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IrON SMELTING IN PRE-COLONIAL ZIMBABWE: EVIDENCE FOR
DiacHRONIC CHANGE FROM SWART VILLAGE AND BARANDA,
NORTHERN ZIMBABWE

Shadreck Chirikure & Thilo Rehren

Abstract

In conventional reconstructions of southern African
archaeology, the production of iron has been seen as
unchanging for the last 2000 years. Significantly, this
contrasts with the changes that have been noted in
broader society and other classes of material culture
of the same period. Despite iron being used as a
chronostratigraphic indicator, virtually nothing is
known on the patterns of iron production within the
Iron Age and whether change in technology and the
socio-cultural context of production took place. From
a combined archaeological and metallurgical per-
spective, the historical development of iron working
has never been explored. For example, it is not known
whether similar types of furnaces were constantly op-
erated throughout the last two millennia. Excavations
at two sites in northern Zimbabwe, one Gokomere-
Ziwa (800 - 1200 cal AD) and one Zimbabwe tradi-
tion (1500 - 1700 cal AD), have shown differences in
iron pyrometallurgical debris, tentatively suggesting
that they represent separate metal working practices.
By comparing the archaeological and metallurgical
evidence from the two sites, this paper represents an
initial step in delineating patterns of indigenous iron
production in one region of Zimbabwe.

Résumé

Les reconstitutions archéologiques établies en Afri-
que du Sud considérent que la production du fer est
inchangée depuis 2000 ans. Ceci contraste de ma-
niére significative avec les changements observés dans
des sociétés plus conséquentes et pour d’autres types
de matériaux datant de la méme période. En dépit du
fait que le fer est utilisé comme indicateur chrono-
stratigraphique, nous n’avons littéralement aucune
connaissance concernant les modéles liés a sa pro-
duction durant I’Age de Fer et nous ignorons si des
changements dans la technologie employée et dans
le contexte socioculturel de la production du fer ont
eu lieu. Le développement historique de 1’exploita-
tion du fer n’a jamais été étudié d’un point de vue a la
fois archéologique et métallurgique. Par exemple,
nous ne savons pas si des fours semblables ont été
utilisés de maniére continue au cours des deux der-
niers millénaires. Des fouilles réalisées au nord du
Zimbabwe sur deux sites différents, 1’un de tradition
Gokomere-Ziwa (800-1200 cal AD) et I’autre de tra-
dition Zimbabwe (1500-1700 cal AD), ont montré des
différences au niveau des débris pyro-métallurgi-
ques du fer, suggérant, provisoirement, des pratiques
d’exploitation du métal indépendantes. En compa-
rant les vestiges archéologiques et métallurgiques de
ces deux sites, cet article représente un premier pas
vers la description des modeéles de production autoch-
tone du fer dans une région du Zimbabwe.

Keywords: Gokomere-Ziwa, Zimbabwe tradition, iron working remains, slag tapping, tuyeres, natural draft
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Introduction

A large number of archaeologists and other spe-
cialists, such as linguists and historians, working in
southern Africa believe that iron working was intro-
duced by indigenous smelters and smiths who are an-
cestors of the modern Bantu (HurFrmMAN 1971; SoPER
1982; PHrLLIPSON 1985; HALL 1987; MrrcHELL 2001; PwrTt
2005). Indigenous iron production and use has a rela-
tively long history in the sub-continent (MiLLER 2001,
2002). Since its emergence in the early first millennium
AD, the craft prospered for close to two thousand
years only declining in the early years of colonialism,
in the late nineteenth and twentieth century. It is gen-
erally agreed that the adoption and use of iron had
revolutionary consequences in prehistoric societies
since it introduced a potential source of wealth, tools
for agricultural production, as well as weapons for ter-
ritorial expansion and consolidation (DE MARET 1985;
HaALAND & SHINNIE 1985; pE BArRroOs 1988, 2000;
KryaGa-MULINDWA 1993).

Archaeologists have traditionally divided the last
two thousand years of southern African prehistory into
two distinct cultural periods conventionally known as
the Early and Late Iron Ages. Due to an increase in the
use of absolute methods of dating it is now widely
accepted that the so called EIA cultures represented
by ceramic traditions such as Gokomere-Ziwa did not
end around AD 1000 as thought earlier, but instead co-
existed and overlapped with the early LIA cultures such
as Gumanye and Leopard’s Kopje for close to two cen-
turies (HUFFMAN 1986, 1996; MitcHELL 2001 ; PIKIRAYI
2001). The division between the earlier Gokomere-Ziwa
cultures and those that emerged in the early second
millennium such as Leopard’s Kopje is based on ob-
servable changes in material culture and different lev-
els of socio-political and economic organisation. Ap-
parent differences in pottery types and decorations,
increase in trade, and the rise of chiefdom and state
systems have been cited as factors that distinguishes
the two cultural periods (FAGAN 1965; PHILLIPSON 1977,
Hurrman 1978; HaLL 1987; Pwiti 2005). While these
changes were recorded in other aspects of culture and
society in general, not much consideration has been
given to iron production and its potential to change
over the course of two thousand years. Undoubtedly,
high temperature technologies such as iron produc-
tion were important in the societies and cultures of
prehistoric populations (MILLER e? al. 2001; MILLER &
KiLLick 2004). In addition, the production and use of
iron was a socially mediated experience that merged

the technical parameters of smelting and smithing with
the belief systems of extant populations (NDoro 1991;
CHILDs 1991, 1994, 2000; BARNDON 1996; ScuMiDT 1997,
HaaLanp 2004). With its deep rooted links in society,
one would expect the production of iron to change as
broader society developed.

However, in conventional reconstructions of
southern African archaeology, iron production has
been viewed as impervious to change, and its contri-
butions to cultural developments of the different soci-
eties that arose in the past have not been fully explored.
SumMERs (1969) argued that although iron was univer-
sally worked in prehistoric societies, the metal may not
have been important in stimulating societal transfor-
mations. Despite this, we know that iron played an im-
portant role in every aspect of life in bygone societies
through its use in making utilitarian and expressive
objects (DE MaReT 1985; HaALAND & SHINNIE 1985;
CHILDs & KiLLick 1993; Kiyaca-MULINDWA 1993; CHILDS
& DEwEY 1996). The discovery of iron production evi-
dence at the Gokomere-Ziwa site of Swart Village (cal
AD 800-1200) and Baranda (AD 1500-1700) offered an
opportunity to analyse the remains from the produc-
tion process with a view to document continuity and
change in the technology and its socio-cultural con-
text over time. These two sites (Fig. I) are also important
in that they represent societies that were at different lev-
els of socio-political organisation. During the late first
and early second millennium AD, complex societal
transformations took place that led to the emergence of
complexity in northern Zimbabwe. Gokomere-Ziwa sites
such as Kadzi in the mid-Zambezi valley, Matanda Farm
in Chesa and Swart Village near Madziwa communal lands
have been associated with the transition from egalitar-
ian societies to hierarchical polities in northern Zimba-
bwe (GARLAKE 1969; Pwrtt 1991, 1996; Pxiray1 1993, 2001).

The site of Baranda, situated in Chesa communal
lands in Mt Darwin, is located within the heartland of
the historical Mutapa state (16" to 19" century), a suc-
cessor to Great Zimbabwe (1200 — 1450). The Mutapa
state occupied a large territory in most of northern Zim-
babwe and adjacent areas of Mozambique. The rulers
built several capitals of which Baranda is but one ex-
ample. Archaeological work carried out in the last fif-
teen years has shown that, compared to stone walled
sites such as Mutota’s Zimbabwe on the escarpment
and Zvongombe in Centenary, Baranda was a later capi-
tal of the Mutapa state with no dry stone wall enclo-
sures (PIkIrRAaYI 1993, 2001; SINCLAIR et al. 1993;
CHIRIKURE et al. 2001).
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Iron smelting in Pre-Colonial Zimbabwe
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. Fig. 1. Map of Zimbabwe showing the location of Swart Village and Baranda.

A comparison of material culture recovered from
Zimbabwe tradition sites with that retrieved from the
earlier Gokomere-Ziwa culture reveals marked and sig-
nificant differences. For example, the large quantities
of exotic goods such as glass beads, Chinese blue and
white porcelain and glazed wares that were recovered
in abundance at Baranda and Zvongombe have no
match in the preceding period. In addition, there are
also divergences in local artefacts such as domestic
pottery with that from the earlier period being lavishly
decorated with comb stamped designs and incisions
which are rare in the rather plain and graphited pottery
of the Zimbabwe period (HurrmaNn 1971; Pwrrt 1996;
PikiraY1 2001). Because both Gokomere-Ziwa and Zim-
babwe culture peoples were agriculturalists, iron was
important in their subsistence and socio-cultural ac-
tivities. Archaeological work conducted at Swart Vil-
lage and Baranda has identified large quantities of iron
working remains indicating that iron may have played
an important role in the societies represented by the
sites. Excavations were conducted at the two sites to
retrieve contextualised data for studying iron produc-
tion by the Gokomere-Ziwa and Zimbabwe tradition

peoples. By making recourse to archaeological and
archaeometallurgical evidence, this paper aims to study
iron production in societies of the first and second
millennium AD in northern Zimbabwe utilising Swart
Village and Baranda as case studies.

Background to the sites

Dating to between cal AD 800 and 1200, the site of
Swart Village is a huge and extensive Gokomere-Ziwa
village settlement located on the western banks of the
Mupfuri River in Mt Darwin, northern Zimbabwe. Ex-
tending from east to west, the site spreads over ten
hectares. It was initially investigated by PIkiraY1 (1993)
who noticed the broad similarities between pottery at
the site with that from sites such as Kadzi and Chitope,
tentatively dating them to the same period. From a ty-
pological viewpoint, the ceramics were indistinguish-
able from those of the other sites. Incisions, comb
stamping, punctation, wavy lines and stab and drag
formed the dominant decoration techniques at the sites
(Marapze 2001). These Gokomere-Ziwa ceramics are
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interspersed with architectural remains in the form of
pole impressed earthen structure (dhaka) and remains
of iron working. Interestingly, the iron production re-
mains are scattered all over the site demonstrating that
its production was widespread or that there was a large
population with scattered foci of production. When
compared with similar sites in the region, the ferro-met-
allurgical remains from Swart Village are more abun-
dant as compared to Chitope (GARLAKE 1969), Kadzi
(Pwrt1 1996), Matanda Farm (PikiraY1 2001), tentatively
suggesting that the site may have been an important
iron production centre in the past. In this regard, it was
felt that an archaeological and archaecometallurgical
study of iron production will give some insight into
iron working in the societies of the late first to early
second millennium AD.

Located in Chesa communal lands, Baranda is a
large site of the Zimbabwe tradition covering a two
square kilometre area. Oral traditions argue that the
decline of the state based at Great Zimbabwe in the
south led to a trek northwards in search of new oppor-
tunities (ABRAHAM 1959; BEacH 1980; MUDENGE 1988;
PikiraY1 1993). These Zimbabwe tradition peoples then
founded the Mutapa state and established the Zimba-
bwe tradition with its characteristic dry-stone walled
buildings in northern Zimbabwe and adjacent lowlands.
Successive Mutapa leaders were involved in trading
relationships with the Portuguese from the 16® century
onwards and some Mutapas such as Mavura estab-
lished alliances with the Portuguese to bolster their
withering political fortunes (ABRAHAM 1959; BEACH
1980). Interaction with the Portuguese brought struc-
tural changes within the Zimbabwe culture. For exam-
ple, whilst most of the earlier capitals such as
Zvongombe, Nhunguza, Chisvingo and Mutota were
typical dry-stone walled buildings, later capitals such
as Baranda did not have the dry-stone walls (PIKIRAYI
1993). However, there is a great deal of similarity in the
material culture found at Zvongombe, Mutota and
other Zimbabwe tradition sites with that recovered from
Baranda demonstrating that they all belong to one cul-
ture (PIKIRAYT 1993; CHIRIKURE et al. 2001). The material
culture at the sites includes exotic products like Ara-
bian wares, Chinese pottery and Indian blue and brown
beads. The largest volume of exotic goods has been
recovered from Baranda as compared to its sister sites
demonstrating that it was an important political and
economic centre (PIKIRAYI 1993; SINCLAIR et al. 1993).
House floors, pole impressed earthen structure
(dhaka), figurines and local pottery also form part of
the inventory of artefacts and features recovered from

the site. However, when juxtaposed with other sites of
the Zimbabwe tradition in the north, Baranda stands
out for possessing abundant evidence of iron working
within settlements. The evidence includes remains of
ore, slag, tuyeres and possible furnace fragments.
PikiraYT’s (1993) excavations demonstrated the con-
temporaneity between the iron working at the site and
the occupation. The site thus offered an opportunity
to explore in detail iron working at Zimbabwe type sites.
Very few studies have been carried out so far on iron
working at the Zimbabwe tradition sites to understand
the nature of smelting and smithing.

It was largely believed that iron smelting during
the Zimbabwe period was always practised outside resi-
dential areas because of the rituals associated with the
process (BenT 1892; Hurrman 1986, 1993, 1996; HERBERT
1993). In contrast, smithing was less ritualised and was
often practised inside settlements. Thus the evidence
for iron working within the settlements was suppos-
edly either associated with the less ritualised process
of smithing or it was argued that iron smelting and the
sites were not contemporary (VAN DER MERWE 1978),
without even empirically determining the processes
represented by the remains. This view was supported
using late 19" and early 20" century ethnographies, in
which iron was smelted outside settlement areas. Some
researchers have therefore posited that the smithing
inside and smelting outside dichotomy existed through-
out the Iron Age (HurrmaN 1986, 1993). When taken
together, the sites of Swart Village and Baranda were
thus seen as crucial in understanding the role and
development of iron working in the Iron Age at both
inter-site and intra-site levels.

Bloomery production of iron: A brief note

As elsewhere, the production of iron in pre-colo-
nial Zimbabwe was through the direct process whereby
iron ore was reduced by carbon monoxide in charcoal
fuelled furnaces of different designs to form a solid but
spongy mass of metal called bloom, and liquid silicate
waste, the slag (BAcHMANN 1982; KiLLick 1991; MILLER
& KiLrick 2004). The bloom contained occluded slag
and charcoal which were expelled during primary
smithing to consolidate it into usable iron for fabrica-
tion into a variety of items. The direct method con-
trasts significantly with the blast furnace/indirect
method exclusively used nowadays. In the indirect
process, iron is produced as liquid cast iron which is
subsequently decarburised to produce soft malleable
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Context Presence of Impressions of Charcoal Magnetic Non Magnetic  Corrosion
concave casts thin sticks impressions
Test Pit 1 15.7kg 69 kg 52kg 5.8kg 242 kg 22kg
Test Pit 2 8.0kg 4.0kg 3.2kg 2.1kg 14.4 kg 12kg
Trench 1 55kg 2.0kg 3.0kg 19kg 11.3kg 2.7kg
Trench 2 3.0kg 1.2kg 0.8kg 03 kg 6.8 kg 19kg
Total wt 32.2kg 14.1kg 12.2kg 10.1 kg 56.7 kg 8.0kg
Tab. 1. Macroscopic characteristics of slag from Swart Village.
Context Presence of  Impressions of Charcoal Magnetic Non magnetic  Corrosion
concave casts thin sticks Impressions
Trench 1 - - 1.2kg 0.7kg 2.5kg 1.7kg
Trench 2 - - 0.2kg 0.1kg " 0.4kg 0.1kg
Trench 3 - - 2.1kg 0.9kg 3.5kg 1.2kg
Total - - 3.5kg 1.7kg 6.4kg 3.0kg

Tab. 2. Macroscopic characteristics of slag from Baranda.

or wrought iron. The ingredients for the bloomery pro-
duction of iron are ore, air, charcoal, furnaces and blow
pipes or tuyeres. Furnaces of different designs were
operated with some being large shafts standing above
the ground while others were shallow bowls in the
ground. The air flow through the furnaces was gener-
ated through pumping the bellows or by natural draft
using the chimney effect. Both natural draft and bel-
lows driven furnaces have been documented in the
Zimbabwean archaeological record (PRENDERGAST 1975,
1979). Natural draft furnaces are typically large, con-
taining multiple tuyeres and had a provision for slag
tapping. Bellows driven furnaces-use a smaller number
of tuyeres and are often smaller although they can be
slag tapping just as their natural draft counterparts
(KiLick 1991; Renper 2000). Prehistoric smelters ex-
ploited the advantages of each type of furnace though
some authorities (REHDER 2000) have posited that natu-
ral draft furnaces were easier to operate and therefore
may have been earlier. However, this is an over-simpli-
fied position since natural draft furnaces continued to
be used in east Africa in the last hundred years to-
gether with bellows driven ones (Scumipt 1997). After
smelting and smithing, the remains of iron production
usually range from intact to collapsed furnaces, dis-
carded slag, partially reduced ore and even lost blooms
and finished products. As products of high tempera-
ture processes, these remains cohtain some partial his-
tories of the processes which they have undergone.
By analysing them in the laboratory it is possible to
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understand the technology of smelting and smithing
practised at a given site. Thus by comparing iron pro-
duction at archaeological sites dating to different peri-
ods, one can get an insight into the diachronic changes
in iron working over time.

Laboratory studies

The excavated iron working remains were studied
in the laboratory following standard metallographic
procedures (Scott 1991). Initially, the remains were
studied macroscopically and observable features on
the slag and tuyeres remains were recorded and com-
pared by site. Tables 1 and 2 show the macroscopic
features of slag and tuyeres from Swart Village and
Baranda.

Figure 2 and Tables 1 and 2 highlight signifi-
cant macroscopical differences on the iron extrac-
tion remains from the two sites. Whilst some of the
slag from Swart Village has concave casts (Fig. 2d),
none of the slags from Baranda demonstrate such fea-
tures. Also, the metallurgical ceramics from the two
sites differ significantly, which further suggests differ-
ent metal working practices for the two sites. For in-
stance, tuyeres from Swart Village are twice the diam-
eter and thickness of those from Baranda (see Fig. 2).
The significance of these differences will be discussed
below.
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0 2 4 6 8 0
-

Fig. 2. Iron working remains from Swart Village and Baranda. a: tuyere fragment, Swart Village; b: tuyere fragment, Baranda;
c: fragment of furnace wall, Baranda; d: slag with concave casts, Swart Village.

In order to understand the processes and indi-
vidual episodes in the iron production cycle, the iron
working remains from Swart Village and Baranda were
classified into morphological groups on the basis of
the stages which they represent in the production cy-
cle. For iron smelting, these were remains of ore, fur-
nace wall, broken tuyeres and slag (tap and furnace slag).
The residues of smithing were hammerstones, anvils,
smithing slag and crown material (see below for defini-
tions). The reader is also referred to CHIRIKURE & REHREN
(2004) and MiLLER & KiLLicK (2004) for detailed defini-
tions of these material types. Any successful characteri-

sation of iron working remains depends on a proper
association between the morphologies, compositional
data and mineralogical information (PLEINER 2000;
MuLer & Kivrick 2004). Great attention should be given
to the archaeological context for such artefacts; in the
case of Swart Village and Baranda, all the samples were
retrieved from well documented contexts unequivocally
linked with iron smelting and smithing.

Samples from each category of remains were se-
lected and prepared as polished blocks for optical
metallography, while bulk chemical analyses using
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energy dispersive XRF were done using pressed pow-
der pellets and a calibration method developed specifi-
cally for iron rich materials (VeLpHUDZEN 2003); the re-
sults are detailed below. Full results of the XRF analy-
ses are appended (see Appendix 1).

Results for optical metallography
Tap/Flow Slag

Slag with clear flow textures (see Fig. 3) is very
diagnostic of smelting operations, and most often stud-
ied. Itis formed from all the gangue components of the
ore, i.e. those oxides which are not being reduced to
metal, plus a considerable quantity of iron oxide chemi-
cally bonded to these other oxides and varying amounts
of fuel ash and absorbed ceramic material from tuyeres
and or the furnace wall. It carries structural information
on some aspects of the process technology, visible on
microscopic studies, as well as chemical information

Fig. 3. Photomicrograph of flow slag from Swart
Village and Baranda.

a. Photomicrograph taken at 75x magnification of
a flow slag from Swart Village, showing the con-
secutive flow of fayalitic slag. The upper flow so-
lidified in a glassy structure on contact with the
lower flow and with a clear separation between
‘them, indicating that the lower flow had fully
cooled before the upper flow took place. This struc-
ture is typical of tapping and frequently found in
the Swart Village material. (Sample SV7 Trench 1
Layer 3).

b. Photomicrograph taken at 150x magnification of
photomicrograph of flow slag from Baranda
(sample BN10 Trench 3 Layer 1), showing a more
welded contact between the two, including the for-
mation of a magnetite skin (white) between them.
While this texture is often found in tapping slags, it
is rare in the Baranda material and may point to
the accidental tapping of some slag during bloom
removal.

relating to the ore used and possible further compo-
nents influencing the smelt, requiring quantitative
analysis.

Slags at both sites had a similar mineralogical com-
position, being fayalitic (Fe,SiO,) with wiistite (FeO) in
a glassy matrix. Approximately, the wiistite was between
50-60 % while fayalitic phases constituted most of the
remaining 40-50 %. Noteworthy is the small amount of
hercynitic spinels (FeAlO,) in the slag from Baranda,
which has not been detected in similar materials from
Swart Village. A sizeable number of samples from both
sites had well developed magnetite skins on their flow
surfaces that indicate different slag flows from the fur-
nace, with the magnetite layers from Swart Village more
clearly developed than those from Baranda. Further-
more, the fayalite in five out of fifteen samples from
Swart Village had formed perpendicular to the cooling
front or surface of the slag flow, a structure known as
spinifex and indicative of rapid cooling, as typical in
tap slags. By contrast, only one sample from Baranda
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had developed such a structure. This demonstrates
that most slags from the Gokomere-Ziwa site of Swart
Village had reached a more fluid state and cooled more
rapidly when compared to that from the Zimbabwe tra-
dition site of Baranda. The absence of direct tapping
evidence such as slag tapping holes or pits at the two
sites means that slag tapping at the sites is only con-
jectural. We may assume, however, that tapping was a
more regular part of the process at Swart Village, while
at Baranda, it possibly occurred more accidentally when
slag was flowing out of the furnace when removing the
bloom through the rake hole.

Compositionally, the tap/flow slags from Swart
Village and Baranda fall within the typical range of
bloomery slags with between 50 and 60 wt% FeO, 5-6
wt% alumina, and 15-20 wt% silica. There is a relatively
high level of manganese in the slags, at around 11 wt%
at Swart Village and 2 to 7 wt% at Baranda; due to
similar chemical behaviour of manganese and iron ox-
ides, the higher manganese oxide levels go together
with lower iron oxide levels. The manganese oxide con-
tent in fayalite substitutes for iron during reduction.
This explains why there is so much wiistite in these
samples, while the bulk composition indicates relatively
low iron oxide levels.

Furnace slag

Furnace slag (Fig. 4) is differentiated from tap/
flow slag by the lack of flow structures, and is sup-
posed to have cooled within the furnace. Its morphol-
ogy is characterised by irregular shapes, often con-
taining charcoal impressions or adhering furnace wall
material. Furnace slags can show flow structures, too,

Fig. 4. Photomicrograph of furnace slag from Swart
Village, 30x magnification. (Sample SV4 Trench 2
Layer 3).

but without the magnetite skin typical of tap slag. Within
the range of variation, this type of slag from the two
sites was characterised by the dominance of wiistite
(60 %), fayalite (30 %), a glassy matrix (5 %) and the
porosity (5 %) constitute the rest though in some in-
stances minute particles of metallic iron are visible. Both
the fayalitic phases and the wiistite were in some cases
dendritic while in others they were blocky demonstrat-
ing that some of the slag samples had cooled more
quickly, as if removed during the opening of the fur-
nace for the removal of the bloom, while others had
cooled slowly, possibly within the furnace. The higher
incidence of wiistite is significant and reflected in their
higher total iron oxide level.

Compared to tap slags, the furnace slags possess
amuch higher FeO content (70-80 wt%), and the ratios
of the other oxides is slightly different. There is pro-
portionally more silica than alumina, and the levels of
lime, magnesia, potash and soda are lower, too. These
differences are very clear for the Swart Village samples,
but less pronounced for the Baranda slags, of which
we have fewer samples and much more variable com-
positions within the morphological groups. These dif-
ferences are consistent with the different morphologies;
tap slag represents the most fluid part of the furnace
charge dominated by a relatively high glass content
and comprising proportionately more of fluxing alkali
and earth alkali oxides. The furnace slag in contrast is
more likely to contain the solid phases, primarily free
iron oxide (wiistite) and the dominant silicate phase to
crystallise, in this case fayalite. Neither of these two
phases contain any of the alkali and earth alkali metal
oxides, nor alumina; in the absence of significant
amounts of hercynitic spinel alumina is mostly present
in the glass phase, and therefore enriched in the tap
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slag. The lower proportion of manganese, which does
crystallise in fayalite, reflects the changing fayalite
composition over the cooling cycle of the melt, with
more iron-rich fayalite crystallising first, and therefore
dominating in the furnace slag.

The rather sharp division between tap and fur-
nace slags in their chemical composition for Swart Vil-
lage underlines that the morphological distinction is
based on real differences, while the much more blurry
separation for the Baranda slags correlates with the
much weaker indication for tapping, as mentioned
above, and therefore reflecting more of a broad con-
tinuum of slag compositions as one would expect from
a non-slag tapping furnace.

Smithing slag and crown material

We use the term “crown material” for fragments
which have some aspects of the bloom but are still
close to the furnace slag (Fig. 5); its content of metal-
lic iron would have been removed by the smith prior to
working the bloom. Some scholars on the bloomery
process in Africa have discussed in detail the exist-
ence of partially reduced ore which in the chain of fur-
nace reactions would not have reached the hottest zone
such that the grains of metallic iron would not have
coalesced into a bloom (KiLLick & GorpoN 1988;
MiLLer & KiiLick 2004). Such materials possess a
microstructure which is very similar to that of the mate-
rial we call crown material. Based on the work carried
‘out on slags from Nyanga, north-eastern Zimbabwe
(CHRIKURE & REHREN 2004) and experimental work car-
ried out by Crew (1991) in Wales, we prefer the term
crown material rather than partially reduced ore. Most

Fig. 5. Photomicrograph taken at 75x magnification
of crown material from Baranda (Sample BN 12 Trench
1 Layer 3). The dominant phase here is metallic iron
(bright), with some silicate phases and corrosion prod-
ucts (both dark grey) and a high degree of porosity
(black).

of the Nyanga crown material was rather blocky in size
as distinct from partially reduced ores which in some
cases were slagged and had fewer particles of metallic
iron. In those samples, some iron oxide had visibly dis-
solved into the slag and has led us to believe that such
material is distinct from crown material; however, the
two are very similar products of a continuous process
and may even form a continuum. In the Welsh experi-
ment, the cleaning of the bloom resulted in the knock-
ing off of lumps of crown material, which were clearly
distinct and more consolidated than the partially re-
duced ore from the same smelt. Thus, crown material
was initially physically attached to the bloom, and
would have been removed by the smith prior to work-
ing the bloom. We therefore consider it part of the
smithing slag assemblage, indicative of primary
smithing of freshly smelted blooms, although it struc-
turally is part of the smelting process. Smithing slag
sensu strictu is formed during the smithing operation
and comprise a mix of residual smelting slag, crown
material, vitrified hearth material, fuel ash and partly
oxidised bits of iron metal; it therefore is not only in its
activity related origin but also in its structure and shape
different from smelting slag. However, it must also be
borne in mind that most of the remains from the
bloomery process are part of a continuum, and it is
often very difficult to isolate parts of the same process
such as smelting slag, crown material, and smithing
slag (MILLER & KiLLick 2004).

The major phases visible in these materials are
between 25 and 40 % metallic iron, 20 to 40 % each for
wiistite and fayalite, and 10 % porosity. With the micro-
structure being similar to the other types of slag, the
only differentiating factor appears to be the relatively
high level of metallic iron in these material types as
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compared to furnace slags for example. The fayalite
was blocky indicating that the samples had cooled
slowly and possibly inside the hearth or furnace. This
material differs from real blooms in that the high level
of wiistite and fayalite in them virtually make it impos-
sible for the metallic iron to be consolidated into us-
able metal. Corrosion products are also visible on the
edges of most of the samples indicating the oxidation
of metallic iron after discard.

The smithing slags from the two sites are almost
identical to the smelting slags in their mineralogy and
chemical composition, with some slags showing fea-
tures of the tap slag while others are closer to the fur-
nace slags. This shows the difficulty of separating
smelting from smithing slags (BACHMANN 1982; MILLER
& KiLLick 2004). Most of the material in the smithing
slags would have originated from the smelting of the
blooms and would therefore be very similar to the com-
position of the smelting slag. However, contextually,
the slags defined here as part of the smithing process
were associated with hammerstones and anvils. Mor-
phologically, they were also distinct from the smelting
slags.

Chemically, smithing slags and crown material are
two distinct groups; the crown material is very rich in
iron (expressed in the tables as iron oxide, but present
in parts as metallic iron), reaching 85 wt% FeO. All other
oxides are accordingly present at lower levels, with the
same differential depletion observed earlier for the dif-
ference between tap and furnace slag. This underlines
the fundamental relationship between all these slag
types, with tap slag and the bloom forming the extreme
ends of a stepped continuum. The Swart Village
smithing slag, in contrast, follows a different pattern,
with the high iron oxide level and low alkali and earth
alkali metal oxide levels of the furnace slag, but the
high alumina level of the tap slag and the lowest man-
ganese oxide levels of the four slag types (tap, fur-
nace, crown and smithing). As previously, no clear pat-
tern emerges from the Baranda data; except for the high-
est iron oxide level in the crown material no differenti-
ating features are apparent from the chemical composi-
tion of the various slag types.

Undiagnostic slag
A fifth slag group, not attributable to any of the

former groups on macroscopic appearance, was labelled
undiagnostic slag; for the Baranda material, it is indis-

tinguishable from the tap and furnace slags, while for
the Swart Village assemblage, two of the three samples
stand out for their extremely low manganese oxide and
rather high phosphorous oxide and lime content. Phos-
phorous and lime are typical fuel ash oxides, however,
the high amount of FeO in these slags would rule them
out as fuel ash slags as defined by MILLER & KiLLICK
(2004). These differences could suggest that this ma-
terial belongs to a separate suite of slags, unrelated to
the material studied so far; however, more research
would be necessary to test this hypothesis.

Ore

A few samples were selected at both sites thought
to represent the ore used; if they can be shown to be
the source of the slag, they can inform subsequent
discussions about efficiency and possible ceramic con-
tributions to the smelt. Iron hydroxide minerals form
about 80 % of the samples from both sites, the rest being
quartz particles and porosity. The possible ores from
Swart Village had in contrast a very low iron oxide level
of between 30 and 40 %. The microstructure of the
Baranda ore is akin to that of roasted ore as there are
some quantities of magnetite intermixed with lamelle of
haematite. In addition to almost 80 wt% iron oxide, the
ore contains just under 10 wt% manganese oxide as
the main further component. Silica (4 to 6 wt%) and
alumina (1.5 to 3 wt%) are the main gangue compo-
nents, lime is below 1 wt%. Clearly, this was a good ore
which could be economically reduced to produce me-
tallic iron.

Technical ceramics

The clays used to make metallurgical ceramics at
the two sites were evaluated to determine if there was a
conscious selection of clays for iron production. The
tuyeres from Swart Village were tempered with crushed
quartz-rich material, while the furnace walls were domi-
nated by natural mineral inclusions in the ordinary clay
matrix. On the other hand, the tuyeres and furnace walls
from Baranda had an almost identical microstructure
with about 25 % quartz inclusions in natural clay. The
quartz grains are not particularly angular which sug-
gest that they were in the original clay rather than be-
ing deliberately added as crushed rock. Some of the
samples were eroded with slag and had clear evidence
of vitrification and wiistite was visible on the slagged
parts.

46 Journal of African Archaeology Vol. 4 (1), 2006

This content downloaded from 196.42.83.233 on Wed, 13 Jan 2016 08:00:51 UTC
All use subject to JSTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

Iron smelting in Pre-Colonial Zimbabwe

The separation based on mineral temper contents
in the technical ceramics from Swart Village is not
reflected in their chemical composition. Neglecting the
first of the three tuyere analyses, which is contami-
nated by a significant slag component as evidenced
by the very high iron oxide and lime level, there is hardly
any difference in the composition of tuyeres and fur-
nace wall samples. The only noticeable difference is in
the soda and magnesia levels, which are lower in the
tuyeres.

For Baranda material, however, there appears a sig-
nificant difference in the phosphorous oxide and
alumina contents, which are much higher in the tuyeres,
and a matching lower silica content. This may indicate
conscious selection of more refractory clays for the
tuyeres, and is further reflected in the much thinner
walls of the Baranda tuyeres compared to the Swart
Village tuyeres (see above). It is tempting to speculate
that the reduced wall thickness of the Baranda tuyeres
and the higher quality of their clay is a response to a
more limited availability of this clay, and a selection of
it for the most demanding parts of the furnace design,
a practice that has been noted by CHILDs (1989) in some
parts of Tanzania. When comparing all ceramic sam-
ples across both sites, the Baranda furnace wall mate-
rial does stand out as particularly low in alumina and
high in alkali, earth alkali metal and iron oxides, all of
which indicate low refractory qualities.

The high alumina, potash and phosphorous and
mostly low iron oxide content of the Baranda tuyeres
could point to a granitic origin; more fieldwork would
be necessary to narrow down the potential source of
this clay and to discuss the degree of extra effort re-
quired for its procurement compared to the local, less
refractory, clay.

The iron working remains from the two sites were
plotted on ternary diagrams (Figs. 6 and 7) to estimate
the melting temperatures. These ternary diagrams are
limited in that they present an ideal situation based on
pure three-component systems and thus only approxi-
mate reality. However, combining manganese oxide
with iron oxide and using the FeO-Al,0,-SiO, diagram
accounts for well over 90 wt% of the constituent
components, and makes the temperature estimates rela-
tively reliable. As in most cases, the data plots neatly
in the eutectic trough between wiistite, fayalite, and
hercynite, with the crown and furnace slag samples
falling towards the wiistite -rich corner. Only a few sam-
ples from each sites, and these only just plot outside

this field, towards the cordierite composition. This is
in close agreement with the observed dominance of
wiistite in almost all samples and indicates a rather lim-
ited contribution of the ceramic material to the slag-
forming process in the smelt (VELDHUNZEN & REHREN
2005).

The slags have theoretical melting temperatures
between 1150 and 1200° Celsius, typical for bloomery
slags. Smithing slags and crown material from the two
stand out from the smelting slags by their high iron
oxide content, approaching the ore composition. How-
ever, smelting and smithing slags grade into each other,
and in both cases are the furnace and tap slags much
richer in silica relative to alumina than can be explained
by the ore composition alone. The tap slags in particu-
lar fall onto a line extending from the ore to the ceramic
composition, going directly through the low melting
eutectic trough and indicating that either the ore sam-
ples are not representative of the smelted ore, or that
some technical ceramic, i.e. furnace wall and protrud-
ing tuyeres, richer in silica than the ore did contribute
to the slag formation process.

Discussion

Drawing the macroscopic, microscopic and chemi-
cal analyses together, an attempt at reconstructing the
phases in the iron production cycle can be made. So
far the interpretation of these analyses has identified
four types or classes of ferro-metallurgical remains: the
ore, smelting (furnace and tap/flow) slag, smithing slag/
crown material, and technical/refractory ceramics. The
occurrence of all four classes of finds together in the
same archaeological contexts indicates that smelting
and smithing may have been practised within close
proximity. The ore at Swart Village is characterised by a
high manganese and low lime content, mirrored in the
smelting slag. In contrast, there is a low amount of
silica relative to alumina (with aratioof about2: 1t03: 1)
in the ore, while the slag have a ratio closerto 4 : 1,
indicating a certain contribution of silica from the fur-
nace wall or tuyeres. The differences between the mor-
phological classes of slag are reflected in a slight but
systematic variation in composition, consistent with
the different fluidity of the various slag types. This
separation is more clearly developed for the Swart Vil-
lage assemblage than for the Baranda material, where
the morphological features indicate a different furnace
design, resulting in less differentiation between slag
types. The two ore samples from Baranda are very
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Fig. 6. Ternary diagram presentation of iron working remains from Swart Village.
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Fig. 7. Ternary diagram presentation of iron working remains from Baranda.
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similar in composition to the ores from Swart Village,
with a similar high manganese content, low lime and
low silica to alumina ratio; however, the slags from
Baranda are on average not as rich in manganese oxide
than those from Swart Village, and have lower lime and
magnesia levels as well. The reasons for these differ-
ences are not clear at present, the lower manganese
content could be due to the use or addition of a differ-
ent ore, not covered by the few samples available, while
the earth alkali metal oxides may reflect a different fuel
to ore ratio, with relatively more fuel being used in the
Swart Village furnaces.

Iron smelting in the Early and Late Iron Age

Iron working at Swart Village and Baranda thrived
on exploiting iron rich ores that were self-fluxing, al-
lowing for a limited contribution from the furnace wall
and fuel ash. The ores may have been taken from dif-
ferent sources albeit with a related geological make-up
as shown by the similarity between the slag chemistry
and mineralogy of ores from the two sites. In particular,
this interpretation is supported by the similar levels of
manganese in the slags from both sites. In iron smelt-
ing, manganese rich ores had an advantage in slag metal
separation in that the element assumed the role of iron
oxide in the slag thus enhancing the yield of iron. In
addition to the possible variation in fuel to ore ratio,
indicated by the lime and potash levels, there are dif-
ferences in slag morphology: the concave casts/stick
impressions possibly suggest different methods of slag
removal at the sites.

Efficiency of the process

Efficiency is a multi-layered parameter in most proc-
esses. Main factors relevant in this context are the ef-
ficiency in iron removal from the ore, efficiency in la-
bour use, fuel consumption, and time efficiency. Their
relative importance will differ from site to site, accord-
ing to their socio-economic contexts. In this study, we
have direct data only for the efficiency of iron removal
from the ore, as expressed by the residual content of
iron oxide in the slag, giving some insight into the skill
of the operators of the furnaces (MORTON & WINGROVE
1969, 1972). There is little difference in the residual
amount of iron oxide in the slags from Baranda as com-
pared to those from Swart Village, indicating that the
Late Iron Age iron production was not more efficient
than its predecessor as pointed out by MILLER &

Kirick (2004). Assuming similar ore qualities, there
seems to be no major development in the iron metal
yield per quantity of ore from the terminal EIA to the
early LIA; however to judge the efficiency of the proc-
ess, the other parameters have to be considered in ad-
dition to the metal yield, particularly the economies of
time, fuel and labour, which are not immediately visible
from the chemical analysis of slag.

Furnace types

Macroscopic observations reveal important dif-
ferences in the furnaces employed at Swart Village and
Baranda as inferred from tuyere sizes and slag mor-
phology. Though no standing furnace structures were
recovered, the sizes of tuyeres from Swart Village indi-
cate that from a functional/thermodynamics perspec-
tive, furnaces employed at the site were very large, an
observation supported by the existence of large blocks
of slag. PRENDERGAST (1983: 32) excavated iron furnaces
dating to the EIA in northern Zimbabwe and concluded
that they were probably driven by natural draught.
Apart from being internally oxidised, the tuyeres from
the Surtic Farm furnaces had average internal diam-
eters of around 40 mm and external ones of closer to
62 mm. In addition, most of the slag had flow struc-
tures reminiscent of tapped slag. In a ground breaking
paper on natural draft furnaces, Kirick (1991: 63) has
posited that most of the natural draft furnaces used in
southern Africa were slag tapping. These characteris-
tics of natural draft furnaces are strongly represented
by the material from Swart Village. As such we may
assume that the flow slag from the site, the internally
oxidised tuyeres, and the large internal diameter of the
tuyeres indicate that the furnaces were natural draft
operated. In contrast, furnaces from Baranda were com-
paratively smaller and possibly bellows driven; their
tuyere diameters are only 20 to 30 mm, much more in
line with typical forced draught furnaces (KmLick 2004).
The furnace from PikirAYT’S (1993) excavations at
Baranda was very small and similar to short shaft fur-
naces employed at Chenguruve Hill, a site that post
dates Baranda by a century or two. From a metallurgi-
cal point of view, short bellows driven furnaces are
generally considered more efficient in the amount of
time required to reduce iron. KiLLick’s (2004) studies in
Malawi have shown that induced draught furnaces took
about four or five days to produce iron while it took
between four and five hours in a bellow driven fur-
nace. If indeed the furnaces at Swart Village were natu-
ral draught and the Baranda furnaces forced draught,
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then the change from induced draught furnaces to bel-
lows driven furnaces in the Iron Age of northern Zim-
babwe may have resulted in more time efficiency in
iron production. A further potentially important con-
sideration is the different fuel efficiency of the two
operations, with the later furnaces using less fuel; how-
ever, at present not enough studies of fuel to ore ratios
are available to reliably explore this hypothesis. Gains
in labour from reduced demand for charcoal for fuel
consumption would at least have been partly offset by
the requirement for additional labour to operate the
bellows during the smelt. In addition, aspects of wood
availability and competing demands for fuel for differ-
ent needs further complicate this discussion.

There is an interesting difference with respect to
utilisation of clay resources in building iron working
installations at the two sites. At Swart Village, the iron
workers seem to have added finely crushed quartz
grains as tempering material in tuyeres, which is quite
distinct from the generally coarse inclusions in the fur-
nace wall; the clay base though seems to be the same
for both types of technical ceramic. In Baranda, in stark
contrast, the tuyeres are made from a very different
clay than the furnaces; the latter were of a not particu-
larly refractory nature, while the tuyeres were manu-
factured from a high-alumina clay, probably necessary
to enable the production of thin walled and heat resist-
ant tuyeres. If the assumption is right that the earlier
furnaces were natural draught and relatively big, prob-
ably with many tuyeres, and the later furnaces small
with just a few tuyeres, then there would be consider-
able pressure on the performance characteristics of the
later tuyeres; failure of one out of just one or two
tuyeres would have had a more severe effect on the
smelt than in the typical multi-tuyere natural draught
furnaces. The higher levels of iron oxide in the tuyeres
from Swart Village meant that they were not particu-
larly refractory and would slowly corrode to help in the
slag formation process.

Refining the bloom and forging tools

The characteristics of the possible smithing slag
and crown material appears to be similar for the two
sites. Despite this, it must be mentioned that it is diffi-
cult to define smithing slags on the basis of mineral-
ogy and chemistry alone (MorToN & WINGROVE 1969;
BacHMAN 1982; MILLER et al. 1995; MILLER & KiLLICK
2004). Irrespective of this, the crown material/smithing
slag has been positively identified within a reasonable

degree of reliability despite the failure to recover
smithing hearths or smithing hearth bottoms. The
smithing slag was not only heterogeneous but it had
angular impressions of charcoal, characteristics of
smithing slag at some southern African sites
(GREENFIELD & MILLER 2004). The recovery of a diorite
hammer stone at Swart Village further indicates that
smithing was likely practised in the same contexts as
smelting. It would have been interesting to analyse
metal products from the two sites with a view to com-
pare the quality of the iron produced. However, not
any single finished iron product was recovered from
the excavations and it is hoped that future work at the
site may find the iron objects and thus contribute to-
wards a fuller understanding of iron working in Iron
Age northern Zimbabwe.

Conclusion

Archaeological and archacometallurgical evidence
has revealed important similarities and differences in
iron production at Swart Village and Baranda in north-
ern Zimbabwe. As in other categories of material cul-
ture at the sites, there were some changes and match-
ing continuities in the working of iron. This is for in-
stance shown by the large size of tuyeres that were
used at Swart Village as compared to the small ones
from Baranda. The existence of tapped slag in high
frequency and the internally oxidised tuyeres further
suggest the operation of natural draft furnaces and or
tapping furnaces which contrast with the non-slag tap-
ping and possibly bellows driven furnaces used by
smelters at Baranda. This seems to support the remark
made by PRENDERGAST (1983) that different types of
furnaces may have been used in northern Zimbabwe
over the course of the Iron Age. However, chemically
there seem to be no major differences in iron extraction
in the cultural periods represented by the two sites.
The residual amount of iron oxide and the overall chem-
istry of the slags are almost identical, indicating the
use of a related ore and similar efficiency of the proc-
ess. This is also corroborated by the matching similari-
ties in the mineralogy of the iron working remains. There
appear, however, to be differences with respect to clay
utilisation at the sites. At Swart Village the smelters
seem to have used the same clay but with different
temper for furnace construction and tuyeres. In con-
trast, at Baranda no temper seems to have been added
but the smelters selected different clays, sufficiently
refractory to make very thin tuyeres which endured
until the end of the smelting operation, but less refrac-
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tory clay for the furnace itself. Also, most of the evi-
dence from Baranda is indicative of iron smelting and
points to smelting in domestic areas, hitherto associ-
ated with smithing only. This suggests the existence
of variation in the socio-spatial organisation of iron
working in the time and space continuum. These simi-
larities and differences thus underline the need to re-
construct local histories of iron production in northern
Zimbabwe and beyond.
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Appendix 1: XRF results for Swart Village and Baranda

MgO ALO,

Sio

P,0 K,0 CaO TiO MnO FeO Total

2 27s 2 2
Tap Slag
SVT2 L2 0.57 2.10 6.88 22.60 0.24 1.42 2.76 0.24 11.00 53.02 100.50
SVTI L1 0.41 2.21 5.06 21.80 0.28 0.97 1.93 0.17 10.52 60.84 104.19
STV1 L3 0.42 2.14 6.72 22.50 0.24 1.38 2.65 0.24 8.45 56.13 102.60
SVT2 L3 0.49 2.13 9.07 20.20 0.24 1.38 2.66 0.24 9.56 58.02 106.43
SVT2 L1 0.60 1.13 6.05 25.78 0.43 1.49 2.21 0.29 11.45 65.71 115.14
SVT2 L2 0.58 2.13 6.98 23.87 0.21 1.42 2.79 0.24 11.89 = 63.45 113.56
SVT2 L3 0.50 2.15 6.75 23.16 0.23 1.40 2.68 0.23 11.52 64.23 112.85
SVT4 L1 0.51 2.16 5.54 21.93 0.22 1.56 2.23 0.25 11.63 65.10 111.13
Furnace Slag
SVT3 L2 0.52 0.88 3.32 1430  0.41 0.47 0.47 0.06 4.00 76.23 100.66
SVTIL3 0.07 1.71 3.34 18.90 0.09 0.67 0.89 0.08 5.20 74.64 105.50
SVT2 L2 0.21 0.87 3.01 22.30 0.48 0.32  0.71 0.10 6.20 69.36 103.30
SVT1 L1 0.57 2.36 4.89 19.07 0.23 1.31 2.01 0.11 9.86 70.96 111.37
SVT1 L2 0.62 2.21 5.76 23.79 0.88 1.23 2.93 0.22 3.67 65.63 106.94
SVT1 L3 0.68 2.09 5.34 18.71 0.18 1.01 1.79 0.12 5.23 76.05 111.20
SVT1 L3 0.71 2.33 4.98 18.02 0.24 0.62 1.34 0.09 4.54 80.19 113.06
Smithing slag/Crown material
SVT2 L2 0.44 1.84 5.27 20.60 0.11 0.86 2.22 0.15 7.00 71.96 109.90
SVT2 L3 0.28 0.84 7.26 16.30  0.35 049 0.14 0.06 3.90 76.44 106.06
SVT31 L3 0.73 2.18 8.16 17.50 0.21 0.65 1.47 0.09 4.80 70.63 106.42
SVT4 L2 0.47 2.56 6.67 19.80 0.61 0.73 0.93 0.15 4.10 68.23 104.25
SVTI1L4 0.24 1.87 1.48 11.30 0.45 0.18 0.19 0.02 6.50 79.29 101.30
SVT2 L2 0.68 1.80 4.21 21.80 0.13 0.91 1.43 0.13 6.20 69.82 106.40
SVT3 L1 0.23 1.93 2.38 11.40 0.07 0.21 0.22 0.05 5.70 84.70 106.60
Undiagnostic Slag
SVTI1 L2 0.64 2.08 6.13 2430 0.90 1.47 3.01 0.21 6.71 59.67 105.12
SVTI1 L3 0.76 2.28 6.06 22.50 0.81 1.67 2.04 0.18 5.31 69.20 110.81
SVTI L1 0.70 1.66 4.84 17.30  0.20 0.61 1.53 0.13 10.00 65.23 102.20
Furnace Wall
SVT1 L4 1.24 0.89 22.80 55.80 0.25 1.37 0.92 0.52 0.00 4.75 87.26
SVT1 L3 2.35 1.78 22.40 58.00 0.29 1.52 0.22 0.53 0.10 5.18 89.92
SVT2 L3 2.43 1.26 20.20 68.40 0.13 2.06 0.77 0.72 0.10 5.58 101.65
Tuyeres
SVT1 L3 0.91 2.07 18.80 44.40 2.64 0091 3.15 1.33 0.20 15.34 88.78
SVT2 L3 1.55 0.62 21.70 58.40 0.11 1.23 0.98 0.49 0.00 4.76 88.35
SVT2 L4 1.19 0.62 22.50 55.50 0.12 1.26 0.92 0.52 0.00 4.87 86.36
Ores
SVT2 L3 0.45 1.21 2.21 4.16 0.08 0.79 0.30 0.86 8.23 81.23 99.52
SVT2 L3 0.56 1.03 1.53 3.67 0.09 1.20 0.25 099 10.56 78.13 98.01
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BARANDA Na,0 MgO AlLLO3 SiO, PO, K,0 CaO TiO, MnO FeO Total
Tap Slag

BNT3 L4 0.61 2.18 6.16 25.20 0.82 1.48 3.06 0.23 2.30 62.84 104.90
BNTI1 L2 0.35 0.77 7.63 19.90 0.38 0.61 0.75 0.13 6.80 63.76 101.08
BNT2 L1 0.51 1.96 8.32 28.45 0.51 0.85 2.16 0.19 2.76 65.89 111.60
BNT3 L4 0.65 1.30 7.39 24.40 0.61 1.00 1.19 0.18 6.27 66.07 109.05
BNT3 L1 0.61 0.67 3.94 19.45 0.62 1.13 0.29 0.06 4.41 76.97 108.14
BNTI1 L2 0.20 0.76 4.87 24.98 0.05 0.56 0.61 0.13 6.85 67.06 106.07
Furnace Slag

BNTIL2 0.15 0.84 2.95 22.70 0.07 0.39 0.83 0.17 6.30 68.18 102.60
BNT2 L3 0.36 1.99 5.16 20.60 0.34 0.88 2.21 0.15 7.00 72.31 111.00
BNT2 L2 0.58 2.03 6.16 25.31 0.81 1.47 3.08 0.23 2.33 70.25 112.26
BNTIL1 0.06 0.82 3.42 12.92 0.30 0.61 0.74 0.14 6.41 78.48 103.90
BNTI1L2 0.15 0.84 2.91 22.71 0.08 0.40 0.83 0.11 6.33 75.76 110.11
BNT2 L3 0.36 1.99 5.17 20.60 0.12 0.88 2.22 0.15 7.03 80.35 118.88
BNT3 L1 0.55 0.69 3.80 18.97 0.60 1.10 0.33 0.04 4.88 79.02 109.98
BNT3 L2 0.63 1.03 5.77 25.54 0.50 1.46 1.43 0.09 3.94 75.93 116.32
Smithing slag

BNTI1 L3 0.51 0.79 3.28 13.70 0.08 0.64 0.39 0.04 7.40 73.29 100.10
BNTIL1 0.11 0.75 3.49 13.00 0.32 0.62 0.74 0.13 6.40 81.16 106.72
BNTI1 L1 0.37 0.91 3.17 13.44 0.07 0.65 0.32 0.06 6.93 90.06 115.98
BNT3 L4 0.06 1.80 2.60 11.63 0.10 0.22 0.24 0.05 6.06 94.94 117.71
BNT3 L4 0.09 1.76 3.03 12.56 0.07 0.21 0.19 0.05 5.81 96.13 119.90
BNTI1 L1 0.25 0.88 4.53 16.13 0.04 0.51 0.36 0.06 7.02 87.34 117.12
Undiagnostic slag

BNT3 L3 0.78 1.48 6.53 21.00 0.62 0.91 0.84 0.13 6.80 62.69 101.80
BNT3L4 0.54 1.36 7.46 24.40 0.61 0.99 1.17 0.18 6.20 59.27 102.20
BNT3 L3 0.82 1.04 6.13 20.40 0.83 0.89 0.75 0.12 6.00 67.55 104.53
Furnace Wall

BNT2 L2 1.39 0.83 16.50 72.00 0.01 2.29 1.38 0.63 0.00 4.40 99.52
BNT3 L4 0.69 0.98 18.30 63.60 0.46 3.83 4.68 0.39 0.00 4.02 96.95
BNT2L2 0.95 0.39 18.40 61.40 3.72 4.79 1.11 0.28 0.00 2.05 93.02
Tuyeres

BNT3 L2 0.91 0.27 24.20 60.30 3.03 2.43 0.67 0.25 0.00 2.56 94.62
BNTI1L2 1.57 0.26 17.90 64.10 5.03 5.75 1.01 0.82 0.00 1.12 97.55
BNTIL3 1.59 1.69 23.60 53.10 3.99 1.88 1.62 0.71 0.00 5.82 94.00
Ores

BNTI1 L3 0.20 1.56 2.86 6.43 0.05 0.06 0.86 0.79 8.97 75.27 97.05
BNT3 L3 0.60 0.98 3.13 5.12 0.06 0.06 0.92 0.67 7.92 78.13 97.59
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