Fe2O3 and SiO2. The Fe>O3 contents in bog iron ore mostly vary between 30 and
60 mass. % (Thelemann et al., 2017), but can occasionally reach up to 90 mass. % (Charlton
et al., 2010). Besides Fe,Oz and SiO», phosphorous and manganese can often be found in
considerable amounts in bog iron ores, with P2Os reaching values up to 8 mass. % and MnO
up to 10 mass. %. (Landuydt, 1990; Thelemann et al., 2017). Other major oxides, including
calcium (CaO), magnesium (MgO), potassium (K20), sodium (Na20O), barium (BaO) and
titanium (TiO2) are often present in minor concentrations. Table 1-1 presents a summary of
Fe203, SiO2 and MnO contents and mineralogical composition (where available) of several

bog iron ore deposits located in the central Europe.



Composition of the ore largely depends on the composition and characteristics of the
parent material in which the ore forms. Secondly, hydrogeological conditions and the
chemical composition of the groundwater play a significant role to the overall composition of
the ore, mostly on the contents of iron, manganese and phosphorous (Kaczorek et al., 2004).
Bog iron ore can also act as a sink for heavy metals and potentially toxic metals (metalloids)
(Church et al., 1997). This is clearly reflected in As contents, that, depending on the
geogenic background contents, are often increased in bog iron ore (Banning et al., 2013).

Table 1-1. Chemical and mineralogical comparison of several bog iron ores in Europe and North
America. Mineral abbreviations: am-Fe — amorphous Fe; Cal — calcite; Fer — ferrihydrite; Gt —
goethite; Hem — hematite; Mag — magnetite; Or — orthoclase; Py — pyrite; Qtz — quartz; Sid — siderite;
Viv — vivianite.

Nr. of
Source Country Location Fe,03 SiO;  MnO; Mineral association
samples
Stoops, 1983 Belgium Antwerp / / / / Gt, Viv, Sid, clays
_ 19.30- L
De Geyter, 1985 Belgium Antwerp / 2168 / / Gt, Viv, Sid, clays
Breuning-Madsen
Denmark Jutland ? 69.11 10.45 1.39 /
et al., 2000
Bricker et al., )
USA Maryland / / / / Gt, Mag, Viv, am-Fe
2003
Kaczorek and Poland Wilanow, Northern g 57.19— 428- 0.36- Gt, Fer, Qtz, Viv,
olan
Sommer, 2003 Praga, Brwinow 73.49 27.59 1.29 Sid, am- Fe
] western 8.1- )
Banning, 2008 Germany / / / Gt, Qtz, am-Fe, Sid
Miinsterland 42.18
32.83- 26.22- 1.28-
Young, 2010 England Surrey 2 /
48.84 48.69 2.09
Thelemann et al., o 104-  0.1- Qtz, Gt, Or, Hem,
Poland Silesia 36 1.6-64.9 )
2017 82.3 4.4 Mag, Sid, Py, Cal

What separates bog iron ore deposits from other iron deposits is their relatively fast
formation and growth. Although there are no empirical studies on the formation time of bog
iron ore, some studies (Bricker et al., 2003) suggest that smaller deposit can be formed in as
short as 25 years, with majority of similar bog iron deposits forming in several hundred or

thousand years (Thelemann et al., 2017). If the deposit is under constant flux of Fe-enriched



groundwater, economically significant deposit can regrow in a matter of 20 years (Stanton et
al., 2007).

1.3. Preindustrial iron smelting

The main technique for iron production in the premodern times was the “direct” or bloomery
process. Unlike the “indirect” method, bloomery ironmaking involves the reduction of iron
oxides to iron metal, while remaining in the solid state (Pleiner, 2000). The smelting process
occurs inside a smelting furnace that retains the heat, while the combination of fuel and air
allows for the chemical interactions, most notably the reduction of iron oxides. Reduced iron
oxides form a spongy mass of iron called the bloom (Charlton et al., 2010). Main by-product
of bloomery smelting is the ferrosilicate slag, formed in the reaction between iron and gangue
minerals in the ore. The slag can contain as much as 50 mass. % Fe>Oz and has a chemical
composition similar to the fayalitic olivine (Fe2SiO4). Besides parent material in the ore, other
impurities are often incorporated into the slag during smelting process (Crew, 2000;
Velduhijzen, 2005), such as clay material from furnace wall lining and fuel ash.

Bog iron ore is rarely composed purely of Fe minerals, rather as a combination of Fe
minerals and parent material, called the gangue minerals. Smelters are using different
chemical and physical methods to separate the metal from the gangue minerals. This pre-
processing of ore was also known as the dressing of the ore (Pleiner, 2000), and in the Late
Antique and Middle Ages most common methods included washing and roasting of the ore.
Washing of the ore was conducted to remove clay and soil material from the ore, while
roasting was conducted for two reasons. Firstly, heating ore lumps at temperatures between
400 and 800 °C with access to air, enables chemical and mineral transformation from
oxyhydroxides and non-oxide iron ores to oxide iron ores, such as hematite, which are more
susceptible for smelting. Secondly, roasting has an effect on the physical properties of the ore,
making it more porous due to release of gases and vapours when exposed to high
temperatures, making ore more amenable to the reduction process (Pleiner, 2000).

The bloomery furnace is a cylindrical-shaped feature in which the process of reduction
occurs. Different variations regarding shapes and sizes were recognized and described, but the
same thermochemical reactions are happening in all of them (Haubner et al., 2014; Humpris
et al., 2018; Madera et al., 2018; Robion-Brunner, 2020). Burning of fuel inside enclosed
furnace leads to incomplete combustion of charcoal, which then produces high quantities of
carbon monoxide (CO). This gas travels up the furnace shaft, reacting with the ore and

reducing it. Reduction process starts as soon as ore is moving down the furnace shaft, reacting
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with carbon monoxide. Iron oxide reacts with the CO, forming carbon dioxide (CO2) and
elemental iron (bloom) (Pleiner, 2000), while gangue material reacts with part of the iron
forming slag material. Iron formation reaction can be expressed with the following chemical
equations:
3Fe;03 + CO = 2Fe?"Fe**,04 + CO>
Fe?*Fe®*,04 + 2CO = 3FeO + CO;
3FeO + 3CO = 3Fe + 3CO>

However, inside the furnace, ore, bloom and slag can undergo between reduction, reoxidation,
carburization and decarburization.

Several slag types with different morphologies can be produced during iron smelting,
based on the used raw materials, furnace design and smelting parameters (Blakelock et al.,
2009), with different slag types forming inside the same smelt. These slag types include
furnace bottom slag, furnace slag, tap slag, ceramic-rich slag and glassy slag (Veldhuijzen
and Rehren, 2007). Commonly, slags are composed of fayalite (Fe2SiOs), wiistite (FeO) and
quartz, while additional minerals can point to ore mineralogy or smelting recipe.
Geochemically, slag is mostly consisted of Fe;Oz and SiO, with most smelting slags having
similar, almost repetitive pattern with regards to slag composition (Blakelock et al., 2009).
However, some variations in the chemistry are expected in the final composition due to the
human factor, furnace design, used raw materials and smelting parameters and conditions
(Rehren et al., 2007).

1.4. Provenance studies in iron archaeology
The concept of provenance in archaeology is more than 160 years old and is used to indicate
the source of the raw material or the location where the object was manufactured, such as in a
workshop (Wilson and Pollard, 2001). Different chemical methods and techniques were
developed accordingly for provenance of most historically used metals (Stos-Gale and Gale,
2009; Ling et al., 2013; 2014). However, numerous studies and efforts were conducted to
determine the provenance of iron objects (Schwab et al., 2006 and references therein).
Charlton et al. (2015) explained three main reasons for the absence of a universally accepted
iron provenance methodology. Firstly, iron can be found in a variety of deposits and
geological settings that are evenly distributed, as opposed to other metals used by
preindustrial societies that are usually occurring in the form of rare patchy deposits. Iron was
often used as a currency in the form of semi-products (“currency bars”) that were exchanged

in various quantities on local and regional scale. Secondly, due to constraints of precise
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radiocarbon dating, it is difficult to precisely date many early iron production sites (Killick,
2004), making provenance studies more difficult to conduct. Finally, questions regarding the
type of produced alloy in a particular site and region, and whether these would be
recognizable is also raised (Rehren, 2001; Charlton et al., 2010).

Most recent provenance studies are focused on studying the chemical composition and
analysis of trace elements in ores, slags and slag inclusions (Desai, 2018). As the ore plays a
key role in the production of iron, it is essential to determine characteristics of ore used in
smelting process (Serneels and Crew, 1997). First studies were focused on the phase
identification, major oxide composition and establishing a link using their mutual ratios
(Hedges and Salter, 1979; Buchwald and Wivel, 1998; Buchwald, 2005; Paynter, 2006).
More recent studies showed a potential for following chemical signature from iron ores to
iron slags and iron objects by using trace elements (Coustures et al., 2003; Schwab et al.,
2006; Desaulty et al., 2009; Navasaitis et al., 2010). Some studies suggested comparing
major oxide ratios between ore and slag. However, total slag composition is also under the
effect of clayey furnace walls and fuel ash (Crew, 2000), therefore, comparing ratios of major
oxides to distinguish between different ore sources is only possible as a first discriminant. On
the other hand, trace elements during smelting process behave in a certain pattern with regards
to their mobility and differentiation, much like the trace elements in rocks during petrological
processes. Trace elements that are retained within iron bloom are termed compatible as they
can be incorporated into the crystal structure of minerals formed inside the bloom. Trace
elements that are more likely to differentiate into the liquid slag are termed incompatible, as
they are incompatible in the crystal structure and will try to leave at first available
opportunity, i.e. during smelting when high temperature is introduced into the system
(Rollinson, 1993).

Common methods involve analyses of mineralogical and chemical composition of slag
inclusions inside iron object using XRD, (LA-)ICP-MS, SEM-EDS or EMPA (Gordon and
van der Merwe, 1984; Coustures et al., 2003, 2006; Buchwald, 2005; Blakelock et al.,
2009; Desaulty et al., 2009; Leroy et al., 2011, Charlton et al., 2012) and comparing their
characteristics to the potential ore body or ironmaking region. Slag inclusions are commonly
found in bloomery and wrought iron (Starley, 1999). After the bloom is formed and removed
from the furnace, it undergoes several stages of processing (primary and secondary smiting)
where entrapped slag is removed. A part of slag remains trapped inside the bloom even after
smiting processes. The chemical composition of the trapped slag should be equivalent to the

one of the smelting slag and the iron ore from which it was derived. Studies using slag
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inclusions imply that if enough iron objects were discovered and analysed in the study area, it
would make the provenance analysis statistically reliable. However, in the case of the
Podravina region where only handful of iron objects were discovered, with majority of them
being exhibited as a part of museum collections, slag inclusions could not be analysed.
Therefore, clean slates of smelting slag samples were used for provenance studies and XRD,
ICP-MS and ICP-AES analyses were conducted. In order to define their chemical signature,
special attention was given to incompatible group of elements (rare earth elements-REE, Sc,
Y, Th, U, Zr, Hf, Ti, Nb and Ta). By carefully analysing ratios of selected pairs of
incompatible elements and plotting them on appropriate diagrams, it was possible to compare
the chemical signatures of iron slags to proposed raw material and define the provenance and

ore material for iron slags and roasted iron ore in the Podravina region.

1.5. Objectives and hypotheses of research
Main objectives of this research were: (1) to determine the possibility of bog iron ore
formation in the study area, (2) to determine the types, mineralogical and geochemical
characteristics of bog iron ore, roasted iron ore and iron slags and (3) to determine connection
between bog iron ore and iron slags using mineralogical and geochemical methods. These
objective were based on three main hypothesis: (i) during Late Antique and Early Middle
Ages bog iron ore was formed in the low-land Drava River area, (ii) due to complex
formation mechanism in soils of different size texture and mineralogical composition, and
influenced by the groundwater with variable chemical composition and Eh/pH, complex and
variable geochemical composition of bog iron ore is to be expected and (iii) bog iron ore was
used as the primary raw material for the iron production during Late Antique and Early

Middle Ages in the Podravina region.

1.6. Scientific contribution
The result of this research leads to better understanding of exploitation and usage of raw iron
ore during Late Antique and Early Middle Ages by analysing mineralogical and geochemical
characteristics of bog iron ore and accompanying archaeological material. For the first time in
Croatia, detailed analysis of several phases of bog iron ore from the study area is presented.
Special attention is given to the contents of trace and REE and their behaviour and mobility
while undergoing different heat treatments (roasting and smelting). Furthermore, obtained

results are used for the provenance studies of iron material in the Podravina region.
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ARTICLE INFO ABSTRACT

Keywords: This study brings evidence for possible bog iron ore formation in soils of the Podravina region, NE Croatia.
Bog iron ore During decades of archaeological investigations in the region, numerous sites with iron smelting workshops,
Geochemistry furnaces and iron slag materials were found in the region. As archaeological evidence indicates the presence of

Soils . near-by bog iron excavation sites, a total of 44 soil profiles were drilled in the vicinity of the archaeological sites.

Drava rver Six soil profiles, consisting of five Gleysols and one Fluvisol, were selected for further mineralogical, geochemical

Podravina region o . . . .
and textural analyses due to their visible redoximorphic features. The X-ray diffraction (XRD) analyses con-
firmed goethite, quartz, clay minerals, plagioclase, feldspars and dolomite. Chemical analyses indicate Fe con-
tent above median values for the Podravina region. The Kalinovac-Hrastova Greda profile showed the highest
content of Fe,03, (31.52 wt. %) at 60-80 cm depth, while the other investigated profiles show Fe,O3 contents
between 3.97 and 10.90 wt. %. Contents of As (1.8-563.6 ppm) and P (484-4513 ppm) indicate high accu-
mulations of these elements in the soils. Textural analyses indicate a high amount of silt and, sporadically, sand
in all profiles, while showing a relatively small amount of clay. The enrichment factor of Fe,O3 shows significant
enrichment in the Kalinovac-Hrastova Greda profile, indicating a possible ore formation. Based on the micro-
element distribution of Ce, Cs, Hf, La, P and Zr, all soils show a common parent material, but significant dif-
ferences in contents of Fe and other major oxides indicate different formation processes. This is attributed to
differences in the soil texture of the selected soil profiles, oscillations of the groundwater table and changes
between oxidative and reductive conditions. The results of this study indicate that the Podravina region is a
suitable area for the formation of bog iron ore, although recent conditions inhibit the formation of bog iron ore
due to changes in agriculture and melioration which are altering groundwater levels.

1. Introduction

Bog iron ores are sedimentary iron deposits (Ramanaidou and Wells,
2014), typically occurring in low-lying areas such as swamps, bogs,
meadows or river valleys and micro-depressions with a groundwater
table close to the surface (Kaczorek and Zagérski, 2007). Bog iron ores
are terrestrial accumulations of iron (Fe) minerals, especially Fe oxides
and hydroxides (Banning, 2008) developed in hydromorphic, loamy,
sandy and clayey alluvium and soil (De Geyter et al., 1985; Landuydt,
1990), the occurrence of which has been reported in central and
northern Europe, Asia and North America (Crerar et al., 1979;
Breuning-Madsen et al., 2000; Ratajczak and Rzepa, 2011). The Fe,03
content in bog iron ore varies between 30 and 50 wt. %, but can reach
up to 95 wt. % (Joosten et al., 1998; Sitschick et al., 2005; Charlton

et al., 2010).

Due to seasonal oscillations of groundwater, periods of wetting and
drying occur in the soil profile, typically producing an oxidized zone in
the upper 50-80 cm interval and an underlying reduced zone in the
deeper parts of the soil profile (Stoops, 1983; Kaczorek and Sommer,
2003). Pedogenetically, bog iron ores are bound to gleys and gley
podzols with varying redox potentials and a constant flux of iron-con-
taining water (Graupner, 1982; Kaczorek et al., 2004). According to
Kaczorek et al. (2004) and Thelemann et al. (2017) bog iron ores are
often distinguished into three different types based on their macro-
morphological characteristics and development stage: (i) a soft, un-
stable form, often referred to as “soft” bog iron, (ii) randomly dis-
tributed concretions, block or nodules in soil and (iii) well-cemented,
massive horizons, continuous or discontinuous, often referred as “hard”
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bog iron. The composition of the bog iron ore largely depends on the
chemical composition of the parent material, which is influenced by
both the geological and hydrological factors of the study area, as well as
material fluxes due to groundwater fluctuation. The mineralogy of the
bog iron ores is complex due to changing physico-chemical conditions
and redox potential. Bog iron ore primarily consists of amorphous and
crystalline Fe oxyhydroxides (mainly goethite), formed under oxidizing
conditions, and Fe carbonate (siderite) and phosphate (vivianite),
formed under reducing conditions (Stoops, 1983).

Based on several iron smelting workshops found at three locations
in the Podravina region (Sekelj Ivanc¢an and Markovi¢, 2017) and nu-
merous slag and roasted ore findings throughout the Podravina region
(Valent et al., 2017), and similar case studies in various archaeological
sites in southern Hungary (Gomori, 2006; Torok et al., 2015), it is be-
lieved that this type of ore was used for iron production from late
Antiquity up until the Middle Ages in the Podravina region of Croatia.
The natural setting of the bog iron ore in the Podravina region was
probably recognised by local farmers and smiths. It is generally easy to
spot areas that potentially contain bog iron by the surface discoloura-
tion of soils and stagnant water providing a visual marker for the dis-
solved iron in the water and precipitated iron in the soil (Weronska,
2009). Aside from soil discoloration, withered grass, a wet environment
and hygrophilous grass vegetation could also indicate potential areas
for bog iron accumulation (Koschke, 2002). Compared to recent mining
and exploitation of iron ore, bog iron extraction and smelting are two
relatively simple processes (Bowles et al., 2011).

This paper deals with the following research questions regarding the
study area of the Drava River: (i) was the Podravina region favourable
for the formation of bog iron ore based on geological, pedological and
hydrological characteristics, (ii) what are the mineralogical and geo-
chemical characteristics of soil and potential bog iron horizons and (iii)
what was the formation mechanism of iron and other elements in the
soil? In order to answer these questions, 44 soil profiles were sampled
throughout the Podravina region. Six soil profiles were chosen due to
their Fe accumulations for further analysis of their mineral composi-
tion, geochemical composition of major oxides, minor and trace ele-
ments and their particle size distribution in order to identify potential
bog iron horizons and define their formation mechanism.

2. Study area
2.1. Drava river development and sedimentology

Geomorphologically, the study area is situated in the central part of
the Drava River Valley, belonging to the Croatian part of the Pannonian
Basin, which is a mostly low-lying area with an average altitude of
120 m above sea level (m.a.s.l.). The Pannonian Basin is a back-arc
basin, underlain by highly thinned continental lithosphere that formed
during the Miocene due to rapid rollback of a slab attached to the
European continent (Matenco and Radivojevi¢, 2012). It is surrounded
by the Southern and Eastern Alps in the west, the West Carpathians in
the north, the Eastern Carpathians in the east and the Dinarides in the
south (Fig. 1). Several major rivers flow throughout the Pannonian
Basin, transporting and depositing material, mostly from the Alps,
filling the basin with Neogene and Quaternary sediments.

The study area covers over 500 km? of Drava River catchment area,
located in the Podravina region in northeast Croatia (inserted frame at
Fig. 1a; Fig. 1b). To the north and northeast, the study area is bound by
the Croatian-Hungarian state border and to the south and southwest by
the Bilogora hills. The average elevation is between 110 and
140 m.a.s.l., with the relief slightly dipping towards the east. Different
lithologies and pedological features, as well as agricultural land use
characterise the study area. Recent geomorphological features stem
from significant climate changes at the end of the Pleistocene and the
beginning of the Holocene. A period of climate warming around 11,700
years b2k (Head, 2019) initiated snow melting in the Alps, followed by
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large torrent flows resulting in the fluvial erosion noticeable in younger
gravel deposits overlying older clay and loess sediments. The accumu-
lation of sand and gravel, and the later forming of the humus layer have
shaped the present day geography of the Podravina area (Feletar and
Feletar, 2008). The large alluvial plain with the meandering Drava
River and its tributaries, mainly formed during the Late Pleistocene and
Early Holocene, dominates the area (Fig. 1). The emphasised lateral
erosion has caused the formation of terraces, shoals, beaches and river
islets, which have been destroyed and re-created over time. Alluvial
plain consists of three river terraces with adjoining material. The third
river terrace is the oldest, was formed at the end of the Late Pleistocene
and is characterised by loess clay-sandy silts. At the time of the terrace's
formation, alternating dry and cold weather conditions were common,
with a noticeable accumulation of aeolian material, sands and loess,
originating from the Drava River. The terrace was occasionally flooded
during warmer periods, allowing the formation of fluvial accumula-
tions. The second Drava terrace is of erosion-accumulation character
and was formed during the second Wiirm interglacial (Prelogovi¢ and
Veli¢, 1988). It spans between the third and first terrace, discordantly
overlying the third terrace sediments. This terrace went through all
stages of formation, from coarse-grained gravelly sand at its base to the
fine-grained silts at the top. Based on the mineral composition (Muti¢,
1975), it can be assumed that this material originated in the Eastern
Alps. The first terrace, located between the second terrace and the
Drava River channel, is the youngest and was formed during the third
Wiirm interglacial. It is highly altered due to the current flow and
meanders of the river. The formation of the first Drava River terrace
only included several phases of the floodplain formation and, therefore,
its surface is uneven and is frequently flooded during high waters. The
main sedimentary materials in this terrace are sands, gravelly sands and
sandy gravels (Simuni¢ et al., 1990).

Flooding sediments were created by deposition of fine-grained
material after large floods and torrents, and while the river was re-
turning back into the river channel. Dominant materials are sandy clays
and clayey silts with transition to fine-grained material, mostly silty
clays. Flooding sediments are often covered with soil horizon features
formed by the decomposition of organic materials (He¢imovi¢, 1987).

Since the Drava is a meandering river, there are several abandoned
riverbeds, some of them still containing water, forming still waters and
pond areas. Abandoned riverbeds are formed as a result of the river
finding new flow paths, and simultaneously cutting off existing riv-
erbeds. Abandoned riverbeds are often found on first and second river
terrace with fluvial deposition of fine-grained material such as silty
sand and silt. According to the literature, swamp, marsh and bog se-
diments are very often associated with abandoned riverbeds. They
consist of silty clays, clayey-sandy silts and clay with organic compo-
nents. Peat deposits are sometimes found below clays (Bognar, 2008).

Aeolian sand deposits are an important part of the lithology cov-
ering the third river terrace. These deposits were part of the Drava
fluvial sediments that were transported to the southwest of the river
due to strong winds, where they are found today. The thickness of the
sand is variable, with up to 2 m on hilly relief, and up to 10 m in flat
areas (Paveli¢ et al., 2016; Galovié, 2016).

2.2. Pedology

The most common soil types in the study area are Fluvisols and
Gleysols located on the Pleistocene and Holocene sediments, with
Stagnosols and Regosols sporadically appearing in some parts. As seen
in Fig. 2, most of the pedological profiles are located in bog areas
dominated by Gleysols, which occur due to the specific combination of
pedogenetic factors in micro-depressions with relatively shallow
groundwater. Gleyed (waterlogged) soils are generally characterised by
highly localised patterns of redoximorphic features, mainly Fe oxy-
hydroxides, as a result of concentration and depletion due to complex
and variable redox conditions (Husnjak, 2014). Gleysols predominantly
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Fig. 1. Simplified geological map of a) the Pannonian Basin, modified according to Seghedi et al. (2004); Schmid et al. (2008) and b) Podravina geological map with
inserted sampling locations, archaeological sites and piezometer locations, modified according to Galovi¢ and Markovi¢ (1979); Korolija and Crnko (1985);
Hecimovi¢ (1986); He¢imovi¢ (1995). Archaeological locations and findings according to Sekelj Ivan¢an and Markovi¢ (2017) and Valent et al. (2017). Piezometer

locations according to Naki¢ et al. (2018).

occur on older, fluvial accumulations with good horizontal and vertical
permeability. Lower parts of the soil profiles are mostly below
groundwater level (Fig. 3). Because of that, lower parts of the soil
profile are usually greyish or bluish in colour, indicating an anaerobic
and reducing environment.

According to the Food and Agriculture Organisation (FAO, 2015),
Fluvisols are found on alluvial plains with periodical flooding. Soil
horizons are weakly developed, with only the initial humus horizon (A)
developed, especially in the flooded areas. Fluvisols are characterised
by specific formation mechanisms of fluvial sediments. Frequent
flooding and transport of suspended particles aggravates pedogenetic
processes and the formation of soil horizons. In this type of soil,
groundwater is commonly found in the first meter of soil. In the zone of
groundwater stagnation, a gley horizon (G) can form (Husnjak, 2014).
Physical and chemical characteristics of Gleysols are heterogeneous,
both vertically and laterally.
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2.3. Drava River aquifer system

The Drava River is a typical glacial river with the highest water
levels in late spring and summer (May, June, and July) and lowest
water levels during the winter period (January and February). This type
of hydrological regime sometimes leads to flooding of the surrounding
river terraces. Hydrogeological characteristics have been changing over
time as a result of human activities, mostly due to construction works
carried out at different times throughout history (Tadi¢ and Brlekovic,
2018). In recent years, declining linear trends of water levels were
noted. Organised flood protections and construction of smaller channels
began in the 19th century. Nowadays, floods rarely appear because the
natural hydrological characteristics have been altered (Kiss and
Andraési, 2017).

The hydrogeological characteristics of the Drava River aquifer are
products of tectonic activity and a fluvial depositional environment
within the river valley. The aquifer is confined in some part of the study
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area, while in others it is unconfined, due to heterogeneity of overlying
clastic materials. Groundwater is interconnected with the water level in
the Drava River and there is a dominant groundwater drainage into the
Drava River (Brkic et al., 2010). Brki¢ and Briski (2018) recognised that
groundwater flows from the valley margins in the southwest towards
the Drava River in the northeast (Fig. 2), with precipitation being the
main source of groundwater recharge. Groundwater levels are several
meters below the surface but can also reach the surface (Fig. 3). Values
of pH for the observed groundwater range from 6.60 to 7.90, meaning
that the groundwater is very slightly acidic, up to neutral and slight
alkaline. Redox conditions are very irregular within the aquifer, varying
from —73.2 mV in one piezometer up to 319 mV in another piezometer
(Table 1). Only 15% of groundwater is saturated with oxygen, while the
remaining 85% are depleted with oxygen. The aquifer system is en-
riched with iron, arsenic and manganese, which can occasionally ex-
ceed the maximum allowable concentration for drinking water (Kopi¢
et al., 2016). As seen in Table 1, Figs. 1 and 2, concentrations of Fe and
Mn are especially increased in the central part of the study region, with
concentrations of Fe exceeding maximum allowed concentrations up to
several times. This enrichments can be equally found on both the left
and the right floodplains of the Drava River. Naturally increased arsenic
values are typical for the aquifer system and groundwater of the Pan-
nonian Basin (Rowland et al., 2011).

3. Materials and methods
3.1. Sampling and sample preparation

During the summer and autumn of 2017, several field campaigns
were conducted, and 44 soil profiles were sampled up to a depth of
250 cm using an Eijkelkamp auger set for soils. The profile locations
were chosen based on previous archaeological excavation campaigns
around discoveries of iron smelting workshops dating back to Late
antiquity and the Middle Ages in the Podravina region (Fig. 1) (Sekelj
Ivancan and Markovi¢, 2017) and on surface iron slag findings (Valent
et al., 2017). Each soil profile was described and classified according to
the IUSS Working Group WRB (2015). Each soil profile was further
divided into intervals based on the visible macro features and field

16

estimation of the soil texture and mineralogical changes along the
profile. The samples were stored in separate plastic bags. After they
were transported to the laboratory, samples were air-dried. Then a
portion of each interval was crushed and sieved through a 2 mm sieve.
Six profiles were chosen based on the abundance of iron features (or-
ange and red colour of soil, orange mottles, noticeable iron linings and
pore masses) and analysed for their physical, chemical and miner-
alogical characteristics.

3.2. Laboratory analyses

Soil colour was determined in the laboratory on dry samples using
the Munsell colour chart (Munsell, 1994). Soil pH in H,O and 1M KCI
was measured with a glass electrode immersed in a suspension of 1:5
soil volume and H,O/1M KCl respectively, according to ISO
10390:2005. Electric conductivity was measured in a suspension of 1:5
soil volume and H,O. Carbonate content was determined using the
volumetric method (ISO 10693, 1995).

The mineralogical composition of 34 soil samples was determined
using powder X-ray 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° 26, 0.02° step size, 1 s count
time per step while generator settings were 40 kV and 20 mA. Minerals
were identified using PANalytical X'Pert HighScore software with
standardised Powder Diffraction Files (PDF) of the International Centre
for Diffraction Data (ICDD) (Newton Square, PA, USA). Major oxides
alongside multi-element analyses were performed at MS Analytical,
Langley, Canada on six previously selected soil profiles (n = 34). Multi-
element contents 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 diges-
tion. Only the most highly resistant minerals (zircon) were not fully
dissolved. Based on five standards and blanks, instrumental precision
was 3-5% and the detection limits for most analysed elements were in
the part per million (ppm) or lower. Major oxides analysis was per-
formed using inductively coupled plasma-atomic emission spectrometry
(ICP-AES) with lithium borate fusion. Loss on ignition (LOI) was de-
termined by weight difference after ignition at 1000 °C. Soil profile
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Fig. 3. Schematic drawing of the six selected soil profiles with visible iron redoximorphic features and groundwater depths according to Brki¢ and Briski (2018).

Peteranec-Gorice soil profile is not affected by the groundwater.

texture was characterised using laser diffraction particle size analyser
LS 13320 (Beckman Coulter, USA). For this study, the 2000-63-4-um
system was used to determine particle size fractions, and the results are
presented in graphs based on the amount of clay, silt and sand (FAO,
2015).

3.3. Enrichment factors
Major oxides and minor elements were compared to the

Geochemical Atlas of the Republic of Croatia (Halami¢ and Miko,
2009). These values represent median values of major oxides and minor
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elements for topsoils of the Podravina region. Possible enrichment in
the soil can be determined with the help of enrichment factors. The
enrichment factor (EF) is a relatively simple and easy tool for assessing
the enrichment degree of soils due to its universal formula (Benhaddya
and Hadjel, 2013). The EF is a normalisation method proposed by
Simex and Helz (1981) to assess the regional contents of metals. The
index of potential enrichment was calculated using the normalisation of
the observed element as a ratio to another reference constituent of soil,
defined as:

EF = (Metal/RE)Soﬂ/(Metal/RE)background (1)
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Geochemical characteristics of the groundwater in the broader Podravina region. Compiled after Hrvatske vode and Naki¢ et al. (2018)., with the permission of

Hrvatske vode.

Piezometers  pH Ehpmin Ehmax  Ehaveragemvy)  Fémin  Femax  Feaverage (8/1)  MNmin ~ Mnmax  Maverage (H8/D)  ASmin ~ ASmax  AS average (U8/1)
P1 / / / / 1910 3360 2522 61.9 739 594.68 <1 6.2 4.12

P2 / / / / 1810 3600  2835.79 467 881 705.95 <1 4.4 3.26

P3 / / / / 12 63.5 33.26 4.6 28.1 8 <1 1.5 <1

P4 / / / / 2860 9040 5180 348 454 399.5 <1 <1 <1

P5 / / / / 2900 4830 3579 463 565 527 <1 <1 <1

P6 714 195 224 115.36 3.4 2130  488.66 <1 21.1 11.56 <1 <1 <1

P7 7.26 22 319 145.48 <1 17.3 7.96 <1 6.4 1.8 <1 <1 <1

P8 7.34  -732 312 -10.9 246 4230  1047.55 <2 1010 60.29 <1 1.5 <1

P9 7.45 152 169.5  78.59 5.6 32.4 16 <05 3.1 <1 <1 <1 <1

P10 718  —433 249 73.9 23.1 1210 469.39 6.3 21 16.45 <1 <1 <1

P11 7.48 532 1147  79.85 203  39.2 28.9 1.3 7.2 3.85 <1 <1 <1

Table 2 coarsening in the middle and lower parts of the profiles. Contents of

Enrichment categories based on EF index.

Contamination categories based on EF values

EF < 2
2 < EF <5
5 < EF < 20
20 < EF < 40
EF > 40

Deficiency to minimal enrichment
Moderate enrichment

Significant enrichment

Very high enrichment

Extremely high enrichment

where RE is the value of the reference element. A reference element is
an element particularly stable in the soil, which is characterised by the
absence of vertical mobility through the soil profile. In this study, ti-
tanium was used as the reference metal (Isakson et al., 1997). The
numerical results are indicative of different pollution levels. Values of
0.5 = EF =< 1.5 suggest that the metal content comes from entirely
natural weathering processes. The EF index can be used as an indication
for the soil quality based on values falling into different classes
(Table 2), ranging from EF < 2 (Deficiency to minimal enrichment) up
to EF > 40 (Extremely high enrichment) (Loska and Wiechuta, 2003).

4. Results
4.1. Physico-chemical characteristics of the selected soil profiles

Six chosen soil profiles are presented in Fig. 3 and their soil char-
acteristics are provided in Table 2. The Hlebine-Dedanovice profile is
determined as Fluvisol, while the remaining five profiles are classified
as Gleysols (Fig. 3; Table 3). Changes in colour through the profiles are
gradient, with the bottom interval often being greyish and dark grey,
indicating a gley horizon. All six profiles show signs of iron (Fe), mostly
as precipitations on soil particles in the form of soft masses or pore
linings. This affects the colour of the interval, showing orange and red
colours for intervals where Fe is present in significant concentrations,
such as in the 60-100 cm interval in the Kalinovac-Hrastova Greda
profile (Table 3). The pH range measured in KClI is substantially lower
than the pH in H,0. The profiles are characterised by a slightly acidic to
neutral and slightly alkaline pH in H>O (5.85-7.81), or moderately
acidic to neutral pH in KCI (4.36-7.50). In both H,O and KCl, there is a
visible trend of increasing pH with increasing depth of profiles. The
Kalinovac-Hrastova Greda profile stands out as being the most acidic,
with a pH below 7.0 in both H,0 and KCI. The carbonate content is low,
usually below 1 wt. % with only the profile Hlebine-Dedanovice
showing carbonate values over 5 wt. %. Silt is the dominant component
in most of the Gleysols. The Fluvisols have similar contents of silt and
sand as the Gleysols. Silt is the dominant phase, followed by sand, with
clay particles being a minor component, rarely exceeding 10%. Sand is
the dominant phase in the lower interval of the Kalinovac-Hrastova
Greda, Peteranec-Gorice and Virje-SuSine profiles. In profiles Kali-
novac-Hrastova Greda and Peteranec-Gorice there is a noticeable
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clay, silt and sand are presented in Table 3 and Fig. 6. Based on the [USS
Working Group WRB (2015) soil texture classification, the majority of
samples are classified as silt loam with some intervals being classified as
loam, sandy loam and loamy sand.

4.2. Mineralogy

According to XRD analysis, most of the soil profiles have similar
mineral assemblages. Quartz is the dominant mineral phase, followed
by clay minerals and micas with feldspar and/or plagioclase minerals.
Clay minerals mostly consist of 10 and 14 A minerals such as illite,
smectite and, in some cases, chlorite minerals. The Kalinovac-Hrastova
Greda profile differs from the other profiles in terms of the dominant
mineral phases. In the middle part of the profile, from a depth of
60-100 cm, goethite (iron oxyhydroxide) is the dominant mineral
phase alongside quartz (Fig. 4). Weak indication of ferrihydrite is also
noticeable in the samples K-HG 3 and K-HG 4 (60-100 cm interval) of
the Kalinovac-Hrastova Greda profile due to the slightly increased
background values that can be seen between 33 and 36° 26 although the
diffraction lines are partially overlapping by the quartz and goethite
diffraction lines. In other profiles, goethite is less present and mainly
found in the upper and middle parts of the profiles (Table 4).

4.3. Geochemistry

The soil profiles were analysed for the content of major oxides and
trace elements, including arsenic (As) and phosphorus (P) (Table 5).
The full list of analysed major, minor and trace elements is presented in
the Appendix. Geochemical analysis of Fe was conducted due to known
preindustrial iron smelting activity in the surrounding area. The oxide
composition of the soil samples is mainly comprised of silicon-dioxide
(Si0,), aluminium (III) oxide (Al,03) and iron (III) oxide (Fe,Os3). The
SiO, component varies from 38.90 (middle part of the Kalinovac-
Hrastova Greda profile) up to 73.85 wt. % (lower part of the Peteranec-
Gorice). The iron oxide content greatly varies between the profiles, with
the general trend being a higher content of Fe oxides in upper and
middle parts of profiles. The Kalinovac-Hrastova Greda profile shows
the highest content of Fe oxide, reaching 31.52 wt. % at the 60-80 cm
interval. Contents of As (1.8-563.6 ppm, average 63.4 median 23.6)
and P (484-4513, average 1334.8 ppm, median 1033.5 ppm) show
elevated values compared to Clark's values for the upper continental
crust (Rudnick and Gao, 2003) and topsoil values in Croatia based on
the Geochemical Atlas (Halami¢ and Miko, 2009). Several microele-
ments show elevated contents in the soil profiles (Appendix 1). Cs
(2.51-12 ppm), Rb (54-188.3115.16 ppm), Y (15.3-38.5 ppm), Th
(7.9-20.8 ppm) and Ce (41.38-108.3 ppm) show slightly elevated va-
lues in all profiles except Kalinovac-Hrastova Greda. Heavy metals (Ni,
Co, V, Cr and Cu, Zn and Pb) show elevated contents in all profiles, with
Ni showing very high values in the lower part of the Peteranec-Gorice
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Physico-chemical characteristics of selected soil profiles in the Podravina region.
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Location Depth, cm  Soil type  Colour pH (H,0) pH (KCl) EC, uS/cm (H,0) CaCOs, wt. % Clay, % Silt, % Sand, % Soil texture
Imbriovec - Berek 0-30 Gleysols 5Y 5/2 6.97 5.41 128.43 0.85 8.55 60.96  30.5 Silt loam
30-70 2.5Y 6/3 7.23 6.50 166.30 0.57 5.44 63.92 30.64
70-95 2.5Y7/2 7.47 7.05 147.00 1.41 7.68 72.2 20.12
95-150 2.5Y7/3 7.60 7.02 120.77 1.55 6.94 70.7 22.37
Kalinovac - Hrastova Greda 0-30 Gleysols 10 YR 3/4 5.85 4.96 109.93 0.76 6.75 48.23  45.01 Sandy loam
30-60 10 YR 3/4 6.06 5.10 99.83 1.68 9.45 49.95 40.6 Silt loam
60-80 7.5YR5/8 6.39 5.45 110.43 0.983 11.34 47.98  40.69 Loam
80-100 7.5YR5/6 6.51 5.66 103.37 0.702 15.42 49.86 34.73 Silt loam
100-130 25Y25/1 6.08 5.23 242.00 0.844 4.16 30.14 65.69 Sandy loam
Koprivnicki Ivanec - Log Parag  0-30 Gleysols  2.5Y 4/2 6.68 5.48 96.23 1.05 8.38 64.62 27 Silt loam
30-60 2.5Y 5/4 6.84 5.79 57.33 0.84 9.25 75.75 15.01
60-90 2.5Y 5/4 6.91 6.20 84.13 0.43 8.64 72.83 18.52
90-120 2.5Y 5/4 7.05 6.11 62.23 0.42 8.47 7431 17.22
120-150 2.5Y 5/4 6.97 6.10 115.70 0.43 9.16 74.04 16.8
150-192 5Y 4/1 6.96 6.10 140.73 0.15 8.67 73.49 17.84
Virje - Susine 0-30 Gleysols  2.5Y 5/3 5.93 4.73 94.70 0 7.45 67.61 24.94 Silt loam
30-55 2.5Y 6/4 6.08 4.87 76.43 0 5.54 60.48 33.99
55-88 2.5Y 5/4 6.23 5.07 53.83 0 6.05 35.36  58.59 Sandy loam
88-118 2.5Y 6/4 6.56 5.21 41.37 0.24 8.06 78.48 13.46 Silt loam
118-150 5Y 4/1 6.84 5.31 46.23 0.38 17.05 67.13 15.82
150-180 5Y 3/1 6.93 5.30 49.93 0.85 15.36 52.54 321
180-200 5Y 3/1 6.83 5.32 55.73 0.57 10.36 47.68  41.97 Loam
Hlebine - Dedanovice 0-40 Fluvisols 10 YR 6/8  7.46 6.94 219.00 1.28 7.93 63.96 28.1 Silt loam
40-50 2.5Y 6/2 7.81 7.18 128.20 7.39 7.71 70.53 21.76
50-80 2.5Y 6/2 7.80 7.50 148.53 4.86 3.86 38.7 57.44 Sandy silt
80-100 2.5Y 6/2 7.72 7.50 181.97 5.28 2.93 36.75 60.32
100-120 2.5Y 6/2 7.45 7.28 631.67 6.25 4.06 51.35 44.59 Silt loam
Peteranec - Gorice 0-30 Gleysols  2.5Y 5/2 5.94 4.36 139.60 1.14 9.55 62.63 27.83 Silt loam
30-65 2.5Y 5/2 6.20 5.12 41.60 0.86 10.2 64.52 25.28
65-100 2.5Y 5/6 6.60 5.54 46.93 2.01 13.21 62.71 24.08
100-140 2.5Y 5/6 6.82 5.69 48.43 1 6.02 63.33  30.66
140-170 5Y 6/2 6.84 5.75 81.73 0.86 5.04 68.08 26.88
170-205 5Y 6/2 7.08 6.76 97.03 1.57 5.11 49.84 45.05 Sandy loam
205-220 5Y 5/2 7.28 6.96 63.43 4.15 2.37 17.43 80.2 Loamy sand
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Fig. 4. XRD pattern for the Kalinovac-Hrastova Greda soil profile. Mineral abbreviations: Q —quartz; G - goethite; M - mica; P - plagioclase; O — orthoclase; CM - clay
minerals, Dol — dolomite, Fh - ferrihydrite.

19



T. Brenko, et al.

Table 4
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Results of mineral composition based on the XRD analysis for grain size < 2 mm (Abbreviations: Qtz — quartz, Gt — goethite, Ms — muscovite, Pl — plagioclase, Or —

orthoclase, Dol — dolomite, CM - clay minerals, Fh - ferrihydrite). Mineral abbreviations after the International Mineralogical Association (IMA). + =

mineral

present in the sample, ? = mineral is probably present in the sample but due to the low content and/or overlapping of diffraction peaks cannot be confirmed with

certainty, - = mineral not present in the sample.
Location Sample ID Depth (cm) Qtz Gt Ms CM Pl Or Dol Fh
Imbriovec - Berek I-B1 0-30 +++ - + + + + - -
I-B 2 30-70 +++ ? + + + ? - -
I-B 3 70-95 +++ + + + + ? - -
I-B 4 95-150 4+ - + + + ? + -
Kalinovac - Hrastova Greda K-HG 1 0-30 +++ + + + + - - -
K-HG 2 30-60 ++ + ++ + ++ - - -
K-HG 3 60-80 ++ ++ + ? + + - - ?
K-HG 4 80-100 ++ 4+ + + - ?
K-HG 5 100-130 +++ ? + + - - -
Koprivnicki Ivanec - Log Parag KI-LP 1 0-30 ++ + + + + + - - -
KI-LP 2 30-60 +++ + + + + + - -
KI-LP 3 60-90 +++ - + + + + - -
KI-LP 4 90-120 4+ ? + + + - - -
KLLP 5 120-150 +++ ? + + + - -
KI-LP 6 150-192 +++ - + + - -
Virje - Susine V-s1 0-30 +++ - + + + - - -
V-S 2 30-55 +++ + + + + + - -
V-S 3 55-88 +++ + + + + + - -
V-S 4 88-118 +++ ? + + + + - -
V-S5 118-150 4+ + + + + ? - -
V-S6 150-180 +++ + + + ? - -
V-§7 180-200 +++ - + + + - -
Hlebine — Dedanovice H-D1 0-40 ++ + ++ + + + ? -
H-D 2 40-50 o+ ? ++ + + ? + -
HD 3 50-80 +++ - ++ + + - + -
HD 4 80-100 +++ ++ + + + -
H-D 5 100-120 4+ ? ++ + + - + -
Peteranec — Gorice P-G1 0-30 ++ + ? + + + - - -
P-G 2 30-65 +++ + + + ++ + - -
P-G 3 65-100 +++ + + + + - - -
PG4 100-140 ++ 4+ + + + + + - -
P-G5 140-170 +4+ ? + + + + - -
P-G6 170-205 ++ - + + + + + -
P-G7 205-220 +H+ - + + + - - -

+ - relative abundance of minerals within horizons based on X-ray diffraction (no quantitative value assigned to +); + + + major component, + + minor com-

ponent; + traces.

profile (361.9 ppm) (Appendix). Multivariate diagrams were created for
all six profiles (Fig. 5), with normalisation to the upper continental
crust (Taylor and McLennan, 1985). All profiles are of similar appear-
ance, indicating enrichment of P, especially in upper parts of the pro-
files. Most of the calculated geochemical diagrams show enrichments of
Cs, La and Ti, with depletions of Rb, Sr, Zr and Hf.

4.4. Enrichment factors of major oxides, As and P

The relative enrichments of major oxide compositions and As and P
were calculated (Table 6) with Ti as the reference element (Isakson
et al., 1997). The Hlebine-Dedanovice profile shows moderate to sig-
nificant enrichment of Mg and Ca oxides from 10 to 140 cm depth and
moderate enrichment of As in the topsoil compared to Halamié¢ and
Miko (2009). The Kalinovac-Hrastova Greda profile shows significant
enrichment of Fe (EF = 11.07) in the top 100 cm of the profile and
moderate enrichment in the lower part, similar to P. Mn values indicate
moderate enrichment in upper and middle parts, correlating to Fe en-
richment. Values of As indicate very high (EF = 32.53) and extremely
high enrichment (EF = 61.39) in upper and middle parts of the profile
and a slight significant enrichment below 100 cm in the profile. The
profile Koprivni¢ki Ivanec-Log Parag shows moderate enrichment of Mn
in the 30-60 cm interval (EF 4.51. There are no detectable
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enrichments in profiles Imbriovec-Berek, Peteranec-Gorice and Virje-
Susine.

5. Discussion

5.1. Regional settings of the Podravina region regarding the potential
formation of bog iron ore

The dominant feature of the Podravina region is the Drava River,
whose influence is undeniable in regard to the geological, pedological
and hydrological characteristics of the whole study area. Due to the
river flow, constant sediment flux is present in the river valley. It is well
documented that the Drava River occasionally flooded throughout the
region, forming a several km wide floodplain (Loczy, 2013). Therefore,
the sedimentation has the characteristics of a typical floodplain, with
alluvial sediments, such as silty deposits, being the most prominent
(Léczy et al., 2014). Since the Drava is a meandering river, oxbow lakes,
swamps and bogs are also a constant feature, spread throughout the
region, mostly localised in smaller micro-depressions. The groundwater
table, also under the influence of the Drava River (Brki¢ and Briski,
2018), is close to the surface, providing interchanges of oxidative and
reductive conditions and forming Gleysols, which is the most common
soil type in the region. All of the above-mentioned characteristics of the
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Geochemical characteristics of selected soil profiles in the Podravina region. Bolded values represent values higher than Clark's values for upper continental crust

(Rudnick and Gao, 2003).

Location Sample Depth (cm) SiO, TiO, Al,03 Fe,03 MgO MnO CaO K0 Na,O As P LOI
wt. % ppm wt. %
Imbriovec - Berek I-B1 0-30 46.88 0.82 18.63 6.46 2.06 0.05 1.43 2.30 0.79 11.6 1078 20.13
I-B 2 30-70 56.44 0.94 17.15 7.59 2.31 0.07 1.67 2.65 1.39 23.9 1331 9.33
I-B 3 70-95 56.03 0.93 16.50 7.18 3.03 0.07 3.33 2.70 1.52 26.4 1025 9.20
I-B 4 95-150 60.69 0.98 14.82 6.38 2.61 0.07 2.65 2.38 1.59 28.6 923 7.66
Kalinovac - Hrastova Greda K-HG 1 0-30 48.42 0.46 9.15 17.77 0.93 0.21 1.24 1.02 0.70 280.0 2756 18.18
K-HG 2 30-60 44.59 0.47 10.18 22.71 1.10 0.27 1.39 1.09 0.64 379.4 3225 17.96
K-HG 3 60-80 38.90 0.37 7.98 31.52 0.93 0.16 1.26 0.87 0.52 563.6 4513 17.48
K-HG 4 80-100 49.31 0.48 9.54 20.53 1.10 0.10 1.38 1.12 0.78 225.5 2629 16.43
K-HG 5 100-130 57.68 0.54 9.57 8.86 1.07 0.07 1.46 1.22 1.06 64.6 897 18.97
Koprivnicki Ivanec - Log Parag KI-LP 1 0-30 47.45 0.85 17.42 9.11 1.91 0.37 1.43 2.18 0.80 43.3 1377 19.47
KI-LP 2 30-60 54.49 0.96 15.35 9.81 1.61 0.70 1.20 2.26 1.19 55.2 1749 11.42
KI-LP 3 60-90 61.31 1.05 15.30 8.06 1.54 0.24 1.18 2.32 1.47 36.9 1419 8.51
KI-LP 4 90-120 61.40 1.06 15.41 7.82 1.59 0.11 1.16 241 1.47 31.6 1448 7.95
KI-LP 5 120-150 57.21 1.00 16.49 7.03 1.85 0.07 1.22 2.57 1.30 13.4 1042 11.01
KI-LP 6 150-192 50.81 0.83 16.86 6.89 2.11 0.07 1.42 2.50 1.03 11.9 990 18.36
Virje - SuSine V-S1 0-30 63.79 1.08 12.97 5.68 1.31 0.11 1.08 1.74 1.34 15.0 850 9.66
V-S 2 30-55 71.26 1.54 11.08 5.99 1.12 0.17 1.23 1.44 1.44 9.2 810 4.12
V-S 3 55-88 72.78 1.86 9.48 6.59 1.01 0.19 1.30 1.11 1.25 8.5 859 2.93
V-S 4 88-118 69.53 1.19 11.78 5.82 1.24 0.14 1.08 1.67 1.25 13.9 957 5.91
V-S 5 118-150 52.80 0.94 16.21 10.53 1.71 0.22 1.17 1.99 0.72 39.7 2243 12.99
V-S 6 150-180 49.04 0.82 20.50 8.38 2.12 0.06 1.26 2.43 0.52 27.2 933 15.07
V-S7 180-200 57.68 0.77 17.35 6.23 1.70 0.06 1.20 2.06 0.86 12.8 484 12.01
Hlebine - Dedanovice H-D1 0-10 51.17 0.84 15.52 10.90 2.47 0.17 3.03 2.47 1.48 56.4 1529 13.33
H-D 2 10-40 49.29 0.84 15.47 7.00 4.11 0.10 6.73 2.57 1.56 18.0 856 13.24
H-D 3 40-75 63.50 0.83 11.48 4.41 3.25 0.08 5.24 1.72 1.96 12.3 824 8.22
H-D 4 75-105 64.61 0.84 10.50 3.97 3.10 0.09 6.07 1.57 1.86 8.6 783 9.00
H-D 5 105-140 53.32 0.79 12.21 4.57 3.85 0.11 5.85 2.00 1.66 15.8 731 17.08
Peteranec - Gorice P-G1 0-30 50.11 0.94 17.62 8.88 1.51 0.14 0.95 2.28 0.71 23.2 1234 16.35
P-G2 30-65 53.16 0.92 18.33 9.53 1.69 0.13 1.18 2.27 0.93 30.8 944 13.05
P-G3 65-100 58.02 0.95 16.42 8.82 1.53 0.10 1.17 2.16 1.15 31.0 935 9.82
PG 4 100-140 66.21 1.08 14.33 7.43 1.53 0.09 1.37 2.18 1.61 22.3 1115 5.71
P-G 5 140-170 64.69 1.09 15.54 6.54 1.70 0.07 1.34 2.43 1.80 7.8 1070 5.38
P-G6 170-205 63.75 1.04 14.16 7.21 2.25 0.08 2.12 2.27 1.79 5.0 1135 6.12
P-G7 205-220 73.85 0.99 9.22 4.93 2.03 0.11 2.70 1.23 1.33 1.8 688 4.15

Podravina region correlate with similar areas in central and northern
Europe and North America where bog iron ores are found (Crerar et al.,
1979; Kaczorek et al., 2004; Banning, 2008; Thelemann et al., 2017).
Some authors believe that bog iron ores are forming today (Bricker
et al., 2003; Scott et al., 2011), although to a lesser extent than in the
past due to several centuries of agriculture and melioration processes.
The combination of these processes and environmental changes not
only inhibit the formation of new bog iron ore deposits but also leads to
degradation of the remaining deposits (Kaczorek and Sommer, 2003;
Puttkammer, 2012). Based on above-mentioned, it is believed that the
Podravina area was a suitable region for the formation of bog iron ores.

5.2. Granulometric and geochemical correlations of the selected soil profiles

Based on the macroscopic field determination and on laboratory
analyses, there are some noticeable similarities and differences between
the analysed five Gleysols and one Fluvisol profiles. Most of them are
weakly and moderately acidic to neutral (Table 3) with relatively low
carbonate content, apart from the Hlebine-Dedanovice profile. Contents
of Si0,, Al,O3 and Fe,O3 vary throughout each soil profile (Table 5).
Based on Fig. 6, the profiles Hlebine-Dedanovice, Imbriovec-Berek,
Koprivnicki Ivanec-Log Parag, Peteranec-Gorice and Virje-SuSine show
a visible correlation of Fe,O3 and Al,O3 with clay and silt fractions.
Clay and silt fractions often consist of aluminosilicates and hydrated
oxides (Hillel, 2008). Although all six profiles show signs of Fe
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accumulations in the form of orange and red mottles throughout the soil
horizons, the profiles are grouped based on the Fe enrichment factor.
Selected soil profiles can be classified into two groups: (1) profiles with
small enrichments of Fe (Imbriovec-Berek, Koprivnicki Ivanec-Log
Parag, Virje-Susine, Hlebine-Dedanovice and Peteranec-Gorice); and (2)
the Kalinovac-Hrastova Greda profile with significant Fe accumulation
(Table 6). Main formation mechanism for the Fe enrichments in the soil
profiles most probably was the precipitation of Fe minerals due to the
close to the surface oxidized conditions (Kaczorek et al., 2004). Also,
variable clay and silt amounts could also be a reason for some of Fe
enrichments in the selected soils due to a higher specific adsorption
capacity, where Fe is adsorbed to clay minerals (Akhbarizadeh et al.,
2017). Due to high enrichment of Fe, the Kalinovac-Hrastova Greda
profile will be considered for further discussion.

The Kalinovac-Hrastova Greda soil profile showed almost no visible
soil horizons, indicating that it is weakly to moderately developed, the
pH is slightly to strongly acidic, with the tendency of increasing with
depth, similar to other Gleysols in the region (Tomasic et al., 2013). The
soil is mainly composed of silt and sand, while the clay content is fairly
low. This is also indicated by small amounts of phyllosilicates and clay
minerals and a larger amount of sand (Fig. 6). The SiO, content is in
line with quartz, indicating that most of the Si is bound to quartz. A
similar correlation is found for Fe,O3 and goethite, indicating that this
is the main mineral in which most of the Fe is concentrated. The re-
maining clay minerals represent typical soil and floodplain minerals
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Fig. 5. Multivariate diagrams for the six selected soil profiles (according to Taylor and McLennan, 1985).

(Sokolova et al., 2013; Dtugosz et al., 2018). The Fe content throughout
the whole soil profile is higher than the median values of Fe,O3 for the
Podravina region (Halami¢ and Miko, 2009). The middle part of the soil
profile has the highest enrichment factors for Fe, As and P (Table 6),
with Fe showing significant enrichment. According to Raimandou and
Wells (2014), the Fe values are high enough to be considered as an iron
ore deposit. A high positive correlation was established between iron
and arsenic/phosphorous (rpe/as = 0.97 and rge,p = 0.99) respectively
(Fig. 7a), with As contents reaching extremely high values (563.6 ppm).
Halamic¢ and Peh (2009) determined that in the Posavina and Podravina
regions, As varies from 0.5 to 92 ppm in soils. The same authors noted
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that the highest content was measured in the proximity of the Molve
and Kalinovac area, which is close to the location of the Kalinovac-
Hrastova Greda soil profile. Previous studies (Drahota et al., 2009;
Borch et al., 2010) have indicated that the redox environment is the
main factor controlling As content in groundwater and soils. Banning
et al. (2013) showed that pyrite (FeS,) represents a major As carrier in
unaltered soil layers, while Fe oxyhydroxides control As behaviour
above the redox boundary. Prevailing pH conditions in the Kalinovac-
Hrastova Greda soil profile (slightly to moderately acidic) should prefer
the adsorption of As(IIl) rather than As(V) (Mai et al., 2014). Sorption
processes regulate the partitioning of As between solid and aqueous
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Fig. 6. Soil texture in the selected soil profiles with inserted contents of SiO,, Al,03 and Fe,Os.

phases of the soil. The main sorbents of As species in soils are the iron
oxides, oxyhydroxides and hydroxides such as goethite or amorphous
iron, whereas As(V) is generally found in oxidizing environments and
As(III) is commonly found in reducing environments (Oremland and
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Stolz, 2005). Several studies indicated that AsO,>~ and AsOs®~ co-
ordinate with the surface of iron oxides as stable inner sphere surface
complexes (Fendorf et al., 1997; Manning et al., 1998; O'Reilly et al.,
2001). Although both forms show a strong geochemical association
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Table 6
Enrichment factors for the selected soil profiles with Ti as reference element (Isakson et al., 1997). Bolded values show moderate or higher enrichment.
Location Sample Depth, cm Al,03 Fe,03 MgO MnO CaO K,0 Na,O As P
Imbriovec - Berek I-B 1 0-30 1.50 1.02 1.19 0.38 0.81 0.66 0.33 0.57 0.58
I-B 2 30-70 1.21 1.05 1.17 0.46 0.82 0.66 0.50 1.02 0.63
I-B 3 70-95 1.17 1.00 1.54 0.47 1.66 0.68 0.55 1.14 0.49
I-B 4 95-150 1.00 0.85 1.26 0.44 1.25 0.57 0.55 1.18 0.42
Kalinovac - Hrastova Greda K-HG 1 0-30 1.32 5.02 0.96 2.83 1.25 0.52 0.51 24.53 2.65
K-HG 2 30-60 1.43 6.28 1.11 3.56 1.37 0.55 0.46 32.53 3.04
K-HG 3 60-80 1.43 11.07 1.19 2.68 1.58 0.55 0.48 61.39 5.40
K-HG 4 80-100 1.31 5.56 1.09 1.29 1.33 0.55 0.55 18.93 2.43
K-HG 5 100-130 1.17 2.13 0.94 0.80 1.25 0.53 0.66 4.82 0.74
Koprivni¢ki Ivanec - Log Parag KI-LP 1 0-30 1.36 1.39 1.07 2.69 0.78 0.60 0.32 2.05 0.72
KI-LP 2 30-60 1.06 1.33 0.80 4.51 0.58 0.55 0.42 2.32 0.81
KI-LP 3 60-90 0.96 1.00 0.70 1.41 0.52 0.52 0.47 1.42 0.60
KI-LP 4 90-120 0.96 0.96 0.71 0.64 0.51 0.54 0.47 1.20 0.60
KI-LP 5 120-150 1.09 0.91 0.88 0.43 0.57 0.61 0.44 0.54 0.46
KI-LP 6 150-192 1.34 1.08 1.21 0.52 0.79 0.71 0.42 0.58 0.53
Virje - SuSine V-S1 0-30 0.79 0.68 0.58 0.63 0.46 0.38 0.42 0.56 0.35
V-S 2 30-55 0.48 0.51 0.34 0.68 0.37 0.22 0.32 0.24 0.23
V-S 3 55-88 0.34 0.46 0.26 0.63 0.32 0.14 0.23 0.18 0.20
V-S 4 88-118 0.65 0.64 0.49 0.73 0.42 0.33 0.36 0.47 0.36
V-S 5 118-150 1.14 1.46 0.86 1.45 0.58 0.50 0.26 1.70 1.06
V-S 6 150-180 1.65 1.33 1.23 0.45 0.71 0.70 0.21 1.34 0.50
V-S 7 180-200 1.49 1.05 1.05 0.48 0.72 0.63 0.38 0.67 0.28
Hlebine - Dedanovice H-D1 0-10 1.22 1.69 1.39 1.25 1.67 0.69 0.60 2.71 0.81
H-D 2 10-40 1.22 1.08 2.32 0.74 3.71 0.72 0.63 0.86 0.45
H-D 3 40-75 0.91 0.69 1.86 0.60 2.92 0.49 0.80 0.60 0.44
H-D 4 75-105 0.83 0.61 1.75 0.66 3.35 0.44 0.75 0.41 0.41
H-D 5 105-140 1.02 0.75 2.31 0.86 3.43 0.60 0.71 0.81 0.41
Peteranec - Gorice P-G1 0-30 1.24 1.23 0.76 0.92 0.47 0.57 0.26 0.99 0.58
P-G 2 30-65 1.32 1.35 0.87 0.87 0.59 0.58 0.34 1.35 0.45
P-G3 65-100 1.14 1.21 0.76 0.65 0.57 0.54 0.41 1.32 0.44
P-G 4 100-140 0.88 0.89 0.67 0.52 0.59 0.48 0.50 0.83 0.46
P-G5 140-170 0.94 0.78 0.74 0.40 0.57 0.53 0.56 0.29 0.43
P-G6 170-205 0.90 0.90 1.03 0.48 0.94 0.51 0.58 0.19 0.48
P-G7 205-220 0.62 0.65 0.97 0.69 1.26 0.29 0.45 0.07 0.31

with Fe, it is thought that in the environments with pH lower than 8 the
oxidized, As(V) species is more strongly bound to the goethite (von der
Heyden and Roychoudhury, 2015). Contents of As in the Kalinovac-
Hrastova Greda soil profile show a correlation with the Fe content
throughout the soil profile, with the highest enrichment of As in the
same soil interval as the highest content of Fe in the form of goethite. It
is commonly thought that As in the Pannonian basin originates from the
dissolution of As bearing Fe-oxides, controlled by microbial processes,
desorption of As from Fe-oxides and/or clay minerals as well as com-
petition for the sorption sites with organic matter and PO3~ (Rowland
et al., 2011). On the other hand, phosphate anion is an important plant
nutrient, often found as an ingredient in fertilisers. However, in higher
contents, P can act as an agricultural pollutant. Phosphate ions binds
strongly to Fe oxyhydroxides (Nowack and Stone, 2006). The role of
goethite as a P sorbent has been studied by several authors (Ognalaga
et al., 1994; Frossard et al., 1995), and it was well established that most
clay minerals sorb less P than goethite and other Fe oxyhydroxides
(Addiscott and Thomas, 2000). Since Kalinovac-Hrastova Greda, and all
the other soil profiles are found in close proximity to agricultural land
and comparing to the data for phosphorous from the Geochemical atlas
of Republic of Croatia (Halami¢ and Miko, 2009) that are between 230
and 4120 ppm with median of 910 ppm and where the highest con-
centrations have been found in agricultural areas, it is safe to assume
that P predominantly has an agricultural origin. It is believed that ex-
cess P was washed down and transported through the soil and was then
bound to the Fe oxyhydroxides where it formed inner sphere com-
plexes, similar to As (Weng et al., 2012). Since P shows similar geo-
chemical behaviour to As regarding adsorption onto Fe oxyhydroxides,
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the highest P enrichment is also found in the same profile interval
where the highest enrichment of Fe is found in the form of goethite.
Similar correlations were found for remaining five soil profiles
(Fig. 7b), where remaining profiles except for Imbriovec-Berek and
Peteranec-Gorice showed similarly high correlations, indicating that
soil profiles found in similar groundwater fluctuation zone have similar
behaviour between these elements (see Chapter 5.4.).

5.3. Minor and trace elements distribution

The abundance of microelements of corresponding soils was nor-
malised to the upper continental crust (UCC), as suggested by Taylor
and McLennan (1985). Microelements, especially rare earth elements
(REE), vary according to their parent material, weathering of the soil,
and content of organic matter and clay minerals. Therefore, the con-
tents in the soil could vary considerably (Tyler, 2004). Based on the
similarities of the multivariate diagrams (Fig. 5), it can be determined
that all six soils, located within an area of about 500 km?, have a
common source material, which is probably flooding material from the
Alps transported by the Drava River (Halami¢ et al., 2003). The mea-
sured values of some microelements (Ni, Pb and Zn) in the soil profiles
are higher than the median values in the topsoil of the Podravina region
(Halami¢ and Miko, 2009). Reasons for these high contents are the
consequence of long-standing mining activities of Pb—Zn ore in Slovenia
(e.g. Mezica) and Austria (e.g. Bleiberg) where the Drava River drains
areas that are naturally rich in Pb-Zn ore and mineralisation. High
contents of Zn in soils of the Drava River could also be the consequence
of anthropogenic input of Zn in the form of fertilisers that are leached in
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Fig. 7. Correlation of Fe with As and P in the a) Kalinovac-Hrastova Greda soil profil and b) remaining profiles.

the aquatic system (Mortvedt and Gllkes, 1993). Microelements in the
selected six soil profiles generally follow a similar trend as established
by Halamic¢ et al. (2003), where the content of heavy metals decreases
up to 80 cm depth, and then slowly increases in the lower part. On the
other hand, some microelements such as Zr, U and Hf show depletions
in the soil profiles. This could be due to partial dissolution of resistant
minerals during preparation for ICP-MS. Since most of the Zr and Hf are
bound in zircon (Wang et al., 2010), which is a highly resistant mineral,
it is possible that the samples weren't fully dissolved, thus leaving
zircon grains whole and intact. Large ion lithophile elements, such as
Rb and Ba, are depleted in the soils compared to UCC, due to their
similar geochemical behaviour and solubility as a result of chemical
weathering (Jahn et al., 2001), while other such as Cs are enriched in
soils due to their substitution with potassium in mica minerals, such as
muscovite (Négrel et al., 2018).

5.4. Groundwater as main source of iron and accompanying elements

Based on the hydrological map of Podravina (Brki¢ and Briski,
2018), the soil profiles are subject to different influences of ground-
water. All soil profiles except Peteranec-Gorice showed signs of
groundwater influence (Fig. 3) during field work. As previously de-
termined, all six soil profiles have a common parent material but show
significant variations in Fe content. This is due to different fluctuation
depths of the groundwater table in the selected soil profiles (Fig. 8).
Profile Imbriovec-Berek is fully saturated with groundwater during
most of the year. As a result of wet conditions, the diffusion of oxygen
into the soil profile is impaired and this is probably causing reductive
conditions throughout the profile and thus making Fe and other ele-
ments mobile (Mansfeldt et al., 2012). Profiles Koprivnic¢ki Ivanec-Log
Parag, Virje-Susine and Hlebine-Dedanovice are only briefly saturated
with groundwater, which is probably not enough time to enable higher
precipitation of Fe and other elements, or the fluctuations of
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groundwater are too deep in the soil profile where reductive conditions
prevent the precipitation of Fe and other elements. The Kalinovac-
Hrastova Greda soil profile shows the highest enrichment factors of Fe,
As and P and moderate enrichment of Mn (Fig. 8; Table 6). Ground-
water can be enriched with Fe, As, Mn and P while exposed to reductive
conditions (Welch et al., 2000; Nicolli et al., 2010). Once oxidative
conditions are reached due to seasonal fluctuations of the groundwater
table, Fe is the first element to precipitate in the form of Fe** due to
Eh/pH differentiation, forming ferrihydrite and/or goethite (Yee et al.,
2006). The average groundwater level depth at the Kalinovac-Hrastova
Greda soil profile is around 100 cm, with groundwater reaching a
maximum depth of 10 cm below the surface during high-water periods
(Fig. 3). Contents of As, Mn and P were able to be correlated with the
fluctuations of groundwater (Fig. 8). Both As and P show the highest
contents at the 60-80 cm interval, similar to Fe, while Mn shows the
highest content at the 30-60 cm depth interval. This difference in
precipitation depth of Fe and Mn is due to the different behaviour of
these two elements and the interchanges of redox conditions, as present
in the Podravina region (Table 1). Fe and Mn often occur together in
groundwater, with Mn usually present in much lower concentrations
(Nadaska et al., 2012). In systems where oxides are the dominant
phases, as is the case with this soil profile where Fe oxides are the most
abundant phase, Mn precipitation and solubility are highly affected by
slight changes in both Eh and pH (Hem, 1963). In the presence of dif-
ferent complexes, such as bicarbonates and sulphates, Fe is less soluble
than Mn if the pH is less than 4.8 and the Eh is greater than 880 mV
(Collins and Buol, 1970). There is an even greater difference in the
solubility of Fe and Mn in conditions where the pH ranges from 6 to 8
and the Eh ranges from 400 to 600 mV. This pH range correlates with
the measured pH of the soil profile (Table 3). Eh is proposedly higher in
the topsoil horizon due to a larger amount of oxygen, allowing the
precipitation of Mn only in the upper parts of the profile as Mn**, and
making it a mobile element in lower parts (Atta et al., 1996). Since Fe
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Fig. 8. Correlation of groundwater depth to Mn, As and P contents in the soil profiles.
tends to precipitate at lower pH/Eh, it is often found in deeper parts of and dolomite), muscovite, chlorite and clay minerals are reported
soil profiles, such as in the case of the Kalinovac-Hrastova Greda pro- alongside fine particles of Fe hydroxides (Varsanyi and Kovacs, 2006).
file, where the highest content of Fe is found in the 60-80 cm interval. Other Fe-bearing minerals, from which As may be released, are re-
Elevated As in groundwater has been identified in many parts of the ported to include goethite, lepidocrocite, pyrite, and siderite (Rowland
world. In the 1940s, As contamination was detected in well waters of et al., 2011). Since both As and P have a high affinity for Fe compounds
the Pannonian Basin in both Romania and Hungary (Mukherjee et al., ( Kaczorek et al., 2009; Weng et al., 2012; Watts et al., 2014), they
2006; Gurzau and Pop, 2012) and in the eastern part of Croatia (Ujevic¢ could be adsorbed on the surface of goethite in the same interval,
et al.,, 2010; Ujevi¢ Bosnjak et al., 2013). Similar occurrences were forming this enriched interval.
recognised in other European countries such as England, Germany,
Greece and Spain (Nordstrom, 2002). Currently, reported concentra- 5.5. Kalinovac-Hrastova Greda — potential bog iron ore?
tions of As are above standards in more than 70 countries worldwide
(Ravenscroft et al., 2009). For most known instances of extensive As Bog iron ore is a Sedimentary type of iron deposit’ most]y occurring
contamination in groundwater, the sources of the As have been shown in lowland areas where the groundwater table is close to the surface and
to be geogenic (Smedley and Kinniburgh, 2002). In the Pannonian the drainage is slow or completely impeded (Stanton, 1972; Stoops,
Basin of Hungary and Romania, Quaternary sediments of fluvial and 1983; Ramanaidou and Wells, 2014). The main iron minerals in bog
aeolian origin have contributed As to the groundwater. These sediments iron are goethite and ferrihydrite (Kaczorek and Sommer, 2003), with a

are composed of sands and loess. Quartz, feldspar, carbonates (calcite variable Fe content between 30 and 50 wt. %. Bog iron ore is often
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found in Gleysols associated with alluvial sands (Kaczorek and
Zagorski, 2007). The middle part of the soil profile at Kalinovac-Hras-
tova Greda between 60 and 80 cm depth shows similarity to the first
macro-morphological type of bog iron ore (“soft bog iron”) (Kaczorek
and Sommer, 2003; Banning, 2008). As previously stated, this interval
stands out from the rest of the profile due to its colour, indicating high
enrichment of Fe oxides. Based on geochemical and mineralogical data,
there are several similarities to bog iron ores of central Europe
(Thelemann et al., 2017). Goethite is the dominant Fe mineral phase,
while ferrihydrite is found at the 60-100 cm depth and the total Fe,O3
content is above 30 wt. %. The enrichment factor of Fe in this middle
part is 11.07, indicating significant accumulation of Fe in one location.
A high negative correlation could be established between Fe and Si,
representing the typical pattern for bog iron ores of different qualities
(Thelemann et al., 2017). This relationship between Fe and Si re-
presents different stages in the formation and evolution of bog iron ore.
Further development and compaction of bog iron is indicated by an
increase in the Fe content and a decrease in the Si content. Bog iron ores
often show elevated contents of Mn and P (Graupner, 1982). The con-
tents of Mn are low with values between 0.07 and 0.27 wt. %, while the
P values of between 897 and 4513 ppm are typical for bog iron ores
(Appendix 1). Fe originates from the groundwater and is subject to
seasonal fluctuations of the water table, which gives rise to periods of
wetting and drying, thus producing an overlying oxidized zone with a
high Fe content and orange colour, and an underlying reduced zone
with noticeably lower Fe content and dark colour (De Geyter et al.,
1985). During one field investigation, smaller (5-25 mm) nodules were
found on the surface of the soil, perhaps representing a second type of
bog iron ore, but as these nodules weren't part of this study they weren't
investigated further. Several locations with higher concentrations of
smelting slag were found around a small hill located a couple hundred
meters from the soil profile at Kalinovac-Hrastova Greda (Valent et al.,
2017). This high concentration of slag at one location also indicates that
during the Middle Ages local people knew that the bog iron ore was in
close proximity, and they decided to settle close to it (Bowles et al.,
2011). All this indicates that in the past, probably in the Middle Ages,
bog iron ore formed at the Kalinovac-Hrastova Greda site. It is also
believed that this probably wasn't the only location where bog iron ore
formed but is perhaps one of the few that has been preserved until
today, while many no longer exist due to agriculture and melioration of
the Podravina region. Since bog iron ore is found on the northern
floodplain of the Drava River, in Inner Somogy, Hungary (GOomori,
2006; Torok et al., 2015), it is believed that the bog iron also formed on
the southern floodplain, in the Podravina region.

6. Conclusions

Previous archaeological excavations and findings of iron slags and
smelting material indicate the locations that could be favourable for the
formation of bog iron. A total of 44 soil profiles was sampled and one
Fluvisol and five Gleysol profiles were chosen for detailed miner-
alogical, geochemical and textural analyses. The selected soil profiles
are located on the 2nd Drava River terrace, where sand and silt are the
dominant lithological units. Based on the correlation of minor and trace
elements all soil profiles share a similar parent material, probably ori-
ginating from the Alps and derived from the sediments of the Drava
floodplains. Five of the analysed soil profiles showed similar char-
acteristics regarding the content of major oxides, while the Kalinovac-
Hrastova Greda profile stands out due to high enrichment factors of Fe
(EF = 11.07), As (EF = 61.39) and P (EF = 5.40), and shows moderate
enrichment of Mn (EF = 3.56). Following the Fe, high content of As and
P is noticed in almost all profiles. All six profiles show signs of goethite,
quartz, clay minerals, feldspars and, sporadically, dolomite and in one
case, ferrihydrite. According to textural analyses, all soil profiles are
mostly comprised of silt and sand, with small quantities of clay mate-
rial, typical for floodplains. Groundwater in general is enriched with Fe
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and occasionally with Mn, while the prevailing redox conditions are
always changing from reductive to oxidative. Correlations of ground-
water fluctuation depths indicate that the Imbriovec-Berek profile is
constantly saturated with groundwater, forming almost permanent re-
ductive conditions and preventing Fe accumulations. On the other
hand, profiles Koprivnicki Ivanec-Log Parag, Virje-SuSine, Hlebine-
Dedanovice and Peteranec-Gorice are too briefly saturated with
groundwater to enable significant Fe accumulations. Fluctuation of
groundwater at Kalinovac-Hrastova Greda enables the saturation of
groundwater higher up in the profiles, where, due to oxidative condi-
tions, Fe is starting to precipitate in the form of Fe oxyhydroxides and
accumulate at significant contents. Based on that, the Kalinovac-
Hrastova Greda profile shows ideal conditions for the formation of bog
iron ore and similarities to the first formation phase (“soft” bog iron). In
summary, several indicators suggest the occurrences of bog iron ore in
the Podravina region. Based on its geological, pedological and hydro-
logical characteristics, the Podravina region is a favourable area for bog
iron ore formation. Previous archaeological excavations found a large
number of possible smelting workshops and slag sites in the study area.
This, however, is in contrast to the number of occurrences of bog iron
ore. Possible reasons for this are land use throughout history, mining,
agricultural activities and landscape changes due to deforestation. The
current climate, characterised by dry and cool conditions, differs
compared to that of the period in which bog iron was mostly formed.
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Throughout the Podravina region, NE Croatia, over one hundred locations with signs of iron production, dating
to the late Antique period and the Middle Ages, have been discovered in the last 30 years. Recently, signs of
various bog iron ore types and formations were discovered throughout the area. This study investigates the
mineralogical and geochemical characteristics of local bog iron and roasted iron ores. Furthermore, statistical
clustering of different geochemical components in the ores is presented, while the abundance and distribution of
macro-, micro- and rare earth elements (REE) and how they correlate within the bog iron ores and roasted iron
ores is considered. A total of 15 samples acquired from geological investigations and 13 samples found during
archaeological excavations were analysed using geochemical and mineralogical methods. In bog iron ores, X-ray
diffraction (XRD) confirmed goethite and quartz as the primary mineral phases, while roasted iron ores contained
several Fe minerals and had variable quartz and clay mineral contents. Chemical analyses confirmed high Fe
contents in both bog iron ores (up to 70.89 mass. %) and roasted iron ores (up to 84.97 mass. %), with a distinct
differentiation of Fe and Si between the different bog iron ore types. Scanning electron microscopy with attached
EDS detector (SEM-EDS) showed features of laminar Fe and Mn mineralization, confirming the theory that bog
iron ore forms as seasonal precipitation from groundwater. Using the hierarchical clustering analysis, a
geochemical correlation of the iron component in bog iron ores and roasted iron ores was compared to other
major oxides, micro- and REEs. It was established that the iron component has very little influence on REE and
microelements behaviour. Therefore, microelements and REEs were used as a tracer for establishing a
geographical connection between the bog iron ores and roasted iron ores in the Podravina region.

1. Introduction accumulations of iron and accompanying elements (Ramanaidou and

Wells, 2014), often found in wet lowland environments, such as clayey

Numerous sites connected to bloomery iron production were iden-
tified during decades of extensive archaeological field surveys in the
Podravina region (Valent et al., 2017). Over the last decade, several sites
with clear indicators of bloomery iron production and contemporary
settlement features were excavated. The sites have been radiocarbon
(C'*) dated to the late Antiquity and early Middle Ages (Sekelj Ivancan
2017a, 2017b). Samples of roasted and unroasted iron ore were found
among the iron production debris and other archaeological finds. As the
Podravina region is a lowland area of the Drava River valley, with the
natural prerequisites for the formation of bog iron ore, it has been
assumed that local bog iron ore was exploited and used for iron pro-
duction during the late Antiquity and early Middle Ages (Sekelj [vancan
and Markovi¢, 2017; Brenko et al., 2020). Bog iron ores are sedimentary

* Corresponding author.

https://doi.org/10.1016/j.catena.2021.105353

and alluvial soils, with a groundwater table close to the surface (Kac-
zorek and Zagorski, 2007). Bog iron ores are usually differentiated into
three macromorphological types: (i) bog iron soils; (ii) bog iron nodules
and concretions; and (iii) bog iron fragments and continuous, cemented
horizons (Thelemann et al., 2017). These authors concluded that these
ore types often represented development phases, with bog iron soils
being the first type (phase), and bog iron fragments being the very last.
Variable contents of Fe;O3 and SiO5 are to be expected in different types
depending on the bog iron formation mechanism.

Numerous efforts were made to determine the provenance of iron
objects, starting as early as the middle of the 19th century (Schwab et al.,
2006 and references therein). Even today, very little or no consensus has
been reached among scientists regarding the appropriate analytical
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methods, data sets and statistical methods for proving the origins of iron
ores and roasted iron ores (Charlton et al., 2012). Researchers
commonly use heavy metals and other trace elements such as Al, P, V,
Cr, Mn, Co, Ni, Cu and As to determine the link between the iron ores
and iron objects (Devos et al., 2000), or in case of slag material, using
slag inclusions to compare the chemical composition with potential ore
formations (Blakelock et al., 2009; Leroy et al., 2012). However, no one
has previously investigated the changes in the geochemical composition
of elements and the mineralogical characteristics resulting from
different ore pre-treatment processes in such detail. Pre-treatment pro-
cesses, such as the washing of iron ores and their roasting in an open fire,
could lead to the differentiation of several chemical elements. Tracking
these changes from natural, untreated ores through to roasted ores could
provide evidence of geochemical behaviour of elements during the
smelting process. Analysing these changes could provide a more precise
correlation between the bog iron ores and iron slags.

To provide geochemical evidence for the origin of bog iron ore and
roasted iron ore, macro-, micro- and rare earth elements were analysed.
Due to their specific mobility and behaviour, the REEs have found an
application in fingerprinting geological and anthropogenic sources and
in investigating geochemical processes that lead to the fractionation of
this group of elements in various environments (Migaszewski et al.,
2016). It is well known that REE in the surface environment are strongly
influenced by genetic processes that can led to varying vertical distri-
bution of REE in the soil profile (Mihajlovic et al., 2019). Slight vari-
ability in microelements and REEs was also noticed in the soils of the
Podravina region (Brenko et al., 2020). However, due to the bog iron ore
fast formation and regeneration mechanism (Bricker et al., 2003), it is
believed that geochemical fractionation is not occurring at such level.
Therefore, REE and microelements are used as tracers to provide the
geochemical connection between the bog iron ores and the roasted iron
ores in the Podravina region.

This study addresses the following research questions: (i) what are
the geochemical and mineralogical characteristics of different bog iron
types and roasted iron ores in the Podravina region?; (ii) what
geochemical changes occur during bog iron ore roasting?; and (iii) is it
possible to correlate the bog iron ores and the roasted bog iron ores
based on their respective macro-, micro- and REE contents? In order to
answer these questions, three samples of bog iron soils, three samples of
bog iron nodules, nine samples of bog iron fragments and thirteen
samples of roasted iron ores from different locations were analysed using
geochemical and mineralogical methods (ICP-MS, ICP-AES, SEM-EDS,
XRD). From each bog iron type, at least one sample was roasted in
laboratory conditions to determine changes in REE and micro-elemental
contents. Based on experimental data and using statistical methods, the
formation mechanisms and geochemical correlation between the bog
iron ores and roasted bog iron ores was explored.

2. Study area

The study area is situated in the central part of the Podravina region,
NE Croatia, bound by the Croatian-Hungarian state border to the north
and northeast, and by the Bilogora hills to the south and southwest. Due
to the low-lying terrain, a central feature of the area is the meandering
Drava River, along with many smaller tributaries, bogs and swamps.
Surrounding the Drava River is a wide alluvial plain with three river
terraces, that formed during the Holocene climatic warming period
(Head, 2019). Due to constant floods in the past (Loczy et al., 2014), the
main lithological units in the area are flooding sediments, such as sands,
silts, clays and, occasionally, gravels. The most common soil types in the
study area are Fluvisols and Gleysols located on the Pleistocene and
Holocene sediments, with Stagnosols and Regosols sporadically
appearing in some parts of the region (Basi¢, 2013). The groundwater
table is relatively close to the surface (Brkic¢ and Briski, 2018), and is
connected with the Drava River (Brkic et al., 2010), while the aquifer
system is generally enriched with iron, arsenic and manganese (Kopic
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et al., 2016; Brenko et al., 2020). For more detailed information on the
geological, pedological and hydrological characteristics of the Podra-
vina region, the reader is referred to Brenko et al. (2020) and references
therein. The focus of this study are locations where samples of different
bog iron formation phases were collected, and locations of archaeolog-
ical sites where both bog iron ores and roasted iron ores were found
(Fig. 1).

Samples from the Virje-Volarski breg site were found in features
within the settlement dated by the analysis of ceramic material to the
middle or second half of the 8th century (Sekelj Ivancan, 2017a). The
site is temporally and spatially (distance of 200 m) connected to a
bloomery smelting workshop, which has been radiocarbon dated to the
end of the 8th or beginning of the 9th century. The Virje-Susine site was
inhabited several times throughout history, from early and late Iron Age,
throughout late Antiquity and the early Middle Ages and even during the
16th century. Traces of bloomery smelting activities during late Antiq-
uity and the early Middle Ages have been identified at the site. The
analysed roasted ore samples (V-S 1, 5, 6) originate from a layer of
smelting debris that was radiocarbon dated to the 4th — 5th century
(Sekelj Ivancan, 2014) and from the surface soil layer (V-S 3) of the same
trench. Other samples (V-S 2, 4) from the Virje-SuSine site are attributed
to features from within the settlement grounds dated to the 8th century
(Sekelj Ivancan, 2017b; Sekelj Ivancan and Tkalcec, 2018). Two other
sites, the Hlebine-Velike Hlebine and Hlebine-Dedanovice, have both
been radiocarbon dated to around the middle of the 7th century (Sekelj
Ivancan and Valent 2020). Samples from Hlebine-Velike Hlebine were
found within a bloomery smelting workshop (Sekelj Ivancan and Valent,
2017) while samples from the contemporary Hlebine-Dedanovice site
were found in features that were probably located at the edge of the
settlement (Sekelj Ivancan, 2019).

3. Materials and methods

A total of 15 samples of different bog iron ore types and 13 samples of
roasted iron ores from archaeological sites were selected (Tables 1 and
3). Samples were found on the surface of agricultural fields processed by
deep ploughing and divided into three different types: bog iron soils,
nodules, and fragments. Bog iron soils are found close to the surface and
due to their reddish-orange colour (5YR 5/8) can be distinguished from
surrounding soils (10YR 3/4). Bog iron nodules and ore fragments most
likely originate from subsurface layers. They stand out from the soils due
to their hardness and morphology, having spherical shapes with a
diameter of up to 1 cm, while fragments are comprised of nodules bound
together as a conglomeration, with sizes of up to 20 cm. They tend to be
orange-brownish in colour (7.5YR 4/6, 7.5YR 5/8), with some samples
being dark brown (10YR 3/2) and black (10YR 2/1). Analysed archae-
ological samples originate from several sites in the region, dated to late
Antiquity and the early Middle Ages.

All samples were air-dried prior to the mineralogical and geochem-
ical analyses. A part of each sample was homogenized in an agate
grinding set to produce the powder fraction. The mineralogical
composition of each sample 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° 260, 0.02° step size, 1 s count time per step while generator settings
were 40 kV and 35 mA. Minerals were identified using PANalytical
X’Pert HighScore software with standardised Powder Diffraction Files
(PDF) of the International Centre for Diffraction Data (ICDD) (Newton
Square, PA, USA). The geochemical composition, including the main
oxides, major-, micro- and REEs was determined in MSALabs (Langley,
Canada). Multielement contents of micro 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 (zircon) were not fully dissolved. Based on two internal stan-
dards and several blanks, instrumental precision was between 3 and 5%
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Fig. 1. Geological map of the study area with positions where bog iron ores and roasted iron ores were discovered. Modified according to Brenko et al. (2020) and
references therein.

Table 1
Mineral composition of different bog iron ore types and experimentally roasted iron ores from geological and archaeological surveys. Mineral abbreviations: AM —
amorphous matter; Cal — calcite; CM - clay minerals; Gth — goethite; Hem — hematite; Or — orthoclase; Pl — plagioclase; Pyr — pyrolusite; Qz — quartz.

Sample Location Bog iron ore type Qz Gth Pl Or Pyr Cal CM AM Hem
K-HG 1 Kalinovac-Hrastova greda Nodules +++ + + + +

K-HG 2 Soil +++ + + +

K-HG 2R Roasted soil +++ -+ 4+
K-HG 3 Soil ++ ++ + ?

NP-MB 16 Novigrad Podravski-Milakov Berek Fragments + +++ + + + ++

NP-MB 16R Roasted fragments + + +++
NP-MB 17 Fragments ++ ++ + + + +

NP-MB 18 Fragments + +++ ? s

NP-MB 18R Roasted fragments + +++
D-BG Draganci-Bokcev grob Nodules +++ + + + +

P-C Peteranec-Ciglene Nodules +++ + + ++

P-CR Roasted nodules +++ + + Ty
M-T Molve-Topolovo Soil +++ + + + ++

V-VB 1 Virje-Volarski Breg Fragments ++ ++ + +/++ ?

V-VB 2 Fragments ++ ++ + + ?

V-VB 3 Fragments ++ ++ + ?

V-s1 Virje-Susine Fragments + +++ +

KI-LP 1 Koprivnicki Ivanec-Log Parag Fragments ++ ++ + + +

KR-R Koprivnicka Reka-Rudina Fragments ++ ++

+ - relative abundance of minerals within horizons 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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Table 2

Geochemical composition of bog iron ore samples in the Podravina region. All values given in mass. %.

P,0s5 BaO SrO LOI TIC TOC Total

TiO, Al,O3 Fe,03 MgO MnO CaO K>0 NayO

SiOy

Bog iron ore type

Location

Sample

98.30

0.61
0.64
0.66
0.51
0.43
0.41
1.62
1.02
1.24
0.46
0.43
0.42
0.6

0.03
0.04
0.04
0.81
0.03
0.03
0.03
0.05
0.05
0.04
0.04
0.03
0.04
0.02

11.49

0.01
<0.01

0.30
0.03
0.04
0.76
0.74
0.12
0.24
0.08
0.04
0.15
0.07
0.06
0.09
0.19
0.02

0.54
0.38
0.31
0.62
0.70
1.00
1.86
1.87
0.28
0.24
0.66
0.45
0.49
1.90
0.28

0.69
0.97
0.90
0.44
0.36
0.08
0.74
0.96
1.04
0.34
0.46
0.34
0.13
0.42
0.27

0.72
0.92
0.85
0.42
0.45
0.12
0.94
1.76
1.33
0.86
0.90
0.80
0.30
0.79
1.07

0.72
0.83
0.83
5.67

2.89
0.10
0.31
21.04
14.85

0.47

36.02

5.67
7.34
6.82
2.50
3.25
0.57
7.29
12.24
12.35

0.32

38.46
63.38
50.75

Nodules
Soil

Kalinovac-Hrastova greda

K-HG 1

98.52

9.03

0.67
0.68
0.70
0.48

14.43
27.93
32.03
45.35

68.41

0.44

K-HG 2

99.07
94.47
94.45

9.27
21.39

15.95
15.14
15.31
11.29

<0.01

0.38

Soil

K-HG 3

0.15
0.09
0.02
0.01
0.01
0.01

<0.01

0.06
0.07

8.69
10.98

Fragment

Novigrad Podravski-Milakov Berek

NP-MB 16

1.18

Fragment

NP-MB 17

95.52

0.62
1.04
0.78
1.14
0.97
0.72
0.60
0.34
1.27
1.28

5.68
4.32
0.57
0.10
5.25
1.59
1.69
0.98
3.13
0.04

0.16

0.01
0.39
0.76
0.68
0.30
0.37
0.29

3.59
27.06
44.10

Fragment

NP-MB 18
D-BG

P-C

M-T

99.50
98.36
98.79
94.31

0.76
0.95

39.54
22.99

Nodules

Draganci-Bokcev grob
Peteranec—Ciglene
Molve-Topolovo

Nodules
Soil

9.52
15.45
13.29
13.43
11.91
16.02
10.57

1.18
0.59

13.20
37.28
38.94
46.86
70.89
49.45
45.82

57.92

8.72
8.58
7.52

1.90
4.53
5.99

24.16

Fragment

Virje-Volarski Breg

V-VB 1

96.84
98.44
97.32

<0.01

0.59
0.48

30.67
25.92

Fragment

V-VB 2

<0.01

Fragment

V-VB 3
V-S1

<0.01

0.14

0.03
0.12
0.45

10.12

Fragment

Virje-Susine

95.15

0.48

0.01
<0.01

0.65
0.83

16.67
29.09

Fragment

Koprivnicki Ivanec-Log Parag
Koprivnicka Reka-Rudina

KI-LP 1
K

*

95.71

Fragment

R-R

Sample volume too small to conduct all analyses.
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and the detection limits for most analysed elements were in the part per
million (ppm) or lower. Major oxides 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. In collaboration with the
Faculty of Mining and Geology, University of Belgrade, a JEOL JSM-
6610 scanning electron microscopy with attached energy dispersive X-
ray spectroscopy (SEM-EDS) was used to define the micro-
morphological characteristics of the bog iron ore types, their forma-
tion mechanisms and to determine structural similarities and differences
between bog iron ores and roasted ores. To correlate bog iron ores with
roasted ores from the same region, microelements and REEs were ana-
lysed using the GCD Toolkit in R language (Janousek et al., 2006). To
supress the Oddo-Harkins effect and characterize the geochemical
signature of bog iron types and roasted ores, the REE and microelements
were normalized to chondrite (Anders and Grevesse, 1989) and to Upper
Continental Crust (Taylor and McLennan, 1995) and then plotted on the
appropriate diagrams. Alongside collected samples, one sample of bog
iron soil (K-HG 2R), one sample of bog iron nodules (P-C R) and two
samples of bog iron fragments (NP-MB 16R and NP-MB 18R) were
roasted under laboratory conditions at temperature between 750 and
800 °C. This temperature was chosen based on several previous
archaeological experiments on bog iron roasting and based on complete
transformation of Fe-oxyhydroxides to hematite (Rzepa et al., 2016).
Experimental roasting was done in order to determine the behaviour of
REE and other selected microelements in bog iron ores during the
roasting process.

The basic descriptive statistics, including minimum, maximum,
mean value and standard deviation were reported for all bog iron types
and roasted ores. Hierarchical clustering method using tree diagrams
was conducted to better distinguish the geochemical correlation of data
among samples. As geochemical data does not follow normal data dis-
tribution, the data sets were log-transformed. Following log-
transformation, the data was standardized to ensure that each variable
is weighted equally. The data standardization resulted in new values Z
(z-score or z-value) with a mean of zero that are measured in units of
standard deviation. The Z-values were obtained by subtracting the mean
value of the distribution of each variable and dividing the resulting
value by the standard deviation of each variable. Hierarchical plotting of
data was conducted in Statistica 12 (StatSoft Inc., 2012) software and
presented in the form of joint tree diagrams where the correlation of 39
variables is plotted. For this study, the Euclidean distance was chosen as
the main distance measure (similarity measurement) between the
geochemical variables. The variables that show the largest similarity are
grouped first. Groups of samples are connected with a linkage rule. The
grouping and linkage processes are repeated until all variables are
connected. Ward’s method was used as the linkage rule, giving more
homogenous and geochemically similar clusters.

4. Results

4.1. Geochemical and mineralogical characteristics of different bog iron
ore types

Three different bog iron types were analysed in this study: bog iron
soils, bog iron nodules and bog iron fragments. Mineral composition
varies both between the bog iron types, as well as between same types
from different sampling sites (Table 1). Generally, all bog iron types
consist of quartz (SiO2) and goethite (a-FeOOH). Bog iron soils have the
lowest content of goethite and the highest content of quartz, often
appearing with plagioclase, orthoclase and clay minerals. Bog iron
nodules show higher contents of goethite, and proportionally to that,
lower contents of quartz, while plagioclase, orthoclase and clay minerals
frequently occur in trace amounts. Bog iron fragments mainly consist of
goethite and quartz and often show variable amounts of amorphous
matter. The mineral composition of fragments varies between locations.
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Table 3
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Mineralogical composition of roasted iron ores from archaeological sites in the Podravina region. Mineral abbreviations: CM - clay minerals; Gth — goethite; Lpc —
lepidocrocite; Hem — hematite; Mag — magnetite; Mgh — maghemite; Pl — plagioclase; Qz — quartz.

Sample Location Qz Gth Lpc Hem Mag Mgh Pl CM
HD1 Hlebine-Dedanovice + +++

H-D 2 + ot +

H-D 3 ++ 4+ ++

H-D 4 + +++ ++

H-VH 1 Hlebine-Velike Hlebine ++ ++ ++ +
H-VH 2 ++ + + + ++ + +

H-VH 3 + ++ + + ++ + ? ?
V-S2 Virje-Susine +++ + +
Vs 3 +++ + + +
V-S4 4+ + + +
VS5 +++ ++ + +
V-$6 + ++ + ++ + ?

KI-LP 2 Koprivnicki Ivanec-Log Parag +++ + + +

+ - relative abundance of minerals within horizons based on X-ray diffraction (no quantitative value assigned to + ); +-++ major component, +-+ minor component; +

traces; ? — not enough diffraction peaks to fully confirm.

The biggest difference is in the appearance of pyrolusite (MnOs) in the
fragments from Novigrad Podravski-Milakov Berek location. Plagio-
clase and clay minerals occur in traces in some of the samples, while
calcite was detected in sample NP-MB 16.

Several samples of bog iron nodules (K-HG 1, P-C) and fragments
(NP-MB 16, NP-MB 18, KI-LP 1) were selected for SEM-EDS analysis
based on their archaeometallurgical potential and, in some cases, due to
extremely high contents of Mn. The SEM back-scattered images show
interlamination of Fe-rich layers (grey to dark grey reflectivity) and Mn-
rich layers (light grey to white), especially in the bog iron fragments
(Fig. 2). In both nodules and fragments, detrital grains are mainly
composed of quartz and feldspars that often appear dispersed in the
micro-crystalline goethite, Mn oxides and phyllosilicate matrix (Fig. 2A,
2B, 2E). Nodules from P-C have slightly concentric structure as can be
seen in Fig. 2C. Fe oxides are usually present in the outer rims, while Mn
oxides are often found in the central parts of the nodules. In the bog iron
fragment from the KI-LP location, a 70 pm Fe-Mn nodule was found
embedded in a matrix composed of Fe-enriched and detrital minerals
zone (Fig. 2D). Bog iron fragments from Novigrad Podravski-Milakov
Berek show a highly laminated micro-structure (Fig. 2F; H), where Mn
oxides show two types of morphology; well laminated micro-crystalline
structures (Fig. 2F, 2H), often with varying lamina sizes, but with no
recognizable mineral grains and well-developed, tabular crystals, usu-
ally elongated and several pm in size (Fig. 2G). The main difference in
the chemical composition of the two Mn phases is the barium (Ba)
content, which is mostly concentrated in the laminated parts while being
almost entirely absent from the well-crystallized parts. Occurrence of
calcite in the form of veins was noticed inside the fragment from
Novigrad Podravski location (Fig. 2F).

The oxide composition of all bog iron types is mostly comprised of
silicon-dioxide (SiO3) and iron (III) oxide (FepO3), whereby the content
varies greatly between the different types (Table 2). Bog iron soils show
the highest amounts of SiO5, which varies between 50.75 and 63.38
mass. %, while the Fe content varies between 13.20 and 27.93 mass. %.
Bog iron nodules contain moderate amounts of SiOy (27.06 — 44.10
mass. %) and FeyO3 (22.99 — 39.54 mass. %), while bog iron fragments
have the highest Fe;O3 content (32.03 — 70.89 mass. %) with a lower
SiO4 content (3.59 — 30.67 mass. %). The MnO content in the bog iron
fragments varies from trace amounts up to extremely high contents in
the fragments from the Novigrad Podravski-Milakov Berek site (14.85
and 21.04 mass. % in NP-MB 16 and NP-MB 17), with values generally
exceeding 1 mass. % in all fragments (Table 2). Except for Al,O3, with
contents varying from 0.57 to 12.35 mass. %, other oxides are present in
bog iron ores in trace amounts. Loss on ignition (LOI) is relatively high,
with values between 9.03 and 21.39 (y = 13.27 mass. %), while the
contents of total organic (TOC) and total inorganic carbon (TIC) are low.

Geochemical contents of major oxides and microelements (Appendix

A) in all three bog iron types were classified using the hierarchical
cluster analysis (HCA). The classification of samples and variables is
based on visual observation of constructed dendrograms. The HCA
resulted in three dendrograms of bog iron soils, nodules, and fragments
with similar clustering of some major oxides and elements (Fig. 3). Even
without using the phenon line to distinguish the clusters, a clear
distinction into two geochemically different clusters can be observed in
all three bog iron types. Generally, FeoO3 and MnO oxides are grouped in
one cluster together with As, BaO and P20s. Other observed microele-
ments are usually clustered with SiO,, Al;03 and other major oxides. A
closer inspection of the dendrograms reveals a further dissimilarity be-
tween the clusters where clusters containing Fe;O3, MnO and related
variables are linked to the other clusters at an elevated distance, proving
that these variables are geochemically distinct from the others.

4.2. Geochemical and mineralogical characteristics of roasted iron ore in
the Podravina region

Roasted iron ores differ from the collected bog iron ores mostly in
their visual appearance, being reddish in colour. Mineralogically, roas-
ted ores mainly consist of quartz and one or several iron minerals, with
hematite (FeyO3) being the most common mineral phase. Magnetite
(FeFep04) and maghemite (y-FepOs) mostly occur as minor and trace
components, with plagioclase also occurring as a trace component
(Table 3). Virje-Susine samples differ from other sites due to the pres-
ence of clay minerals.

Two samples of roasted iron ore from the Hlebine-Dedanovice site
were analysed using SEM-EDS based on their archaeometallurgical po-
tential. Unlike the bog iron samples, roasted iron ore show greater ho-
mogeneity in their micro-structure (Fig. 4A). Both samples are
composed of a hematite micro-crystalline matrix surrounding detrital
mineral grains. Compared to the bog iron samples, the significant dif-
ference is the higher volume of pores in roasted ore (Fig. 4B; D) and a
lack of any sort of lamination in the observed samples. Occasionally,
detrital mineral zones with feldspar, plagioclase and phyllosilicates can
be found in some parts of the samples (Fig. 4C). Regarding the
geochemical composition, Fe and O are the dominant chemical phases,
while Mn is rarely observed.

The geochemical composition of the sampled roasted iron ores
mainly consists of Fe;O3 (8.44 — 84.97 mass. %, y = 52.29 mass. %) and
SiOz (4.17 - 62.67 mass. %, y = 27.49 mass. %) (Table 4). A differen-
tiation in the iron concentrations is noticeable between the archaeo-
logical sites. The iron content of roasted ores from the
Hlebine-Dedanovice site shows the highest concentrations of FesO3 (x
= 84.00, n = 4). The samples from Hlebine-Velike Hlebine have a bit
more variability of Fe;O3 (y = 70.31, n = 3). On the other hand, samples
from the Virje-Susine site have the highest variability and the lowest
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Fig. 2. Mineralogy and internal microtextures of the bog iron nodules and fragments (back-scattered electron images). (A) Quartz (Qz) and feldspar (Fsp) grains
surrounded by Fe and Mn matrix in K-HG 1 nodule. (B) Differentiation between Fe (outer parts) and Mn oxides (inner part) in K-HG 1 nodule. (C) Cross-section of bog
iron nodule from Peteranec-Ciglene showing concentric lamination of Fe (dark-grayish) and Mn (light-grayish) oxides. (D) Fe-Mn nodule surrounded by the Fe matrix
and detrital zone including muscovite (Ms) in KI-LP 1 fragment. (E) Soil minerals zone with Fe oxides in the form of vein (light gray) in the central part of one KI-LP 1
fragments. (F) Highly Mn laminated zone with post-depositional calcite veins (Cal) in Novigrad Podravski NP-MB 16 fragment sample. (G) Mineralization of Mn
oxides in the form of pyrolusite (Pyr) in the bog iron fragments from Novigrad Podravski location. (H) Differentiation of highly laminated Mn zone, surrounded by
microcrystalline iron (Fe) zone in NP-MB 18 fragment.
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Fig. 3. Hierarchical cluster analysis of a) bog iron soils, b) bog iron nodules and

c) bog iron fragments.

concentrations of Fe;O3 of all the investigated sites with values varying
between 8.44 and 45.57 mass. % (y = 23.19, n = 5). Only Al;03 (max.
14.62 mass. %), MnO (max. 5.49 mass. %) and P,Os (max. 2.68 mass. %)
are present in significant amounts in the samples, while other major
oxides are present in variable low or trace amounts. LOI values vary
between 2.39 and 11.60 mass. % (y = 5.99 mass. %). The TIC (y = 0.08
mass. %, n = 9) and TOC (y = 0.36 mass. %, n = 9) values in roasted iron
ores show lower values than in the bog iron ores.

The geochemical composition of major oxides and microelements
(Appendix B) in roasted iron ores were classified using hierarchical
clustering as with the bog iron ores. Similar clustering behaviour as in
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the bog iron ores was recognized, with the formation of two main
clusters (Fig. 5). One cluster consists of Fe3O3, As and Ge, while the other
cluster consists of SiO,, AloO3 and other major oxides and microele-
ments, including REE. A similar observation of the elevated linkage
distance between the two main clusters in roasted iron ores suggests a
significant geochemical difference between them.

4.3. Rare earth and microelemental distribution in bog iron ores and
roasted iron ores

The > REE ranges from 114.31 to 200.09 ppm in bog iron soils, from
174.44 to 354.87 ppm in bog iron nodules, and from 52.62 to 209.97
ppm in the bog iron fragments (Appendix A). In addition, the > LREE/
>"HREE ratio ranges from 12.17 to 17.86 in all the bog iron samples. In
roasted iron ores, the Y REE values range from 29.97 up to 455.67 ppm
(Appendix B). The > LREE/> HREE ratio is similar to that of the bog
iron ores, with values ranging from 11.95 to 17.54.

As shown in Fig. 6A, the REE patterns of bog iron soils show LREE
enrichment, with a distinct negative europium (Eu) anomaly. Experi-
mentally roasted bog iron soil (K-HG 2R) exhibits almost identical
geochemical pattern. The bog iron nodules show a slight discrepancy
between samples, with sample P-C showing higher REE contents than
the K-HG 1 and D-BG samples. Even so, all samples show the same trend
as bog iron soils, with pronounced enrichment in LREE and a distinctive
negative Eu anomaly (Fig. 6B). Bog iron fragments have the largest
discrepancies in REE contents when observing different locations
(Fig. 6C). Apart from the Novigrad Podravski site, the other samples
have patterns similar to the first two bog iron ore types, with LREE
enrichment and a negative Eu anomaly. All three bog iron fragments
from the Novigrad Podravski-Milakov Berek site have different patterns
with regard to the middle REEs with sample NP-MB 16 having positive
Sm and Eu anomaly, sample NP-MB 17 slight positive Sm anomaly and
sample NP-MB 18 negative Eu anomaly. The experimentally roasted
sample NP-MB 16 has the same REE pattern as the original sample,
although with a lower Sm and Eu anomaly. Similarly, the experimen-
tally roasted sample NP-MB 18 shows an REE pattern that is almost
identical to the original sample. Roasted iron ores show the same
behaviour of REEs as the bog iron ores, with enrichment in LREE and a
negative trend towards HREE (Fig. 6D). Samples from Hlebi-
ne-Dedanovice have the same REE patterns, while samples from other
locations show slight variability in the REE contents.

Microelements and REE normalized to Upper Continental Crust show
similar behaviour in all three bog iron types and in roasted iron ores
(Fig. 7). Significant anomalies noticeable on all diagrams include a
negative Rb and Ti, with a positive P anomaly. Several samples indicate
positive Ba anomaly, noticeable in almost all fragment samples and in
roasted samples from different sites. Soil and nodule samples have
normalized ratios between 0.1 and 10, while fragments and roasted
samples tend to have ratios between 0.1 and 0.01.

5. Discussion
5.1. Characteristics of the bog iron ores in the study area

Bog iron ores from the study area originate from archaeological ex-
cavations where samples were found in a clear context of bloomery iron
production (V-S 1) or within settlement features related to iron pro-
duction sites (V-VB 1-3, KI-LP), and from geological investigations. In
the archaeological context, only bog iron ore fragments were found,
while during geological investigations all three bog iron types were
collected. As seen in Fig. 1, sites with bog iron occurrences are located
on the Drava River alluvial terrace, which is in line with previously
described findings of bog iron ores in similar study areas (Kaczorek and
Sommer, 2003; Banning, 2008; Thelemann et al., 2017). During this
study, the outer margins of the Drava River floodplain were not covered
by the field investigations, so the question of bog iron ore occurrence in



T. Brenko et al.

100um

Catena 204 (2021) 105353

900pm !

70um

Fig. 4. SEM-EDS microphotographs of roasted iron ores from the Hlebine-Dedanovice location. (A) Homogenous masses of Fe oxides, presumably hematite (Hem).
(B) Porous hematite (Hem) microtexture formed during roasting of iron ore. (C) Detrital accumulation of quartz (Qz), feldspar (Fsp) and plagioclase (P1) in roasted
ore sample, similar to bog iron samples. (D) Detrital quartz (Qz) grain surrounded with hematite (Hem); visible increased porosity.

these areas remains open.

As all bog iron samples were found at or near the surface, where
oxidizing conditions prevail, the absence of Fe>* minerals, such as viv-
ianite and siderite, is to be expected (Stoops, 1983; Landuydt, 1990),
while goethite is the main Fe mineral (Stoops, 1983; De Geyter et al.,
1985; Landuydt, 1990; Ramanaidou and Wells, 2014). Due to bog iron
soils representing soil material enriched with Fe matrix, the highest clay
content is to be expected. As the cementation process and substitution of
the Si matrix with an Fe-enriched matrix had only begun in the bog iron
soils, it is certainly expected that this bog iron type has the lowest iron
contents. On the other hand, bog iron nodules and bog iron fragments
display lower clay contents than in soils due to a more advanced Fe
mineralization substituting the total alumosilicate content. The
geochemical composition of analysed bog iron ores points to a clear
geochemical differentiation between the bog iron ore types. A difference
in hardness between the soils and the nodules is attributed to the more
advanced cementation processes in the nodules. Soil detrital material is
fully cemented with Fe and Mn layers (as seen in Fig. 2C). This
concentric internal structure is believed to be the result of alternating
dry and wet periods, during which interchanges of oxidizing and
reductive conditions took place (Palumbo et al., 2001; Gasparatos et al.,
2005; Gasparatos et al., 2019). Spherical nodular shapes can be seen
incorporated inside bog iron fragments, proving the theory that the
fragments, as a final development phase, are formed by even further
cementation with an Fe-enriched matrix, agglomerating smaller nodules
into larger fragments (Fig. 2D). If the cementation process were to
continue, the formation of a layered bog iron ore deposit is to be ex-
pected (Kaczorek and Zagorski, 2007). The diffraction reflexes of bog
iron fragments often contain high background noises which probably
indicate the enrichment in the amorphous iron phase (ferrihydrite), a
mineral often associated with the bog iron ores (Kaczorek and Zagorski,

2007) that can be found in the soil groundmass. Extremely high con-
centrations of Mn were detected in the fragments from the Novigrad
Podravski-Milakov Berek site. Based on similar results from other
studies (Torok and Kovacs, 2010; Torok et al., 2015), increased MnO
contents result from localised changes in the redox conditions in the
wider Drava River basin. Although displaying similar behaviour and
origin, the precipitation of Mn occurs at higher Eh-pH conditions than
the Fe precipitation (Atta et al., 1996). As these higher Mn precipitation
conditions are rarely reached in the soils of the Podravina region
(Brenko et al., 2020), the appearance of Mn is only to be expected at sites
with higher Eh-pH conditions. Micro-morphological and textural dif-
ferences in the samples from Novigrad Podravski points to different
groundwater source and bog iron evolution than in the rest of the study
area.

Calcite mineralization in sample NP-MB 16 occurs in the form of
veinlets, cutting through and/or following Fe mineralization (Fig. 2F).
Calcite probably formed around plant material due to localised changes
in pH and an abundance of nitrates. Plant root that rapidly absorbs ni-
trate will take up more anions than cations, releasing carbonate anions
into the soil to maintain balance and thus increasing the pH. The
resulting increase in pH is sufficient to start CaCOs precipitation
(Lambers et al., 2009).

Pleiner (2000) established an empirical boundary value for bloomery
iron smelting of 79-86 mass. % Fe;Os3, which is well beyond the iron
contents in the bog iron ores found. However, experimental direct iron
smelting in the last decades has shown that bog iron ores with much
lower iron contents of up to 49 mass. % FepO3 or even lower in com-
bination with higher graded ores could have been used for bloomery
iron production (Crew and Charlton 2007; Thiele 2010; Crew et al.
2011). This would imply that all unroasted ore found on archaeological
sites as well as samples of ore fragments found in the geological



T. Brenko et al.

Table 4

Geochemical contents of major oxides in roasted iron ores from archaeological sites in from Podravina region. All values given in mass. %.

Total

TOC

SrO LOI TIC

TiO4 Al,O3 Fe,03 MgO MnO CaO K,O Na,O P,0sg BaO

SiO,

Location

Sample

94.46
96.02

13
12
0.12

0.
0.3

0.13
0.15
0.16
0.03

19
83

<0.01 3.

0.01
0.01
0.05
0.02
0.01

<0.01

0.38
0.36
0.69
0.44
0.65
0.44
0.40
2.48

0.01
0.01
0.09
0.01
0.29
0.11
0.41
0.44
0.34
1.25
0.46
0.34
0.62

0.09
0.18
0.22
0.18
0.58
0.23
0.76

0.63
0.33
0.43
0.49
0.47
0.30
0.53
0.84
0.35
1.13
1.37
0.87
0.66

0.33
0.37
0.77
0.63
0.06
0.02
0.10
3.87
5.49
0.15
4.80
0.36
3.42

0.11
0.10

0.

84.94
84.97
83.17

0.59
1.20
1.

0.01
0.02
0.02
0.03
0.13
0.03
0.25
0.91

0.88

4.17
5.64
6.75
5.63
16.74

Hlebine-Dedanovice

H-D1
H-D 2
H-D3
H-D 4

0.

2.

<0.01

98.15

4.55
3.

<0.01

13

28
15

94.79

13
39

<0.01

0.15
0.26

82.93

1.

97.86
96.70
98.92
100.62

2.
11.60

<0.01

73.20

3.08
1.

Hlebine-Velike Hlebine

H-VH 1

0.06

<0.01

08
39

0.

76.16

19

6.54
23.08

49.18

H-VH 2

6.98

<0.01

0.02
0.17
0.42
0.07
0.15
0.04
0.10

0.

61.56
20.78
21.51

4.44
11.65
9.86
14.62
11.29
7.28
15.27

H-VH 3
V-S2
V-$3
V-S 4
V-85
V-S6

7.99
6.51
5.70
6.82

9.

0.02
0.01
0.02
0.02

<0.01

1.79
1.38
2.29
2.09

0.50
0.

Virje-Susine

95.54
100.22

0.22
0.3

<0.02

1.59
1.74
2.68
0.91
2.33

33

46.87
62.67
49.36
29.88
50.85

0.03
0.08

1.25
0.74
0.45

0.

8.44
19.65
45.57

0.89
0.92
0.45

100.35

0.49

97.04
100.85

79

1.10
2.50

0.28

<0.02

6.36

0.01

76

16.92

1.05

Koprivnicki Ivanec-Log Parag

KI-LP 2

Sample volume too small to conduct all analyses.

*
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investigation could have been used for bloomery iron production,
although these cannot be considered high quality ores as the majority of
samples have a low iron content between 37 and 49 mass. % Fe,O3 and
rarely 68-70 mass. % Fey0s. For the same reason, the quality of the final
product and whether low-grade ores were utilized remains questionable.

5.2. Roasted iron ores characteristics in the study area

Samples of roasted bog iron ore originate from several excavated
archaeological sites in the region (Hlebine-Dedanovice, Hlebine-Velike
Hlebine, Virje-Susine and Koprivnicki Ivanec-Log Parag). These iron
ores are considered to have been subjected to heat treatment (roasting)
as a part of the preparation process for bloomery smelting. At the Hle-
bine-Velike Hlebine site, several shallow circular pits with a burnt
bottom layer were identified and could be interpreted as roasting
hearths. Experimental reconstruction of roasting hearths and roasting
procedures from the site showed that the maximum range of tempera-
tures reached was between 299 and 1038 °C, with an average temper-
ature between 500 and 650 °C during six hours of roasting (Karavidovic,
2020). During this kind of iron ore heat treatment, new Fe oxides form as
primary by-products of Fe-oxyhydroxide roasting. Low TIC and TOC
values are characteristic of roasted iron ores, where organic matter is
mostly combusted when exposed to high temperatures (Rzepa et al.,
2016). Hematite is the most common Fe phase, directly transforming
from goethite (Cudennec and Lecerf, 2005). Magnetite can also be found
in bog iron ores as a product of bacterial mineralization (Fassbinder
et al., 1990), but is also considered to have been formed by roasting the
iron ores with a lower air supply (Manasse and Mellini, 2002). Maghe-
mite forms either through oxidation of magnetite, or by heating
(300-425 °C) of other Fe oxides in the presence of organic compounds
(Scheinost, 2005). Cudennec and Lecerf (2005) concluded that maghe-
mite formed upon heating lepidocrocite (y-FeOOH) at temperatures
between 200 and 270 °C. At higher temperatures (above 600 °C),
maghemite is known to transform to hematite (Fang et al., 2003). Quartz
(or modification of quartz) is also present in the roasted iron ores, since
it decomposes at temperatures above 1500 °C, while clay minerals are
present in lower concentrations, due to roasting decomposition and pre-
processing (washing) of the ore.

As is the case with unroasted bog iron ore, iron and silicon are the
main components in roasted ores. Strong local and temporal differen-
tiation is noticeable when regarding the Fe;Os contents. Increased
manganese contents occurring in roasted iron ores from Virje-Susine
site point to localised bog iron ore exploitation from the Virje-Susine
and nearby Novigrad Podravski-Milakov Berek sites. In both sites,
samples tend to have increased Mn contents, indicating a possible local
geochemical variation of bog ores with an elevated Mn content and
mutual connection between the samples and sites. As bog iron ores tends
to be enriched with Mn and P, the same enrichment is to be expected in
the roasted ores (Thelemann et al., 2017).

The process of iron ore roasting is conducted for two main reasons;
the mineral transformation of oxyhydroxides and non-oxide ores into
oxides, which increases the Fe content, and to make the roasted ores
more porous, and thus more supple for smelting (Pleiner, 2000). Sam-
ples from both Hlebine sites have Fe concentrations that exceed those of
all the bog iron ore samples. On the other hand, the majority of samples
from Virje-Susine and the sample from Koprivnicki Ivanec-Log Parag
have extremely low Fe contents (from 8 to 21 mass. % Fe;O3), which
poses the question of the quality and usefulness of these roasted ore
samples. Samples of unroasted (V-S 1) and roasted ores from Vir-
je-Susine (V-S 5, 6) were found in the same archaeological context, in a
layer of iron production waste (SU 314) in what can be interpreted as a
waste discarding area. On the one hand, there is a possibility that these
ores were not meant to be smelted and were discarded together with the
smelting waste, which could be implied by the context and a noticeable
difference in visual appearance of the samples (darker tonnes, lower
density). On the other hand, an unroasted sample from the same
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Fig. 5. Hierarchical cluster analysis in roasted iron ores.
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Spider plot for bog iron soils and experimental roasted bog soil
according to Taylor and McLennan (1995)
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Spider plot for bog iron nodules and experimental roasted bog nodules
according to Taylor and McLennan (1995)
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referred to the web version of this article.)

archaeological context has a high iron concentration and, generally, all
the samples (unroasted and roasted) from the Virje sites have more
variable and lower iron contents than the rest of the analysed samples.
Also, it is to be expected that discrimination (if carried out) of ores was
done prior to roasting. Ores with a lower iron concentration could have
been used in combination with higher quality ore in the same smelting
process as has been tested experimentally (Crew et al. 2011).

5.3. Correlation between the bog ores and roasted ores in the Podravina
region

Macro-, micro-, and REEs behaviour in bog iron ores and roasted iron
ore was analysed to establish the geochemical and genetic connection
between them. The data set compiled during this study still falls short on
two key requirements. The first major issue is the lack of bog iron ore
findings from all the archaeological sites where roasted iron ores were
discovered. This is due to the previously mentioned climate and
anthropological changes in the environment (Thelemann et al., 2017;
Brenko et al., 2020). Secondly, an insufficient number of samples was
analysed to provide completely statistically reliable data sets. None-
theless, an attempt was made to correlate the bog iron ores and the
roasted iron ores of the Podravina region.

Determining the source material for iron production in the Podravina
region was based on the following two main approaches: hierarchical
clustering analysis and plotting of REEs and microelements. Hierarchical
clustering was carried out to observe the correlation between the iron
component of bog and roasted iron ores with other major oxides, micro-
and REEs. According to Laveuf and Cornu (2009), secondary minerals
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found in soil, such as Fe- and Mn- oxyhydroxides, clay minerals, and
resistant and relict rock-forming minerals are the main sinks of REEs.

The constructed dendrograms show that Fe and Mn were transported
into the system as secondary phases, as they show distant clustering and
correlation to other elements. Based on bog iron formation theory
(Banning et al., 2013; Ramanaidou and Wells, 2014; Thelemann et al.,
2017), where iron and other accompanying redox-sensitive elements are
transported via groundwater close to the surface, where a higher oxygen
concentration enables their oxidation and precipitation, such clustering
of geochemical data is to be expected. Based on data clustering, the REE
contents in bog iron ores were inherited from soils and clay minerals in
the soil in which the ores were formed, giving a geographical signature
of the ores that can be traced into the roasted ores.

The normalized REE patterns between different bog iron ore types
are generally identical in their shape, implying a similar genetic origin.
Some variation in REE behaviour can be seen in bog iron fragments,
notably in sample NP-MB 16, which shows a positive Eu anomaly. This
positive anomaly is due to the incorporation of Eu®' into calcite, a
mineral found in veins throughout the sample. Several studies (Laksh-
tanov and Stipp, 2004; Hellebrandt et al., 2017) suggest that Eu?* and
Eu>" can be incorporated into a calcite structure, both as structural
substitution of Ca2t or by forming inner -sphere sorption species.
Experimentally roasted bog iron ores show similar trends when
compared to non-treated bog iron samples, with slight changes in some
elements, mostly Eu, probably due to the nature of the element. As Eu?*
and Eu®" have different charges and ionic radii, they partition differ-
ently between phases (e.g., minerals, melts and vapours), so that the
ratio of Eu concentrations relative to the neighbouring REE (Sm and Gd)
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depends on the redox conditions during the fractionation process.

Good quality roasted iron ores (with higher Fe content) from both
Hlebine sites tend to have a lower REE content, which can stem from the
ore pre-processing. Before roasting, bog iron ores could have been
washed in local streams to remove gangue material such as clay, thus
enriching the ore (Pleiner, 2000). As clay matter contains the majority of
the REE signature, washing the ore would have removed a significant
proportion of the REE.

To confirm geochemical connection between the bog iron ores and
roasted iron ores, diagrams with normalization to Upper Continental
Crust (Taylor and McLennan, 1995) were constructed. This normaliza-
tion uses both microelements and REE. As included microelements tend
to have higher mobility than REEs in soils, certain degree of differences
is to be expected among the samples. However, normalized patterns of
microelements and REEs are similar in shape, with certain key elements
having characteristic positive and negative distribution anomalies. This
includes positive P and Sm anomalies, with negative Rb and Ti anom-
alies, giving characteristic shape on the diagrams.

Another characteristic element useful for tracing geochemical origin
of bog iron ores is Ba. Based on SEM-EDS analysis, Ba is closely related to
Mn phase. As seen in Fig. 7, Ba is ranging from no enrichment to medium
enrichment in bog iron fragments, and from depletion up to slight
enrichment in roasted ores. This element could be used in further studies
when observing iron slags from the study areas to give a more precise
information on the locations of bog iron ore exploitation. As determined
by archaeological surveys, bog iron was mined locally, with bog iron ore
having slightly different characteristics based on the Eh/pH conditions
during formation. Therefore, it is to be expected that Mn enriched bog
iron ore will carry its geochemical signature (enriched Ba) through
roasted ores and eventually into iron slags.

6. Conclusion

In the study area of the Podravina region, different types of bog iron
ores and roasted iron ores were discovered in archaeological and
geological investigations. Detected bog iron ores occur in the large area
of the Drava River alluvial floodplain. Three different types of bog iron
ores were recognized: bog iron soils, bog iron nodules and bog iron
fragments. Each type is characterized by goethite as the main Fe mineral
and a varying iron-silicon ratio, increasing from the soils to the frag-
ments, indicating different types in the bog iron ore formation phases.
Based on the ratios, the Fe content and availability, it is believed that
only the bog iron fragments were used for iron production. Ore frag-
ments from the Novigrad Podravski-Milakov Berek site imply locally
different Eh-pH conditions that led to the Mn enrichments found in the
samples from that site. The dendrogram indicates that Fe, Mn, and other
redox-sensitive elements were transported into the soil system via
groundwater and have no control on the primary REE and micro-
elemental geochemical signature.

The analysed roasted iron ores contain several Fe minerals,
commonly hematite, magnetite and maghemite, pointing to roasting
temperatures between 300 and 1000 °C, and possibly different pre-
processing at different sites. Variable contents of Fe and other ele-
ments in the roasted iron ores points to local and temporal variability in
the used bog iron ores. Roasted ores from the Virje-Susine site, where
samples with Mn enrichment were found, point to a local exploration of
bog iron ores because samples of bog iron ores from the nearby Novigrad
Podravski-Milakov Berek site also have high enrichment of Mn. The
hierarchical clustering analysis of roasted iron ores revealed similar
clustering compared to the bog iron ores, where Fe shows distant cor-
relation to the REEs.

Normalization and plotting of diagrams revealed similar patterns in
both bog iron ores and roasted iron ores, indicating that samples are of
the same regional origin. This proves that bog iron ores found on
archaeological sites related to bloomery iron production, dated to late
Antiquity and the early Middle Ages were locally exploited as source
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material for iron production in the Podravina region.
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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

Keywords: iron production, XRD, ICP-MS/AES,
trace elements, NRC ratios, PCA, bog iron ore

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.

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 (CO,) (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
IVANCAN & KARAVIDOVIC, 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-

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
etal.,, 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
& ’HERITIER, 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



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-
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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
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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 4/5™ (Virje-Sugine), 5/6™ cen-
tury (Virje-Volarski breg), as well as to the end of the 6" and mid-
7% century (Virje-Susine, Hlebine-Velike Hlebine) and to the end
of the 8 and the beginning of the 9 centuries (Virje-Volarski
Breg). Individual sites Virje-Volarski Breg and Virje-Susine 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 IVANCAN & KARAVIDOVIC, 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 (LOCZY et al.,
2014). Hydrological (BRKIC et al., 2010; BRKIC & BRISKI,
2018) and hydrochemical (KOPIC 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 (BASIC, 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 - wiistite; 10A/14A clay - phyllosilicates with 001 peaks

at100r 14A.
Trench /SU/ . . .
Sample ST Site Age Fay Qz Gth Hem Mag Wis Other minerals
H-VHTS 1 1/38B/133 +++ - - - + + Spl
H-VHTS 2 1/37A/1/137 +++ ? - - - Spl, Dol (?)
H-VHTS 3 1/37A/1/140 +++ ? - - - - Spl, Dol ()
H-VHTS 4 2/113/266 +++ + - - ? PI, Stishovite (?)
H-VHTS 5 2/113/270 +++ - - - - Px(?)
H-VHTS 6 2/109-110/251 4+ - - - - Spl
H-VHTS 7 2/109-110/251 Hlebine - Velike o) +t ? - - - - spl()
Hlebine century
H-VHTS 8 2/97/98/ +++ + - - - ? /
H-VHTS 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 +H+ + - - - - Px, 10A clay (?)
H-VH FBS 4 1/001/25/36 +++ + - - - Px (?)
V-STS1 7/327/432 +++ + - - - + Spl
V-STS2 7/327/427-1 +++ + - - - ++ Px
V-STS3 7/314/295-1 +++ ? - - - ++ /
VSTS 4 7/317/305/ 4-5th tt + - - - ++ Px ()
century
V-STS5 7/314/295-7 +++ ? - - - - /
Virje - Susine
V-STS6 7/314/295-14 +++ + - - - + Spl (?)
V-SFBS1 5/237/126 ++ + ? - - ++ Lct
V-STS7 5/270/125 +++ + - - - - Spl (2), Pl
VSTS 8 5/217/124 6-7th — + ? + - - Pl,Px (7)
century
V-STS9 5/240/115 ++ + - - - - Px, 10A clay (2)
V-VBTS 1 3/191/55 +++ ? - - - - Spl (?)
V-VBTS 2 2a/138/140 +++ + ? - - + Spl
V-VBTS 3 2a/138/140 +++ ? - - - ++ Spl
V-VBFBS 1 3/201/74 +++ + - - - ++ Spl, Px ()
5/6-7th
4 - — ?
V-VB FBS 2 3/201/80 Virje ~Volarski century +++ + + ++ Spl, Px (7)
V-VBFBS 3 3/187/54 Breg ot + - - - + Spl, Let
V-VB FBS 4 3/001/180/56a +++ ? - - - - Spl, Lt
V-VB FBS 5 3/001/180/56b +++ + + - - ++ Px(?)
V-VBFBS 6 2a/173/51 ++ ? ++ + - ++ Ank
V-VB FBS 7 1/38/95 8-9th ++ ++ + - - + Pl, 10A / 14A
century

+ - 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



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°
26, 0.02° step size, | 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
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with internal standards for quartz, feldspars and clay minerals,
while fayalite, wiistite 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 SiO, TiO, Al,03 Fe,03 MgO MnO Cao K;0 Na,O P,05 LOI
H-VHTS 1 22.52 0.24 4.51 65.36 0.53 0.79 1.09 0.59 0.29 0.67 -5.09
H-VHTS 2 25.16 0.23 4.85 63.15 0.57 0.79 1.63 0.77 0.28 0.59 -5.05
H-VHTS 3 26.51 0.27 5.49 66.40 0.65 0.96 2.24 0.92 0.45 0.66 -5.97
H-VHTS 4 29.84 0.27 5.21 61.13 0.78 2.00 1.99 0.81 0.36 0.83 -1.77
H-VHTS 5 26.30 0.22 4.18 66.46 0.81 1.97 1.84 0.67 0.28 0.81 -4.93
H-VHTS 6 27.36 0.30 6.01 60.45 0.67 1.00 1.45 0.97 0.39 0.77 -5.69
H-VHTS 7 Hle?_iln:b_ir\]/ee“ke 3257 0.35 6.81 58.85 0.88 1.22 2.51 1.67 0.47 0.68 -4.88
H-VHTS 8 27.63 0.28 5.89 59.60 0.60 1.56 249 0.99 0.41 0.78 -5.69
H-VHTS9 26.80 0.25 5.36 65.15 0.81 1.82 232 0.83 0.38 0.96 -6.07

H-VHFBS 1 25.58 0.22 461 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-VHFBS 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-STS1 25.20 0.19 4.59 5443 0.52 0.99 1.25 0.82 0.36 0.88 -6.13

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

V-STS3 20.88 0.14 3.74 61.02 0.54 0.64 1.99 0.67 0.29 0.99 -6.35

V-STS 4 2591 0.19 4.44 61.29 0.70 0.81 3.05 0.97 0.30 0.78 -5.92

V-STS5 3541 0.38 7.23 58.03 0.72 1.00 1.87 1.28 0.56 0.52 -5.27

Virje - Susine

V-STS6 28.92 0.29 572 64.26 0.50 1.09 1.16 0.83 0.47 0.52 -5.77

V-STS7 37.28 0.38 7.01 55.98 0.70 1.04 1.47 1.08 0.60 0.58 -4.69

V-STS8 34.05 0.38 6.74 56.91 093 1.18 3.08 1.08 0.56 0.51 -3.87

V-STS9 27.96 0.26 5.45 61.11 0.62 0.92 1.68 0.83 0.44 0.49 -4.28
V-SFBS 1 25.72 0.27 4.59 54.87 0.99 0.53 3.63 2.84 0.34 1.15 -2.08
V-VBTS 1 2857 0.33 7.89 55.80 0.97 1.52 1.86 1.13 0.41 0.66 -5.12
V-VBTS 2 25.90 0.25 7.26 53.46 0.79 1.09 1.90 1.12 0.34 0.93 -4.32
V-VBTS 3 25.67 0.24 6.68 57.60 0.75 1.26 1.98 1.19 0.36 1.03 -5.36

V-VBFBS 1 21.19 0.22 5.95 55.57 0.86 1.06 2.64 0.77 0.27 1 -3.35
V-VB FBS 2 18.55 0.16 491 53.23 0.54 0.51 1.58 0.68 0.28 0.87 -2.39
Virje - Volarski Breg
V-VBFBS 3 25.20 033 8.03 52.30 1.17 136 1.90 0.86 0.38 1.24 -0.52
V-VB FBS 4 23.76 0.30 7.89 54.49 1.1 0.59 2.26 1.16 0.32 0.92 -3.03
V-VBFBS 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 0.1 4.34 60.06 0.47 031 0.76 0.45 0.10 0.59 4.02
V-VBFBS 7 27.96 0.27 5.03 56.49 0.69 1.06 1.77 1.09 043 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
(Fe,Si04) as the main mineral phase. Besides fayalite, all samples
contain quartz in traces to moderate amounts, while wiistite
(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
Fe,0; ranging from 52.30 - 66.46 mas. % (y = 59.52 mas. %) and
SiO; ranging from 11.69 to 37.28 mas. % (y = 26.22 mas. %) (Ta-
ble 2). TS and FBS from the Hlebine-Velike Hlebine site have
the highest Fe,O; contents, with values between 55.47 - 66.46
mas. % (y = 62.95 mas. %, n = 13). This is followed by Fe,O;
contents in slags from the Virje-Susine positions, where the con-
tents range from 54.34 - 64.26 mas. % (= 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. % (= 56.03
mas. %, n = 10) (Table 2). Only Al,O5 with values between 3.74
- 8.03 mas. % (y = 5.65 mas. %, n = 33) is present in significant
quantities at all archaeological sites. Contents of CaO (0.76 —3.63
mas. %, x = 1.99 mas. %), MnO (0.31 — 2.00 mas. %, yx = 1.01),
K,0 (0.45 — 2.84 mas. %, y = 0.99 mas. %), P,Os (0.49 — 1.24
mas. %, x=0.77 mas. %), MgO (0.47 — 1.17 mas. %, = 0.72 mas.
%), Na,O (0.10 — 0.60 mas. %, y = 0.37 mas. %) and TiO, (0.11
—0.38 mas. %, y = 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 SiO,/Al,0; ratio with the Virje-Vol-
arski Breg site standing out due to higher Al contents (Fig. 2A).
Si0,/Fe,05 and Fe,O3/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 SiO,, TiO,, Al,03, MgO, K,0 and
Na,O, while strongly representing MnO and CaO. PC 2 particu-
larly represents P,Os, while Fe,Oj3 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-Susine site are grouped and plotted
close to the Hlebine-Velike Hlebine samples. Samples of Virje-
Volarski Breg dated to the end of the 5 and into the 6 century
are plotted distantly from the first two groups and are widely dis-
persed. The samples from Virje-Susine 4-5" 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-Susine site are divided in two
groups, based on the “C age determined for charcoal samples
from two spatially separate positions (BOTIC, 2021; Trench 5 and
7), both of which can be interpreted as iron production work-
shops, dated to the end of 4™ and into the 5% century (Trench 7)
and to the end of the 6" and into the ¥ 7% 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
(5/6%century and 8t/9t century). The ores used for provenance
were discovered in an archaeological context within settlement
features (Trench 2b) that can be dated relatively to 8/9t" 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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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-
2Si04 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). Wiistite 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/SiO; ratio exceeds
1.5 (KONGOLI & YAZAWA, 2001; KADZIOLKA 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-
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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
etal., 2021) indicated higher aluminium contents in bog iron ores
from sites within the Virje area (Susine 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 8/9'" and to
the 5/6™ 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 4/5™ centuries at the Virje-Sugine 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-Susine 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 &
SELSKIENE, 2007), further investigation into iron bloom geo-
chemistry could reveal whether the ore was truly pre-processed
for Min 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-SuSine workshop
(4/5" centries) as well as from the workshop on the Virje-Volarski
Breg site belonging to the end of 5/6'" 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 (KARAVIDOVIC, 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



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 P,Os (STOOPS, 1983; LAN-
DUYDT, 1990; TOROK & THIELE, 2013; THELEMANN etal,
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-
Susine site and ores found in a geological context from a nearby
Novigrad Podravski-Milakov Berek site are compared with the
iron slags from Virje-Susine. It can be seen that the geochemical
signature of slag samples found in the context of the workshop
dated between the end of 4" and the beginning of 5™ century, and
samples from another workshop dated between the end of the 6"
and into 7" 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 archaco-
logical context, the workshop at Virje-Susine dated to 4/5" 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 Eu®" with Ca’" 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-
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tures within a settlement context dated to the 8/9™ 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 5/6" 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 wiistite, 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 Al,Os 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-Susine, 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-Susine 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-Susine 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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3. DISCUSSION

3.1. Bog iron ore formation mechanism and characteristics in the Podravina region
The dominant feature in the Podravina region is the meandering Drava River, which holds an
influence on the geological, pedological and hydrogeological characteristics of the study area.
Due to the river flow and occasional flooding in the area (Léczy, 2013), constant sediment
flux is present in the river valley, forming several kilometres wide area that has the
characteristics of a typical floodplain, with alluvial sediments, such as silty deposits, being the
most prominent feature (Loczy et al., 2014). Archaeological studies on the left bank of the
Drava River, in the Inner Somogy region (Hungary), discovered traces of iron archaeology
connected with bog iron ore (Gomori, 2006; Torok et al., 2015), while in the Podravina
region archaeological investigation led to discoveries of iron slags and roasted ore (Sekelj
Ivanéan and Karavidovié¢, 2021), without discovering ore material. Based on the similar
geological, pedological and hydrogeological characteristics between Podravina region and
Inner Somogy region, occurrence of bog iron ore was assumed in the Podravina region, which
led to soil profiling campaign in the region (Brenko et al., 2020).

In analysed soil profiles, bottom parts were usually greyish in colour, indicating
seasonally swampy soils with a developed gley horizon (Husnjak, 2014), while upper parts
were light to dark brown, and were showing signs of iron (Fe) accumulation, mostly as
precipitations on the soil particles in the form of soft masses or pore linings. This affected
colour of the interval, showing orange and red patches where Fe was present in significant
concentrations (Schwertmann and Fitzpatrick, 1992). Based on geochemistry of trace and
rare earth elements (Brenko et al., 2020), it can be established that investigated soils can be
traced to the same parent material, established as the flooding material from the eastern Alps
and transported by the Drava River (Halamié et al., 2003). However, six analysed soil
profiles showed different thickness and quantities of Fe-enriched material in upper intervals,
that can be connected to variable microregional geographical, geological and hydrogeological
characteristics in the region. Previous studies (Kaczorek and Sommer, 2004; Stanton et al,
2007; Banning, 2008) established that groundwater is the main carrier of Fe (and other redox-
sensitive elements) which enables the precipitation of bog iron ore in the soils. By comparing
hydrogeological regime in the Podravina region (Brki¢ and Briski, 2018) with geographical
data of the analysed soil profiles, different influence of groundwater was detected, which is

reflected in the quantity of precipitated Fe in soil profiles. High groundwater levels at the
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Imbriovec-Berek soil profile are usually near or occasionally over the top-most interval of the
profile, which was evident during the fieldwork. Due to longer exposure to groundwater and
wet conditions, the availability and circulation of atmospheric oxygen is impaired within the
profile, which leads to the formation of reductive conditions through the profile. Under
reductive conditions, Fe is more mobile than under oxidising conditions (Mansfeldt et al.,
2012) and is not precipitating within the soil profile, as indicated by low Fe contents
throughout this profile. On the other hand, by comparing hydrogeological regimes in profiles
Koprivni¢ki Ivanec-Log Parag, Virje-Susine, Peteranec-Gorice and Hlebine-Dedanovice, it
can be established that groundwater very rarely or never reaches zones with available
atmospheric oxygen (shallower parts of the profile). This again leads to smaller quantities of
Fe precipitation in these profiles as indicated by the mineralogical and geochemical data
(Brenko et al., 2020). However, these contents are still higher that the Clark’s values for
Upper Continental Crust (Rudnick and Gao, 2003), indicating Fe anomaly in the general
study area. The Kalinovac-Hrastova Greda soil profile contains the highest contents of Fe as
well as As and P. The average groundwater level depth at the Kalinovac-Hrastova Greda soil
profile is around 100 cm, with groundwater reaching a maximum depth of 10 cm below the
surface during high-water periods (Brki¢ and Briski, 2018). This means that most of the
time, the upper 100 cm of the profile is well aerated, with high quantity of available oxygen.
During wet season, when the groundwater table reaches upper parts of the profile, the Fe?*
from the groundwater encounters available oxygen, triggering the oxidation to Fe** and
precipitation in the form of iron mottles and linings, mostly in the 60-100 cm interval.
Continuous precipitation leads to the formation of goethite enriched layer as seen by the
mineralogical analysis (Brenko et al., 2020). Very slight enrichment of Mn was discovered
within the same profile, although in slightly upper part of the profile when compared to the Fe
enrichment. This differentiation in the precipitation depths of Fe and Mn arises from different
behaviour of the two observed elements in interchanging redox conditions. Both elements are
often occurring together, with Mn usually present in lower contents (Nadaska et al., 2012).
Hem (1963) concluded that in the systems where the oxides are the most dominant phases,
such as in this case, where Fe;O3 and SiO are the most abundant phases, Mn precipitation
and mobility is highly affected by the changes in the Eh/pH conditions. Manganese starts to
precipitate at higher Eh than Fe, making it more mobile of the two in the lower parts of the
profile where Eh is lower (Atta et al., 1996). This difference in the Eh/pH behaviour and
precipitation explains why Fe enrichment is often found in the lower parts of the profile,

while Mn enrichment is overlaying it at shallower depth. Based on the observed soil
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mineralogical and geochemical characteristics, formation mechanism of bog iron ore in the
Podravina region can be established (Figure 3-1). Bog iron ore forms seasonally, during high
groundwater periods (rainy season, snow melting), when groundwater enriched with Fe, Mn
and As (Habuda-Stanic¢ et al., 2013; Kopic¢ et al., 2016) starts to rise and fluctuate between
10 and 100 cm depth. There, Fe oxidises and precipitates as goethite (possibly at first as
amorphous Fe and/or ferrihydrite/lepidocrocite). The accumulation of Fe starts at the depth
where the oxidation firstly occurs (around 100 cm), with majority of Fe being accumulated at
the 60-100 cm interval, as evident from the Kalinovac profile. Continuous period of
precipitation over several decades or hundreds of years could lead to development of fully
formed bog iron ore deposit. However, under present conditions with regards to agricultural
activities and melioration in the Podravina region, it is highly unlikely that bog iron ore
deposit could be fully formed, with occurrence such as Kalinovac-Hrastova Greda

representing the initial formation phase.

Soil mineralogy: Soil geochemistry:
parent soil minerals (quartz, prevailing SiO,(38.90-73.85
feldspars, plagioclase, clay mass. %) and AL,O; (9.15-20.50
minerals), low contents of mass. %), relatively low Fe,O;
Fe-oxyhydroxides (goethite, . (3.97-10.90 mass. %), low MnO
lepidocrocite) Gleysols and/or Fluvisols (avg. 0.16 mass. %) and low As
(22.14 ppm)
0cm .
~ high water level
Bog iron Typical groundwater
horizon 50 cm fluctuation zone
=30-40 cm 10 - 100 cm
thickness
100 cm low water level
150 cm
200 cm
Mineralogy of bog iron Seasonal fluctuation of Geochemistry of bog iron
horizon: groundwater enriched with Fe horizon:
prevailing goethite, typical (max. 9040 pg/l), Mn (max. significantly higher Fe,O;
soil minerals occurrences 1010 pg/l) and As (6.2 ng/l) contents (17.77-31.52 mass. %),

lower SiO, (38.90-49.31 mass.
%) and Al,O; (7.98-10.15 mass.
%) contents, low MnO (avg.
0.22 mass. %) and high As
(avg. 302.62 ppm)

Figure 3-1. Bog iron ore formation mechanism in the Podravina region

Established formation mechanism is well in line with the discovered bog iron ore
types discovered in the study area. The three types correspond to the three bog iron ore
formation phases (Thelemann et al.,, 2017) exhibiting both macromorphological,

mineralogical and geochemical differences (Figure 3-2).
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First development phase

bog iron soils

Mineralogy: soil minerals (Qtz, Fld,
P1) with goethite occurrences

Geochemistry: low to moderate
Fe,O; (13.20-27.93 mass. %),
moderate to high SiO, (50.75-63.38
mass. %) and moderate Al,O;
(6.82-12.35 mass. %), low to high As
(60.8-711 ppm)

Soils with slight to moderate
enrichment of Fe matrix; forming
coating on soil grains and gradually
filling pore space

&7 soil mineral grains - Qtz, Fld, P1, Ms
M soil matrix

[ clay coatings

= Fe matrix and precipitations

Second development phase

bog iron nodules
Mineralogy: soil minerals with
moderate to significant goethite
precipitation

Geochemistry: moderate Fe,0,
(22.99-39.54 mass. %), moderate SiO,
(27.06-44.10 mass. %) with moderate
Al,O; (5.67-12.24 mass. %) and MnO
(0.57-4.32 mass. %), moderate to high
As (109.6-621.4 ppm)

Spherical nodules, several mm to cm in
shape, some with concentric shapes;
significant Fe enrichment due to more
advanced cementation and Fe
precipitation

Third development phase bog iron fragments / layers

Mineralogy: high goethite content,
occasional quartz and soil minerals,
occurrences of pyrolusite

Geochemistry: high Fe,O, 5 cm

(32.03-70.89 mass. %), low SiO,

(8.69-30.67 mass. %), moderate to —
high MnO (0.98-21.04 mass. %), high "

As (143.9-1690.5 ppm)

Aglomeration of nodules due to more
advanced cementation, found in soils,
irregular, several cm in size; continuos
flux and Fe precipitation leads to
formation of layered deposit

500 pm

Figure 3-2. lllustrative sketches of the three bog iron ore formation phases from the study area with
mineralogical and geochemical characteristics and examples for each phase (soil photos taken by
Tajana Sekelj Ivancan, fragment photo taken by Tena Karavidovic¢)
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All three types differ from the surrounding soil due to a visible discoloration, typical
for Fe-enriched materials (Schwertmann and Fitzpatrick, 1992; Scheinhost and
Schwertmann, 1999). Bog iron soil has the lowest content of goethite and the highest
contents of quartz and clay minerals as they represent soil material enriched with Fe matrix,
where the Fe precipitation process has only begun, or is occurring in inhibited conditions.
Precipitation of Fe* in the form of amorphous or low crystalline Fe oxyhydroxides, such as
ferrinydrite, and later goethite, is starting to form coatings on individual soil grains, and
gradually filling the pore space of the parent soil material, slowly repressing and replacing the
soil matrix (Kaczorek et al., 2004; Banning, 2008). Soil matrix is originally occupied by
typical soil and floodplain minerals, such as quartz, feldspars and clay minerals (Sokolova et
al.,, 2013; Dlugosz et al., 2018). As the cementation process and the substitution of soil
matrix with an Fe-enriched matrix had only begun in the bog iron soils, it is expected that this
bog iron phase has the lowest Fe.O3 contents. Continuation of Fe cementation leads to the
formation of bog iron nodules with equal quantities of goethite and quartz. Nodules are
usually rounded in shape, several millimetres to centimetre in size. A difference in hardness
between the soils and the nodules is attributed to the more advanced Fe cementation processes
in the nodules. Lastly, bog iron fragments are formed as a result of further cementation and
agglomeration of bog iron nodules. Both bog iron nodules and bog iron fragments display
variable, but lower clay contents than bog iron soils which can also be attributed to the more
advanced Fe cementation, substituting the total alumosilicate content.

Based on SEM-EDS analysis of two nodule samples (K-HG 1, P-C) and three
fragment samples (NP-MB 16, NP-MB 18 and KI-LP 1), further conclusions towards bog
iron ore formation and geochemical distribution of selected trace elements could be
established. These samples were selected based on their iron archaeometallurgical potential
and due to extremely high Mn contents in the case of NP-MB 16 sample (Brenko et al.,
2021a). In both nodules and fragments, detrital grains are mainly composed of quartz and
feldspars that are often dispersed in micro-crystalline matrix. Based on the back-scattered
images, micro-crystalline matrix has three main components: zones with Fe-enrichment (grey
to dark grey reflection), Mn-enrichment (light grey to white) and phyllosilicates (soil matrix)
(darker grey). Alternating Fe and Mn lamination are in line with the proposition of periodical
precipitation of Fe and Mn due to seasonal fluctuation of groundwater enriched with Fe
and/or Mn (Ramanaidou and Wells, 2014) and variable Eh/pH conditions (Atta et al.,
1996). Detrital grains of soil minerals are used as nucleation places, around which the

precipitation is occurring, as suggested by the 70 um Fe-Mn nodule embedded in the Fe-
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enriched matrix, which was found in a bog iron fragment from Koprivni¢ki Ivanec-Log Parag
location (Figure 3-2). Two morphologically different Mn phases were also recognized; well
laminated amorphous phase, with varying lamina sizes but no recognizable mineral grains and
well-developed, tabular crystals, several um in size. EDS analysis revealed differences in the
chemical composition of the two Mn phases, where amorphous phase contains elevated
barium contents, which is almost absent in the well crystalized phase. Bog iron fragments
from Novigrad Podravski-Milakov Berek location stand out from other bog iron types with
regards to MnO contents, which varies from moderate amount in the NP-MB 18 samples, up
to extremely high contents (14.85 and 21.04 mass. %) in two NP-MB 16 and NP-MB 17
samples. High MnO contents were also detected by Torok and Kovacs (2010) and Torok et
al. (2015) in Southern Somogy (northern Drava alluvial plain). Although both Fe and Mn are
present in groundwater, conditions where Mn precipitation at such high quantities is possible
points to localised differentiation with regards to Eh/pH at some sites. Therefore, it is
proposed that samples from Novigrad Podravski have a different groundwater source and that
they underwent different bog iron evolution and formation than the rest of observed samples
in the study area.

Pleiner (2000) established an empirical boundary value of 79-86 mass. % Fe;Os in iron
ore necessary for successful bloomery iron smelting, which is well beyond the average iron
contents found in the bog iron ore of the Podravina region. Therefore, the discovered bog iron
ore archaeometallurgical potential and its utilization seems low. However, certain studies in
the previous decades (Crew and Charlton, 2007; Thiele, 2010; Crew et al., 2011), in which
experimental smelting was conducted, revealed that bog iron ore with 49 mass. % Fe;O3
could be utilized to produce iron bloom. This implies that some bog iron fragments found
during geological and archaeological surveys could have been used as the primary ore
material for bloomery iron production. However, as the Fe2O3 contents in these fragments are

below empirical boundary, the quality of the final iron product remains dubious.

3.2. Geochemical and mineralogical characterization of roasted iron ore and iron
slags in the Podravina region
Two thermally threated types of archaeological samples were analysed, roasted iron ore and
iron slags. Samples of roasted ore were discovered at four archaeological sites: Hlebine-
Dedanovice, Hlebine-Velike Hlebine, Koprivnicki Ivanec-Log Parag and Virje-Susine. They
are differentiated from the bog iron ore due to their visual appearance as they are mostly
reddish in colour, often with porous morphology as a result of gaseous phases evaporating and
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new Fe oxides forming during exposure to localised high temperatures, such as those in the
roasting pits (Figure 3-3). The process of iron ore roasting is conducted for two main reasons:
the mineral transformation of oxyhydroxides and non-oxide iron ores into oxides, increasing
the total Fe content and making the roasted ore more porous, thus making them more pliable
for smelting (Pleiner, 2000). Reddish colour is attributed to the mineral hematite, the main
mineralogical constituent of roasted iron ore, that formed due to the mineral transformation of
goethite (Cudennec and Lecerf, 2005), with first transformation occurring at temperatures
above 170 °C (Rzepa et al., 2016), although usually transforming around 300 °C and above.
Other Fe minerals include magnetite (FeFe2Os) and maghemite (y-Fe.Oz) (Manasse and
Mellini, 2002; Scheinost, 2005) formed at temperatures in 350400 °C range.

Roasted iron ores
Iron ore roasting

Mineralogy: hematite, magnetite,
maghemite, quartz, goethite, soil
minerals

Geochemistry: moderate to high
Fe,05 (8.44-84.97 mass. %), low to
moderate SiO, (4.97-62.67 mass. %)
and low to moderate MnO (0.02-5.49
mass. %)

Roasted iron ore as part of ore
pretreatment, reddish in colour,
higher porosity, higher Fe content
and lower Si0O, contents than raw ore

Iron slags Iron smelting

Mineralogy: fayalite, wiistite, spinel,
pyroxene, ocassional goethite, quartz
and soil minerals

Geochemistry: high Fe,0;
(52.30-66.46 mass. %), moderate
Si0, (11.69-37.28 mass. %) and low
MnO (0.31-2.00 mass. %)

Smelting waste material, variable
morphologies, greyish in colour, tap
slags exhibit flow texture, furnace
bottom slags slightly concave, lower
Fe,O; and higher SiO, contents than
roasted ore

Figure 3-3. Schematic drawings of iron ore roasting and smelting with examples and characteristics
from the study area (ore roasting and slag photos taken by Tena Karavidovic¢)
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Temporal and spatial differentiation regarding Fe>Os contents can be noted between
the sample sites, with samples from Hlebine-Dedanovice having the highest average Fe;Os
contents. Samples from Hlebine-Velike Hlebine have medium Fe,Oz contents, while samples
from Virje-Susine have the lowest average Fe>Os contents and the highest variability. High
Fe>O3 contents in roasted iron ore from Hlebine-Dedanovice site are above the empirical
boundary established by Pleiner (2000), implying that good quality of iron products could be
expected, when considering Fe>Oz contents alone. On the other hand, low Fe,O3 contents in
samples from Virje-Susine and Koprivnicki Ivanec-Log Parag exhibit low iron production
potential, implying doubtful usefulness and overall quality, indicating that this ore was
possibly not meant to be used in iron production. These conclusions are in line with
archaeological context, as the Virje-Susine samples were found in the same iron production
waste discarding layer, indicating that this ore was separated from quality ore and discarded.
However, unroasted ore sample with high Fe>Os content was discovered inside the same
archaeological context, implying significant bog iron ore variability all throughout the study
area. Roasted ore from Virje-Susine also stand out due to significantly higher AlO3 contents
(7.28-14.62 mass. %), which is in line with their low quality and higher contents of gangue
minerals (clays).

Three slag types were analysed in the study area, furnace bottom slags (FBS), tap slags
(TS) and bloom refining slags (BRS), discovered in archaeological sites Hlebine-Velike
Hlebine, Virje-Susine, and Virje-Volarski breg (Sekelj Ivan¢an and Karavidovi¢, 2021).
During iron production, tap slags and furnace bottom slags are formed in the smelting
process, while bloom refining slags are formed during later stages, in the primary and
secondary bloom forming and smiting process. Mobility and differentiation of trace and rare
earth elements was detected between different slag types (Brenko et al., 2021b), with FS and
TS having similar contents, while BRS having lower contents, indicating some elements were
mobilised during smithing processes. Therefore, attention is only given to FBS and TS, as
explained in the following provenance subchapter.

Based on their position during smelting, both slag types exhibit different morphologies.
Tap slags are released (taped) from the furnace during the smelting process, which is reflected
in their upper surface, where visible flow texture is recognizable (Figure 3-3). Furnace
bottom slags, as the name refers, are found in the bottom part of the furnace, below the iron
bloom. Due to that, they tend to be concave in shape (Figure 3-3). Both slag types mostly
consist of fayalite mineral phase (Fe2SiOs), as a thermal by-product of a reaction between Fe-

oxyhydroxide/oxide with quartz during the smelting process in the furnace (Charlton et al.,
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2012). Occurrences of hematite and magnetite imply that oxygen was present in the furnace
system, changing redox conditions from reductive to oxidative. Sporadically occurring
mineral wiistite, which is mostly occurring in slags from the Virje sites, points to excess in
iron oxide contents, as studies suggest that the crystallization starts to occur when the
Fe203/SiO> ratio exceeds 1.5 (Kongoli and Yazawa, 2001; Kadziolka et al., 2020). XRD
analysis also revealed presence of spinel phase (hercynite, FeAl.O4) in the smelting slags
from all sites, with most occurrences from Virje-Volarski breg positions. The presence of
hercynite indicates that the ore used at that location had increased contents of aluminium,
possibly from Al-phases such as clay minerals and plagioclase, implying spatial
differentiation between the bog iron ore deposits of the Podravina region. Geochemical
contents of major oxides are in line with mineralogical composition as slags are mostly
comprised of Fe;03 (52.30-66.46 mass. %, avg. = 59.52 mass. %), SiO2 (11.69-37.28 mass.
%, avg. = 26.22 mass. %) and AlOs (3.74-8.03 mass. %, avg. = 5.65 mass. %). These
contents are in line with other similar studies of iron slags in Croatia and Central Europe
(Brenko et al., 2022 and references therein).

3.3. Provenance studies of roasted iron ore and iron slags

Contrary to the provenance studies of archaeological artefacts made from marble (Moens et
al., 1992), clay or obsidian (Pollard and Heron, 1996), tracking roasted and smelted metals
back to their raw materials, i.e. iron ore, by directly comparing geochemical contents of
major, trace or rare earth elements is generally considered to be extremely difficult, and in
some cases, impossible. Major obstacle to successfully tracing selected elements from raw
material to roasted and smelted material lies in carefully selecting and predicting thermal
behaviour of observed elements. In this study, provenance analysis was conducted in two
steps, firstly by establishing geochemical and genetic link between raw bog iron ore and
roasted iron ore, and then establishing the connection towards iron slags.

Several groups of secondary minerals, such as Fe- and Mn-oxides/oxyhydroxides, clay
minerals, resistant and relict rock-forming minerals can incorporate trace and REEs. To
determine which mineral phase controls the distribution of trace and REEs, a correlation
analysis between major oxides and selected trace and REEs inside bog iron ore and roasted
iron ore was conducted. Geochemical correlation and connection of major oxides with
selected trace and rare earth elements for all three bog iron types was analysed using
hierarchical clustering analysis (HCA). This statistical classification of samples and

geochemical variables is based on visual observation of constructed dendrograms (Brenko et
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al., 2021a). For all three bog iron types, a clear differentiation into two geochemically
different clusters was observed. One cluster consists of Fe and selected redox-sensitive
elements (Mn, As and P), while other cluster consists of remaining major oxides, trace and
rare earth elements. The constructed dendrograms have twofold meaning. Firstly, this
distribution confirms that Fe and other redox-sensitive elements were transported into soil-
bog ore system, as stated in the bog iron ore formation theory (Banning et al., 2013;
Ramanaidou and Wells, 2014, Thelemann et al., 2017). Secondly, based on the data
clustering, it can be observed that trace and rare earth element contents in bog iron ore were
inherited from soil and clay minerals found in soil. Therefore, trace and rare earth elements
could be used to create a geographical and geochemical signature of proposed ore material
that could be used towards determining provenance of archaeological samples of roasted iron
ore and iron slags.

Experimental reconstruction of roasting processes in the study area (Karavidovié,
2020) points to average temperatures in the 500-650 °C interval, with the maximum
temperature of 1038 °C. Therefore, to determine mobility of selected trace and rare earth
elements with regards to roasting temperatures, experimental roasting of three bog iron ore
types was conducted. Experimentally roasted samples were also mineralogically and
geochemically analysed and plotted on appropriate diagrams. The normalized trace and REE
patterns between different bog iron ore types, experimentally roasted samples and samples of
archaeological roasted iron ore are generally identical in their shape, implying a similar
genetic origin. Similar positions and heights of several characteristic peaks, such as the
positive P and Sm anomalies and the negative Rb and Ti anomalies, points to their mutual
link, i.e., that the archaeological samples of roasted iron ore were formed due to the roasting
of bog iron ore from the study area. Smaller differentiation in trace and REE patterns is
noticeable for bog iron fragments from Novigrad Podravski-Milakov Berek location. They
exhibit positive Eu anomaly, as opposed to negative Eu anomaly visible on patterns of bog
iron soils, nodules and other fragments, and they also have significantly higher positive Ba
anomaly. Positive Eu anomaly is in correlation with calcite mineral in the samples as some
studies suggest that Eu?* and Eu®* can be incorporated into calcite structure (Lakshtanov and
Stipp, 2004; Hellebrandt et al., 2017). On the other hand, according to SEM-EDS analysis,
Ba contents are proportionally related to Mn contents in the bog iron ore. As determined
previously, bog iron ore at Novigrad Podravski site were under different Eh/pH conditions

than other sites, which resulted in higher Mn, and consequently higher Ba contents. This
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implies that bog iron ore fragments discovered at Novigrad Podravski site were most likely
not used for roasting and iron production in the study area.

Similar provenance methodology was proposed for iron slag provenance. However, as
iron slags are formed at significantly much higher temperatures (1200 °C compared to 600
°C), under variable conditions inside the furnace and as a result of a different smelting and
smiting processes, some degree of mobility and geochemical differentiation is to be expected,
especially when considering incompatible elements that can be mobilised under high
temperatures (Rollins, 1993). Therefore, pairs of selected incompatible trace elements were
plotted on biplot diagrams (Brenko et al., 2021b) (Figure 3-4). Visual observation of
element pairs points to differentiation according to slag types, with furnace bottom slags and
tap slags having higher contents of selected trace and REEs than bloom refining slags. This
geochemical differentiation is well in line with expected behaviour of incompatible elements
during smelting and smiting processes. Incompatible elements are one of the first groups of
elements that will be incorporated into the liquid phase. During smelting, tap slag has the
lowest viscosity, and will more readily incorporate incompatible elements, while furnace
bottom slag, as a moderately viscous phase, will incorporate moderate contents of
incompatible elements. Bloom refining slag is formed during primary and secondary smiting
process while refining iron bloom. Iron bloom incorporates compatible elements, such as
siderophile elements Cr, V and Ni, thus reducing available positions for incompatible
elements (Navasaitis et al., 2010; Brenko et al., 2021b).

Based on this geochemical differentiation, only tap slags and furnace bottom slags
were further considered in the provenance study. In the ideal case, slags would be compared
to ore samples from the same location, age and context. This is rarely possible as the primary
raw materials are often not found during archaeological excavations. However, in the case of
Hlebine-Velike Hlebine, geochemical signature of slag samples could be compared to
signatures of two roasted ore samples from the same context (H-VH 1 and H-VH 2) and four
concurrent roasted ore samples from nearby Hlebine-Dedanovice site. Slag samples from
Virje-Susine site were compared to the bog iron ore found during archaeological survey and
to bog iron ores from Novigrad Podravski-Milakov Berek. Virje-Susine slags were also
compared to roasted iron ore samples found in features within a settlement context dated to
8/9™ centuries, that is spatially connected to the concurrent iron production workshop from

which the analysed slag originates.
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Figure 3-4. Trace and REE pairs diagrams for iron slags in the Podravina region (modified according
to Brenko et al., 2021b)

When comparing geochemical signatures from all three archaeological sites, similar
peaks and shapes can be recognized. One such characteristic peak is the high positive
phosphorus peak recognizable in both ores and slags. Phosphorus is often associated with bog
iron ore, where it can be present in significant quantities (Stoops, 1983; Landuydt, 1990;
Torok & Thiele, 2013; Thelemann et al., 2017). This is a strong indication of bog iron ore

usage for iron production in the study area. On the other hand, some variability is noticeable,
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especially with regards to Cs, Rb, K and Ba. These elements are often found in variable
contents in soils and in clay minerals (Maes et al., 1999; Gingele & De Decker, 2007;
Zaunbrecher et al., 2015; Fuller et al., 2015), with similar behaviour detected in the soils of
the Podravina region (Brenko et al., 2020). Therefore, some variability in geochemical
signature is possible, and expected, especially when the soils in which the ore is forming are
under the influence of groundwater fluctuation with constant redox changes. SEM-EDS
confirmed that barium is associated with Mn phase, whose contents are variable under
different Eh/pH conditions, therefore, variability in Ba contents is also expected. However,
REE part of the plotted diagrams is equivalent between ores and slags, indicating genetic
connection between the two sample types.

Therefore, it can be safely proposed that bog iron ore was the primary raw ore material
used for iron production in the Podravina region during Late Antique and Early Middle Age

periods.
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4. CONCLUSION

In the Podravina region, previous archaeological surveys and excavations led to discoveries of
various types of iron slags, roasted iron ore and furnace materials, indicating that iron was
locally produced in the area. Based on the archaeological context, iron was produced via
direct process, i.e. bloomery smelting during Late Antiquity and Early Middle Ages.
Although previous geological surveys did not recognize occurrences of iron ore in the region,
geological, hydrogeological and pedological characteristics in the region pointed to possible
bog iron ore occurrences. Therefore, over 50 soil profiles were drilled and five Gleysols and
one Fluvisol located on second Drava River terrace were chosen and analysed due to visual Fe
accumulations through the profiles. All profiles are characterized with greyish bottom parts,
indicating gley horizon, and light to dark brown upper parts with signs of Fe accumulation as
precipitations on soil particles in the form of soft masses or pore linings. Mineral analysis
revealed presence of goethite alongside typical soil minerals, such as quartz, feldspars, clay
minerals and micas. Geochemical analysis confirmed elevated Fe;Os contents in each
analysed soil profile, with the middle part of Kalinovac-Hrastova Greda profile reaching
31.52 mass. % Fe,Os. Therefore, it is believed that Kalinovac profile represent currently
forming bog iron ore deposit, where groundwater fluctuation between 10 and 100 cm enables
Fe precipitation due to the reaction of Fe?* with available oxygen.

Established formation mechanism is well in line with the bog iron ore types
discovered in the study area. Bog iron soils, nodules and fragments correspond to the three
bog iron ore formation phases, with bog iron soils being the first, and bog iron fragments
being the final phase. All three types are characterized with goethite and quartz as the main
minerals. Goethite quantities increase from the soil phase to the fragment phase, while vice-
versa is detected for quartz. Geochemical composition revealed Fe,Os and SiO> as the two
main oxides, with varying iron-silicon ratios, increasing from the soils to the fragment
samples, indicating different phases of the cementation process during formation. SEM-EDS
analysis pointed out the presence of Fe and Mn laminas, confirming seasonal precipitation
and cementation due to variable groundwater table formation mechanism. Analyses on the
bog iron fragments from the Novigrad Podravski-Milakov Berek revealed presence of
pyrolusite, an Mn-oxyhydroxide, and high MnO contents which implies that this site
underwent a different bog iron ore formation due to the locally different Eh/pH conditions

that led to variable Fe and Mn enrichments.

67



Mineral analysis of roasted iron ore from four archaeological sites confirmed
abundance of several Fe minerals, with hematite being the most common, forming directly
from goethite due to exposure to temperatures above 300 and below 1000 °C, with average
temperature in the 500-650 °C interval. Geochemical analysis revealed variable contents of
Fe>O3 and other major oxides at different sites, pointing to spatial and temporal variability in
the used raw material. Roasted iron ore from Virje-Susine site, which is several hundred
meters away from the Novigrad Podravski site, points to local exploitation of available ore, as
both bog iron ore from Novigrad Podravski and Virje-Susine have increased Mn contents.

Two slag types from three archaeological sites were analysed: tap slag and furnace
bottom slag, distinguished by their morphology, with tap slag having recognizable flow
texture on their upper surface, and furnace bottom slag usually being concave in shape. Both
slag types contain fayalite as the main mineral, formed in the thermal reaction between Fe-
oxide/oxyhydroxide and silica from the iron ore. Occurrences of wiistite, hematite and
magnetite point to some variability and redox changes during the smelting process. Contents
of Fe.Oz and SiO2 show similar contents between the sites, while elevated Al,O3 contents at
Virje-Volarski Breg site indicates higher clay contents in the ore used at this site. However, as
the compared ore and slag samples are dated to different periods, this Al differentiation could
be connected to similar micro-enviromental conditions, presumably in the surroundings of the
Virje-Volarski breg site, implying temporal variability in the used ore.

Provenance study was performed in two steps, firstly between bog iron ore and roasted
iron ore, and then establishing iron slags provenance towards both bog iron and roasted iron
ore. Hierarchical analysis of bog iron ore indicates that Fe, Mn and other redox sensitive
elements were transported into the soil system by groundwater, and therefore have no control
on the majority of the primary trace and REEs geochemical signatures. Normalization of trace
and REEs contents in bog iron ore and roasted iron ore and their subsequent plotting on
appropriate diagrams indicates similar geochemical signatures with characteristic shapes, such
as positive P and Sm peaks, and negative Rb and Ti peaks. Based on plotting of pairs of
selected trace elements, similar methodology was undertaken for iron slags provenance.
Selected 26 trace and REEs were used to construct geochemical signatures of slags from three
archaeological sites. Similar peaks, such as high positive P peak, were recognized, implying
bog iron ore usage, while similar shape of the REE part of the plotted diagrams confirmed
geochemical and genetic connection to the study area. Therefore, it was confirmed that bog
iron ore was used as the primary raw ore material for iron production during Late Antique and

Early Middle Ages in the Podravina region.
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