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Temeljna sirovina za proizvodnju Zeljeza tijekom kasne antike i ranoga srednjeg vijeka na prostoru
Podravine bila je moc¢varna Zeljezna ruda. Analiza rudnih leziSta i svojstava ruda moze doprinjeti
razumijevanju prirodnih mehanizama koji uvjetuju nacin eksploatacije i uporabu ruda u proslosti.
Medutim, ubikacija leziSta je izazovha zbog mogucénosti degradacije, potpunoga iskoriStavanja te
inhibicije obnove ili razvoja lezZista, prvenstveno uzrokovanih ljudskom aktivhosc¢u i utjecajem na
okolis. U suvremenome krajoliku Podravine najvisi potencijal za razvoj lezista i jedino, djelomic¢no
razoreno leziSte, ustanovljeno je na poloZaju Kalinovac — Hrastova greda 1 — 3. Na osnovi njegove
analize izveden je model mehanizma formiranja, fizionomije i poloZaja leziSta u Podravini te je pove-
dena rasprava o metodama eksploatacije kao i potencijanim prostorima pojave leZiSta u odnosu na
polozaje arheoloskih lokaliteta s tragovima proizvodnje Zeljeza. U svrhu analize tehnoloske iskori-
stivosti ruda sli¢nih svojstava iz arheolo$skoga konteksta, provedeno je eksperimentalno taljenje ka-
linovacke rude. Na osnovi rezultata objasnjavaju se ¢imbenici koji su mogli onemoguditi proizvodnju
spuzvastoga Zeljeza. Potonje istrazivanje ukazuje i na tehnolosku prilagodbu u proslosti, preradu
ruda uvjetovanu prirodnim preduvjetima, prvenstveno promjenjivim svojstvima mocvarnih Zeljeznih
ruda i karakterom leziSta. Pri analizi se koriste podaci dobiveni povrsinskim terenskim pregledom,
deoarheolo$kim sondiranjem, geoprostornim analizama, eksperimentalnim testiranjem i minera-
loskim (XRD) te kemijskim analizama (ICP — AES) uzoraka razvojnih faza rude i zgure dobivene kroz
postupak eksperimentalnoga taljenja.

Kljuéne rijedi: moévarna Zeljezna ruda, proizvodnja Zeljeza, kasna antika, rani srednji vijek, geoar-
heologija, eksperimentalna arheologija, geoprostorne analize

The fundamental raw material used for iron production in the Podravina region during Late Antiquity and
the Early Middle Ages was the bog iron ore. Analysis of ore properties and deposits can contribute to
the understanding of natural mechanisms that conditioned the exploitation and use of ores in the past.
However, locating the deposits is challenging, due to the possibility of full exploitation, degradation and
inhibited regeneration or development caused primarily by human activities and impact on the environ-
ment. In the modern landscape of Podravina, the Kalinovac — Hrastova Greda 1 - 3 position had the high-
est potential for ore development and the only, partially destroyed ore deposit. Based on its analysis, a
model of the formation mechanism, physiognomy and deposit positioning in Podravina is proposed and
methods of exploitation and the potential area of the deposit occurrence in relation to the positions of
archaeological sites with iron production remains are discussed. To analyse the technological usabil-
ity of ore samples with similar properties from the archaeological context, experimental testing of the
smelting process was performed with the Kalinovac ore. Based on the results, the factors that could
inhibit the production of iron blooms are explained. The latter research also implies a past technological
adaptation, ore dressing conditioned by natural preconditions, primarily the variable properties of bog
iron ores and the nature of the deposits. Data from surface field survey, geoarchaeological probing,
geospatial analysis, experimental testing and mineralogical (XRD) and chemical analysis (ICP — AES) of
samples of ore development stages and slag obtained through experimental smelting are used in the
analysis.

Key words: bog iron ore, iron production, Late Antiquity, Early Middle Ages, geoarchaeology, experi-
mental archaeology, geospatial analysis
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Povrsinski arheoloski terenski pregledi Sirega
prostora Podravine ukazali su da je na 167 polo-
Zaja prisutna zgura nastala pri postupku taljenja
zeljezne rude i/ili kovackim postupcima (Kudeli¢
et al. 2017; Valent et al. 2021) (karta 1). Arheo-
loSka iskopavanja provedena su na polozajima
na kojima je slijedom neinvazivnih arheoloskih
metoda istraZivanja (terenski pregled i geofizika)
pretpostavljen obim i karakter lokaliteta povezan
uz aktivnosti proizvodnje Zeljeza. Iskopavanja su
provedena u nekoliko kampanja na polozajima
nedaleko sela Hlebine (Velike Hlebine i Dedano-
vice), Virje (SuSine i Volarski breg) te Kalinovac
(Hrastova greda 1). Arheoloski zapis na poloza-
jima nedaleko Virja i Hlebina ukazao je na posto-
janje organiziranih cjelina, radionica u kojima se
spuzvasto Zeljezo aktivno proizvodilo tijekom ka-
sne antike i ranoga srednjeg vijeka (Sekelj lvan-
¢an, Karavidovi¢ 2021; Boti¢ 2021). Makroskop-
ska analiza (Karavidovi¢ 2021a) nalaza vezanih uz
proizvodnju Zeljeza s lokaliteta Kalinovac — Hra-
stova greda 1 pokazala je da se zgura mozZe pripi-
sati postupku taljenja Zeljezne rude i proizvodnje
spuzvastoga Zeljeza, ali i primarnome kovanju,
postupku procisc¢avanja spuzvastoga Zeljeza.

Proizvodnja Zeljeza uvelike se oslanja na mo-
gucnost eksploatacije ili nabave prirodnih resur-
sa, u prvome redu rude i drveta, odnosno drve-
noga uglijena. Unutar arheoloSkoga konteksta
istraZzenih radionica, ali i istovremenih naseo-
binskih struktura pronadeni su uzorci moc¢varnih
zeljeznih ruda (Karavidovi¢ 2020; Brenko et al.
2021) koji svijedoce o karakteru temeljne sirovine
iskoriStavane tijekom kasne antike i ranoga sred-
njeg vijeka u svrhu proizvodnje Zeljeza. Medutim,
tek recentna istrazivanja ukazala su na prisut-
nost i moguénost formiranja mocvarne Zelje-
zne rude na prostoru Podravine (Sekelj lvancan,
Markovi¢ 2017; Brenko et al. 2020) (karta 1) te
na genetsku, geokemijsku vezu izmedu uzora-
ka prirodne i termic¢ki obradene rude iz arheo-
loSkoga i geoloSkoga konteksta (Brenko et al.
2021). Potonja istrazivanja podrazumijevala su
geoarheoloske povrsSinske terenske preglede
i uzorkovanje profila tla te detaljne mineralos-
ke i geokemijske analize uzoraka ruda iz geo-
loSkoga i arheoloSkoga konteksta. Ekstenzivni
arheoloski terenski pregledi i geoloska pros-
pekcija rezultirali su pronalaskom povrsinskih i
subpovrsinskih tragova mogucih (neo)formacija
mocvarnih Zeljeznih ruda, medutim, na cjelo-
kupnome istrazenom podrucju Podravine samo
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INTRODUCTION

Archaeological surface field surveys of the wider
Podravina area indicated 167 positions with occur-
rences of slag that formed during the iron ore smelt-
ing or smithing processes (Kudeli¢ et al. 2017; Va-
lent et al. 2021) (Map 1). Archaeological excavations
were carried out on positions where the extent and
the character of the sites related to iron production
activities were assumed based on non-invasive ar-
chaeological research (field survey and geophysics).
Excavations were carried out in several campaigns at
positions near the villages of Hlebine (Velike Hlebine
and Dedanovice), Virje (SuSine and Volarski breg)
and Kalinovac (Hrastova greda 1). Archaeological
record at sites near Virje and Hlebine pointed to or-
ganized units, workshops where iron was produced
actively during Late Antiquity and the Early Middle
Ages (Sekelj lvancan, Karavidovi¢ 2021; Boti¢ 2021).
Macroscopic analysis (Karavidovi¢ 2021a) of finds
related to iron production from the Kalinovac — Hras-
tova greda 1 site showed that the slag can be attrib-
uted to the smelting of iron ore and the production of
iron blooms but also primary smithing, the process of
purifying iron blooms.

Iron production strongly relies on the possibility
of exploitation or procurement of natural resources,
primarily ore and wood (charcoal). Within the ar-
chaeological context of the analysed workshops and
concurrent settlement structures, samples of bog
iron ore (Karavidovi¢ 2020; Brenko et al. 2021) were
found, which pointed to the character of the principal
resource used for iron production during Late Antig-
uity and the Early Middle Ages. However, only recent
research has indicated the presence and possibil-
ity of the formation of bog iron ore in the Podravina
region (Sekelj lvanéan, Markovi¢ 2017; Brenko et al.
2020) (Map 1) and the genetic, geochemical link be-
tween natural and thermally treated ore samples
from the archaeological and geological context
(Brenko et al. 2021). The latter research included
geoarchaeological surface field surveys and soil
sampling and detailed mineralogical and geo-
chemical analyses of ore samples from both geo-
logical and archaeological contexts. Extensive ar-
chaeological and geological field surveys resulted
in the discovery of surface and subsurface traces
of possible (neo)formations of bog iron ore. How-
ever, in the entire Podravina study area only at
the Kalinovac — Hrastova greda 1-3 site all three
development phases of bog iron ore and deposit
in the initial environment/position were identified.
Bog iron ore formation mechanism consists of
three development phases or formation forms: a)
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Karta 1 — Nizinski prostor Podravine s ozna¢enim polozajima povrsinskih nalaza tragova proizvodnje Zeljeza i
mocvarne Zeljezne rude, busSotina profila tla te istrazenih radionica za proizvodnju Zeljeza (podloga: DMR 2020; izra-

dila: T. Karavidovi¢, 2021.)

Map 1 — Lowland area of Podravina with marked positions of surface finds of traces of iron production and bog iron ore, soil
profile drillings and excavated workshops for iron production (base map data: DEM 2020; made by: T. Karavidovi¢, 2021)

su na poloZaju Kalinovac — Hrastova greda1- 3
identificirane sve razvojne faze mocvarne Ze-
ljezne rude i depozit u primarnome okruzenju/
polozaju. Mehanizam formiranja mocévarnih Ze-
lieznih ruda podrazumijeva tri osnovne faze ili
razvojne forme rude: a) po¢etnu — meku formu u
obliku tla obogacéenoga Zeljezom; b) razvojnu —
kugli¢aste tvorevine Zeljezovitih oksihidroksida
(konkrecije ili grumenje); c) razvijenu — Cvrsti,
u potpunosti formirani sloj rude (Thelemann et
al. 2017; Kaczorek, Sommer 2003). Modvarne
Zeljezne rude su obnovljivoga karaktera, ali pro-
ces formacije izrazito je osjetljiv te ovisi o po-
godnosti i stabilnosti prirodnih preduvjeta. Pro-
mjene okolis$a uvjetovane ljudskim aktivhostima
i klimatske promjene u odnosu na arheoloSka
razdoblja mogu utjecati na moguénost formira-
nja mocvarne rude (Kaczorek, Sommer 2003:
400-401; Sitschick et al. 2005; Puttkammer
2012), ali i prepoznavanje te rekonstrukciju le-
ziSta koja su bila eksploatirana u proslosti. Ubi-
kacija potencijalnih prostora razvoja lezista te
analiza znacajki lezista (mehanizam formiranja,
fizionomija, obim, sastav rude) uvelike moze
doprinjeti istrazZivanju strategije eksploataci-
je i uporabe rude u proslosti. S obzirom da su
na polozZaju Kalinovac — Hrastova greda identi-

the initial phase — the soft form that represents
Fe-enriched soil; b) the intermediate/transitional
phase — nodular forms of Fe-oxyhydroxides (nod-
ules or nuggets); c) developed phase - solid,
fully formed layer of ore (Theleman et al. 2017;
Kaczorek, Sommer 2003). Bog iron ores could re-
generate, but the formation process is pronounc-
edly dependent on the conditions and stability of
natural prerequisites needed for ore formation.
Changes in the environment, driven by human
activity and climate changes in relation to ar-
chaeological periods, can affect the possibility of
bog iron ore formation (Kaczorek, Sommer 2003:
400-401; Sitschick et al. 2005; Puttkammer
2012), but also the recognition and reconstruc-
tion of deposits that have been exploited in the
past. Ubication of potential areas of deposit for-
mation and the analysis of the deposit character
(formation mechanism, shape, size, ore composi-
tion) can significantly contribute to the research
of exploitation strategies and the use of ore in the
past. Since all development phases were identi-
fied on Kalinovac — Hrastova greda position, with
it being the only currently known bog ore deposit
in the Podravina, this paper aims to establish a
development model for bog iron ores (in the mod-
ern landscape) of the Podravina region through a
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ficirane sve razvojne faze i istrazeno jedino do
sada poznato leZiSte u Podravini, cilj ovoga rada
je kroz studiju slué¢aja uspostaviti model razvo-
ja mocévarnih Zeljeznih ruda (u suvremenome
krajoliku) Podravine te definirati znacajke lezi-
$ta u vezi s reljefnim, hidroloSkim, pedolosSkim
i geoloskim preduvjetima razvoja kako bi se ra-
zumjeli prirodni, neizbjeZni mehanizmi koji su
mogli uvjetovati eksploataciju i uporabu ruda u
proslosti. Analizom karakteristika i tehnoloske
iskoristivosti rude iz lezi$ta Kalinovac — Hrasto-
va greda cilj je razumjeti obrazac pojave ruda
slicnoga sastava u arheoloSkome kontekstu te
definirati mogucénosti i nacin njihove uporabe u
svrhu proizvodnje Zeljeza tijekom kasne antike i
ranoga srednjeg vijeka. Ciljevi se ostvaruju kroz:
1. analizu razvojnih faza, mehanizma formiranjai
karakteristika mocvarne Zeljezne rude s poloza-
ja Kalinovac — Hrastova greda na osnovi makro-
skopske, mineraloSke (XRD) i kemijske analize
(ICP-AES); 2. analizu fizionomije leziSta i pro-
stora potencijalne formacije rude u odnosu na
reljefne, hidroloSke, geolosSke i pedolosSke zna-
Cajke; 3. analizu pogodnosti rude za proizvodnju
spuzvastoga Zeljeza, eksperimentalnim testira-
njem postupka taljenja primjenom tehnoloskoga
rijeSenja prisutnoga u arheoloskim razdobljima
te makroskopske, mineraloske i kemijske anali-
ze uzoraka zgure proizasle iz postupka; 4. us-
poredbu s referentnim arheoloskim podacima o
polozajima istrazenih lokaliteta s metalurskim
znacajkama te arheoloskim nalazima mocévarnih
zeljeznih ruda sliénoga sastava iz razdoblja ka-
sne antike i ranoga srednjeg vijeka.

METODOLOGIJA

Terenska istrazivanja

Terenski pregledi polozaja Kalinovac — Hra-
stova greda (karta 2) izvedeni su kroz vise kam-
panja, s ciljem utvrdivanja poloZaja potencijal-
nih arheoloskih lokaliteta i geoloskih tvorevina
koje bi se mogle dovesti u vezu s mo¢varnom
zeljeznom rudom, temeljnom sirovinom za pro-
izvodnju Zeljeza na Sirem prostoru Podravine
tijekom spomenutih arheoloskih razdoblja. Po-
loZaj je poljoprivredno zemljiSte te se sustav-
no obraduje.” PovrSinski nalazi ukazali su na
prisutnost lokaliteta na kojemu su se odvijale

1 Visegodi$nja obrada zemlji$ta i sadnja poljoprivrednih kultura vidljiva je
iz satelitskih snimki od 2011. do 2021. godine pregledanih preko Google

Earth platforme.
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case study and to define the characteristics of the
deposit concerning relief features, hydrological,
pedological and geological prerequisites of de-
velopment in order to understand the natural, in-
evitable mechanisms that could have conditioned
the exploitation and the usage of ore in the past.
By analysing the characteristics and technologi-
cal usability of ore from the Kalinovac — Hrastova
greda deposit, the aim is to understand the pat-
tern of occurrence of ore samples with similar
composition in archaeological contexts and to
define the possibilities and manner of their use
for iron production during Late Antiquity and the
Early Middle Ages. The objectives are achieved
through (1) analysis of development phases, for-
mation mechanisms and characteristics of bog
iron ore from the Kalinovac — Hrastova greda po-
sition based on macroscopic, mineralogical (XRD)
and chemical (ICP-AES) analysis; (2) analysis of
the physiognomy of deposits and area of poten-
tial ore formation in relation to relief, hydrologi-
cal, geological and pedological characteristics;
(3) analysis of ore usability for the production of
bloomery iron by conducting experimental test-
ing of the smelting process using a technologi-
cal solution present in archaeological periods and
macroscopic, mineralogical and chemical analysis
of slag samples resulting from the smelting pro-
cess; (4) comparison with reference archaeologi-
cal data on the positions of investigated sites with
proven metallurgical activity and archaeological
finds of bog iron ore of similar composition, both
dated to Late Antiquity and Early Middle Ages.

METHODOLOGY

Field research

Field surveys of the Kalinovac — Hrastova greda
1 — 3 position (Map 2) were carried out in sev-
eral campaigns to determine the location of po-
tential archaeological sites and geological occur-
rences that could be linked to bog iron ore, the
fundamental raw material used for iron produc-
tion in the broad area of Podravina during the
aforementioned archaeological periods. The po-
sition is located on agricultural land, that is con-
tinuously cultivated.” Surface finds indicated the
presence of a site where iron production activities
took place (Valent et al. 2017: 17-18; 2021: Fig. 2;
Karavidovi¢ 2021a). The area of the most inten-

1 Perennial tillage and planting of crops are visible from satellite images from

2011 to 2021 viewed via the Google Earth platform.
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aktivnosti u vezi s proizvodnjom Zeljeza (Va-
lent et al. 2017: 17-18; 2021: Fig. 2; Karavidovi¢
2021a). Podrudje najintenzivnije koncentraci-
je povrsinskih nalaza snimljeno je geofizi¢kim
metodama (Musi¢ et al. 2019) koje su dodatno
potvrdile metalurski karakter lokaliteta i opseg
podpovrsinskoga arheolo$kog zapisa. Prostor
na kojemu su pretpostavljeni tragovi metalur-
Skih aktivnosti djelomi¢no je arheoloSki istra-
Zen u kampanji provednoj 2019. godine (Sekelj
lvan¢an 2020). Izvan prostora pojave povrsin-
skih koncentracija zgure i pretpostavljenoga
opsega podpovrsinskoga arheoloskog zapisa,
tijekom povrsinskih terenskih pregleda otkrive-
ne su geoloske tvorevine koje ukazuju na visoku
zasic¢enost tla Zeljezom i mogucénost (neo)for-
macija mocvarne Zeljezne rude. Potonje podra-
zumijevaju koncentracije izrazitije crvenkasto-
dga tla, konkrecije i fragmente pretpostavljene
mocvarne Zeljezne rude te Zeljezovite pedotvo-
revine. Na podrucju visoke koncentracije vecih

sive concentration of surface finds was analysed
using geophysical methods (Musi¢ et al. 2019)
that further confirmed the metallurgical charac-
ter of the site and the scope of the subsurface
archaeological record. The area where traces of
metallurgical activities were assumed was par-
tially archaeologically excavated in a campaign
during 2019 (Sekelj lvanc¢an 2020). Beyond the
surface slag finds area and the assumed circum-
ference of the subsurface archaeological record,
geological formations indicating high saturation
with iron in the soil and the possibility of bog iron
ore neoformation, were identified during multiple
surface field surveys. The latter implies concen-
trations of a more pronounced reddish soil, nod-
ules and fragments of bog iron ore and sandy
pedological features with Fe content. Within the
area with a high surface concentration of larger
ore fragments, a test trench was set to define the
potential deposit, which was investigated. The
soil profile was drilled using an auger near the

Legenda
IstraZeno podrudje / Research area

[ Geofizika / Geophysics

3 Povriinski terenski pregled / Surface survey

[ Arheolodko iskopavanje / Archaeological excavation
] Sonda - leZifte / Trench - ore lens

Profil tla / Soil profile

Karta 2 — Prostor obuhvata terenskih istrazivanja na polozaju Kalinovac — Hrastova greda (podloga: Digitalni ortofoto

(DOF) 2018; izradila: T. Karavidovi¢, 2021.)

Map 2 — Research area at Kalinovac — Hrastova greda position (background: Digital Orthophoto (DOF) 2018; made by: T.

Karavidovi¢, 2021)
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fragmenata rude napravljena je probna sonda
kako bi se definiralo potencijalno leziste koje
je potom istrazeno. Profil tla izbuSen je auge-
rom nedaleko polozaja na kojima su bile vidlji-
ve povrsinske pojave izoranoga tla crvenkaste
boje. Uzorci profila tla, konkrecija i fragmenata
prikupljenoga iz leziSta te Zeljezovitih pedotvo-
revina (pjeskovite konkrecije) analizirani su sa
svrhom utvrdivanja moguénosti (neo)formacija
te karakteristika postojece mocCvarne Zeljezne
rude.

Daljinska istrazivanja: geoprostorne

analize

Pozicije indikativnih geoloskih tvorevina te
poloZaj arheoloSkoga lokaliteta zabiljeZzeni su
tijekom terenskih istrazivanja. U svrhu analize
prostorne distribucije geoloskih tvorevina i ar-
heoloskih nalaza u odnosu na reljefne znacajke
poloZaja Kalinovac — Hrastova greda izraden
je digitalni model reljefa. Podaci za generira-
nje digitalnoga modela reljefa prikupljeni su iz
zracnih snimki putem programa Google Earth
Pro. Za izradu modela koriSten je softver Qu-
antum GIS (QGIS 2.18), a primjenjena je Kriging
metoda (Simple kriging) interpolacije to¢aka.
Na osnovi digitalnoga modela reljefa izvedene
su dodatne analize hidroloskih i geomorfolos-
kih znacajki prostora proucavanja kako bi se
jasnije razumjele okolnosti formacije moc¢varne
rude, poloZaja i fizionomija leziSta. Potonje po-
drazumijevaju izracun i vizualizaciju topograf-
skoga indeksa vlaZznosti (TWI — Topographic
wetness index) te izdvajanje zatvorenih de-
presija u krajoliku (Closed Depression) pre-
ma Wang i Liu (2006) te modulu Basic Terrain
Analysis. Ove analize provedene su u softveru
System for Automated Geoscientific Analyses
(SAGA GIS 2.3.2), a vizualizacija je upotpunje-
na koristenjem QGIS 2.18. U svrhu izraZzavanja
potencijala pojave leziSta unutar istraZzenoga
prostora, povrsinski vidljive pojave faza razvoja
mocvarne Zeljezne rude su kategorizirane pre-
ma odmaklosti razvoja (crveno tlo — konkreci-
je — fragmenti) te je izradena vizualizacija pro-
storne zastupljenosti.

Eksperimentalno testiranje

U svrhu analize tehnoloske iskoristivosti rude
prikupljene iz leziSta i usporedbe s arheoloskim
nalazima rude slicnih svojstava, izvedeno
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position where the surface occurrences of red-
dish soil were present. Following this, soil profile
samples, nodules, fragments collected from the
deposit and pedological features (sandy concre-
tions) with suspected iron content were analysed
to determine the possibility of (neo)formations
and characteristics of existing bog iron ore.

Remote sensing: geospatial analyses

During field research, positions of indicative
geological formations and the location of the ar-
chaeological site were recorded. To analyse the
spatial distribution of geological formations and
archaeological finds, in relation to the relief featu-
res of the Kalinovac — Hrastova greda area, a digi-
tal elevation model was created. Data for compu-
ting the model were collected from aerial images
through Google Earth Pro. Quantum GIS softwa-
re (QGIS 2.18) was used to create the model by
applying the Kriging method (Simple kriging) of
point interpolation. Based on the digital elevation
model, additional analyses of the hydrological and
geomorphological features in the study area we-
re performed in order to understand more clearly
the circumstances of the bog ore development,
position and physical characteristics of the depo-
sit. The latter included the calculation and visu-
alization of the topographic wetness index (TWI)
and determination of closed depressions in the
landscape according to Wang and Liu (2006)
and the Basic Terrain Analysis module. These
analyses were carried out in the System for Au-
tomated Geoscientific Analyses (SAGA GIS 2.3.2)
and the visualization was completed using QGIS
2.18. In order to express the potential for deposit
formation within the explored area, stages of de-
velopment of bog iron ore visible on the surface
were categorized according to the development
progress (red soil — nodules — fragments) and a
visualization of spatial representation has been
made.

Experimental testing

In order to analyse the technological usability
of ore collected from the deposit and to com-
pare it with archaeological finds of ore with simi-
lar characteristics, experimental testing of the
smelting process was carried out, using the direct
reduction, a method used during archaeological
periods (Pleiner 2000: 131-137). The reconstruc-
tions of smelting furnaces are based on the ar-
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je eksperimentalno testiranje talioni¢koga
postupka metodom direktne redukcije kakva je
koriStena tijekom arheoloskih razdoblja (Pleiner
2000: 131-137). Osnovu za rekonstrukciju
talionic¢kih peci Cini arheoloski zapis kao i
nalazi s lokaliteta u okolici danasnjeg sela Virje
(Virje — Volarski breg i Susine) i Hlebine (Velike
Hlebine) na kojima su definirane radionice za
proizvodnju spuzvastoga Zeljeza u sklopu kojih
su pronadeni i tragovi talionickih peci (Sekelj
Ivanc¢an, Karavidovi¢ 2021). U eksperimentu
su koristene rekonstrukcije dviju samostojecih
pedéi, s plicim (10 cm) i dubljim ognjiStem (20
cm), a postupak taljenja izveden je jednom u
svakoj pedi (sl. 1). Tijekom postupka primjenjeni
su operativhi parametri (tab.1)? utemeljeni
na prethodno izvedenim eksperimentalnim
testiranjima u kojima je postupak taljenja
uspjesno izveden koristeéi isti tip rude,
mocvarnu zZeljeznu rudu (Karavidovié¢ 2020). U
oba eksperimentalna testiranja taljena je ruda
prikupljena iz istraZzenoga leziSta, termicki

chaeological record and finds from the sites near
the present-day villages of Virje (Virje — Volarski
breg and Susine) and Hlebine (Velike Hlebine),
where workshops for the production of bloom
iron were defined and where traces of smelting
furnaces were found (Sekelj Ivandan, Karavidovi¢
2021). Reconstructions of two freestanding fur-
naces were used in the experiment, with shal-
lower (10 cm) and deeper (20 cm) hearths (Fig.
1). The smelting process was conducted once in
each furnace. Operational parameters (Tab. 1)?
applied during the process were based on previ-
ously performed experimental tests in which the
smelting process was successfully carried out us-
ing the same type of ore, bog iron ore (Karavidovic¢
2020). In both experiments, the ore smelted was
collected from the investigated deposit, thermally
processed (roasted) on an open fire and crushed
into smaller fragments (Tab. 1). During the pro-
cedure, the temperatures were recorded on the
outer furnace wall (position 1-4) and the furnace
interior through the tuyeres (position 5), in the

A C B Dizajn peéi - dimenzije / Peé / Furnace
A 1 = Furnace design - dimensions (em / %) 1 3
1+2 69,3 62
A 3 8-10 20
Nadremna konstrukeija i opnjiste / 2 25x 16 no arch
Fumace construction and hearth 1 16,5 17
B 2 24,5 20
3 35 25
1 1 45 4-43
Stijenke pedi / Furnace walls C 2 4.5 4=45
3 5-6 5=33
1 -8 7-8
A 2 2 2
3 13,5 13-13.5
1 7 6
B 2 45 4
Sapnica / Tuyere 3 45 4
C 20° 2
2 L1 535 46
1.2 55,5 49
b 11 9 10
22 17 37
3

Sl. 1 — Dizajn i dimenzije peci 1i 2 (izradila: T. Karavidovi¢, 2021.)
Fig. 1 — Design and dimensions of furnaces 1 and 2 (made by: T. Karavidovi¢, 2021)

2 Termin operativni parametri podrazumijeva skup parametara koji su
primjenjeni tijekom postupka, a odnose se na nacin izvodenja postupka
taljenja (omjer rude i ugljena, veli¢ina mijeha i ritam upuhivanja zraka)
te karakteristike ulaznih sirovina (vrsta pripreme - ispiranje, susenje,
przenje i granulacija/usitnjavanje rude te usitnjavanje, prosijavanje
ugljena). Detaljnije o znacaju strukturnih i operativnih parametara na
ishod postupka taljenja: Karavidovi¢ 2021b.

2 Theterm operational parameters refer to a set of parameters applied dur-
ing the process that relate to the way of performing the smelting process
(ore-charcoal ratio, bellows size and air blowing rhythm) and characteris-
tics of input materials (type of preparation - rinsing, drying, roasting and
granulation/crushing of ores and crushing, sieving charcoal). For more
details on the importance of structural and operational parameters on the
outcome of the smelting process: Karavidovi¢ 2021b.
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Eksperiment -

Pec
. / Operativni parametri | Operational parameters
Experiment -
Furnace
Ruda [ Ore Ugljen [ Charcoal
Dimenzije Priprema Dimenzije Priprema
Vrsta [ Type X ,J / P _/ Vrsta [ Type . .] / i ./
Dimensions Preparation Dimensions Preparation
fragmenti iz leziSta / 5x3—-3x2 przena,usitnjena/ | bukvaigrab/ 5x3/2-2x usitnjen /
x3-3x2cm
1i2) deposit fragments roasted, crushed | beech and hornbeam 2cm crushed
i
1and 2

Zapremnina
mijeha |
Bellow capacity

Omijer ugljen : ruda [
Ratio ore : charcoal

Vrsta mijeha [
Bellow type

Koli¢ina upuhnutog zraka |
air input quantity

0,5 kg : 0,5kg 85 |

rucni - harmonika /
hand operated - accordion

21,25 I/sek.

Tab. 1 — Operativni parametri primjenjeni u eksperimentalnim testiranjima (izradila: T. Karavidovi¢, 2021.)
Tab. 1 — Operating parameters applied in experimental testing (made by: T. Karavidovi¢, 2021)

obradena (przena) na otvorenome loziStu
te usitnjena na fragmente (tab. 1). Tijekom
postupka zabiljeZene su temperature vanjske
stijenke (polozaj 1. — 4.) i unutrasSnjosti pedi,
u zoni najviSe postignute temperature, kroz
sapnice (polozaj 5.). Koristen je infracrveni
pirometar (Volcraft IR 2200-50D) postavljen
na € 0,83. Izmjerene temperature odnose
se na maksimalne postignute temperature
u tocki mjerenja. Postupak je u cijelosti
dokumentiran koristeé¢i prethodno osmisljenu
dokumentacijsku strategiju (prema:
Karavidovi¢ 2021b).

Laboratorijske metode i analize

Uzorci tla, konkrecija i fragmenta rude (pri-
kupljen iz lezista), kao i zgure nastale ekspe-
rimentalnim postupkom taljenja analizirani su
makroskopski, mineraloski i kemijski. Uzorci
su usitnjeni na frakciju praha te im je odreden
mineralni sastav koriStenjem rendgenske di-
frakcije na prahu (XRD). Za odredivanje mine-
ralnoga sastava koristen je Phillipsov vertikalni
goniometar (vrste X'Pert) opremljen bakrenom
cijevi i grafitnim monokromatorom. Prilikom
mjerenja koriSten je napon od 40 kV i struja ja-
kosti 35 mA s veli¢inom koraka 0,02° 26. Ke-
mijske analize napravljene su u MSALabs (Lan-
gley, Kanada). Udio glavnih oksida odreden je
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zone of the maximum temperatures achieved. An
infrared pyrometer (Volcraft IR 2200-50D), set to
€ = 0.83, was used. The measured temperatures
refer to the maximum temperatures reached at
the measurement point. The procedure was fully
documented using a previously designed docu-
mentation strategy (according to Karavidovié
2021b).

Laboratory methods and analyses

Soil, nodule and ore fragment (collected from
the deposit) as well as samples of slag formed
during experimental smelting were analysed mac-
roscopically, mineralogically and chemically. The
samples were homogenized in a steel grinding
set to powder fraction. Following this, the mineral
composition was determined using X-ray pow-
der diffraction (XRD). To determine the mineral
composition, Phillips vertical goniometer (types
X'Pert) equipped with copper tube and graphite
monochromator was used. Measuring conditions
included a voltage of 40 kV and a 35 mA current
with a step size of 0.02° 26. Chemical analyses
were conducted at MSALabs (Langley, Canada).
The composition of major oxides was determined
using inductively coupled plasma with atomic
emission spectrometry (ICP-AES) by using Li-
borate fusion. Contents of inorganic (TIC) and
organic carbon (TOC) were determined by induc-
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korisStenjem induktivno spregnute plazme s
atomskom emisijskom sprektrometrijom (ICP—
AES) uz fuziju Li-borata. Udjeli anorganskoga
(TIC) i organskoga uglika (TOC) odredeni su
indukcijom, dok je gubitak mase zagrijavanjem
odreden pri 1000 °C. Za uzorke zgure izracu-
nat je indeks redukcije (RIl) prema Charlton et
al. (2010) kako bi se na teoretskoj razini proci-
jenila ucinkovitost postupka taljenja. Prethod-
no objavljeni mineraloski i geokemijski podaci
uzoraka tla i konkrecija mocvarne Zeljezne rude
(Brenko et al. 2020; 2021) koriste se za uspo-
redbu razvojnih faza rude.

REZULTATI

Fizicke, mineraloSke i geokemijske
karakteristike uzoraka razvojnih faza

mocdvarne Zeljezne rude

Granulometrijska analiza profila tla na lokali-
tetu Kalinovac — Hrastova greda (sl. 2: a) poka-
zuje da se uzorak tla klasificira izmedu ilovace i
siltozne ilovace, dok je u njegovom najdubljem
intervalu zastupljena pjeskovitailovaca. Makro-
skopska analiza profila tla pokazuje prisutnost
Zeljeza koje se ocCituje kao narancasto—smede
talozine i prevlake na ¢esticama tla, u vidu me-
kanih mazotina. Boja intervala tla zasi¢enoga
zeljezom ocituje se kao naracasto — crvenka-
sta, a najvecée koncentracije Zeljeza zabiljeZene
su na intervalu dubine 60 — 80 cm (sl. 2: b), Sto
je potvrdila i mineraloSka te geokemijska anali-
za (tab. 2-3: 1-2). Mineraloska analiza pokazu-
je pojavu getita (a-FeOOH) kao najzastupljenije
mineralne faze, uz kvarc (SiO,), u intervalu du-
bine od 60 do 100 cm. Usporedba vrijednosti
koncentracije Zeljezovih oksida (Fe,0,) izmedu
uzorkovanih profila tla s niza polozaja na pro-
storu Podravine pokazuje da se najviSe izmje-
rene vrijednosti nalaze upravo na uzorku tla s
polozaja Kalinovac — Hrastova greda (Brenko
et al. 2020),® a dosezu do 31,52 mas. % (inter-
val dubine 60 — 80 cm). Interval dubine 60 -
100 cm zasiéen getitom, odnosno s poviSenim
udjelima Zeljezo (lll) oksida moZe se dovesti u
vezu s prvom razvojnom fazom mocvarnih Ze-
ljeznih ruda, tzv. mekom, nestabilnom formom.

3 Geoloska istrazivanja karakteristika tala na prostoru Podravine koja su
za cilj imala utvrdivanje mogucénosti formiranja mocvarne Zeljezne rude
ukazuju da na poloZaju Kalinovac - Hrastova greda postoji najveca vje-
rojatnost (neo)formacije mocévarnih Zeljeznih ruda. Mikroskopski su ana-
lizirana 34 profila sa Sireg podrucja Podravine, a dodatne geokemijske i
mineralos$ke analize izvedene su na $est profila s najveé¢im potencijalom
pojave znakova orudnjenja (Brenko et al. 2020).

tion, while the loss on ignition was determined
by heating to 1000°C. The reduction index (RIl)
was calculated after Charlton et al. (2010) for
slag samples to assess the effectiveness of the
smelting process on a theoretical level. Published
mineralogical and geochemical data of bog iron
ore soil and nodule samples (Brenko et al. 2020;
2021) are used to compare the ore development
phases.

RESULTS

Physical, mineralogical and geochemical
characteristics of bog iron ore

developmental phases

Granulometric analysis of soil profile from Ka-
linovac — Hrastova greda (Fig. 2: a) shows that
the sample is classified between loam and silty
loam, while its deepest interval is classified as
sandy loam. Macroscopic analysis of the soil
profile shows the presence of iron, occurring as
orange-brown mottles and coatings on soil par-
ticles in the form of soft masses. The colour of
the soil interval saturated with iron manifests as
orange to reddish, with the highest concentra-
tions of iron recorded at the 60-80 cm depth
interval (Fig. 2: b), which is confirmed by min-
eralogical and geochemical analyses (Tab. 2-3:
1-2). Mineralogical analysis indicates the ap-
pearance of goethite (a-FeOOH) as the most
abundant mineral phase in addition to quartz
(Si0,) at the 60 to 100 cm depth interval. The
comparison between the iron oxide (Fe,O,) con-
tent in the soil profiles, sampled from numerous
locations in the Podravina region, indicated that
the highest measured values are in the soil pro-
file from the Kalinovac — Hrastova greda (Bren-
ko et al. 2020),% reaching up to 31.52 mass. %
(depth interval 60-80 cm). The depth interval of
60-100 cm saturated with goethite and having
the highest Fe,O, content can be associated with
the first development phase of the bog iron ores,
the so-called soft, unstable form.

The nodules found on the ploughed surface
are usually slightly irregularly globular, reddish
to brown, with a diameter of 0.3-2 cm (Fig. 3:
b; Tab. 2: 3). Nodules differ from the soils in

3 Geological research of soil characteristics in the Podravina area, which
aimed to determine the possibility of formation of bog iron ores, indicates
that at the position Kalinovac - Hrastova greda, there is the highest prob-
ability of (neo)formation of bogiron ores. A total of 34 profiles from the wider
Podravina area were macroscopically analysed, and additional geochemical
and mineralogical analyses were performed on six profiles with the highest
potential for the appearance of signs of mineralization (Brenko et al. 2020).
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Sl. 2 — a) granulometrijska klasifikacija profila tla na lokalitetu Kalinovac — Hrastova greda, trokomponentni dijagram
prema klasifikaciji Ministarstva poljoprivrede Sjedinjenih Ameri¢kih Drzava (USDA); b) shematski prikaz profila tla na
poloZaju Kalinovac — Hrastova greda (modificirano prema: Brenko et al. 2020, Fig. 3) (izradili: T. Brenko i T. Karavidovi¢,

2021.)

Fig. 2 — a) granulometric classification of the soil profile at the Kalinovac — Hrastova greda, three-component diagram
according to the classification of the United States Department of Agriculture (USDA); b) schematic representation of the
soil profile at the site Kalinovac — Hrastova greda (modified after Brenko et al. 2020, Fig. 3) (made by: T. Brenko and T.

Karavidovi¢, 2021)

Konkrecije pronadene na izoranoj povrSini
uobi¢ajeno su blago nepravilnoga globularnog
oblika, promjera 0,3 - 2 cm, crvenkaste do sme-
de boje, (sl. 3: b; tab. 2: 3). Konkrecije se isti¢u
od tla unutar kojega su pronadene po svojoj tvr-

which they occur due to their hardness, which
is associated with the advanced cementation
process of Fe-oxyhydroxides (Brenko et al.
2021). Mineralogical analysis again indicates
goethite as the main Fe phase, quartz and to
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doéi, Sto se moze dovesti u vezu s uznapredova-
lim procesom cementacije Fe oksihidroksidima
(Brenko et al. 2021). MineraloS$ka analiza ponov-
no ukazuje na getit kao glavnu Zeljezovitu mine-
ralnu fazu, kvarc te u manjoj mjeri na plagioklase
i ortoklas kao tipi¢ne minerale tla (tab. 2: 3). Ma-
seni udio Fe,0, iznosi 36,02 mas. %, Sto je neSto
viSe, no u najzasi¢enijem intervalu uzorka profila
tla (tab. 3: 3). Ove geolo$ke tvorevine mogu se
dovesti u vezu s drugom razvojnom fazom mo-
¢varnih Zeljeznih ruda, tzv. prijelaznom fazom.
Na prostoru povrsinske koncentracije frag-
menata modvarne Zeljezne rude iskopana je
dgeoarheoloSka sonda s ciljem definiranja po-
tencijalnoga leziSta. Na dubini 10 — 15 cm ispod
povrsine otkriven je dio mehanicki razorenoga
lezista s vidljivim tragovima pluga. Veé¢i komadi
mocvarne rude (sl. 3) lezali su koncentrirani u
rahlom, izoranom sloju, djelomi¢no dislocirani
od primarnoga depozita. Kako bi se dokumen-
tirao ostatak potencijalnoga lezista, iskopana
je manja sonda do dubine od 100 cm. Ispod
oranoga sloja (0 — 40/50 cm) bio je vidljiv ta-
nji, neravomjerno debeo sloj le¢astoga presje-
ka (dubine 50 - 55/70 cm, 5 - 20 cm debljine)
blago zasiéen sitnim koncentracijama Zelje-
zovitih nakupina, meke strukture i kuglastoga
oblika. Ova tvorevina predstavlja dno depozita
nad kojim je bio ¢vrsc¢e formirani sloj mocvar-
ne Zeljezne rude razoren agrarnim aktivnosti-
ma i dubokim oranjem. Ispod potonjega sloja,
nalazi se glinoviti, zuti sloj s vrlo sporadi¢no
vidljivim mekim kuglastim tvorevinama naran-
casto-crvene boje i sivo-plavi¢astim mikrozo-
nama, a prostire se na dubini od oko 70 - 100
cm (najveca iskopana dubina). Fragmenti mo-
C¢varne Zzeljezne rude makroskopski se mogu
okarakterizirati kao konglomerat pojedinacnih
globularnih konkrecija (sl. 3: d; tab. 2: 4). Bo-
ja konglomerata varira od oker do crvenkasto
smede s tamnijim smedim dijelovima. U uzorci-
ma su vidljive nakupine pijeska i manjeg $ljunka
te tla/gline. Struktura je djelomi¢no porozna, no
ulomke odlikuje odredena razina ¢vrstoce te su
lomljivi tek pod jac¢im, mehanickim pritiskom.
Iz izgleda i poloZaja nakupine ulomaka razore-
nih oranjem moguce je zakljuciti da se radilo o
sloju ¢vrsc¢e formirane mocvarne Zeljezne rude
debljine oko 15 - 20 cm. Iz ovoga depozita pri-
kupljeno je oko 150 kg rude. lako je otvorena
sonda na Sirem podrucju oko ostataka razore-
na leziSta, dodatni tragovi in situ depozita nisu
prepoznati. Mineraloska analiza uzorka rude

a lesser extent plagioclase and orthoclase as
typical soil minerals (Tab. 2: 3). Content of
Fe,O, reaches 36.02 mass. %, which is slightly
higher than in the soil profile sample (Tab. 3:
3). These geological formations can be asso-
ciated with the second development phase of
bog iron ore, the so-called intermediate (tran-
sitional) phase.

A geoarchaeological probe was excavated in
the area of surface concentration of bog iron
ore fragments to define a potential deposit. Part
of a mechanically destroyed deposit, with visi-
ble plough tracks, was discovered at 10-15 cm
depth below the surface. Larger pieces of bog
ore (Fig. 3) were lying concentrated in ploughed
soil, partially separated from the primary place
of deposit. In order to document the rest of the
potential deposit, a 100 cm deep trench was ex-
cavated. Below the arable layer (0-40/50 cm), a
thinner, unevenly thick layer of lenticular cross-
section (560-55/70 cm deep, 5-20 cm thick) was
noted and was slightly saturated with smaller
concentrations of iron clusters with a soft struc-
ture and spherical shape. This layer represents
the bottom part of the deposit overlaid by a more
firmly formed layer of bog iron ore destroyed by
agricultural activities and deep ploughing. Un-
der the bottom layer, there was a clayey, yel-
lowish layer with soft spherical formations of
orange-red colour and grey-bluish microzones
visible very sporadically, extending to a depth of
about 70-100 cm (maximum excavated depth).
Fragments of bog iron ore can be characterized
macroscopically as a conglomerate of individual
globular concretions (Fig. 3: d; Tab. 2: 4). The
colour of the conglomerate varies from ochre to
reddish-brown with darker brown parts. Accu-
mulations of sand, gravel and soil/clay are vis-
ible in the samples. The structure is partially po-
rous, but the fragments have a certain level of
hardness and are brittle under harder mechani-
cal pressure. Based on the appearance and po-
sition of the accumulated fragments destroyed
by ploughing, it is possible to conclude that this
represented a layer of more solidly formed bog
iron ore, about 15-20 cm in thickness. Around
150 kg of ore was collected from the deposit.
Although a trench was excavated in the wider
area surrounding the debris of the destroyed
deposit, additional traces of the in situ deposit
were not found. Mineralogical analysis of the ore
sample indicates a high goethite content, quartz
and plagioclase, with occurrences of clay min-
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ukazuje na najvecéu zastupljenost getita, kvar-
ca i plagioklasa te minerala glina u tragovima
(tab 2: 4). Geokemijska analiza glavnih oksida
pokazuje udio Fe,0, od 35,56 mas. % (tab. 3:
4). Zadnju razvojnu formu mocvarnih Zeljeznih
ruda karakteriziraju masivni, ¢vrsti slojevi ko-
ji teku u kontinuitetu ili se javljaju isprekidano,
¢emu bi se prema strukturi i pojavi u tlu mogli
pripisati fragmenti pronadeni na polozZaju Kali-
novac - Hrastova greda.

Geokemijski, sva tri uzorka razvojnih faza imaju
sastav tipi¢an za mocvarne zeljezne rude: Zeljezo

erals (Tab. 2: 4). Geochemical analysis of major
oxides shows Fe,O, contents of 35.56 mass. %
(Tab. 3: 4). The final developmental form of bog
iron ore is massive, solid continuous or intermit-
tent layers (hard bog iron), to which fragments
found at the Kalinovac — Hrastova greda position
are attributed according to the structure and
appearance in the soil.

Geochemically, all three samples of develop-
ment phases have a composition typical of bog
iron ores: iron (lll) oxide (Fe,O,), silicon dioxide
(Si0,), manganese oxide (MnO), diphosphorus

L] S om

Sl. 3 — Indikativne tvorevine i moc¢varna Zeljezna ruda: a) izorano tlo crvene boje; b) Zeljezovita pedotvorevina — pjes-
kovita konkrecija s Zeljezovitim matriksom (tab. 2: 5); c) globularne konkrecije — druga razvojna faza moc¢varne Zeljezne
rude (tab. 2: 3); d) grumen modévarne Zeljezne rude prikupljen iz razorenog leZista — treca razvojna faza (tab. 2: 4)

(fotografija i digitalna obrada: T. Karavidovi¢, 2021.)

Fig. 3 — Indicative formations and bog iron ore: a) red ploughed soil; b) sandy concretion with iron matrix (Tab. 2: 5); c)
globular concretions (nodules) — second development phase of bog iron ore (Tab. 2: 3); d) fragment of bog iron ore collect-
ed from a destroyed deposit - third development phase (Tab. 2: 4) (photo and digital processing by: T. Karavidovi¢, 2021)
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(1) oksid (Fe,0,), silicij dioksid (SiO.), manganov
oksid (MnO), difosforov pentoksid (P,Os), kalcijev
karbonat (CaCO:s) i oksid (Ca0), natrijevi spojevi i
voda (H.0) te elemente u niZim koncentracijama
(aluminij (Al,O3), kalij (K;0), barij (BaO), magnezij
(MgO) i natrij oksid (Na,0), titan — dioksid (TiO,)
te ukupni organski ugljik (TOC) i ukupni anorgan-
ski ugljik (TIC).

Pri terenskome pregledu prikupljeni su i uzorci
amorfnih prirodnih tvorevina Cija je vanjska povr-
Sina pjeskovite strukture, a unutrasnjost crvenka-
sto-crna i kompaktna, relativno porozna, no bez
naznaka kugli¢astih tvorevina u strukturi (sl. 3:
b; tab. 2: 5). Mineraloski, ove pedotvorevine ka-
rakterizira nizak udio getita te visok udio kvarca
(tab. 2: 5). U tragovima se pojavljuju minerali gline
(ilit) i minerali iz skupine feldspata/plagioklasa.
Ove nakupine u sastavu sadrZavaju getit tipi¢an
za mocvarne Zeljezne rude, no u zna¢ajno manjoj
koli¢ini nego uzorci konkrecija i fragmenata defi-
nirani kao razvojne faze mocévarne Zeljezne rude.*

PROSTORNA DISTRIBUCIJA
GEOLOSKIH TVOREVINA |
POLOZAJ ARHEOLOSKOGA
LOKALITETA

Povrsinski nalazi geoloskih tvorevina koje
oznacavaju faze razvoja mocvarne Zeljezne
rudeiistrazeno leziste nalaze se u plitkim po-
tolinama (karta 3: a). Uzorci Zeljezovitih pe-
dotvorevina pronadeni su na padini blagoga
pjeskovitog uzviSenja. Pojedine mikrolokaci-
je unutar depresija pokazuju vedéi intenzitet
povrsinske pojave razvijenijih faza formacije
rude (karta 3: b). Arheoloski lokalitet meta-
lurSkoga karaktera, ¢iji je polozaj i obim de-
finiran kroz povrsinski terenski pregled, geo-
fizicka istrazivanja i iskopavanja, rasprostire
se po ocjeditom uzvisSenju, niskoj pjeskovitoj
gredi (karta 3: a). Topografski indeks vlaz-
nosti (TWI) pokazuje da je na prostoru niskih
potolina mogucée odekivati izrazitiju zasic¢e-
nost vlagom (karta 3: c). U reljefu poloza-
ja Kalinovac — Hrastova greda nalazi se vise
zatvorenih depresija slicnih dubina i razli¢ita
obima (karta 3: d). Potonje su ujedno prostori
s najviSim indeksom vlaZnosti.

4 Ove tvorevine nisu cjelovito geokemijski analizirane, ali je napravljena
analiza udjela Fe (180862 ppm = 18,086 % mass. Fe = 25,86 % mass.
Fe,0,). Iz mineralo$koga i geokemijskoga sastava vidljiva je jasna razlika
u zastupljenosti Zeljeza naspram uzoraka fragmenata mocvarne rude
prikupljenih iz leZista.

pentoxide (P,0,), calcium carbonate (CaCO,) and
oxide (Ca0), sodium compounds and water (H,O)
and elements in lower concentrations (aluminium
(ALO,), potassium (K,O), barium (BaO), magne-
sium (MgO) and sodium oxide (Na,O), titanium
dioxide (TiO,) and total organic carbon (TOC) and
total inorganic carbon (TIC).

During field surveys, samples of amorphous,
natural formations with outer sandy surface and a
compact reddish-black interior, relatively porous
but without any indications of nodular-shaped for-
mations in the structure were also collected (Fig.
3: b; Tab. 2: 5). Mineralogically, these pedological
features are characterized by a low goethite con-
tent and a high content of quartz (Tab. 2: 5). Clay
minerals (illite) and minerals from the feldspar/
plagioclase group also occur in trace amounts.
The features contain goethite, typical for bog iron
ores, but in significantly lower quantities than the
samples of nodules and fragments defined as the
development phases of bog iron ore.*

SPATIAL DISTRIBUTION OF
GEOLOGICAL FORMATIONS AND
THE ARCHAEOLOGICAL SITE
POSITIONING

Surface finds of geological formations deno-
ting the development phases of bog iron ore and
the explored deposit are found in shallow depre-
ssions (Map 3: a), while samples of pedological
features with iron content are found on a slope of
a slight sandy elevation. Some micro-locations
within the depressions show a higher intensity of
surface occurrences of more developed phases
of ore formation (Map 3: b). The archaeological
site, whose position and extent was defined by
surface field surveys, geophysical investigati-
ons and excavations, is located over a drained,
slightly elevated area, the sandy ridge (Map 3:
a). The Topographic Wetness Index (TWI) shows
that it is possible to expect more pronounced so-
il moisture in the shallow depressions (Map 3: c).
In the relief of the Kalinovac — Hrastova greda
area, there are several closed depressions with
similar depths and of different volumes (Map 3:
d). They represent zones with the highest wet-
ness index.

4 These formations were not completely geochemically analysed but for
the Fe content (180862 ppm = 18.086% mass. Fe = 25.86% mass Fe,0,).
Mineral and geochemical composition show a clear difference in the
presence of iron compared to samples of bog ore fragments collected
from deposits.
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Karta 3 — a) prostorna distribucija geoloskih tvorevina i poloZaj arheoloSkoga lokaliteta u odnosu na reljefne znacajke
polozaja Kalinovac — Hrastova greda; b) intenzitet pojave indikativnih geoloskih tvorevina, kategorizacija prema fazi
razvoja; c) vizualizacija topografskoga indeksa vlaZznosti; d) vizualizacija zatvorenih depresija (izradila: T. Karavidovi¢,

2021.)

Map 3 — a) spatial distribution of geological formations and position of the archaeological site in relation to relief features
of Kalinovac — Hrastova greda position; b) intensity of occurrence of indicative geological formations, categorization ac-
cording to development phase; c) visualization of topographic wetness index; d) visualization of closed depressions (made

by: T. Karavidovi¢, 2021)

Eksperimentalno taljenje: proces
direktne redukcije

Tijek postupaka

Priprema za postupak taljenja podrazumije-
vala je izgradnju i suSenje peéi (prirodno tije-
kom nodéi (Pe¢ 1) i inducirano — paljenjem vatre
unutar lozista (Pe¢ 2)). Postupak taljenja po-
drazumijeva dva osnovna stadija: 1) zagrijava-
nje pecéi (umetanje ugljena — puna zapremnina

2335

Experimental smelting: direct reduction
process

The course of the procedure

Preparation for the smelting process included
the construction and drying of the smelting fur-
nace (naturally over the night (Furnace 1) and
induced - by lighting a fire inside the furnace
hearth (Furnace 2)). The smelting process implies
two elemental stages: 1) preheating the furnace
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peci); 2) direktna redukcija: a) postupno, naiz-
mjeniéno zapunjavanje rudom i ugljenom; b)
zapunjavanje ugljenom (produzena redukcija)
i sagorijevanje ili sagorijevanje preostaloga
ugljena i redukcija zadnjih mjerica rude. Ti-
jekom postupaka zagrijavanja i taljenja u obje
peéi upuhivan je zrak pomocéu mijeha. Kori-
Sten je tzv. harmonika tip mijeha, zapune 85
litara, koji se u potpunosti punio zrakom prije
svakoga upuha. Pojedini upuh trajao je 4 se-
kunde (kontinuirani jednoli¢an protok zraka,
21,25 litara zraka/1 sek.) i jedna sekunda za-

g

Temmp.

v ag M

Supenje | Dhrving

Pei 1 / Fumsce 1
Todks mjerenja / Position of measurment

Lagrijavanje
Preheating

(charcoal insertion — entire furnace volume); 2)
direct reduction: a) gradual, alternating charging
with ore and charcoal; b) charging and combus-
tion of charcoal (extended reduction) or combus-
tion of residual charcoal and the reduction of the
last ore charges. The air was introduced using a
bellow, during the preheating and smelting pro-
cedure in both furnaces. The so-called accor-
dion type of bellows, filled with air before each
blow, with a volume of 85 litres, was used. Each
blow into the system lasted 4 seconds (continu-
ous uniform airflow, 21.25 litres of air/1 sec.) and

- umnirngosl « sapaicn imspde - favere
leved

stigonika poci  fumace wall

Divekina vedubolja
Ihirect reductinn

Prekiid pasmiphka
Pracedurs
teradinating

Pel 2 / Furnace 1
Todka mjerenja / Position of measurment

Sl. 4 — Temperaturni rezim tijekom postupka susenja, zagrijavanja i direktne redukcije. Pe¢ 1i 2 (izradila: T.

Karavidovié¢, 2021.)

Fig. 4 — Temperature regime during the process of drying, preheating and direct reduction, furnaces 1 and 2 (prepared by:

T. Karavidovi¢, 2021)
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punjavanja volumena mijeha zrakom. Tijekom
postupka direktne redukcije nastala zgura
znacajno je pocela ¢epiti sapnicu u obje pe-
¢i, gotovo u istome dijelu postupka reduk-
cije (Stadij 2a), kada su prve mjerice rude i
ugljena dosegle zonu najvisih temperatura
oko sapnice. Sapnicu se tijekom postupka
mehanic¢ki odcepljivalo Zeljeznom Sipkom,
medutim, intenzitet nakupljana zgure bio je
toliki da je gotovo cijelo vrijeme bilo potreb-
no Cistiti otvor sapnice Sto je inhibiralo dotok
zraka u sustav pedi te posljedi¢no sagorijeva-
nje ugljena, odrzavanje temperature i reduk-
cijske atmosfere, spusStanje rude niz okna i
pravilnu redukciju. 1z istoga razloga postupak
je u oba slucdaja obustavljen nakon 1,04 sata
(Pe¢ 1) i 2,05 sata (Pe¢ 2) od pocetka direkt-
ne redukcije. Utroseno je ukupno 4 (Pe¢ 1) i
5 kg (Pe¢ 2) rude i ugljena. Temperaturni re-
Zzim u obje peci, zabiljeZen kroz cijelo vrijeme
trajanja postupka, pokazuje da su postignute
temperature u pecéi do trenutka prekida bile
pravilno vertikalno rasporedene (uzlazno pri
spustanju rude niz okno) te optimalne za re-
dukciju rude (sl. 4). Nakon prekida postupka
obje peéi su otvorene kako bi se provjerilo
stanje unutar pediiizdvojilo spuzvasto zZelje-
zo. Medutim, u oba sluc¢aja spuZvasto Zeljezo
se nije formiralo, ve¢ je sva sirovina koja je
prosla proces rastaljena u zguru. U pec¢ima je
ostalo nedogorenoga ugljena uslijed prekida
postupka, a kod eksperimenta u peéi 2 zadnje
mjerice rude ostale su nereducirane (na visini
od oko 23 cm od razine otvora sapnice).

Fizicke, mineraloSke i kemijske karakte-
ristike zgure

Postupkom taljenja kalinovacke rude u obje
se peci stvorila iskljuéivo zgura, bez izdva-
janja spuZvastoga Zeljeza. Zgura je veé¢inom
bila zalijepljena uz stijenke peci vrata, kon-
centrirana oko djelomi¢no zacepljenih sapni-
ca (sl. 5).

Nakupine zgure iz pec¢i 1i 2 morfoloski su
vrlo sliéne, a vec¢inom su glatke povrsSinske
teksture, solidificirane u tekuéem stanju.
Mjestimi¢no je vidljiva gruba, granulirana i
hrapava povrsina, a zgura je u presjeku vedi-
nom izrazito porozna, tek mjestimiéno guscée
nataloZena. Boja zgure sezZe od svijetlo sivo-
zelenkaste do tamno sive, a djelomi¢no se
pojavljuje i jarka tamno crvena boja. Za mi-
neralosku i geokemijsku analizu prikupljen
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one second of filling the volume of bellows with
air. During the process of direct reduction, the
resulting slag began to clog the tuyeres in both
furnaces, almost during the same stage of the re-
duction process (Stage 2a), when the first ore and
charcoal charges reached the zone of the high-
est temperatures, around the tuyere. The tuyere
was unclogged mechanically with an iron rod dur-
ing the procedure, but the intensity of slag ac-
cumulation was so high that it was necessary to
clean the opening of the tuyere constantly, which
inhibited the air supply to the furnace system and
consequently the combustion of charcoal, tem-
perature and reducing atmosphere maintenance,
ore descent through the shaft and proper reduc-
tion. Due to this, the process was stopped after
1.04 hours (Furnace 1) and 2.05 hours (Furnace
2) from the start of the reduction process, in both
experiments. A total of 4 (Furnace 1) and 5 kg
(Furnace 2) of ore and charcoal were used during
the process. The temperature regime in both fur-
naces, recorded during the procedures, indicates
that the temperatures reached in the furnaces
were properly vertically distributed (ascending
when the ore was travelling down the shaft) and
optimal for the ore reduction (Fig. 4). After termi-
nating the procedure, both furnaces were opened
to check the condition inside and extract the iron
bloom. However, in both cases, iron bloom did not
form and the ore that went through the process
smelted to slag. Inside the furnaces, there were
traces of unburned charcoal due to the inter-
ruption of the procedure, and in furnace 2, last
ore charges remained unreduced (on a height of
about 23 cm above the tuyere opening level).

Physical, mineralogical and chemical cha-
racteristics of slag

Smelting of the Kalinovac ore resulted only
in slag formation in both furnaces, without iron
bloom separation. The slag mostly adhered to
the walls of the opening arch and concentrated
around partially clogged tuyeres (Fig. 5).

The clusters of slag from furnaces 1 and 2 are
morphologically very similar and have mostly
smooth surface textures as a result of solidifi-
cation from a liquid state. Occasionally, a rough,
granulated and uneven surface is visible, with slag
cross-section exhibiting porous texture, dense-
ly deposited in places. The slag colour ranges
from light grey-greenish to dark grey, while the
dark red colour appears sporadically. One indica-
tive sample was taken for chemical and mineral
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SI. 5 — Pec 1: a) Vrata peci sa zalijeplienom zgurom, vidljiva tekstura i boje zgure; b) grafi¢ki prikaz situacije u peci
neposredno prije prekida postupka (fotografija i graficki prikaz: T. Karavidovi¢, 2021.)

Fig. 5 — Furnace 1: a) furnace door with adhering slag, visible texture and colours of slag; b) graphic representation
of the situation in the furnace immediately before the termination of the smelting (photo and graphic representation:

T. Karavidovi¢, 2021)

je po jedan, indikativni uzorak iz svake pedi.
PoloZaj uzorkovanja zgure je relativno razli-
Cit. Uzorak iz peci 1 prikupljen je neposredno
ispod prostora sapnice, dok je kod peci 2 pri-
kupljen iznad sapnice, u njenoj neposrednoj
blizini. Uzorci su makroskopski zasebno opi-
sani (tab. 4.).

U uzorku iz pecéi 1 (tab. 4: 6) prisutni su
fajalit (Fe,SiO,) i kvarc kao glavne mineralos-
ke komponente, dok se u tragovima pojavljuje
i kristobalit. U uzorku iz pedi 2 (tab. 4: 7) jav-
ljaju se fajalit i kvarc kao glavnhe komponente
te hematit i magnetit kao i minerali skupine
plagioklasa/feldspata. Kemijska analiza uka-
zuje da su kod oba uzorka najzastupljeniji
spojevi SiO, i Fe,0,, dok se ostali pojavlju-
ju u manjoj kolic¢ini, a slijedom zastupljeno-
sti ¢ine ih ALLO,, MnO, CaO, K,0, P,O,, MgO,
Na,O, BaO, TiO, te SrO i Cr,0O, (tab. 5). Indeks
redukcije Zeljeza (Charlton et al. 2010: 356)
iznosi 2,734 - 2,463.

analysis from each furnace. The sampling loca-
tions for slag were slightly different. The sample
from furnace 1 was collected directly under the
tuyere, while the sample from furnace 2 was col-
lected above the tuyere, in its immediate vicinity.
The samples are separately macroscopically de-
scribed (Tab. 4).

In the sample from furnace 1 (Tab. 4: 6), fayalite
(Fe,SiO,) and quartz are the main mineralogical
components, while cristobalite appears as a trace
component. The main components in slag from
furnace 2 (Tab. 4: 7) are fayalite and quartz, oc-
curring alongside hematite, magnetite and miner-
als of the plagioclase/feldspar group. Chemical
analysis indicates that both samples mostly con-
sist of SiO, and Fe,O,, while other major oxides
are present in minor quantities, in descending or-
der from AlL,O,, MnQ, Ca0, K,0, P,O,, Mg0O, Na,0,
BaO, TiO,, SrO to Cr,0, (Tab. 5). The Reducible
Iron Index (RIl), calculated according to Charlton
et al. (2010: 356), is 2.734-2.463.
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DISKUSIJA

Mehanizam formiranja i svojstva mo-
c¢varne Zeljezne rude

Mocdvarne Zeljezne rude su sedimentni tip
depozita koji se pojavljuje na nizinskim podruc-
jima okarakteriziranim s moévarama, livadama
i rije¢nim dolinama kod kojih je razina pod-
zemnih voda u neposrednoj blizini povrsine tla
(Stoops 1983; Stanton et al. 2007: 693-694;
Ramanaidou, Wells 2014). Rije¢ je o kopnenim
naslagama Zeljezovitih minerala, poglavito Fe
oksida i hidroksida, a ¢esto se formiraju u hi-
dromorfnim, ilovastim, pjeskovitim i glinovitim
aluvijima i tlu (De Geyter et al. 1985; Landuydt
1990). Pogodno pedolosko okruzenje za formi-
ranje ovoga tipa ruda ¢ine glejna tla u asocija-
ciji s aluvijalnim pijescima (Kaczorek, Zagorski
2007) s promjenjivim redoks potencijalima i
stalnim protokom vode obogaéene s Fe?* ioni-
ma (Graupner 1982; Kaczorek et al. 2004). Pri-
rodni preduvjeti na poloZaju Kalinovac — Hra-
stova greda, ali i u Sirem prostornom kontekstu
podrudéja Podravine, pogodni su za razvoj mo-
¢varnih Zeljeznih ruda kakve su iskoriStavane u
proslosti (Sekelj lvanéan, Markovi¢ 2017; Bren-
ko et al. 2020; 2021).

Sastav mocvarne Zeljezne rude uvelike ovi-
si o kemijskom sastavu mati¢noga supstrata,
na S$to utjecu geoloski i hidroloski ¢imbenici te
protok materijala zbog fluktuacije podzemnih
voda. Mineralogija mocévarnih Zeljeznih ruda
moze biti raznolika zbog promjenjivih fizikal-
no-kemijskih uvjeta i redoks potencijala. Zbog
sezonskih oscilacija visine podzemnih voda, u
tlu se izmjenjuju vlazna i susna razdoblja stva-
rajuci oksidacijsku zonu u pliéem intervalu pro-
fila tla, od 50 do 80 cm dubine, i redukcijsku
zonu u dubljim dijelovima profila tla (Stoops
1983; Kaczorek, Sommer 2003). Mocvarne ru-
de prvenstveno se sastoje od amorfnih i kri-
stalnih Fe oksihidroksida (uglavhom getita,
a-FeOOH),® nastalih u oksidacijskim uvjetima
te Zeljeznih karbonata (siderit, FeCO,), fosfata
(vivianit, Fe; (PO.).-8H,0) i sulfata (pirit, FeS,),
nastalih u redukcijskim uvjetima (Stoops 1983;
De Geyter et al. 1985; Banning 2008: 642; We-
ronska 2009: 30-34). Prisutnost getita kao
glavne mineralne faze i izostanak sulfata, fos-

5 Modvarne Zeljezne rude mogu sadrzavati i Zeljezne okside: hematit
(Fe,0,) te magnetit (Fe,0,), $to ovisi o izvori$tu i uvjetima pri formiranju
ruda (Banning 2008: 642).

DISCUSSION

The formation mechanism and properties
of bog iron ore

Bog iron ores are a sedimentary type of de-
posits that occur in lowland areas characterized
by wetlands, meadows and river valleys where
the groundwater level is close to the soil surface
(Stoops 1983; Stanton et al. 2007: 693-694; Ra-
manaidou, Wells 2014). These are terrestrial de-
posits of ferrous minerals, especially Fe oxides
and hydroxides, and often form in hydromorphic,
clayey, sandy, and clayey alluviums and soils
(De Geyter et al. 1985; Landuydt 1990). A suit-
able pedological environment for the formation of
this type of ore are gley soils in association with
alluvial sands (Kaczorek, Zagdrski 2007) with
variable redox potentials and constant flow of
groundwater-saturated with iron Fe?*ions (Graup-
ner 1982; Kaczorek et al. 2004). Environmental
preconditions at the Kalinovac — Hrastova greda
position, but also in the broader spatial context
of the Podravina region, are favourable for the
development of bog iron ores, such as ones ex-
ploited in the past (Sekelj Ivan¢an, Markovi¢ 2017;
Brenko et al. 2020; 2021).

The composition of bog iron ore largely de-
pends on the chemical composition of the par-
ent substrate, which is influenced by geological
and hydrological factors and the flow of materi-
als due to groundwater fluctuations. The min-
eralogy of bog iron ores can be diverse due to
changing physicochemical conditions and redox
potentials. Because of the seasonal groundwa-
ter height oscillations, wet and dry periods alter-
nate in the soil, creating an oxidation zone in the
shallower soil profile interval, 50 to 80 cm deep,
and a reduction zone in deeper parts of the soil
profile (Stoops 1983; Kaczorek, Sommer 2003).
Bog iron ores primarily consist of amorphous and
crystalline Fe oxyhydroxides (mainly goethite, a
— FeOOH),® formed under oxidative conditions,
and iron carbonates (siderite, FeCO,), phosphate
(vivianite, Fe, (PO,),-8H,0) and sulphate (pyrite),
FeS,), formed under reducing conditions (Stoops
1983; De Geyter et al. 1985; Banning 2008: 642;
Weronska 2009: 30-34). The presence of goe-
thite as the main mineral phase and the absence
of iron carbonates, phosphates and sulphates in

5 Bogironores may also containiron oxides: hematite (Fe,0,) and magnetite
(Fe,0,), depending on the source and conditions of ore formation (Banning
2008: 642).
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fata i pirita kod fragmenata i konkrecija rude s
polozaja Kalinovac — Hrastova greda svjedocCi
da su dominantni uvjeti pri formaciji rude oksi-
dacijski. Prema analiziranom profilu tla ovakvi
uvjeti najviSe se ostvaruju u zoni od 60 do 80
cm dubine gdje je zasi¢enost getitom najveca,
a vizualno je primjetna intenzivnija pojava na-
ranc¢asto-crvenih mazotina, znakova oksidacije
zeljeza i promjenijivih redoks uvjeta uslijed os-
cilacije visine podzemnih voda (Husnjak 2014:
257).

Analiza sastava mocvarnih ruda s prosto-
ra srednje i sjeverne Europe prisutnih u arhe-
olo§kome kontekstu i izvan njega (Joosten et
al. 1998: 132, Tab. 1; Joosten 2004: 116, 66,
Tab. 13; Kaczorek, Sommer 2003: 396-397;
Sitschick et al. 2005: 120-121, 124-125, Tab. 1;
Thelemann et al. 2017: Tab 1; 4; Charlton et al.
2010: Tab. 3) pokazuje da zastupljenost Fe,O;
veéinom varira izmedu 35 i 50 % ukupne ma-
se uzorka, no pojedini primjeri sadrze i znatno
nize, ali i vrlo visoke udjele koji mogu dosedi i
oko 95 % ukupne mase. Maseni udio Fe,0; kod
uzorka rude izdvojene iz razorenoga depozita
s polozaja Kalinovac - Hrastova greda doseze
35,6 %, $to ga svrstava na donju granicu udjela
naspram analognih primjera s podrucéja Euro-
pe te se moze smatrati rudom loSije kvalitete u
smislu tehnoloske iskoristivosti, kako u suvre-
menoj proizvodnji Zeljeza, tako i za tehnoloska
rjeSenja prisutna u arheoloSkim razdobljima.
Potonji zakljuéak ne mozZe se smatrati isklju-
¢ivim pravilom za rude s prostora Podravine, o
¢emu svjedodi Siri raspon i varijabilnost udjela
glavnih oksida kod oformljenih ruda i njihovih
stadija razvoja pronadenih u arheoloskome i/
ili geoloSkome kontekstu kod kojih udjeli Fe,03
sezu ve¢inom od 37 do 49 % i rjede od 68 do
70 % (Brenko et al. 2020; 2021).¢ Znacajna va-
rijabilnost udjela Zeljeza u pojedinim rudama
mogla bi se objasniti Sirokom prostornom dis-
tribucijom usporedenih uzoraka te komplek-
shim mehanizmima formiranja koji su izrazito
ovisni o mikrookoliSnim uvjetima u tlu, odnosno
neposrednim okruZenjem u kojemu se formi-
ra ruda. Formiranje leziSta mocvarne Zeljezne

6 Raspon se odnosi na razlike u sastavu ruda koje nisu podvrgnute
postupku przenja, a koji je prema mineralo$koj analizi nalaza rude iz
arheoloskih cjelina bio koriSten kao priprema za taljenje tijekom proma-
tranh arheolo$kih razdoblja (kasna antika i rani srednji vijek). Postupkom
przenja udio Zeljezovih oksida u pravilu se povecéava te se ne moze sma-
trati komparativnim materijalom. Ipak, kod uzoraka przenih Zeljeznih ruda
lokalnog podrijetla pronadenih u arheolo§kome kontekstu zabiljezene su
znatno viSeiniZe vrijednosti od spomenutih, uklju¢ujuciuzorak s poloZaja
Kalinovac - Hrastova greda (za rezultate kemijske analize: Brenko et al.
2021: Tab. 4).
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samples of ore fragments and nodules from the
Kalinovac — Hrastova greda position indicate that
the prevailing conditions during ore development
were oxidative. Based on the analysed soil profile,
such conditions are achieved in the zone of 60 to
80 cm depth, where the saturation with goethite
is highest. This is visually noticeable as a more
intense presence of orange-red coatings, signs
of iron oxidation and changing redox conditions,
achieved through the oscillation of groundwater
height (Husnjak 2014: 257).

Analysis of the composition of bog ores from
Central and Northern Europe, present in the ar-
chaeological context and beyond (Joosten et al.
1998: 132, Tab. 1; Joosten 2004: 116, 66, Tab. 13;
Kaczorek, Sommer 2003: 396-397; Sitschick et
al. 2005:120-121, 124-125, Tab.1; Theleman et al.
2017: Tab. 1; 4; Charlton et al. 2010: Tab. 3) shows
that the Fe,O, mostly varies between 35 and 50
mass. % in bog ores, but some can contain signif-
icantly lower but also very high contents that can
reach up to 95% mass. The mass fraction of Fe,O,
in the ore sample extracted from the destroyed
deposit at the Kalinovac — Hrastova greda posi-
tion reaches 35.6 %, which puts it at the lower
level of the scale when compared to analogous
examples from Europe and can be considered
an ore of poorer quality in terms of technological
usability, both in modern iron production and for
technological solutions present in archaeological
periods. The latter conclusion cannot be consid-
ered the exclusive rule for ores from the Podravi-
na region, as evidenced by the wider range and
variability of major oxides in fully formed ores and
their development stages found in archaeologi-
cal and/or geological context, in which the Fe,O,
content ranges from 37 to 49 mass. % and less
frequently from 68 to 70 mass. % (Brenko et al.
2020; 2021).% Significant variability of iron con-
tent in individual ores could be explained by the
wide spatial distribution of compared samples and
complex formation mechanisms that are strongly
dependent on microenvironmental conditions
in the soil, that is the immediate environment in
which the ores form. The formation of bog iron
ore deposits takes several hundred to thousands

6 The range refers to differences in the composition of ores that have not
been subjected to roasting, which was used as preparation for the smelting
during observed archaeological periods (Late Antiquity and Early Middle
Ages), according to the mineralogical analysis of the finds from archaeo-
logical sites. As a rule, the proportion of iron oxides increases with roast-
ing and cannot be considered comparative material. However, analysed
samples of roasted iron ores of local origin found in the archaeological
context, show significantly higher and lower values, including the sample
from the Kalinovac - Hrastova greda (for chemical analyses: Brenko et al.
2021: Tab. 4).
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rude traje nekoliko stotina do tisu¢a godina
(Banning 2008), Sto ih svrstava u brzoformira-
juéa lezista. Prema nekim studijama mocvarne
zeljezne rude su obnovljiv resurs te je proces
obnavljanja lezista mogu¢ tijekom 8 - 10 i/ili
25 godina (Ramanaidou, Wells 2014: 343), dok
kod drugih leziSta takva regeneracija nije uoce-
na (Thelemann et al. 2017: 479). Stoga se po-
stavlja pitanje predstavlja li lezZiste pronadeno
na poloZaju Kalinovac — Hrastova greda neofor-
maciju i u kojoj mjeri je ruda prosla kroz razvoj-
ni proces te postoje li optimalni preduvjeti za
neometan razvoj. Formativni proces mocévarnih
Zeljeznih ruda u osnovi ima tri razvojna stadi-
ja koji sezu od meke nestabilne forme do ¢vr-
stih konkretnih slojeva. Cinjenica da su sve tri
razvojne faze mocvarne Zeljezne rude utvrde-
ne u neposrednoj blizini na polozaju Kalinovac
— Hrastova greda govori u prilog da je proces
formacije rude mogu¢ i aktivan u suvremeno-
me krajoliku. Medutim, da bi se moévarna Ze-
ljezna ruda u potpunosti razvila, niz prethodno
spomenutih preduvjeta mora biti zadovoljen, a
uvjeti u tlu stabilni. Osim fizicke evolucije u for-
mi (meka nestabilna — tvrda stabilna), proces
razvoja rude obiljezava i izmjena odnosa udjela
glavnih oksida vidljiva na geokemijskoj razini.
Razvojem rude u pravilu je moguce ocekivati
primjetne razlike u udjelima dvaju glavnih ok-
sida, Zeljezovoga i silicijevoga. Tako ¢e se kroz
proces razvoja ocitovati povec¢anje Fe,0s;, dok
¢e se udio SiO, sniZavati (Brenko et al. 2021:
18, sl. 3; Thelemann et al. 2017: 478). Razlike u
geokemijskom sastavu razli¢itih faza formacije
mocvarne Zeljezne rude mogu se pratiti na di-
jagramu regresije. Dva uzorka tla (tab. 3) imaju
najviSe udjele SiO, te najniZe udjele Fe,0O,. To se
moze dovesti u vezu s na¢inom formiranja mo-
C¢varne Zeljezne rude, gdje prva faza predstav-
lja tlo obogaceno Fe matriksom te na taj nacin
i sadrzi djelomi¢no povisen udio Fe (Brenko et
al. 2021). Mocvarne Zeljezne konkrecije nasta-
ju tijekom naprednijega stadija cementacije Fe
matriksom. Stoga se po fizikalnim svojstvima,
poput tvrdoée, konkrecije i isticu od modévarno
Zeljeznoga tla (tab. 2). Fragmenti, kao zavrsna
faza formiranja, nastaju aglomeracijom veéega
broja konkrecija ili vrlo intenzivhom Fe cemen-
tacijom gdje dolazi do potiskivanja alumosili-
katnog matriksa s Fe matriksom (Brenko et al.
2021). Stoga bi fragmenti trebali imati najvedi
udio Fe,0, te najniZi udio SiO,. Prema rezultati-
ma usporedbe odnosa Fe,0; i SiO, (sl. 6) izme-
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of years (Banning 2008), which classifies them
as rapidly forming deposits. According to some
studies, bog iron ores are a renewable resource,
and the process of deposit restoration is pos-
sible within 8-10 and/or 25 years (Ramanaidou,
Wells 2014: 343), while for some deposits such
regeneration has not been observed (Theleman
et al. 2017: 479). Therefore, the question arises
as to whether the deposit found at the Kalinovac
— Hrastova greda is a neoformation, to what ex-
tent has the ore passed through the development
process and whether there are optimal precondi-
tions for unhindered development. The formative
process of bog iron ores has three development
stages, ranging from a soft unstable form to hard
concrete layers. The fact that all three formative
stages have been found in the immediate vicinity
at the Kalinovac — Hrastova greda area speaks in
favour that the process of ore formation is pos-
sible and active in today's landscape. However,
for bog iron ore to fully develop, a number of the
aforementioned prerequisites must be met and
conditions in the soil must be stable. In addition
to physical evolution in form (soft unstable — hard
stable), the process of ore development is vis-
ible on the geochemical level and characterized
by changes in the ratio of major oxides. With the
development, as a rule, it is possible to expect
noticeable differences in the proportions of the
two main oxides, iron and silica. Thus, an increase
in Fe,O, will manifest through the development
process, while the SiO, content will decrease
(Brenko et al. 2021: 18, Fig. 3; Thelemann et al.
2017: 478). Differences in the geochemical com-
position of bog iron ore formation phases can be
monitored through the regression diagram. The
two soil samples (Tab. 3) have the highest SiO,
content and the lowest Fe,O, content. This can
be related to how bog iron ore is formed, where
the first phase is the soil enriched with a Fe matrix
and thus contains a partially elevated Fe content
(Brenko et al. 2021). Bog iron nodules are formed
during the more advanced stage of Fe matrix ce-
mentation. Therefore, in terms of physical proper-
ties such as hardness, the nodules stand out from
the bog iron soil (Tab. 2). Fragments as the final
stage of development, are formed by agglomera-
tion of a larger number of nodules or very inten-
sive Fe cementation where the aluminosilicate
matrix is suppressed with the Fe matrix (Brenko
et al. 2021). Therefore, the fragments should
have the highest content of Fe,O, and the lowest
content of SiO,. According to the results of the
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Sl. 6 — Dijagram regresije uzoraka mocvarnoga Zeljeznog tla, konkrecija i fragmenta rude s polozaja Kalinovac -
Hrastova greda 1 — 3 (izradili: T. Karavidovi¢ i T. Brenko, 2021.)
Fig. 6 — Regression diagram of bog iron soil, nodules and ore fragments samples from the position Kalinovac — Hrastova

greda 1-3 (made by: T. Karavidovi¢ and T. Brenko, 2021)

du pretpostavljenih razvojnih faza, analizirani
fragmenti iz razorenoga depozita na polozaju
Kalinovac — Hrastova greda mogu se smatrati
nepotpuno razvijenom rudom, odnosno pocet-
nim stadijom zadnje faze (neo)formacije.
Stanje u kojemu je otkriven depozit i ¢inje-
nica da su ostale razvojne faze pronadene na
povrsSini tla svjedoci o inhibiciji razvoja i odrza-
nja lezista. Uslijed dubokoga oranja, leziste je
razoreno i djelomiéno dislocirano iz primarno-
dga polozaja. Prema podacima prikupljenima pri
sondiranju leZista, sloj oranja dubok je 40/50
cm, $to se u struénoj terminologiji naziva du-
bokim oranjem (ili oranje s podrivanjem). Ova-
kav tip oranja, uz kombinaciju gnojiva, pogod-
no djeluje na uspjesnost kultivacije i prinos kod
odredenih kultura na glejnim i pseudoglejnim
tlima (Butorac et al. 2000) kakva su prisutna
na prostoru donje Podravine, pa tako i polozaju
Kalinovac — Hrastova greda. Medutim, osim ne-
posrednih mehanickih oSteéenja lezista suvre-
menim metodama poljoprivredne obrade ze-
mljiSta, druge melioracijske mjere te ¢imbenici
poput eksploatacije rude i klimatske promjene
mogu onemogducditi formaciju mocvarnih ruda
ili degradirati postoje¢e depozite (Kaczorek,
Sommer 2003: 400-401; Sitschick et al. 2005;
Puttkammer 2012; Thelemann et al. 2017: 479).
Na Sirem prostoru Podravine, time i poloZaju
Kalinovac - Hrastova greda, upravo su spo-
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comparison of the ratio of Fe,O, and SiO, (Fig. 6)
between the assumed development phases, the
analysed fragments from the destroyed deposit at
the Kalinovac — Hrastova greda position can be
considered incompletely developed ore, i.e. the
initial stage of the last phase of (neo)formation.
The condition in which the deposit was discov-
ered and the fact that other developmental stages
were found on the soil surface testifies to the in-
hibition of the development and preservation of
the deposits. Due to deep ploughing, the deposit
was destroyed and partially dislocated from the
primary position. According to the data collected
during the deposit excavation, the ploughing level
isup to 40/50 cm deep, which is regarded as deep
ploughing (or ploughing with undermining). This
ploughing type combined with fertilizers has a fa-
vourable effect on cultivation success and yield in
certain crops on gley and pseudogley soils (Bu-
torac et al. 2000), present in the lower Podravina
region and the Kalinovac — Hrastova greda posi-
tion. However, in addition to direct mechanical
damage to deposits by modern agricultural tillage
methods, other land reclamation measures, ore
exploitation and climate changes may prevent the
formation of bog iron ores or degrade the exist-
ing deposits (Kaczorek, Sommer 2003: 400-401;
Sitschick et al. 2005; Puttkammer 2012; Thele-
mann et al. 2017: 479). In the broader area of
the Podravina region, and thus the position Ka-
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menuti antropogeni utjecaji prisutni kroz povi-
jesna, ali i arheoloSka razdoblja. Eksploatacija
lokalne mocévarne Zeljezne rude posredno je
dokumentirana nalazima rude na arheoloskim
lokalitetima u okolici sela Virje i Hlebine (Ka-
ravidovi¢ 2020; Brenko et al. 2021), a na polo-
Zaju Kalinovac — Hrastova greda mogude ju je
pretpostaviti obzirom na karakter istraZzeno-
ga arheolosSkog lokaliteta. Podravina je danas
uglavnom poljoprivredna regija, $to je omogu-
¢eno kroz niz melioracijskih mjera primjenje-
nih u proteklim stolje¢ima. Poznati su rani pri-
mjeri kréenja Suma u svrhu stvaranja obradivih
zemljiSta iz 17. — 19. stolje¢a (Feletar 1989: 279;
Petri¢ 2012: 64-69), a intenzivni hidroregula-
cijski radovi zapoceli su u 19. stoljecu te se od
tada dinami¢no primjenjuju (Slukan-Alti¢ 2002:
130-132; Petri¢ 2013; Petri¢ et al. 2019: 110-
119). Najznacajniji utjecaj na okoli$ vjerojatno je
iniciran izgradnjom hidroelektrana na gornjem
toku rijeke Drave. Posljedica rada hidroelektra-
na je postupno smanjenje razine vode (povr-
Sinske i podzemne), suZavanje vodene povrsi-
ne korita Drave kao i povecanje plavne doline,
isuSivanje pritoka, smanjenje ucestalosti poja-
ve i trajanja poplava te pojac¢ana erozija (Kiss,
Andrasi 2019: 163-166, 172-173).” Za ocekivati
je da su kontinuirane i intenzivne promjene ko-
je utjecu na dinamiku i stabilnost uvjeta u tlu
znacajno utjecale i narazvoj te odrzivost lezista
mocvarne Zeljezne rude o ¢emu, osim stanja le-
ziSta na polozZaju Kalinovac — Hrastova greda,
moze svjedocCiti i malobrojnost te Siroka pro-
storna distribucija povrsinski prikupljenih uzo-
raka rude diljem Podravine (karta 1).

Prostor formiranja i fizionomija leziSta

Prisutnost razli¢itih razvojnih faza, njihova
Siroka prostorna distribucija te diskontinuitet
pojave na istrazenom polozaju (karta 3: a) svje-
doce da na nekoliko mikrolokacija trenutno po-
stoje osnovni preduvjeti za razvojni proces mo-
¢varnih Zeljeznih ruda i potencijalno viSe, pro-
storno odvojenih leziSta. U potpunosti formirani
slojevi (tre¢a razvojna faza) vjerojatno se stva-
raju na pojedina¢nim mikrolokacijama u formi
le¢a ¢évrsto konsolidirane mocvarne Zeljezne
rude ili isprekidanih slojeva razli¢ite debljine,
ovisno o preduvjetima za akumulaciju Zeljeza i

7 Ovi zakljuéci temelje se na istraZzivanju uZega podrucja izmedu mjesta
Botovo i Gola, oko 13 km dugome prostoru rijeke Drave i njezine plavne
nizine.

linovac — Hrastova greda, the mentioned human
influences were present through historical and
archaeological periods. The exploitation of local
bog iron ore has been indirectly documented by
ore finds on archaeological sites near the villages
Virje and Hlebine (Karavidovi¢ 2020; Brenko et
al. 2021), and at the Kalinovac — Hrastova greda
position, it can be assumed given the charac-
ter of the excavated archaeological site. Today,
Podravina is mainly an agricultural region, which
was made possible by numerous land reclama-
tion measures applied in the past centuries. Early
examples of deforestation to create arable land
from the 17" to 19 century are known (Feletar
1989: 279; Petri¢ 2012: 64-69), and intensive
hydro-regulatory works began in the 19" century
and have been applied dynamically since then
(Slukan-Alti¢ 2002: 130-132; Petri¢ 2013; Petri¢
et al. 2019: 110-119). The most significant impact
on the environment was initiated probably by the
construction of hydroelectric power plants in the
upper part of the Drava River. The consequence
of their establishment is a gradual decrease in
water levels (surface and groundwater), narrow-
ing of the Drava channel and expansion of the
floodplain, drying of tributaries, reduction of the
frequency and duration of floods and increase of
erosion (Kiss, Andrasi 2019: 163-166, 172-173).7
It is to be expected that continuous and intensive
changes affecting the dynamics and stability of
soil conditions have a significant impact on the
development and sustainability of bog iron ore
deposits, which, apart from the Kalinovac deposit
condition, can be evidenced by the small number
and wide spatial distribution of ore samples col-
lected on the soil surface throughout the Podravi-
na region (Map 1).

Formation area and physiognomy of

deposits

The presence of different development phases,
their wide spatial distribution and discontinuous
occurrence at the investigated position (Map 3: a)
testifies that, at several micro-locations, elemen-
tary preconditions for the development process
of bog iron ore are present and that potentially,
there are several spatially separated deposits.
Fully developed layers of consolidated bog iron
ore (third development phase) are likely to form

7 These conclusions are based on the study of the narrower area between
Botovo and Gola, about 13 km long area of the Drava River and its flood-
plain.
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formaciju rude u tlu. Trenutno nema indikacija
da se ruda razvija u vidu neprekinutih, masivni-
jih slojeva kakav je slucaj kod nekih poznatih le-
Zista (Thelemann et al. 2017: 478 i pripadajuce
reference). Prirodni preduvjeti nastanka ova-
kvoga tipa leziSta povezani su s tokovima pod-
zemnih voda, njihovom oscilacijom te geomor-
fologijom ove prostorne mikrocjeline. Oscilacija
razine podzemne vode kroz hidroloSku godinu
i njena visina bitan su faktor pri nastanku mo-
¢varnih Zeljeznih ruda, a idealne preduvjete za
akumulaciju Zeljezne rude u tlu ¢ini kontaktna
zona na kojoj se razina podzemne vode mijenja,
odnosno mocévarno tj. nizinsko viazno podruc-
je koje periodi¢no poplavljuje (Weroriska 2009:
24). ProsjeC¢na dubina razine podzemne vode
na profilu tla Kalinovac — Hrastova greda je oko
100 cm, a najpli¢a dubina do 10 cm ispod po-
vrSine tijekom razdoblja visokih podzemnih vo-
da (Brenko et al. 2020: Fig. 3) zahvacdajuéi time
humusno-akumulativni horizont (sl. 2: b). Ana-
liza profila tla ukazuje na prisutnost i najvecu
zasic¢enost s getitom u intervalu dubine od 60
do 80 cm te nesto nizu u slijedeé¢em interva-
lu do 100 cm dubine (tab. 2-3: 1-2), dok je iz
stratigrafije slojeva razorenoga leziSta moguce
zakljuditi kako su €vrsti slojevi moc¢varne rude
bili formirani na dubini oko 30 - 50/70 cm, a u
dubljim slojevima makroskopski su prepozna-
ti sporadicéni tragovi Zeljezovitih nakupina (do
maksimalno 100 cm dubine). Oba podatka po-
tvrduju da se zona formiranja nalazi na dubini
30 - 70 cm, do maksimalno 80/100 cm dubi-
ne unutar koje i podzemne vode najizrazenije
osciliraju tijekom hidroloske godine (sl. 2: b).
Ovakvi podaci poklapaju se s opé¢im podacima
u vezi sa zonom formiranja mocvarne zeljezne
rude (Stoops 1983; Kaczorek, Sommer 2003)
te dubinom oksidacijskih (50 — 60 cm dubine)
i reduktivnih uvjeta u tlu (zona ispod oksidacij-
ske), ali i dubinom podzemne vode u odnosu na
nadmorsku visinu terena u Sirem okruzenju po-
lozaja Kalinovac — Hrastova greda (112 - 111 m
n.v. prema: Brki¢, Briski 2018: Supl. 1). LezZiSta
mocvarne Zeljezne rude na podrucju srednje i
sjeverne Europe nalaze se na dubini od 20 do
60 cm (Thelemann et al. 2017: 480), $to u na-
¢elu odgovara podacima dobivenima na polo-
zaju Kalinovac — Hrastova greda. Uzevsi u ob-
zir podatke dobivene sondiranjem razorenoga
leziSta, moguce je zakljuéiti i da su postojeca
lezista relativno tanki (15 — 20 cm), vjerojatno
isprekidani slojevi le¢aste forme.
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at individual micro-locations as lens-shaped or
intermittent layers of varying thickness, depend-
ing on the preconditions for iron accumulation
and ore formation in the soil. There is no indi-
cation of continuous, uninterrupted layers, as is
the case, with some known deposits (Thelemann
et al. 2017: 478 and references therein). Natu-
ral preconditions for the formation of this type
of deposit are related to groundwater flow and
oscillation as well as the geomorphology of this
spatial micro-unit. The groundwater level oscil-
lation during the hydrological year and its height
are relevant for the formation of bog iron ores,
and the ideal precondition for the accumulation of
iron ore in the soil is the contact zone where the
groundwater level changes, that is, a lowland ar-
ea that periodically floods (Weronska 2009: 24).
The average depth of groundwater level as seen
on the soil profile Kalinovac — Hrastova greda is
about 100 cm, and the shallowest depth up to 10
cm below the surface during the period of high
groundwater (Brenko et al. 2020: Fig. 3), reach-
ing the humus-accumulative horizon (Fig. 2: b).
Analysis of the soil profile indicates the presence
and highest saturation with goethite in the depth
interval from 60 to 80 cm and slightly lower up to
100 cm depth (Tab. 2-3: 1-2), while through the
stratigraphy of the destroyed bog iron deposit,
it is possible to conclude that solid layers of bog
ore were at a depth of about 30-50/70 cm, and
in deeper layers, sporadically traces of iron ac-
cumulations (up to a maximum depth of 100 cm)
were macroscopically recognized. Both data con-
firm that the formation zone is at a depth of 30-70
cm, up to a maximum of 80/100 cm depth, within
which groundwater mostly oscillates during the
hydrological year (Fig. 2: b). Such data coincide
with general data regarding the zone of formation
of bog iron ore (Stoops 1983; Kaczorek, Som-
mer 2003) and the depth of oxidating (50-60 cm
depth) and reducing conditions in the soil (zone
below oxidation), but also the depth of groundwa-
ter in relation to the terrain altitude in the broader
area of the Kalinovac — Hrastova greda position
(112-111 m a.s.l. according to Brki¢, Briski 2018:
Suppl. 1). Bog iron ore deposits in Central and
Northern Europe are at a depth of 20 to 60 cm
(Theleman et al. 2017: 480), which in principle
corresponds to the data obtained at the position
Kalinovac — Hrastova greda. Taking into account
the data obtained by probing the area of the de-
stroyed deposit, it is possible to conclude that the
existing deposits are relatively thin (15-20 cm),
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O polozaju potencijalnih leziSta svjedoci pro-
storna distribucija indikativnih geolos§kih tvore-
vina uocéenih pri terenskome pregledu i sondi-
ranju u odnosu na reljefne znacajke (karta 3: a,
c—-d). Koncentracije tla zasi¢enoga Zeljezovim
oksidima (crvena, rahla zemlja), konkrecija i
fragmenata rude vidljivih na povrsini kao po-
sljedica oranja dubljih slojeva te polozaj istra-
Zenog leziSta nalaze se na najnizim dijelovima
terena, pli¢im i prostorno ograni¢enim pojedi-
na¢nim potolinama smjestenim podno blagih
uzviSenja, gdje je mogucénost plavljenja i zadr-
Zavanja vode najviSa. Na ovim prostorima pri-
mjecena je stajacda voda i veéa vlaZznost povr-
Sinskoga tla, dok se blage uzvisine mogu oka-
rakterizirati kao ocjedite, s pjeskovitim tlom.
Prediktivno modeliranje topografskoga indek-
sa vlaznosti (karta 3: c) u velikoj mjeri odgova-
ra situaciji zatecenoj pri terenskome pregledu,
iako algoritam ove analize u osnhovi oznacava
potencijal vlaznosti tla uzrokovan slijevanjem
i zadrZzavanjem oborinskih voda, a vlaznost tla
na polozaju Kalinovac - Hrastova greda moze
biti uzrokovana i visinom podzemnih voda na-
spram relativne dubine potolina, odnosno nad-
morske visine s obzirom da u razdoblju visokih
voda dosezu humusno - akumulativni sloj. Pe-
doloski, tlo je na cijelome promatranom prosto-
ru poloZaja Kalinovac — Hrastova greda klasi-
ficirano kao mocvarno glejno (Envi 2021) i kao
takvo je pogodno za nastanak mocvarnih ruda
(Kaczorek, Zagorski 2007). Medutim, prostori
na kojima se zadrzava voda rezervirani su za
plitke potoline na ovoj mikrolokaciji. Takoder,
na gredama blago izdignutima iz krajolika tlo je
pjeskovito i ocjedito te podzemne vode ne do-
sezu povrsSinske slojeve, stoga ovi poloZaji ne
predstavljaju idealne okoliSne uvjete za razvoj
mocvarnih Zeljeznih ruda. Dodatnu potvrdu ne-
potpunih uvjeta za formaciju Zeljezne rude na
prostoru blagih uzvisenja ¢ine i pedotvorevine
pronadene na padinama (sl. 3: b; tab. 2: 5; kar-
ta 3: a). Obzirom na sastav i nesto visi poloZaj
pronalaska uz rubove blagih uzvisenja, mogu¢-
nost talozenja je vrlo vjerojatno smanjena zbog
niske razine utjecaja podzemnih voda te vrste
okruzenja, tla. Prostorna distribucija indikativ-
nih geoloskih tvorevina pronadenih na povrSini
tla pokazuje odredene pravilnosti te moze svje-
doditi i o potencijalu prostora za razvoj rudnih
lezista (sl. 3: a—b). NajviSi potencijal, pretpo-
stavljen obzirom na prisutnost uznapredovale
faze razvoja (fragmenti), imaju dijelovi plitkih

probably intermittent layers of lenticular shape.
The position of potential deposits is evidenced
by the spatial distribution of indicative geologi-
cal formations, observed during the field survey
and probing, in relation to the relief features (Map
3: a, c—d). Concentrations of soil saturated with
iron oxides (red, loose soil), nodules and frag-
ments of ore, visible on the surface as a result of
ploughing deeper layers, and the position of the
explored deposit, are found in the lowest parts of
the terrain, shallow and spatially limited individual
depressions where flooding and water retention
is highest. Some retained water and higher sur-
face soil moisture were observed in these areas,
while mild elevations are drained, with sandy soil.
Predictive modelling of the topographic wetness
index (Map 3: c) largely corresponds to the situ-
ation found during the field inspection, although
the algorithm of this analysis basically indicates
the soil moisture potential caused by runoff and
retention of rainwater and soil moisture at Ka-
linovac — Hrastova greda can be caused by the
height of groundwater compared to the relative
depth of the depressions and altitude, given that
in the period of high water they reach the humus
— accumulative layer. Pedologically, the soil in the
entire observed area of the Kalinovac — Hrastova
greda position is classified as gleysol (Envi 2021),
which is suitable for the formation of bog iron ores
(Kaczorek, Zagoérski 2007). However, areas where
water is retained, are reserved for shallow de-
pressions at this micro-location. Also, on ridges
slightly elevated from the surrounding landscape,
the soil is sandy and drained, and the groundwa-
ter does not reach surface layers, so these posi-
tions do not represent ideal environmental con-
ditions for bog iron ore development. Additional
confirmation of incomplete conditions for the for-
mation of iron ore on the mild elevations are the
pedological features found on the slopes (Fig. 3:
b; Tab. 2: 5; Map 3: a). Given the composition and
slightly higher position along the edges of mild
elevations, the precipitation is probably reduced
due to the low level of impact of groundwater and
the type of surrounding environment, the soil. The
spatial distribution of indicative geological forma-
tions found on the soil surface shows certain reg-
ularities and can testify to the potential of an area
for the development of ore deposits (Fig. 3: a-b).
The highest potential, assumed through the exist-
ence of an advanced stage of development (frag-
ments), is in the parts of shallow depressions sit-
uated at an altitude slightly higher or equal to the
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depresija ¢Ciji se vrh nalazi na nadmorskoj visi-
zone fluktuacije podzemnih voda, vidljivoj na
uzorku profila tla (sl. 2: b; karta 3: a-b). Poto-
nje se moze dovesti u vezu s preduvjetima za
taloZzenje Zeljeza i procesom razvoja mocvarne
rude. Pretpostavljena kontinuirana prisutnost
podzemne vode u dubljim dijelovima depresi-
ja dovodi do pojave reduktivnih uvjeta u tlu, pri
¢emu je Fe?* mobilno te nisu ostvareni idealni
preduvjeti za znacajnije taloZzenje Zeljeza.
Ledasti ili gnjezdoliki tip lezista, prema pri-
mjeru Siroko rasprostranjenih leziSta u Euro-
pi, uobi¢ajeno se pojavljuje na vlaznim nizin-
skim prostorima (Zwahr et al. 2000: 83, sl. 7;
Banning 2008; Weroriska 2009: 27), dok se ne-
prekinuti horizonti rudnih naslaga javljaju naj-
c¢esSce na pjeskovitim rubovima vlaznih depresi-
ja (Zwahr et al. 2000: 83, sl. 7; Thelemann et al.
2017: 476; Kaczorek, Sommer 2003). Na polo-
Zaju Kalinovac - Hrastova greda moguce je iz-
dvojiti viSe pojedinacnih depresija zatvorenoga
tipa, razlic¢itih dimenzija, odnosno volumena, ali
prilicno ujednacene nadmorske visine i odno-
sa naspram uzviSenja (karta 3: d). S obzirom
da su na ovim prostorima ostvareni svi teoret-
ski preduvjeti razvoja, a povrsinski su prisutni i
indikativni elementi, moguce je zakljuditi da bi
potencijalne le¢e mocvarne rude mogle biti ra-
zlic¢itoga obima, a pojavljivale bi se isprekidano
unutar odredene reljefne mikrocjeline. Razlike
u dubini i obliku depresija mogle bi upucéivati na
razlike u fizionomiji leziSta, prvenstveno obliku
i debljini sloja rude. Siri prostor Podravine, po-
glavito longitudinalna zona (sjeverozapad — ju-
goistok) druge Dravske terase, geomorfoloski
je vrlo slican promatranome polozaju Kalinovac
— Hrastova greda, a u krajoliku dominiraju niska
uzviSenja medu potolinama i starim rukavcima
rijeke Drave te se dinamic¢no izmjenjuju zamo-
c¢varena i ocjedita podrudja. Iz tog razloga mo-
guce je ocekivati slicne mehanizme formiranja
rude, izgled i polozaje lezisSta diljem regije, iako
nije isklju€eno postojanje drugih tipova lezista
mocvarne rude poput neprekinutih horizonata.

TehnoloSka iskoristivost rude: kvaliteta
rude i uspjesnost postupaka taljenja

Rezultati eksperimentalnoga testiranja teh-
noloske iskoristivosti rude primjenom direktne
redukcije ukazuju da rudu iz lezista Kalinovac
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upper limit of the groundwater fluctuation zone,
seen in the soil profile sample (Fig. 2: b; Map 3:
a-b). The latter can be related to the precondi-
tions for iron precipitation and the process of bog
iron ore development. The assumed continuous
presence of groundwater in the deeper parts of
the depressions leads to formation of reductive
conditions in the soil, where Fe?* is mobile, so the
ideal preconditions for significant iron precipita-
tion are not present.

Lenticular or nest-type deposits, following the
example of widespread deposits in Europe, com-
monly occur in wetter lowland areas (Zwahr et al.
2000: 83, Fig. 7; Banning 2008; Weronska 2009:
27), while continuous horizons of ore deposits
most often occur on sandy edges of moist low-
lands (Zwahr et al. 2000: 83, Fig. 7; Thelemann et
al. 2017: 476; Kaczorek, Sommer 2003). On the
Kalinovac — Hrastova greda position, it is possi-
ble to single out individual closed depressions of
different dimensions and volume but of relatively
uniform altitude and relationship to surrounding
elevations (Map 3: d). Given that all theoretical
preconditions for development are present in this
area and indicative elements are also present, it
is possible to conclude that potential bog iron ore
lenses could be of different sizes and would ap-
pear intermittently within a certain relief micro-
unit. Variable shape and depth of depressions
could indicate differences in the physiognomy of
the deposits, primarily the shape and thickness of
the ore layer. The Podravina area, especially the
longitudinal zone (northwest — southeast) of the
second Drava River terrace, is geomorphological-
ly very similar to the observed Kalinovac — Hras-
tova greda position, as low elevations among the
valleys and old tributaries of the Drava River and
dynamically alternating swampy and drained are-
as dominate the landscape. For this reason, simi-
lar mechanisms of ore formation, appearance and
deposit positions are to be expected throughout
the region, although other types of bog iron de-
posits, such as continuous layers may also be
present.

Technological usability of the ore:
ore quality and success of smelting
processes

The results of experimental testing of techno-

logical usability of ore by direct reduction indi-
cate that the ore from the Kalinovac — Hrastova
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— Hrastova greda nije mogudée uspjesno istali-
ti, odnosno dobiti spuzvasto Zeljezo. Teoretski,
razlog neuspjesnosti postupka mozZe se ogle-
dati u karakteristikama sirovina, strukturnim
(dizajn peci) te operativnim parametrima po-
stupka (nacin izvodenja postupka te razina i
vrsta pripreme sirovina). Medutim, dizajn pe-
¢i i operativni parametri bili su isti kao i kod
prethodno izvedenih eksperimenata u kojima
je takoder koriStena mocévarna zZeljezna ruda,
a koji su rezultirali uspjesnim ispusStanjem
zgure tijekom postupka te formiranjem spu-
zvastoga zeljeza (Karavidovi¢ 2020). Time je
nacelno iskljuéena moguénost znacajnijega
utjecaja ovih parametara na ishod taljenja,
odnosno temeljni utjecaj moguce je pripi-
sati sirovini, rudi. Komparativna analiza mi-
neralo$koga i kemijskoga sastava rude kao i
zgure moze ukazati na tijek, razinu utjecaja
parametara i razlog neuspjesSnosti postupka
taljenja. Kemijski i mineraloski sastav zgure
nastale taljenjem rezultat je kompleksne di-
namike utjecaja sastava izvorisnih sirovina
koristenih u postupku (ruda, ugljen, tehnicka
keramika - stijenke pedi) te ucinka termodi-
namic¢kih uvjeta u peci (temperatura, atmos-
fera) ostvarenih kroz operativne parametare
upotrijebljene tijekom postupka (Seernels,
Crew 1997; Crew 2000; 2007; Joosten 2004;
Senn et al. 2010). MineraloSka analiza uka-
zala je da je u oba uzorka najzastupljeniji
fajalit, ocekivana mineralna faza kod zgure
nastale proizvodnjom spuzvastoga Zeljeza.
Fajalit nastaje reakcijom silikatne komponen-
te (kvarca) i zeljezovitih minerala prisutnih u
rudama pri temperaturi od 1100 do 1200 °C
(Joosten et al. 1998: 130; Pleiner 2000: 135).
Prisutnost alotropskih modifikacija silicijevo-
ga dioksida, kvarca i kristobalita kod uzorka
iz eksperimenta u pecéi 1 (tab. 4: 6) takoder
je ocekivana u zguri, no kada se pojavljuju u
znacajnoj mjeri oznacava i izrazitu koli¢inu ja-
lovine u rudi. Kristobalit je visoko temperatur-
na modifikacija kvarca te sugerira da je u pedi
postignuta temperatura iznad 1470 °C, a jav-
lja se u zguri najéesSc¢e kada je zastupljenost
silikatnih minerala u rudi znacajna (Bachman
2016: 14). Temperaturni rezim zabiljezen kroz
sapnicu ne ukazuje na tako visoke postignute
temperature (sl. 4). Maksimalna temperatura
unutrasnjosti peci, zabiljezena kroz sapni-
cu, iznosi 1322 °C te se pojava kristobalita i
postizanje ovako visokih temperatura tuma-

greda deposit cannot be successfully smelted,
that is iron bloom iron cannot be obtained. Theo-
retically, the failure of the process can be caused
by the characteristics of raw materials, structural
(furnace design) and operational parameters ap-
plied (method of performing the procedure and
the level and type of preparation of raw materi-
als). However, the furnace design and the oper-
ating parameters were the same as in previously
conducted experiments with bog iron ore, which
resulted in the successful discharge of slag from
the furnace during the process and the formation
of an iron bloom (Karavidovi¢ 2020). In princi-
ple, this excludes the possibility of a significant
impact of these parameters on the outcome of
smelting, and the fundamental influence can be
attributed to the raw material, the ore. Compara-
tive analysis of the mineral and chemical com-
position of ore and slag can indicate the course,
level of influence of parameters and the reason
behind the failure of the smelting process. The
chemical and mineralogical composition of slag
formed by smelting is the result of complex dy-
namics of the influence of source raw materials
used in the process (ore, charcoal, technical ce-
ramics — furnace walls) and the effect of thermo-
dynamic conditions in the furnace (temperature,
atmosphere) gained by application of operational
parameters (Seernels, Crew 1997; Crew 2000;
2007; Joosten 2004; Senn et al. 2010). Mineral-
ogical analysis indicated that in both slag sam-
ples fayalite is most common, the expected min-
eral phase formed by the production of bloomery
iron. Fayalite forms by the reaction of the silica
component (quartz) and ferrous minerals present
in ores, at 1100 to 1200°C (Joosten et al. 1998:
130; Pleiner 2000: 135). The presence of allo-
tropic modifications of silicon dioxide, quartz and
cristobalite, in the sample from the experiment in
furnace 1 (Tab. 4: 6), is also expected in slag, but
when they occur extensively, indicates a signifi-
cant amount of silica in the ore. Cristobalite is a
high-temperature modification of quartz and sug-
gests that the temperature in the furnace is above
1470°C and occurs in slag when the presence of
silicate minerals in the ore is significant (Bach-
man 2016: 14). The temperature regime recorded
through the tuyere does not indicate such high
temperatures (Fig. 4). The maximum temperature
inside the furnace, recorded through the tuyere
is 1322°C, so the appearance of cristobalite and
the achievement of such high temperatures are
interpreted as short-term temperature rise that
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Ci kratkotrajnim temperaturnim izbojima koji
nisu zabiljeZeni (mjerenje je izvrSeno u vre-
menskim razmacima od pola sata). Tome u
prilog ide i niska zastupljenost kristobalita u
uzorku te istovremena pojava kvarca. Mogu-
¢e je da su se viSe temperature postigle na-
kon sesije odéepljivanja sapnice kada je zbog
kratkotrajnoga prestanka upuhivanja pretpo-
stavljeno da se u pecéi smanjila temperatura
te se pristupilo brzem ritmu upuhivanja zraka
putem mijeha, odnosno intenzivnijem dotoku
zraka u sustav - kratkotrajnom intenzivhom
povecanju temperature. Uzorak zgure iz peci
2. (tab. 4: 7) u sastavu ima hematit i magnetit
Sto se mozZe tumaciti nepotpunom redukci-
jom rude te poviSenom koncetracijom kisika
u sustavu tijekom taljenja (Morton, Windgro-
ove 1969; Manasse, Mellini 2002; Bachman
2016: 15-16; Thiele, Torok 2011). Vrijedi na-
pomenuti da se ovi minerali mogu javiti i kao
sekundarna pojava uslijed oksidacijskih uvje-
ta pri solidifikaciji. U slu¢aju izvedenoga ek-
sperimenta, prisutnost ovih mineralnih faza
oznacava nepotpunu redukciju zbog prekida
postupka, a u vezi je i s mjestom uzorkovanja
(iznad sapnice - nije doseglo zonu najvisih
temperatura). Pojava silikatnih minerala fel-
dspata/plagioklasa u neizmjenjenom obliku
takoder mozZe biti indikativha za nepotpunu
redukciju s obzirom da su ovi minerali prisutni
i kod ruda te tla.

Ucinkoviti postupci direktne redukcije ru-
de, teoretski bi trebali rezultirati redukcijom
od 10 do 20 % mase Fe u proizvedeno spu-
zvasto Zeljezo (Sperling 2003; Puttkammer
2012). Iz rezultata kemijske analize vidljivo
je da sadrzaj zZeljeza u zguri (tab. 5) kod oba
eksperimenta nije nizi no kod rude (tab. 3:
4), odnosno nije dosSlo do odvajanja Zeljeza
u spuzvasto Zeljezo.® Mocvarne Zeljezne ru-
de lako su taljive zbog svoje porozne struk-
ture, ali i sastava, u prvome redu prisutnosti
spojeva koji potpomazu proces direktne re-
dukcije, taljenja (Pleiner 2000: 88). U kemij-
skome sastavu analiziranih uzoraka posebno
je znac€ajna iznimna koli€ina SiO,, vidljiva i na
mineraloskoj razini u zastupljenosti minerala
kvarca. Pojedini spojevi jalovine u rudi utjecu
na mogucénost stvaranja spuzvastoga zZeljeza
i odvajanja zgure. Primjerice, SiO, ima izni-

8 Manje razlike u zastupljenosti mogu se pripisati ograni¢enoj
mogucnosti preciznijega uzorkovanja zgure i rude, odnosno mogucoj
varijabilnosti udjela glavnih oksida u izdvojenim uzorcima rude i

zgure.
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was not recorded (measurement was performed
at half-hour intervals). This is supported by the
low presence of cristobalite in the sample and the
simultaneous appearance of quartz. Higher tem-
peratures were probably reached after the tuyere
unclogging session when due to the short-term
termination of blowing, it was assumed that the
temperature in the furnace decreased, so a faster
rhythm of blowing air through the tuyere was ap-
plied, which caused more intensive airflow into
the system — a short term, intense temperature
increase. The slag sample from furnace 2 (Tab.
4:7) contains hematite and magnetite, which can
be explained by incomplete reduction of ore and
increased oxygen concentration in the system
during smelting (Morton, Windgroove 1969; Ma-
nasse, Mellini 2002; Bachman 2016: 15-16; Thie-
le, Torok 2011). It is worth noting that these min-
erals can also occur as a secondary phenomenon
due to oxidative conditions during solidification.
In the case of the experiment, the presence of
these mineral phases is a result of the incomplete
reduction, due to the process termination and is
related to the sampling position (above the tuyere
- did not reach the zone of highest temperatures).
The appearance of silicate minerals feldspar/pla-
gioclase in unaltered form may also be indicative
of incomplete reduction since these minerals are
present in ores and soil.

Efficient direct ore reduction processes should
theoretically result in the reduction of 10 to 20
mass. % Fe into the produced iron bloom (Sper-
ling 2003; Puttkammer 2012). The results of the
chemical analysis of slag from both experiments
show that the iron content (Tab. 5) is not lower
than in the ore (Tab. 3: 4), i.e., there was no sepa-
ration of Fe into the iron bloom.2 Bog iron ores
are easily reduced due to their porous structure
as well as composition, primarily the presence
of compounds that support the process of di-
rect reduction, smelting (Pleiner 2000: 88). The
amount of SiO,, visible at the mineralogical level
in the presence of quartz minerals, is particularly
significant in the chemical composition of ana-
lysed samples. Certain gangue compounds in the
ore affect the possibility of the formation of iron
bloom and the separation of slag. For example,
SiO, has an exceptional, dual role (Tylecote et al.
1971: 360; Pleiner 2000: 136; Charlton et al. 2010:
353); it binds iron oxide and other oxides from the

8 Minor differences in the representation can be attributed to the limited
possibility of more precise sampling of slag and ore, ie the possible vari-
ability of the content of major oxides in the isolated samples of ore and

slag.
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mnu, dvoznacénu ulogu (Tylecote et al. 1971:
360; Pleiner 2000: 136; Charlton et al. 2010:
353); on na sebe veze Zeljezni oksid, ali i druge
okside iz rude te ima znacajnu ulogu u formaciji
zgure. Ako je udio SiO, visok postoji mogucénost
ranog formiranja fajalita (Fe,SiO,) uslijed ¢ega
formacija spuzvastoga Zeljeza moze biti ome-
tena zbog nemogucénosti pristupa reduktivnih
agenata (CO). S druge strane, ako je udio SiO,
nizak (2 — 3 %) redukcija Zeljeznih oksida je ote-
Zzana te dobar udio moze zavrsSiti u masi zgure
ili kao zasebne, nesinterirane Cestice Zeljeza.
UspjesSnost talioniCkoga procesa opcenito je
iznimno ovisna o prisutnosti jalovina u sastavu
rude, a u slucaju rude s Kalinovca — Hrastove
grede pretezno o visokome udjelu silikata. Do-
datna potvrda neuspjeloga postupka uvjetova-
noga zastupljeno$éu SiO, vidljiva je iz indeksa
redukcije zeljeza (RIl). Ovaj indeks moze odra-
Zzavati ucinkovitost redukcijskoga postupka
kojim je nastala zgura te je vrijednost indeksa
moguce pozitivho korelirati s uspjeSnoscu po-
stupka (Charlton et al. 2010). Kod oba uzorka
zgure indeks redukcije Zeljeza (tab. 5: 6-7)
znacajno prelazi vrijednost 1. Ako je indeks re-
dukcije Zeljeza veci od 1, SiO, ostaje u susta-
vu zgure te je moguce pretpostaviti visSu razinu
efikasnosti postupka taljenja, no prema primje-
ru izvedenoga eksperimenta visoke vrijednosti
(2,734 i 2,463) oznacavaju rano stvaranje faja-
lita i izostanak izdvajanja spuZvastoga Zeljeza
koji je moguce pripisati kvaliteti, odnosno sa-
stavu rude, poglavito odnosu Fe,O, i SiO,. Sa-
stav rude i zgure te rezultati eksperimetalnoga
taljenja svjedoce da je visok udio silikata u rudi
inhibirao nastanak spuzvastoga Zeljeza u oba
eksperimenta. Kod uzorka iz peéi 2 ova situa-
cija nije u potpunosti razvidna s obzirom na po-
javu mineralnih faza koje upucuju na nepotpuni
proces redukcije, $to se mozZe pripisati mjestu
uzorkovanja. Medutim, uz snaznu zasi¢enost
silikatima, kemijska slika uzorka iz peéi 1 govo-
ri o pretjeranoj redukciji, a vidljivi su i utjecaji
ostalih parametara iz sistema. Ocituje se po-
vecanje Ca0, MgO, K,0 u odnosu na koriStenu
rudu koje se mozZe pripisati primarno utjecaju
sastava pepela od drvenoga ugljena, a u nekoj
mjeri i stijenki peci (Crew 2000; 2007; Joosten
2004: 41-46, Fig. 14; Charlton et al. 2010: 354,
Tab. 1). Kod uzorka iz druge peci ovo povecéanje
se ne odcituje, odnosno utjecaji nisu usli u su-
stav, Sto je moguce iznova pripisati nepotpunoj
redukciji, odnosno prekinutome postupku.
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ore and plays a significant role in the formation
of slag. If the content of SiO, is high, there is a
possibility of the early formation of fayalite
(Fe,SiO,) due to which further access of reducing
agents (CO) is not possible, and the formation of
iron bloom is hindered. On the other hand, if the
SiO, content is low (2-3%), the reduction of iron
oxides is limited, and a good proportion can end
up in the cinder mass or as separate, unsintered
iron particles. The success of the smelting pro-
cess is generally highly dependent on the pres-
ence of gangue in the ore, and in the case of ore
from Kalinovac — Hrastova greda, mainly of high
silica content. Another confirmation of the cause
for the process failure owed to the representa-
tion of SiO, is visible from the iron reduction in-
dex (RIl). The RIl may reflect the efficiency of the
reduction process by which the slag is formed,
and the value of the index can be positively cor-
related with the success of the process (Charlton
et al. 2010). In both slag samples, the iron reduc-
tion index (Tab. 5: 6-7) significantly exceeds 1.
If the iron reduction index is greater than 1, SiO,
remains in the slag system, so it is possible to
assume a higher level of efficiency of the smelt-
ing process, but the experiment shows that high
values (2.734 and 2.463) indicate the early for-
mation of fayalite and the absence of iron bloom,
which can be attributed to the quality and compo-
sition of the ore, especially the ratio of Fe,O, and
SiO,. The composition of ore and slag and the re-
sult of experimental smelting testify that the high
content of silica in the ore inhibited the formation
of iron bloom in both experiments. In the case of
the sample from furnace 2, this situation is not
fully evident due to the occurrence of mineral
phases that indicate an incomplete reduction,
which can be attributed to the sampling position.
However, in addition to the high saturation with
silica, the chemical analysis of the sample from
furnace 1 indicates excessive reduction as well
as the influence of other parameters from the
system. There is an increase in CaO, MgO, K,0O in
relation to the used ore, which can be attributed
primarily to the influence of the composition of
charcoal ash, and to some extent, the furnace
walls (Crew 2000; 2007; Joosten 2004: 41-46,
Fig. 14; Charlton et al. 2010: 354, Tab. 1). In the
case of the sample from the second furnace, the
increase is not evident, i.e. the influences did not
enter the system, which can again be attributed
to the incomplete reduction caused by procedure
termination.
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Eksploatacija i uporaba ruda: studija
slucaja kasnoantickih i ranosrednjovje-
kovnih indikativnih lokaliteta

Metoda eksploatacije i polozaji lezisSta

Genetska, geokemijska veza izmedu ruda
pronadenih u kontekstu radionica za proizvod-
nju Zeljeza na prostoru Podravine i geoloskih
uzoraka iz terenskoga pregleda neupitno je po-
kazala da su se za proizvodnju Zeljeza tijekom
kasne antike i ranoga srednjeg vijeka koristile
rude lokalnog/regionalnoga podrijetla (Brenko
et al. 2021). Prema primjeru pretpostavljenih
prostora leziSta na polozaju Kalinovac - Hra-
stova greda, slojevi rude su isprekidano ra-
sprostranjeni unutar prirodnih depresija, stoga
je metoda eksploatacije tijekom arheoloskih
razdoblja mogla podrazumijevati kopanje pli-
¢ih jama (50 — 100 cmili pli¢e), rovova ili kanala
nepravilnoga oblika. Sudeéi prema geomorfo-
logiji ove mikrolokacije i varijabilnim dimenzija-
ma depresija, pojedinacna leziSta mogla su biti
razlic¢itoga obima, pri ¢emu bi dugoro¢na ek-
sploatacija podrazumijevala iskope uzduz rud-
noga tijela. Ovakav nacin eksploatacije nece se
nuzno odraziti u arheoloS§kome povrsSinskom ili
subpovrsinskom zapisu kao sustav tlocrtno or-
ganiziranih, pravilnih ili jednoli¢nih oblika, ve¢
je mogao u znacajnoj mjeri biti pod utjecajem
rastera raspolozivih leziSta, odnosno u sluca-
ju pretpostavljenih mjesta na kojima se formi-
ra moc¢varna ruda, geomorfologije. Moguénost
regeneracije ifili stvaranje novih lezista u rela-
tivno kratkim vremenskim okvirima, ali i utjecaj
intenzivnoga ljudskog djelovanja na okoli$ mo-
Zze negirati ili izmjeniti tragove eksploatacije iz
proSlosti, stoga ubikacija lezista iskoriStavanih
u arheoloskim razdobljima predstavlja znaca-
jan izazov. Medutim, primjena modela prosto-
ra pojave lezista na Kalinovcu na Siri kontekst
krajolika Podravine u kojemu su prisutni arhe-
oloski lokaliteti s tragovima proizvodnje Zeljeza
pokazuje odredene pravilnosti. Na osnovi geo-
morfoloSkih karakteristika prostora oko loka-
liteta na polozaju Kalinovac — Hrastova greda,
ali i ostalih lokaliteta slicnoga karaktera na tlu
Podravine, na polozajima Virje (Volarski breg i
Susine) te Hlebine (Velike Hlebine), moguce je
pretpostaviti da su izvoriSta rude mogla biti u
neposrednoj blizini radionica za proizvodnju
Zeljeza datiranih u kasnu antiku i rani srednji vi-
jek. Istrazene radionice za proizvodnju i obradu
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Ore exploitation and use: a case study of
late antique and early medieval indicative
sites

Exploitation method and deposit positions

The genetic, geochemical connection between
ores found in the workshop for iron production
context in the Podravina and geological samples
from the field survey unquestionably showed that
ores of local/regional origin were used for iron
production during Late Antiquity and Early Middle
Ages (Brenko et al. 2021). According to the ex-
ample of assumed deposit areas at the Kalinovac
— Hrastova greda position, ore layers are intermit-
tently distributed within natural depressions, so
the method of exploitation during archaeologi-
cal periods could include digging of shallow pits
(50-100 cm or shallower), trenches or irregularly
shaped canals. Because of the geomorphology of
this micro-location and the variable dimensions of
the depressions, individual deposits could be of
different sizes, with long-term exploitation involv-
ing excavation along the ore body. This method of
exploitation will not necessarily reflect in archae-
ological surface or subsurface record as an or-
ganised layout system, regular or uniform shapes
as it could be significantly influenced by the grid
of available deposits, or in the case of presumed
places where bog iron ores form, geomorphology.
The possibility of regeneration and/or develop-
ment of new deposits in a relatively short time
frame and the impact of intense human interven-
tion in the landscape can modify or negate the
traces of exploitation from the past, so locating
deposits used in archaeological periods is a sig-
nificant challenge. However, the application of the
model of the area of deposit occurrence on Kali-
novac to the broader context of the lowland land-
scape in which archaeological sites with traces of
iron production are present shows certain regu-
larities. Based on the geomorphological charac-
teristics of the area around the archaeological
site at Kalinovac — Hrastova greda but also other
sites of a similar character in the Podravina re-
gion, at Virje (Volarski breg and SuSine sites) and
Hlebine (Velike Hlebine site), it is possible to as-
sume that ore deposits could have been located
in the immediate vicinity of iron production work-
shops. The investigated workshops for iron pro-
duction and processing in the Podravina region
were regularly set away from the settlement and
positioned along the edges of floodplains (Sekelj
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Zeljeza na prostoru Podravine redovito su bile
izdvojene iz naselja i pozicionirane uz rubove
plavnih podruéja (Sekelj lvan¢an, Karavidovié¢
2021: Map 3-4), odnosno na niska uzviSenja
okruzena plitkim depresijama, potencijalnim
prostorima formacije rude. Prisutnost Zeljeza
u tlu na polozajima nedaleko lokaliteta Volarski
breg i SuSine te Hlebine — Velike Hlebine potvr-
dena je i ranijim istrazivanjima (Sekelj Ivan¢an,
Markovi¢ 2017; Brenko et al. 2020). Odabir po-
loZaja radionica i smjestaj izvan naselja mogao
je biti uvjetovan blizinom i lakom dostupnosc¢u
osnovnih sirovina, rude, alii drva.

Karakter lezista i tehnolosSka prilagodba

Analiza kemijskoga i mineraloSkoga sastava
rude iz arheoloskih cjelina s prostora Podravine
(Brenko et al. 2021: Tab. 2; 4), datiranih u kasnu
antiku i rani srednji vijek, ukazala je kako se ve-
¢ina ruda mozZe smatrati kvalitetnim i tehnolos-
ki iskoristivim, s visokim udjelom Zeljeznih ok-
sida i nizim udjelom jalovina i fosfora. No, rude
loSije kvalitete (< 50 % mas. Fe,0,), poput rude
s polozaja Kalinovac — Hrastova greda, prona-
dene su na lokalitetima Virje — Volarski breg i
Susine. Ovi uzorci potjecu iz zatvorenih arheo-
loSkih cjelina: radionice za proizvodnju Zeljeza
iz kraja 4. | poCetka 5. stolje¢a (Brenko et al.
2021: Tab. 4: V-S 5-6; Sekelj Ivancan, Karavi-
dovi¢ 2021: 58-65, Fig. 14: SJ 314) te struk-
tura pripisanim naseobinskom kontekstu iz 8.
| pocetka 9. stolje¢a (Brenko et al. 2021: Tab.
2; 4: V-VB 1-3, V=S 2, 4; Sekelj Ivanc¢an 2021:
158-163, 167-171), Sto pokazuje da su rude ni-
ze kvalitete u nekoj mjeri bile eksploatirane u
kasnoj antici i ranome srednjem vijeku. Eksplo-
atacija mocvarnih ruda niske kvalitete mogla je
biti uzrokovana nizom ¢imbenika poput nemo-
guénosti prepoznavanja leziSta kvalitetne i/ili
potpuno razvijene rude ili izostanka istih usli-
jed eksploatacije, no prirodno uvjetovan razlog
svakako je karakter lezista mocvarnih ruda.
LeziSta na istoj lokaciji mogu sadrzavati rudu
varijabilnoga sastava, na Sto ukazuje razlika
u sastavu konkrecija i fragmenta izdvojenih
iz rudne le¢e s polozaja Kalinovac — Hrastova
greda (sl. 6) te zastupljenost minerala getita
odnosno Zeljeznih oksida na razli¢itim dubina-
ma uzorkovanog tla (tab. 2-3: 1-2). Konkrecije
kao razvojna faza rude u ovome slué¢aju imaju
potencijal postati kvalitetnijom rudom od frag-
menata iz otkrivenoga leziSta, ako se pretpo-
stavi daljnji razvoj i obogacenje Fe matriksom, s
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Ivan¢an, Karavidovi¢ 2021: Map 3-4), on low el-
evations surrounded by shallow depressions,
potential areas of ore formation. The presence
of iron in the soil at positions near the Volarski
breg, Susine and Hlebine — Velike Hlebine sites
has been confirmed by previous research (Sekelj
Ivancan, Markovi¢ 2012; Brenko et al. 2020). The
workshop location selection and positioning out-
side the settlements could be conditioned by the
proximity and easy procurement of the basic raw
materials, ore and wood.

Nature of deposits and technological adaptation

Analysis of the chemical and mineral composi-
tion of ore samples from archaeological sites in
the Podravina region (Brenko et al. 2021: Tab. 2;
4) dated to Late Antiquity and the Early Middle
Ages, indicated that most analysed ores from the
archaeological context can be considered tech-
nologically usable and quality ores with a high
content of iron oxides and a lower content of
gangue and phosphorus. Ores of poorer quality (<
50 mass. % Fe,0,), such as ore from the Kalino-
vac — Hrastova greda position, were found at the
Virje — Volarski breg and SuSine sites. These sam-
ples come from closed archaeological contexts:
a workshop for the production of iron dated to
the end of the 4th and beginning of the 5th cen-
tury (Brenko et al. 2021: Tab. 4: V-S 5-6; Sekelj
Ivandan, Karavidovi¢ 2021: 58-65, Fig. 14: SU
314) and features attributed to settlement con-
texts dated to the 8" and beginning of 9" century
(Brenko et al. 2021: Tab. 2; 4: V-VB 1-3, V-S 2, 4;
Sekelj lvané¢an 2021: 158-163, 167-171), which in-
dicates that the low-quality ores were exploited to
some extent in Late Antiquity and the Early Mid-
dle Ages. The exploitation of low-quality bog iron
ores could have been driven by several factors,
such as the inability to identify deposits of quality
or fully developed ores, as well as their absence
due to exploitation, but the naturally conditioned
reason is certainly the nature of bog iron ore de-
posits. Individual deposits at the same area may
contain ore of variable composition, which is indi-
cated by the difference in the composition of nod-
ules and fragments extracted from the formed ore
lens at the Kalinovac — Hrastova greda position
(Fig. 6) and the level of representation of goethite
minerals or iron oxides at different depths of the
sampled soil (Tab. 2-3: 1-2). Nodules as a devel-
opment phase of the ore, in this case, have the
potential to become better quality ore than fully
formed fragments from the discovered deposit, if
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obzirom da ve¢ u ovoj fazi imaju visi udio Fe,O,
i sukladno nizi udio jalovine. Analiza uzoraka
tla ukazuje na visi i nizi potencijal razvoja mo-
C¢varne Zeljezne rude, odnosno obogacenja Fe
matriksom u odnosu na dubinu unutar poten-
cijalnoga lezista, $to je moguce dovesti u vezu
s zonom oscilacije podzemnih voda. Takoder,
u potpunosti razvijeni uzorci podravske rude
s poloZaja Novigrad Podravski — Milakov Be-
rek (Brenko et al. 2021: Tab. 2: NP-MB 16-18),
pronadeni disperzirani po povrsini tla uslijed
oranja, pokazuju znacajne razlike u zastuplje-
nosti glavnih oksida, a s obzirom na prostornu
disperziju, vrlo vjerojatno potjecu iz istoga le-
ziSta. Eksploatacija ruda razli¢ite kvalitete iz
jednogaiili viSe lezista posvjedocena je i arheo-
loSkim nalazima ruda s lokaliteta Virje — SuSine
datiranoga u kasnu antiku (kraj 4. i pocetak 5.
stoljeca). U istome kontekstu, u sloju otpada
(Sonda 7, SJ 314) unutar radionice, pronadeni
su uzorci ruda varijabilnoga sastava, odnosno
omjera prisutnosti glavnih oksida, i to u slucaju
zeljezovih oksida 19,65 %, 45,57 % te 70,89 %
mas. Fe,O, (Brenko et al. 2021: Tab. 2, 4: V-S 1,
5-6). Ipak, ostaje otvoreno pitanje jesu li sve
rude pronadene u arheoloSkome kontekstu, pa
i one loSe kvalitete, doista bile upotrebljavane
u proizvodnji spuzvastoga zZeljeza ili je mogu-
¢e ocekivati postupke diskriminacije ruda pre-
ma kvaliteti, odnosno postupke pripreme rude
koji podrazumijevaju smanjenje udjela jalovine
u rudnome konglomeratu. Eksperimentalna te-
stiranja direktne redukcije ruda poznata iz lite-
rature (Crew 1991a; 1991b; Crew, Salter 1991;
Seernells, Crew 1997; Crew, Charlton 2007;
Crew et al. 2011; Thiele 2010) ukazala su da je
moguce istaliti mocévarne rude nize zastuplje-
nosti Zeljeznih oksida, do 49 mas. % Fe O, ali i
nize ako su koriStene u kombinaciji s kvalitetni-
jim rudama (Crew et al. 2011). Mogucde je pret-
postaviti da ¢e u potonjim slu¢ajevima prinos u
spuzvastome Zeljezu biti niZi u odnosu na kva-
litetnije rude, a upitna je i kvaliteta krajnjega
proizvoda (ovisno o ostalom sastavu rude), dva
¢imbenika koja su mogla imati znacajnu ulogu
u arheoloskim razdobljima. Postupci pripreme
ruda i prilagodba operativhih parametara teo-
retski bi mogli utjecati na tehnolosku iskoristi-
vost ruda. Medutim, upitna je razina poboljSa-
nja svojstava rude ifili utjecaj moderiranja ope-
rativnih parametara na uspjeSnost postupka
taljenja, poglavito kod ruda kod kojih je udio ja-
lovine dominantna sastavnica, $to je slucaj kod

we assume further development and enrichment
of Fe matrix, since already in this phase they have
a higher content of iron oxides and accordingly
lower gangue content. The analysis of soil sam-
ples indicates a higher and lower potential for the
development of bog iron ore, i.e. enrichment with
Fe matrix, concerning the depth within the poten-
tial deposit, which is related to the groundwater
oscillation zone. Also, fully developed samples of
ore from the Novigrad Podravski — Milakov Be-
rek position (Brenko et al. 2021: Tab. 2: NP-MB
16-18), found dispersed on the soil surface due
to ploughing, show significant differences in the
major oxide content, and given the spatial disper-
sion, they most likely originate from the same de-
posit. The exploitation of ores of different quality,
from one or more deposits, is attested by archae-
ological finds of ores from the Virje — SuSine site
dated to Late Antiquity (end of 4t — beginning of
5t centuries). Samples of ores that were found in
the same context, waste deposition layer (Trench
7, SU 314) within the iron production workshop
have variable composition and ratio of major ox-
ides, that is in the case of iron oxides, 19.65%,
45.57% and 70.89 mass. % Fe,O, (Brenko et al.
2021: Tab. 2; 4: V-S 1, 5-6). However, the ques-
tion remains whether all ores found in the ar-
chaeological context, even those of poor quality,
were indeed used in the production of iron bloom
or is it possible to expect procedures of discrimi-
nation of ores according to quality or ore, that is
preparation that involves reducing the gangue
in the ore conglomerate. Experimental tests of
direct ore reduction known from the literature
(Crew 1991a; 1991b; Crew, Salter 1991; Seernells,
Crew 1997; Crew, Charlton 2007; Crew et al. 2011;
Thiele 2010) indicated that it is possible to smelt
bog iron ores with a lower iron oxide content, up
to 49 mass. % Fe,O, and even lower, if used in
combination with higher quality ores (Crew et al.
2011). It is possible to assume that in the latter
cases the yield in iron bloom will be lower com-
pared to higher quality ores and the quality of the
final product is questionable (depending on the
rest of the ore composition), two factors that may
have played a significant role in archaeological
periods. Ore dressing and adjustment of opera-
tional parameters could theoretically affect the
technological usability of ores. However, the level
of improvement of ore properties and/or the im-
pact of adaptation of the operating parameters on
the success of the smelting process is question-
able, especially with ores where the gangue is the
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nekih arheoloskih uzoraka iz 4./5. te 8./9. sto-
lijeéa (Brenko et al. 2021: Tab. 4: V-S 2-5) kao i
rude s polozZaja Kalinovac — Hrastova greda. Ta-
lienje nekvalitetne rude, u svakome slucaju, no-
si visok rizik od potpune neuspjesnosti procesa
ili niskoga prinosa, posljedi¢éno nepotrebnoga
utroSka resursa. Postupak diskriminacije ne-
kvalitetnih ruda ili jalovine u rudnome konglo-
meratu u nekoj mjeri bi smanjio rizik, a mogao
je biti dio pripreme ruda. Priprema je mogla po-
drazumijevati ¢is¢enje od jalovine (prebiranje,
mehanicko ¢iSéenje rude od jalovina, ispiranje),
suSenje, przenje ruda i usitnjavanje (Pleiner
2000: 106-107). Prema mineralosSkoj analizi,
rude pronadene u kontekstu radionice za pro-
izvodnju Zeljeza iz kraja 4. | poCetka 5. stolje-
¢a na lokalitetu Virje — Susine (Sonda 7) prosle
su kroz postupak przenja (Brenko et al. 2021:
Tab. 3: V-S, 5-6), Sto posredno otvara i mo-
guénost izvodenja drugih postupaka pripreme
Ciji arheoloski tragovi neée biti jasno zabiljeZe-
ni. Ovi uzorci pronadeni su u sloju zasi¢éenom
otpadom od talionickih postupaka, vjerojatno
odlagalistu otpada pri rubu radionice (Sekelj
Ivandéan, Karavidovi¢ 2021: 59-62, Fig. 14a: SJ
314), $to takoder moze sugerirati postupak dis-
kriminacije i odbacivanja (Brenko et al. 2021).
Cinjenica da su ostale rude niske kvalitete pro-
nadene u naseobinskom kontekstu 8./9. stolje-
¢a na lokalitetima Virje — Susine (przena, Son-
da 8) i Volarski breg (neprzena, Sonda 2b), a
ne u direktnoj vezi s radionicom unutar koje se
talilo (Volarski breg, Sonda 1), takoder otvara
mogucénost da ovi uzorci, iako prikupljeni iz le-
Zista, nisu bili koristeni za proizvodnju Zeljeza.
Oba primjera mogu predstavljati ostatke diskri-
miniranih, jalovih dijelova rudnih konglomerata.

Primjena postupaka pripreme, poglavito dis-
kriminacije, predstavlja tehnolo$ki uvjetovanu
prilagodbu koja je u proslosti morala biti ute-
meljena na iskustvenom i/ili preneSenom, tra-
dicijskom znanju. Ishod postupka taljenja ovisi
o karakteristikama upotrebljenih sirovina (ru-
da, ugljen), ali i konstrukcijskim (dizajn peci) te
operativnim parametrima (nacin na koji se izvo-
di postupak i priprema sirovina) te je u vecoj ili
manjoj mjeri osjetljiv na promjene ovih izvedbe-
nih (pred)uvjeta (Karavidovi¢ 2021b: 235-240).
Pretpostavimo li da su se unutar jedne zatvo-
rene arheoloske cjeline, radionice za proizvod-
nju zeljeza (Sekelj lvan¢an, Karavidovi¢ 2021),
sustavno primjenjivali isti operativni parametri
pri postupku taljenja te da je dizajn peci bio isti,

dominant component, as is the case with some
archaeological samples from 4%"-5%" and 8*-9t
centuries (Brenko et al. 2021: Tab. 4: V-S 2-5)
as well as for ore from the Kalinovac — Hrastova
greda position. The smelting of low-quality ore,
in any case, carries a high risk of complete pro-
cess failure or low yield, resulting in unnecessary
resource consumption. The process of discrimi-
nating against substandard ores or gangue in an
ore conglomerate would reduce the risk to some
degree and could have been part of ore prepara-
tion. Preparation could include gangue cleaning
(screening, mechanical methods, rinsing), drying,
roasting and crushing (Pleiner 2000: 106-107).
Results of the mineralogical analysis of the ores
found in the context of the iron production work-
shop from the end of 4t"-beginning of 5" centu-
ries at the Virje — Susine site (Trench 7) show that
the ores were roasted (Brenko et al. 2021: Tab. 3:
V=S 5-6), which indirectly opens the possibility of
performing other preparation procedures, whose
archaeological traces will not be unambiguously
recorded. These samples were found in a layer
saturated with waste from the smelting process-
es, probably a waste deposit area at the edge of
the workshop (Sekelj lvancan, Karavidovi¢ 2021:
59-62, Fig. 14a: SU 314), which may also suggest
a process of discrimination and rejection (Brenko
et al. 2021). The fact that other low-quality ores
were found in the settlement context dated to 8-
9t century at Virje — SuSine (roasted, Trench 8)
and Volarski breg (unroasted, Trench 2b) sites,
and not the workshop where ores were smelted
(Volarski breg, Trench 1), also opens the possi-
bility that these samples, although collected from
deposits, were not used for iron production. Both
examples may represent remains of discriminat-
ed, barren parts of ore conglomerates.

The application of preparation procedures, es-
pecially discrimination, is a technological adapta-
tion that had to be founded on experiential and/
or transferred, traditional knowledge in the past.
The outcome of the smelting process depends on
the characteristics of the raw materials used (ore,
charcoal) as well as construction (furnace design)
and operational parameters applied (the way that
the process is carried out and raw materials pre-
pared), and it is more or less sensitive to changes
in these performative (pre)conditions (Karavidovi¢
2021b: 235-240). Assuming that within a single
archaeological context, an iron production work-
shop (Sekelj lvanéan, Karavidovi¢ 2021), the same
operating parameters were systematically applied
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neuspjeh bi se pripisao jedinoj preostaloj vari-
jabli, rudi. Takoder, u proslosti je direktni poka-
zatelj uzroka neuspjesnosti postupka ili niskoga
prinosa mogla biti zgura. Prema primjeru zgure
proizasle iz postupka taljenja kalinovacke rude,
izrazita prisutnost jalovine (u prvome redu sili-
kata) ocituje se u boji, strukturi i konzistenciji
zgure. Zguru karakterizira svijetlije sivozelen-
kasta boja vanjske povrsSine i presjeka, vidljive
Cestice kvarca u presjeku i porozna struktura
(niska razina viskoznosti) (sl. 5; tab. 4: 6-7).
Potonje je mogao biti vizualni indikator i u tije-
ku postupka taljenja, priispustanju zgure, kada
se razina viskoznosti zgure ocituje primarno u
brzini istjecanja. U istome kontekstu, diskri-
minacija ruda po kvaliteti u proslosti morala bi
se oslanjati na prepoznavanje morfoloskih po-
kazatelja loSije kvalitete. Komparativna analiza
fizickih, mineraloSkih i kemijskih svojstva rude
s polozaja Kalinovac — Hrastova greda jasno
pokazuje da je moguce vizualno prepoznati
shaznu prisutnost jalovine u sastavu rude, time
i nizu kvalitetu (tab. 2: 4). Tako su sitniji pijesak
ili Sljunak te glina u strukturi mogli upudivati na
potrebu dodatne obrade nekim od postupaka
pripreme ili diskriminaciju nepovoljnih dijelova
rudnih konglomerata. Usporedbom karakteri-
stika grumenja pjeskovitih konkrecija s Fe ma-
triksom i rude iz leziSta moguce je uociti razliku
u strukturi, gdje rude koje su prosle kroz opi-
sane razvojne stadije (kvalitetnije rude) imaju
vidljive aglomeracije pojedina¢nih globularnih
konkrecija (sl. 3; tab. 2: 4-5).

ZAKLJUCAK

Eksploatacija mocvarnih Zeljeznih ruda na
prostoru Podravine u proSlosti je imala znacaj-
nu ulogu, o ¢emu svjedoce brojni povrsinski
nalazi tragova proizvodnje Zeljeza te genetska,
geokemijska veza izmedu ruda iz arheolos$ko-
da i geoloskoga konteksta. Naznake postojanja
leziSta i potencijal za razvoj mocvarne rude u
Podravini geoloski je utvrden tek recentim,
ciljanim istrazivanjima. U potpunosti razvije-
ne rude pronadene su na povrsini oranica, Sto
implicira razorenost podpovrsinskih lezista.
Kontinuirana poljoprivredna aktivnost prisutna
na vecini poloZaja na kojima su prepoznati tra-
govi orudnjenja neupitno progresivno razara,
degradira te moze izazvati i nestajanje leziSta
¢ime je smanjena mogucénost proucavanja ek-
sploatacije i uporabe ruda u proslosti. Stoga

in the smelting process and that the furnace de-
sign was the same, the failure would be attributed
to the only remaining variable, the ore. Also, in
the past, a direct indicator of the cause of pro-
cess failure or low yield could be slag. Based on
the slag derived from the smelting of Kalinovac
ore, the pronounced presence of gangue (primar-
ily silicates) is manifested in the colour, structure
and consistency of slag. The slag is characterized
by a lighter grey-greenish colour of the outer sur-
face and cross-section, visible quartz particles
in the cross-section and a porous structure (low
viscosity level) (Fig. 5; Tab. 4: 6-7). The latter
could also be a visual indicator during the smelt-
ing process, upon slag discharge, when the level
of slag viscosity is manifested primarily in the flow
rate. In the same context, quality discrimination of
ores in the past should have relied on the recog-
nition of morphological indicators of poorer qual-
ity. Comparative analysis of physical, mineral and
chemical properties of ore from the position Ka-
linovac — Hrastova Greda clearly shows that it is
possible to visually identify a strong presence of
gangue in the ore, and thus lower quality (Tab. 2:
4). The presence of finer sand or gravel and clay
may have indicated the need for additional pro-
cessing by some of the preparation procedures
or discrimination of unfavourable parts of ore
conglomerates. Comparing the characteristics of
sandy concretions with the Fe matrix and ore from
the deposit, it is possible to see a difference in
structure, where ores that have passed through
the described development stages (higher qual-
ity ores) have visible agglomerations of individual
globular concretions (Fig. 3; Tab. 2: 4-5).

CONCLUSION

The exploitation of bog iron ores in the Podravi-
na area has played a significant role in the past, as
evidenced by numerous surface finds of traces of
iron production and the genetic, geochemical link
between ores from the archaeological and geo-
logical context.

Indications for the existence of deposits and
the potential for the development of bog ore in
Podravina have been geologically determined on-
ly by recent, targeted research. Fully developed
ores were found on the surface of arable land,
which implies the destruction of subsurface de-
posits. Continuous agricultural activity, present
at most locations where traces of ore have been
identified, unquestionably destroys and degrades
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je na temelju sustavno prikupljenih podataka
s polozaja Kalinovac — Hrastova greda 1-3 ko-
ji je pokazao najvedi potencijal postojanja, ali i
razvoja mocvarne Zeljezne rude izveden model
lezista, s ciljem primjene na prediktivhu geo-
arheolo$ku analizu Sirega prostora Podravi-
ne. Analiza i rekonstrukcija leziSta na polozaju
Kalinovac - Hrastova greda pokazala je da je
formiranje leziSta u suvremenome krajoliku Po-
dravine pod znacajnim, negativhim utjecajem
novostvorenih preduvjeta, prvenstveno sniza-
vanja razine podzemnih voda, a razvoj je inhi-
biran intenzivnom agrarnom aktivnoséu. Ipak,
proces razvoja ruda je aktivan. Potencijal poja-
ve lezista je najvedi u plitkim, prostorno ogra-
ni¢enim depresijama, na relativnoj dubini od
30/50 - 80/100 cm i nadmorskoj visini od oko
112 do 110 m, odnosno u zoni kolebanja razine
podzemnih voda obogacéenih s Fe. Rude se ra-
zvijaju u zoni oksidacijskih uvjeta, u okruzenju
siltozne ilovace i ilovaCe, odnosno unutar mo-
¢varnoga glejnog tla. Sliéne, oksidativne uvjete
prirazvoju (getit kao glavna mineralna faza), ti-
me i slican mehanizam razvoja, mogucde je pret-
postaviti i za arheoloske uzorke rude (Brenko
et al. 2021) pronadene na lokalitetima u vezi
s proizvodnjom Zeljeza na prostoru Podravine
(Velike Hlebine, Dedanovice, Virje — Susine i
Volarski breg). Lezista su vjerojatno tlocrtno
nepraviloga, u presjeku pretezno lecastoga
(gnjezdolikoga) oblika koji je uglavnom diktiran
reljefnim znacdajkama i fizionomijom plitkih de-
presija u kojima se razvijaju. S obzirom na sli¢-
ne prirodne preduvjete Sirega prostora Podra-
vine, poglavito druge dravske terase, postoja-
nje ovakvoga tipa leziSta moguce je ocekivati i
na drugim lokacijama, ukljucujuéi i neposrednu
blizinu arheoloskih lokaliteta na kojima su utvr-
dene radionice za proizvodnju Zeljeza datirane
u kasnu antiku i rani srednji vijek. Moguénost
postojanja leZiSta na ovim polozajima moze
svjedoditi o razlogu odabira prostora izvan na-
selja za smjestaj radionica, blizinu osnovnih re-
sursa - rude, ali i drva.

Metoda eksploatacije ruda u proslosti podra-
zumijevala bi kopanje pli¢ih jama i/ili rovova ko-
ji su, ako slijede fizionomiju lezista, mogli biti
nepravilna oblika ili isprekidano postavljeni u
okoliSu. Obim leziSta mogao je znacajno varira-
ti, na Sto ukazuju reljefna obiljezZja u kojima se
izmjenjuju plitke depresije razli¢itih dimenzija i
dubine s blagim uzdignuéima. Prema primjeru
nepotpuno razvijene rude s polozaja Kalinovac
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progressively and may cause the disappearance
of deposits thus reducing the possibility of study-
ing exploitation and use of ores in the past. There-
fore, based on systematically collected data from
the position Kalinovac — Hrastova greda 1-3, that
showed the highest potential for the existence and
development of bog iron ore, a deposit model was
derived, with the aim of further predictive geoar-
chaeological analysis of the wider Podravina area.
The analysis and reconstruction of the deposit at
the Kalinovac — Hrastova greda site show that in
the modern landscape of the Podravina region,
the deposit formation is negatively affected by the
newly created preconditions, primarily lowered
groundwater levels and inhibited development
due to intensive agricultural activity. Still, the ore
formation process is active. The potential for the
occurrence of deposits is highest in the shallow,
spatially limited depressions, at a relative depth
of 30/50 — 80/100 cm and an altitude from around
112 to 110 m, that is, in the zone where groundwa-
ter enriched with Fe fluctuates. Ores develop in
the oxidative conditions zone in the silty loam and
loam or within the wetland gley soil environment.
Similar oxidative conditions during development
(goethite as the main mineral phase), and thus a
similar development mechanism, can be assumed
for archaeological samples of ore (Brenko et al.
2021) found at sites related to iron production in
the Podravina region (Velike Hlebine, Dedanovi-
ce, Virje — SuSine i Volarski breg). The deposits
are probably irregular and predominately have a
lenticular (nest-like) cross-section, which is dic-
tated by the relief features and the physiognomy
of the shallow depressions in which they develop.
Given the similar natural conditions of the broader
area of the Podravina region, especially the sec-
ond Drava River terrace, the existence of this type
of deposit is assumed in other locations, includ-
ing the immediate vicinity of archaeological sites
with workshops for iron production, dated to Late
Antiquity and the Early Middle Ages. The possibil-
ity of deposits occurring in these positions may
testify to the reason for choosing a space outside
the settlement to accommodate the workshops,
the proximity of the basic raw materials — ore, but
also wood.

The method of ore exploitation in the past would
involve digging shallow pits or trenches, which, if
they follow the physiognomy of the deposit, could
be irregularly shaped or intermittently placed
in the environment. The volume of the deposits
could vary considerably, as indicated by the relief
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— Hrastova greda, leziSta su mogla biti maloga
obimate sadrzavatitek oko 150 kg rude. Pretpo-
stavimo li dugoroéniju eksploataciju rude, manji
obim lezista mogao je uvjetovati iskoriStavanje
viSe pojedinacnih lezista. Analiza uzoraka ruda
pronadenih u arheoloSkome kontekstu na loka-
litetima Virje — SuSine i Volarski breg te Velike
Hlebine i Dedanovice (Brenko et al. 2021) po-
kazuje znadajne razlike u sastavu, poglavito za-
stupljenosti Zeljezovih oksida. Ova pojava moze
se tumaditi eksploatacijom vise razlicitih lezi-
Sta, alii jedinstvenoga leziSta u kojemu, prema
primjeru leziSta Kalinovac - Hrastova greda,
sastav i kvaliteta rude mogu znacajno varirati.
Kemijska i mineraloSka analiza uzoraka razvoj-
nih faza rude s polozaja Kalinovac — Hrastova
greda zorno prikazuje da je sastav rude mogao
varirati ovisno o dubini i uslojenosti lezista, fa-
zi razvoja, ali i mikrolokaciji le¢e. Odnos udjela
Zeljezovih i silicijevih oksida, odnosno kvalite-
ta i tehnoloska iskoristivost rude u izravnoj je
vezi s stadijem razvoja ruda. Ovakve, naizgled
minimalne razlike, u proslosti su mogle diktira-
ti uspjesSnost postupka taljenja, odnosno proi-
zvodnje spuzvastoga Zeljeza. Kemijska analiza
nalaza ruda s arheoloskih lokaliteta Virje — Su-
Sine (Sonda 7-8) i Volarski breg (Sonda 2) po-
kazuje da su rude loSije kvalitete (= 50 mas. %)
prisutne u arheoloSkom kontekstu datiranom u
kraj 4. | poCetak 5. i 8. | pocCetak 9. stoljeca,
odnosno bile su prikupljane iz leziSta. Medutim,
one nuzno ne predstavljaju sirovine koje su bile
upotrijebljene za proizvodnju Zeljeza. Ekspe-
rimentalno testiranje tehnoloske iskoristivosti
rude s polozaja Kalinovac — Hrastova greda po-
kazuju da visok udio jalovine, poglavito silika-
ta, mozZe onemoguditi formaciju spuzvastoga
Zeljeza. Uzrok neuspjeha postupka taljenja u
proSlosti je bilo moguée pretpostaviti i pripi-
sati rudi na osnovi fizi¢kih karakteristika zgure
tijekom i nakon postupka, $to jasno pokazuje
analiza zgure proizasle iz eksperimenta talje-
nja kalinovacke rude. Komparativna analiza fi-
zi¢kih, mineraloskih i kemijskih svojstava rude
s poloZaja Kalinovac — Hrastova greda svjedoci
da je kvalitetu i tehnoloski znacajniju zastuplje-
nost jalovine (pijesak, glina, Sljunak) moguce
prepoznati na vizualnoj razini. Zasi¢enost rud-
noga konglomerata globularnim nakupinama,
koja oznaCava uznapredovali proces cementa-
cije, odnosno pravilni razvoj rude, moze pred-
stavljati viSu razinu kvalitete naspram jednolic-
nije strukture bez globularnih nakupina. Fizicke

features, in which shallow depressions of differ-
ent dimensions and depths alternate with slight
elevations. According to the example of incom-
pletely developed ore from the position Kalinovac
— Hrastova greda, the deposits could be of small
size and contain only about 150 kg of ore. Assum-
ing long-term ore exploitation, the smaller volume
of the deposits could have conditioned the exploi-
tation of several individual deposits. The analysis
of ore samples found on archaeological sites of
Virje — SuSine and Volarski breg, as well as Ve-
like Hlebine and Dedanovice (Brenko et al. 2021),
indicates significant differences in composition,
especially the iron oxide content. This phenom-
enon could point to multiple ore sources, i.e. ex-
ploitation of several deposits or a single deposit,
in which, according to the study of the Kalinovac
— Hrastova greda, the composition of the ore and
thus the quality can vary significantly. Chemical
and mineralogical analysis of samples of ore de-
velopment stages from the Kalinovac — Hrastova
greda position clearly shows that the ore compo-
sition varies depending on the depth and strati-
fication of the deposit, development stage and
lens micro-location. The ratio of iron and silicon
oxides in the ore composition, that is, the quality
and technological usability of the ore is directly
related to the advances in ore development. Such
seemingly minimal differences in composition
could have dictated the success of the smelt-
ing, i.e. the production of iron bloom in the past.
Chemical analysis of ore finds from the archaeo-
logical sites Virje — Susine (Trench 7-8) and Volar-
ski breg (Trench 2) shows that low-quality ores (<
50% mass.) were collected from deposits as they
are present in the archaeological context dated to
the end of the 4" and beginning of 5" and the
8t and beginning of 9" century. However, they do
not necessarily represent raw materials used for
iron production. Experimental testing of techno-
logical usability of ore from the Kalinovac — Hras-
tova greda position show that a high proportion of
gangue, primarily silica, can prevent the formation
of iron bloom. The cause of the smelting process
failure could be assumed and attributed to the
ore in the past, based on the physical character-
istics of slag during and after the process, which
is clearly shown by the analysis of slag result-
ing from the Kalinovac ore smelting experiment.
Comparative analysis of the physical, mineral and
chemical properties of the ore from Kalinovac -
Hrastova greda position has shown that the qual-
ity and technologically significant presence of
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karakteristike mogle su biti vizualni indikator
kvalitete rude u proslosti te uz iskustveno zna-
nje o talionickome postupku potaknuti preradu
rude, odnosno primjenu postupaka ¢is¢enja u
svrhu diskriminacije i odbacivanja losih dijelova
rudnih konglomerata te poboljSanja svojstava
rude. Postupci su mogli podrazumijevati meha-
ni¢ko CiSéenje i prebiranje te ispiranje. Arheo-
loSki uzorci rude loSije kvalitete mogli bi pred-
stavljati odbacene, neiskoristene jalove dijelo-
ve rudnoga konglomerata. Kontekst u kojemu
su pronadeni uzorci ruda i njihov mineralni sa-
stav podrZavaju tezu o primjeni postupaka pri-
preme u sklopu koje i diskriminaciju, odnosno
odbacivanju jalovine iz ruda. Uzorci rude loSije
kvalitete pronadeni su u sloju sustavno deponi-
ranoga talionickog otpada u sklopu proizvodne
radionice datirane u kraj 4 — pocetak 5. stolje¢a
(Virje — SuSine, Sonda 7) te struktura vezanih
uz naseobinski kontekst datiranih u 8 — poce-
tak 9. stoljeéa (Virje — Volarski breg, Sonda 2;
Susine, Sonda 8). MineraloSka analiza pokazala
je direktni utjecaj primjene jednoga od postu-
paka pripreme, przenja, kod dijela uzoraka iz
oba konteksta Sto posredno moze implicirati i
uporabu drugih postupaka pripreme koji nec¢e
biti jasno zabiljeZeni u arheoloSkome zapisu.
Druga mogucénost, upitnoga ishoda taljenja,
je da uzorci ruda iz arheoloskoga konteksta ne
predstavljaju odbacene dijelove rudnoga kon-
glomerata, nego su uz kvalitetnije rude bile
upotrebljavane u postupku taljenja. Analiza ar-
heoloskih uzoraka zgure iz pripadajué¢ega kon-
teksta mogla bi dodatno razjasniti pitanje upo-
rabe ruda losije kvalitete.

Eksploatacija i uporaba ruda niske kvalitete,
prema provedenome istrazivanju, uvjetova-
na je neizbjeznim, prirodnim svojstvima rude i
karakterom lezista mocévarnih Zeljeznih ruda.
Medutim, pretpostavljena primjena postupaka
priprema ruda u proslosti svjedoci o svjesno-
me pokusaju ovladavanja prirodnim, nepovolj-
nim zadanostima i nepredvidivosti ishoda i to
tehnoloSkom prilagodbom koja podrazumijeva
primjenu dodatnih koraka u proizvodnji Zeljeza
sa svrhom oplemenjivanja ruda i osiguravanja
prinosa u Zeljezu.

Prijevod Translation TENA KARAVIDOVIC
Lektura Proofreading MARKO MARAS

gangue materials (sand, fine gravel and clay) can
be recognized visually. The saturation of the ore
conglomerate with globular accumulations, which
indicates an advanced cementation process or
proper ore development, may represent a higher
level of quality when compared to a more uni-
form structure without globular agglomerations.
Physical characteristics could be a visual indica-
tor of ore quality in the past and combined with
experiential knowledge on smelting, prompt the
ore dressing to discriminate and reject bad parts
of ore conglomerates and improve ore properties.
Ore dressing could include mechanical cleaning,
screening and washing of ore conglomerates. Ar-
chaeological samples of lower quality ore could
represent discarded, unused barren parts of the
ore conglomerate. The context of archaeological
ore samples and their mineral composition sup-
port the thesis of the application of preparation
procedures, with discrimination and rejection of
gangue materials from ore conglomerates. Lower
quality ores were found in a layer of systematically
deposited smelting waste within an iron produc-
tion workshop dated to the 4""and beginning of 5t
centuries (Virje — SuSine, Trench 7) and structures
related to the settlement context dated to the 8t
and beginning of 9" centuries (Virje — Volarski
breg, Trench 2; SusSine, Trench 8). The mineralog-
ical analysis of some samples from both contexts
showed a direct impact of the application of one
of the preparation procedures, roasting, which
may indirectly imply the use of other preparation
procedures that will not be clearly identifiable in
the archaeological record. Another possibility,
with questionable smelting outcomes, is that ore
samples from the archaeological context do not
represent discarded parts of the ore conglomer-
ate but were used in the smelting process along
with higher quality ores. Analysis of archaeologi-
cal slag samples from the corresponding contexts
could further clarify the issue of the use of the
poorer quality ores.

Procurement and use of low-quality ores are
conditioned by the inevitable, natural properties
of the ore and the character of bog iron ore de-
posits. However, the presumed application of ore
preparation procedures in the past testifies to a
conscious attempt of mastering unfavourable
preconditions and unpredictability of outcomes
with a technological adaptation, which involves
additional steps in iron production to improve the
ore and ensure iron yield.
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