
Early metal smelting in Aksum, Ethiopia: copper or iron?

THORSTEN SEVERIN1, THILO REHREN2,* and HELMUT SCHLEICHER1

1 Mineralogisch-Petrographisches Institut der Universität Hamburg, Grindelallee 48, 20146 Hamburg, Germany
2 UCL Qatar, PO Box 23689, Education City, Doha, Qatar

*Corresponding author, e-mail: th.rehren@ucl.ac.uk

Abstract: A selection of archaeometallurgical remains from the 3rd/4th century A.D., found in Aksum, Ethiopia, were analysed in
order to determine the nature of the process by which they were produced, i.e. copper or iron smelting. Chemical and mineralogical
analyses excluded a relationship to copper smelting; instead, all samples are consistent with a highly efficient iron smelting operation
using the bloomery process and slag tapping furnaces. A lateritic iron ore containing at least 80 wt% FeO was smelted, resulting in an
estimated one unit by weight of iron metal produced for every unit by weight of slag left behind, and little erosion of furnace wall
material. The zoning of spinels, with chromium- and aluminium-rich inner parts and mixed hercynitic-ulvitic outer rims, reflects the
evolution of the melt phase under strongly reducing conditions.
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1. Introduction

Our knowledge of metal smelting technology in pre-colo-
nial sub-Saharan Africa is incomplete, and heavily biased
towards iron smelting. The rather sporadic evidence of
copper smelting reported so far (e.g., Tylecote, 1982;
Childs & Killick, 1993; Miller et al., 2001; Miller, 2002;
Miller & Killick, 2004) is mostly restricted to the western
and southern part of the continent, and does not support the
notion of a widespread Copper or Bronze Age preceding
iron smelting in Africa, even though copper artefacts,
mostly of a decorative nature and synchronous with iron
artefacts, are known from the archaeological record. Thus,
the suggested identification of copper smelting in the 3rd to
4th century A.D. at Aksum, Ethiopia (Ziegert, 2001, 2006,
2009), sparked considerable interest and provided the basis
for the study presented here. In this study, we analysed 19
samples of ore, furnace wall fragments, furnace slag and
tap slag collected and provided by Ziegert for this purpose,
using established chemical and mineralogical methods of
archaeometallurgical analysis.

The city of Aksum is located on the plateau of Tigray (ca.
2100 m above sea level), in the north-western highlands of
Ethiopia, about 50 km from the border to Eritrea (Fig. 1).

Founded around A.D. 100 by Zoskales, Aksum quickly
became the centre of a major empire, well connected with
trade routes exploiting its strategic geographical position
(Munroe-Hay, 1991). This geographic advantage led to a
period of prosperity in the 3rd and 4th century A.D., a
period during which Aksum controlled a large area of
land, including the trade routes going northwards along

the Nile and eastwards up to the Red Sea. Commercial
relations with the Roman and Byzantine Empires were
established; even connections with India and Sri Lanka
are known. In the 3rd century A.D. the Aksumitic kingdom
was an empire comparable to the Roman and Persian ones
(Munroe-Hay, 1991). During the reign of Ezana in the
early 4th century A.D., the population of Aksum converted
to Christianity. The city started to decline in the 7th
century.

The existence of a small but rich copper occurrence in
Debarwa, in present-day Eritrea, on the route between
Aksum and Asmara is of relevance for this paper. While
this was briefly exploited in the 1960’s, there are no reports
known of ancient mining in this region. Furthermore, var-
ious iron ore deposits are scattered throughout both Eritrea
and Ethiopia, some of which were exploited in the mid-
20th century. As with the copper ore, however, no reports
of ancient mining are known for any of these deposits.

This study has several aims: firstly, to test whether the
copper smelting postulated by Ziegert (2001, 2006, 2009)
can be confirmed by archaeometallurgical analysis of slag
finds from the furnace site; secondly, to reconstruct the
metallurgical process represented by these slags; and
thirdly, to estimate the quantity of metal produced based
on the amount of slag preserved at the site.

2. Materials and methods

In 1994 and again in 1998–2001, excavations in Aksum
revealed within a larger settlement the remains of at least
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one furnace, together with slag and ore fragments, all
covered by a volcanic tuff layer dated to 325 A.D.
(Ziegert, 2001, 2006, 2009, Ziegert, pers. comm. 2003).
In 2003, the excavator provided 19 metallurgical samples
which he had selected in the field for export and analysis.
All 19 samples were prepared as polished thin sections for
transmitted and reflected polarised light optical micro-
scopy and electron probe micro-analysis (EPMA), using
a Cameca SX 100. The measurements, at 15 kV accelerat-
ing voltage and 20 nA beam current, included the follow-
ing elements: Na, K, Ca, Ba, Al, Si, Mg, P, Ti, Mn, Fe, Cr,
and Ni. Count times were set at 20 s for peak positions and
10 s for background positions. Simple minerals and pure
oxides were used to calibrate count rates for each element,
and an andradite standard was used to monitor instrument
drift during analysis; none was found. The analytical error
is thought to be around 1 % relative for elements present at
above c 10 wt%, while detection limits for elements above
atomic number 12 are around 0.05 wt% or lower. For low
concentrations and light elements analytical errors and
detection limits increase.

For bulk chemical composition determination, X-ray
fluorescence (XRF) analyses of all samples were carried
out using a Spectro Xlab Pro 2000 (P)ED-XRF. For these
analyses, the samples were cleaned of all adhering con-
tamination, incorporated sand grains were removed
mechanically as far as possible, and then the samples
were crushed and ground to below 50 mm grain size. The
powdered material was dried for 16 hours at 105 �C, then
mixed with synthetic wax at a ratio by weight of 8–0.8989,
and pressed into a pellet. The analytical protocol for the

(P)ED-XRF instrument, developed for iron-rich slag pow-
der matrices (see Veldhuijzen, 2003, 2005 for full details),
uses a sequence of four secondary targets to generate
incident X-rays optimised for different excitation condi-
tions within the analytical spectrum, ranging from 55 kV
tube voltage for the Al2O3 secondary target to 10 kV for the
HOPG secondary target. A Co target was added to the
standard line-up of three secondary targets to enhance
detection limits for transition elements within the iron-
rich matrix. Each pellet was measured three times to
check for precision; the data reported here represent the
averages of those three individual measurements (Table 1).
Additionally, a certified reference material (BCS 381) was
measured to verify the accuracy of the results; accuracy
was found to be better than two percent relative for oxides
present at or above 10 wt%, while the light elements
magnesium and aluminium were not well detected and
relative errors increase significantly for elements present
at low concentrations (Table 1). The oxide values were
recalculated to 100 wt% to facilitate comparison with
literature data. Oxygen was not determined analytically,
but calculated by stoichiometry both for EPMA and XRF
analyses, assuming all iron to be present as Fe2þ.

The preliminary macroscopic identification of the slag
samples followed Sperl (1980) and Bachmann (1982),
assessing morphology, colour, porosity, magnetism, and
density. Four different types of material were identified,
namely ore (samples 315a 1–3), ceramic furnace wall mate-
rial with attached slag (302d 1 þ 2, 313f, 313g 1 þ 2, and
314), furnace slag (samples 302a, 302c, and 313a), and tap
slag (samples 302b, 313c, 313d, 313e, 314a, 315b, 315c).

3. Results and discussion

The ore pieces are rounded, about 5 cm in diameter and
red. They consist mostly of haematite, goethite and quartz
(Fig. 2). The ore shows no reaction to a hand-held magnet.
The identification of this material as ore occurred in the
field by the archaeologist, prior to analysis, presumably
based on its apparent difference from the surrounding
geology and its association with the smelting remains. It
was thought to represent either ore left over from storage,
or accidentally lost during the process, or more likely
discarded at the last minute by the smelter as being of
inferior quality. We therefore cannot be certain that it is
representative of the material smelted here, but are con-
fident that it is at least a close approximation. Part of the
interpretation of the analytical results aims to test this
hypothesis, by comparing the composition of this pre-
sumed ore to that of the produced slag.

The furnace slags are dark grey to olive green, with flow
textures surrounding charcoal fragments and leaving a
typical surface pattern of charcoal impressions (Fig. 3).
When sectioned, they appear relatively more porous than
the tapped slags (see below). They are rusty in some areas,
but are not magnetic. Their maximum size varies from 5 to
9 cm, the density is between 4.10 and 4.23 g/cm3 and the

Fig. 1. Location of the town of Aksum on the Tigray plateau in
modern-day Ethiopia.
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mass ranges from �100 to 250 g. This type of slag most
likely solidified inside the furnace within a bed of charcoal
pieces.

The tap slag has an obvious flow texture with a char-
acteristic surface resembling the solidified flows of a vis-
cous melt (Fig. 4a) and very low internal porosity. With a
thickness of only 1–2.5 cm, these samples are much thinner
compared to the furnace slags. Their lower surface is
characterised by occasional incorporated sand grains and
numerous small dimples, most likely sand grain impres-
sions (Fig. 4b). This indicates a flow of the slag over a

rough and sandy ground. Tap slag constitutes the largest
part of the analysed assemblage, with seven pieces com-
pared to only three furnace slag samples. Unfortunately,
we do not know whether this is representative of the
relative proportion of slag types at the excavation, or is
due to a sampling bias favouring such pieces.

Several samples of slag were intimately intergrown with
heavily vitrified ceramic material, most likely fragments of
the furnace wall in direct contact with the slag melt.
Cutting reveals a clear boundary between slag and furnace
wall material, and shows the latter to be very rich in quartz
fragments (Fig. 5). As in the case of the furnace and tapped
slags, these samples are not magnetic, but show a higher
porosity. Analysis of this mixed slag and ceramic material
was carried out to understand the potential contribution of
incorporated furnace wall material to the slag formation.
The composition of these samples varies widely, reflecting
the intimate intergrowths of furnace wall material and slag
which was impossible to fully separate prior to preparation
of the powder for analysis. Thus, these fragments of inter-
grown ceramic and slag serve as a proxy for a slag which
has absorbed significant parts of furnace wall material.

Fig. 2. Ore sample 315a.

Fig. 3. Furnace slag sample 302c.

Fig. 4. (a), (b) Tap slag sample 313e, top and bottom surfaces.
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3.1. Slag formation

The smelting of ore in antiquity can be seen as a sequence
of solid state and liquid state chemical reactions taking
place under strongly reducing conditions at ambient air
pressure and temperatures of up to ca. 1300 �C. The pur-
pose of the process is the formation of metal from the metal
oxides present in the ore, which requires that it takes place
under very low oxygen partial pressures in an atmosphere
rich in carbon monoxide. The formation and development
of slag from the fusion of the materials in the furnace
charge is governed by similar principles as the formation
of magmas, although at much shorter time-scales and not
necessarily reaching full equilibrium or homogeneity
throughout the furnace volume. Conceptually, we see the
ore as the protolith or parent material of the forming slag
and metal. Slag formation is similar to the formation of
magma when rock units are exposed to sufficient heat. As
in magma development, the slag composition changes as a
result of absorption and withdrawal of solid material while
the process continues. In metal smelting, the ore charge
melts almost completely as it travels down the furnace
shaft towards the combustion zone in front of the tuyère,
aided by the fluxing effect of the fuel ash and the absorp-
tion of varying amounts of ceramic material from the
furnace (Rehren et al., 2007 and references therein).
Following the reaction in the lower parts of the furnace
between the carbon monoxide generated by the incomplete

combustion of the charcoal and the relevant metal oxides in
the charge, a chemically well-defined metal phase forms
and separates from the siliceous melt, thus changing the
initial bulk composition of the charge to that of the residual
melt phase, the slag. Thus, iron metal and several other
elements which can be reduced to metal under the condi-
tions prevailing in the furnace, such as copper, nickel,
phosphorous or arsenic, are partly removed from the melt
system. All other oxides, particularly silica, alumina, tita-
nia and the alkali and alkali earth oxides, summarised as
non-reducible compounds (NRC), remain in the slag,
together with a certain amount of iron oxide which is
needed as a flux for the NRCs. The reconstruction of the
smelting process is then based on the interpretation of
chemical differences and similarities between the ore,
slag, furnace wall material, fuel ash, as well as the metal
produced. The more these various materials can be
described chemically, the higher the potential to recon-
struct details of the overall process.

3.2. Ore

The chemistry of the ore shows a significantly higher iron
oxide content (72 to �80 wt%) as compared to the slag
samples, whereas SiO2 (ca. 14–18 wt%), Al2O3 (ca.
4–7wt%), and CaO (ca. 0.2 to �0.4 wt%) are much
lower. In contrast, the content of P2O5 is relatively high
(around 1 wt%). All the other elements except for TiO2 (ca.
0.5 wt%) are present at rather low concentrations only,
including MnO (below 0.1 wt%). Among the trace ele-
ments, Co (ca. 110–170 ppm), Zr (ca. 150 ppm), and Ba
(ca. 100 ppm) stand out. Significantly, the copper content
is negligible, at less than 50 ppm, ruling out the possibility
that this ore could have been used to smelt copper; instead,
it is an iron ore suitable for the traditional bloomery
process.

Mineralogically, the ore is composed of angular quartz
particles embedded in a matrix of haematite and goethite in
repetitive layers. One sample (315a 1) shows a thin kaoli-
nitic vein. Starting from this vein, haematite and goethite
are forming spheroidal structures. This is a structure typi-
cal of concretions forming during iron enrichment by
weathering. An iron crust of this type can form as part of
a gossan (iron cap) or as lateritic weathering crust; differ-
entiation between these two types is very difficult
(Schwarz, 1992). As a general rule, an elevated base
metal content, in the order of hundreds of ppm of copper,
lead, zinc or nickel are indications for a gossan formed
above a sulphidic ore deposit; in the ore samples analysed
here, only 40–50 ppm copper, less than 100 ppm zinc and
no lead were found by XRF analysis, so that a gossan
formation seems unlikely. Laterites are defined by the
ratio SiO2/(Al2O3þFe2O3) (according to Schellmann,
1982). For formal laterite identification, it is necessary
that this ratio is lower in the laterite than the ratio in the
parental rock. In our case the parental rock was not avail-
able for analysis, but based on the appearance of the ore
and the wider context, we assume that the best explanation

Fig. 5. Cross section through furnace wall material (right) with
adhering slag (left); sample 313 g. Note the abundant quartz inclu-
sions (white) in the ceramic part of the sample.
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for the formation of the iron-rich crust represented by the
ore samples in this region is lateritisation. A Mesozoic
laterite horizon is known to occur in the surrounding area
(Tadesse, 1997), and could be the source for the used ore.

3.3. Furnace slag

The main chemical components of the three analysed fur-
nace slag samples are FeO (ca. 53–55 wt%), SiO2 (ca.
33–35 wt%), and Al2O3 (ca. 6–7 wt%). The remaining
elements are below 1 wt%, with the exception of CaO
(ca. 2–2.5 wt%). The trace elements are ranging from 20
to 25 ppm (Zn) to .400 ppm (Zr). Significantly, the copper
content reaches only 30–50 ppm, similar to that found in
the ore samples and far too low to relate this material to
copper smelting. The relative proportions of FeO, SiO2,
and Al2O3 are typical for fayalitic iron smelting slag (e.g.,
Bachmann, 1982; Kronz, 1997; Miller & Killick, 2004).

The thin sections show fayalite (about 80–90 area %) as
the main constituent in a glassy matrix. The olivine appears
in two forms, as fine needles and as more developed
crystals, with sizes ranging from 5 to 50–100 mm, indica-
tive of variable cooling rates for the different parts of the
samples (Donaldson, 1976). Such differences in grain size
within and between samples reflect the non-equilibrium
conditions which are characteristic for the crystallisation
of archaeological slags. The second phase is dendritic to
hypidiomorphic spinel, covering about 10 area % of the
thin sections, in some cases forming accumulations or
clusters. As shown by their Al-rich composition, they are
a solid solution of hercynite and magnetite. Sample 302c
shows a core of wüstite overgrown by a rim of spinel
(Fig. 6a–d). The wüstite is marked by the high content in
iron (Fig. 6a), surrounded first by a thin chromium-rich
layer (Fig. 6b), followed by a thicker crust enriched in
titanium, that is an iron-dominated spinel with a significant
ulvitic component (Fig. 6c). The apparent Al-enrichment

Fig. 6. X-ray maps for selected elements by EPMA, showing complex zoned iron oxide-rich particles in a matrix of fayalite and glass; sample
302c. (a) The core of the particle consists of wüstite (light grey, indicating highest Fe concentration), surrounded by a less iron-rich material
(medium grey). The medium grey crystals above, left of, and below the central grain are fayalite. (b) A very thin layer rich in chromium starts
the spinel formation. (c) The bulk of the spinel is rich in titanium. (d) Aluminium is more enriched in the surrounding glass (medium grey)
than in the spinel phase (dark grey), and virtually absent from the wüstite and fayalite (both black).
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at the very end of the crystallisation is remarkable, indicat-
ing that for much of the formation period the uptake of
aluminium into the spinel was limited at a level below the
available aluminium in the surrounding melt (Fig. 6d),
while titanium strongly partitions into the spinel phase.
This is underlined by the higher aluminium level visible
in the glass phase (light grey in Fig. 6d) as compared to the
aluminium level in the spinel (darker grey), and the strong
enrichment of titanium (light grey in Fig. 6c) in the spinel
only. This is in good agreement with the miscibility gap in
the system hercynite-ulvöspinel (Muan et al., 1972;
Knecht et al., 1979). The concentration of chromium in
the first phase of spinel formation (Fig. 6b) is also consis-
tent with its known geological behaviour, resulting in
strong partitioning of this element in the early forming
spinels as seen for instance in the formation of chromite
deposits during the early crystallisation of basic magmas.
Table 2 gives EPMA data for cores and rims of zoned
spinels from samples 314a and 316, showing in general
increased TiO2 and lower Al2O3 contents in rims compared
to cores, although for Al2O3 also the opposite can be found
(e.g., 314a-4 and 316-2).

In different furnace slag samples, small clusters of
rounded iron oxide were found, identified by their shape,
optical properties and composition as wüstite (Fig. 7). In
addition, a small particle of metallic iron, partly trans-
formed to iron hydroxide, was found in sample 302c
(Fig. 8).

After the crystallisation of fayalite, wüstite and spinel,
the remaining melt consolidates as glass, filling in the
interstitial spaces (Fig. 7). This melt represents the lowest
liquidus composition of the system and is enriched in
those compounds that are not or only partly compatible
with the crystallising phases, such as K2O, Al2O3, P2O5,
SiO2, and CaO. The glass matrix shows a two- to four-fold
increase in the concentration of these oxides as compared
to the bulk composition (Al2O3 increases from ca. 7 wt%
in the bulk composition to ca. 14 wt% in the glass, P2O5

from ca. 0.2 to ca. 0.8 wt%, K2O from ca. 0.3–0.9 wt%,

and CaO from ca. 2.5–8 wt%). At the same time, the FeO
concentration is much lower in the glass phase as com-
pared to the bulk composition, down from ca. 54 wt% to
only 23 wt% (Table 3).

3.4. Tap slag

The tap slag is chemically very similar to the furnace
slag across all major and minor oxides and trace ele-
ments, but with a slight tendency towards higher and
more varied FeO contents. In the ternary phase diagram,
both slag types plot along the eutectic trough in the
fayalite field, indicating a furnace temperature of
approximately 1150 �C (Fig. 9). The content of copper
varies between 25 and 50 ppm, consistent with the
furnace slag and by far insufficient to allow linking
this slag to copper metallurgy.

The main mineral phase in the tapped slag is fayalite, but
in the form of smaller and much more elongated crystals
compared to those seen in the furnace slag, suggesting a
more rapid cooling (Donaldson, 1976). The crystal needles
near the surface are orientated perpendicular to the surface,
forming a spinifex texture typical of tap slag (e.g., Müller
et al., 1988). Spinel is the second most common phase,
with most of the crystals showing zoning from an alumi-
nium-richer core to a rim of titanium-rich spinel with only
limited aluminium uptake at the end, resulting in enrich-
ment of aluminium in the surrounding melt (see also
Knecht et al., 1979).

No wüstite was found in any of the studied samples of
tap slag, in contrast to the furnace slag. However, the flow
surface of the tap slag is marked by a dense skin of minute
magnetite crystals. These form due to the oxidation of Fe2þ

at the contact area between the hot melt surface and ambi-
ent air when the slag is tapped from the furnace. This leads
to an assimilation of oxygen into the melt and an increased
Fe3þ supply, resulting in the formation of magnetite at the
expense of hercynite. The band of magnetite and the

Table 2. EPMA analyses of zoned spinel crystals in slag samples from Aksum, Ethiopia, reported in wt%. Spot analyses of arbitrarily
selected zoned grains, measured at 15 kV and 20 nA. Note that these analyses do not relate to the complex grain shown in Fig. 6.

MgO Al2O3 SiO2 TiO2 Cr2O3 FeO Total

314a-1-core 0.05 21.4 0.57 7.0 0.44 66.4 95.9
314a-1-rim 0.06 11.9 0.78 7.3 0.73 73.8 94.9
314a-4-core 0.11 6.4 0.38 2.0 0.09 86.3 95.5
314a-4-rim 0.08 12.6 0.46 8.7 0.58 72.1 94.7
314a-5-1-core 0.35 30.7 0.47 4.2 2.42 59.0 97.3
314a-5-1-rim 0.12 11.5 0.83 6.2 1.13 75.8 95.6
314a-5-2-core 0.33 44.4 0.34 1.8 2.67 49.2 98.7
314a-5-2-rim 0.10 13.1 0.51 6.3 0.64 75.2 96.1
316-2-core 0.09 6.4 0.43 2.5 0.13 85.1 94.8
316-2-rim 0.12 13.7 0.58 7.4 0.98 71.5 94.4
316-3-1-core 0.17 34.8 0.45 3.4 0.27 59.5 98.8
316-3-1-rim 0.09 11.8 0.72 7.8 0.34 73.9 94.7
316-3-2-core 0.20 41.0 0.46 3.1 0.32 53.9 99.2
316-3-2-rim 0.06 23.3 1.74 6.2 0.01 66.3 97.9
316-3-2-rim 0.09 13.3 0.79 7.1 0.60 73.3 95.4
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overall shape of the samples are further evidence for a slag
tapping out of the furnace in liquid form. This is also
consistent with the observed characteristics in grain size,
habit, and texture, which all strongly indicate a much more
rapid cooling of the slag (Müller et al., 1988), and in
contact with ambient air, as compared to the furnace slag
which cooled more slowly within the furnace and its more
reducing atmosphere.

In some cases the fayalite shows a conversion into an
opaque phase, which is attributed to an oxidation process.
This can be a result of the latest stage of solidification at
increased oxygen supply, when the non-compatible Fe3þ

ions in the melt are sufficiently enriched to trigger the
formation of ferri-fayalite or laihunite, or due to weath-
ering of the slag over long periods of time (e.g., Moesta &
Schlick, 1989; Moesta et al., 1989; Metten, 2003).

3.5. Furnace wall material

Some samples of slag show the effect of incorporated
furnace wall material (see Fig. 5). These samples show a
chemical composition with a clear mixing line extending
from the fayalitic furnace slag towards higher SiO2 and
Al2O3 values (Fig. 9). In the extreme cases, the samples
reach in part values of more than 70 wt% for SiO2 and 16
wt% for Al2O3; these are pure furnace wall material. At the
same time, the content of iron oxide is as low as 3–4 wt%.
The values of CaO (up to 4 wt%), K2O (around 3 wt%), and
Na2O (ca. 2 wt%), as well as barium (about 1000 ppm) are
all higher than the pure slag samples. Sample 313f, which
shows already macroscopically the largest amount of fur-
nace wall material, presents the highest contents of SiO2,
Al2O3, Ka2O, Na2O, and Ba in the bulk analysis.

Fig. 7. Photomicrograph taken in reflected polarised light illustrating
a cluster of wüstite particles (light grey) in fayalite (angular) and in
the glassy matrix (dark grey). Furnace slag, sample 302c.

Fig. 8. Metallic iron (bright white) surrounded by corrosion products
(light grey) and very fine-grained needle-like fayalite crystals. The
black irregular parts represent porosity. Furnace slag, sample 302c.

Table 3. EPMA analyses of the interstitial glass, sample 302c,
reported in wt%. Spot analyses, measured at 15 kV and 20 nA.

Na2O Al2O3 SiO2 P2O5 K2O CaO FeO Total

#1 0.52 14.2 50.7 0.82 0.92 8.06 23.1 98.4
#2 0.59 14.8 48.8 0.77 0.74 8.64 24.6 98.8
#3 0.36 13.8 45.5 0.73 0.78 8.12 27.8 97.1
#4 0.44 13.7 51.8 0.86 0.85 8.06 22.0 97.7
#5 0.36 13.4 43.5 0.69 1.17 5.91 30.4 95.4
#6 0.71 18.3 51.0 0.88 0.79 9.83 12.5 94.1
#7 0.60 14.8 45.7 0.78 0.63 7.65 26.5 96.7

Fig. 9. Projection of the analysed samples into the ternary liquidus
phase diagram FeO – Al2O3 – SiO2. Two of the samples (313g.1 and
313g.2) labelled ‘‘furnace wall’’ are mixtures of slag and furnace
wall material, and therefore fall into relatively high-silica regions
atypical for bloomery slag.
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4. Discussion

4.1. Copper or iron smelting?

Both iron and copper smelting were well developed in
many parts of Africa since at least the late first millennium
B.C., as indicated by the regular occurrence of production
remains as well as copper and iron objects in the archae-
ological record (Tylecote, 1982; Childs & Killick, 1993;
Miller et al., 2001; Miller, 2002; Miller & Killick, 2004).
For Aksum, well connected in the 4th century A.D. with
major foreign powers such as India and the Byzantine
Empire, both metals would have been additionally avail-
able via trade routes. Thus, the existence of copper or
bronze artefacts in Aksum does not in itself provide evi-
dence for local copper smelting; however, nor can such a
metallurgy be ruled out a priori.

The differentiation of archaeological remains resulting
from pre-industrial iron and copper smelting is not neces-
sarily straightforward. Both regularly produce a very iron-
rich fayalitic slag, with typically 60–70 wt% FeO and
around 20–30 wt% SiO2; the balance to 100 wt% being
minor oxides such as Al2O3, CaO, and TiO2 as well as
various trace elements (Bachmann, 1982; Craddock,
1995). These slags are well known from numerous archae-
ometallurgical studies (for iron see Rehren et al., 2007 and
references therein, for copper see Hauptmann, 2009 and
references therein), corroborating the fundamental compo-
sitional similarity of copper and iron smelting slag across
many societies. However, some mineralogical and chemi-
cal indicators allow distinguishing them. Miller & Killick
(2004, p. 34) state that in ‘‘copper smelting slag free iron
oxide is present as magnetite, not wüstite, in most cases’’.
This difference reflects the different redox conditions
required for smelting copper and iron; the reduction of
copper oxide to copper metal takes place under conditions
where magnetite is stable, while the reduction of iron oxide
to iron metal requires much more reducing conditions,
where wüstite is the stable free iron oxide. A recent study
by Muralha et al. (2011) showed how predominant wüstite
can coexist with hercynitic spinel and residual magnetite
from the ore in the same piece of iron slag, reflecting redox
gradients and non-equilibrium conditions often found in
ancient metallurgy. Furthermore, Miller & Killick (2004)
report examples of pre-industrial copper smelting slags
from southern Africa with typical concentrations of 0.5–1
wt% Cu2O, which is consistent with archaeological copper
smelting slags from much of Europe and the Middle East
(Bachmann, 1982; Craddock, 1995).

Both the ore samples and the slag from Aksum have
copper contents of less than ca. 50 ppm. Free iron oxide is
relatively rare in the slag samples; where present, it is
predominantly wüstite as in the furnace slag, or magnetite
which formed only during the tapping of the slag as a thin
skin on the oxidised surface. The primary spinels found in
the slag are predominantly hercynite and ulvöspinel, and
have only little Fe3þ component. Therefore, we argue that
all samples analysed here are consistent with iron smelting

using the bloomery process (Craddock, 1995), but not the
copper smelting initially suggested by the excavator of
these samples.

4.2. Ore to slag relationship

The occurrence of iron ore fragments among the archae-
ological finds enabled us to compare their composition to
the slag (Table 1), in order to test whether this ore could
have provided the charge for the furnaces from which the
slag found here originated. For this, we compared the
minor oxides and trace element concentrations of the two
materials, assuming that during smelting the furnace
charge is depleted in iron, while all other non-reducible
compounds increase proportionately in the remaining slag
melt. Of course, even a perfect match would not be proof
that this ore was indeed used to produce this slag; however,
major discrepancies would more or less rule out such a
possible link. For this exercise, we selected the most iron-
rich ore sample 315a-1, assuming that the pieces found
among the waste material were deliberately discarded by
the head smelter, and that the average ore used is more akin
to the best rather than to the average of the waste. The other
two ore samples were also considered, but only
qualitatively.

Inspection of the data in Table 1 shows that for many
NRCs the concentrations in the slag are consistently about
twice those in the ore (SiO2, Al2O3, TiO2, Zr, Ba), while
the iron content is much lower in the slag, as expected.
Some discrepancies from this pattern, however, are also
apparent. MgO, K2O, CaO and Sr are significantly
enriched, by up to a factor of nearly ten, while manganese,
cobalt, copper, zinc and phosphorous are present at roughly
the same or even lower concentrations in the slag as in the
ore respectively. These differences, however, are fully
consistent with the assumed bloomery smelting process.
The first group of elements is characteristic of fuel ash
from wood (Wedepohl, 1998) and the charcoal made from
such wood, and its increased presence in the slag is most
likely due to the fuel ash being absorbed by the slag during
smelting (Crew, 2000). In contrast, the elements not
enriched or even depleted are all known to partition into
the metallic iron during bloomery smelting, and are thus
removed from the system together with the bloom. Thus,
we may conclude that the analysed ore pieces are most
likely similar to the ore that was smelted here.

In many societies, iron smelting furnaces are designed in
such a way that the ceramic material from furnace walls or
tuyère provides a contribution to the slag-forming process,
effectively acting as a flux (Veldhuijzen & Rehren, 2007
and references therein). Assessment of the data in Table 1
suggests that this has not been the case in 3rd to 4th century
A.D. Aksum. The analyses of the technical ceramic frag-
ments (Table 1, samples 313f and 314) and of slag
mechanically mixed with ceramic (samples 313g.1 and
313g.2) are all characterised by relatively high concentra-
tions of barium, reaching 1000 ppm in the pure ceramic. In
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contrast, the slag has only around 150–200 ppm barium,
about twice as much as the ore (see Table 1) and in line
with the generally observed enrichment factor for non-
reducible components from the ore. Any significant addi-
tion of ceramic material to the slag would have resulted in
an increased barium concentration in the slag, as shown in
the two samples 313g.1 and 313g.2 of mechanically mixed
slag and furnace wall material. The absence of such a
barium increase in the furnace and tap slag over and
above the enrichment due to the removal of substantial
quantities of iron oxide from the system indicates that the
ceramic material of the furnace contributed little if any
material to the slag. This shows that the ore used was self-
fluxing and that absorption of furnace wall material into
slag was restricted to the immediate contact zone between
the two.

4.3. Proficiency and productivity

So far, this paper has focussed on the chemical and miner-
alogical reconstruction of the metal smelting process, but
has provided little information of direct archaeological
relevance beyond the identification of iron smelting as
the source for this slag. For a better understanding of the
role which this process may have played within the site
from where the material was recovered, it is important to
gain an understanding of the proficiency with which it was
conducted, and at which scale – was it an ad hoc small-
scale process to serve local needs, or a more regular pro-
duction, possibly serving a larger area? This would have
implications for the understanding of whether the smelting
was done by part- or full-time specialists, or by less profi-
cient farmers or hunters. To reach this level of archaeo-
metric interpretation it would be necessary to have a more
complete picture of the situation on site, including an
estimate of the amount of slag produced and the length of
time over which it accumulated. In the absence of such data
we present here just some sample estimates to demonstrate
the potential utility of such analyses for a wider archae-
ological interpretation. This assessment, of course, is only
tentative, since we have no way to determine how repre-
sentative the few analysed samples are for all the material
processed at the site.

It is notable that the examined furnace and tap slag
samples are consistently very poor in wüstite, which
means they are very lean slag as compared to many broadly
contemporary European slags which often have substantial
amounts of wüstite (Oelsen & Schürmann, 1954;
Schürmann, 1958; Pleiner, 1980, 2000; Kronz, 1997).
The formation of such a lean slag can be due to two
reasons, either strongly reducing conditions in the furnace,
or a dilution of the ore through absorption of furnace wall
material (Rehren et al., 2007). We have shown above that
there was only very little if any contribution from the
furnace wall ceramic to the slag formation, indicating
that the smelting conditions here were very strongly redu-
cing and the process designed to maximise metal extrac-
tion. That would imply a high fuel to ore ratio, that is a

relatively high consumption of charcoal during smelting,
resulting in a very high ratio of carbon monoxide to carbon
dioxide within the furnace atmosphere (Craddock, 1995).
Such conditions not only increased metal yield, but also
resulted often in the absorption of carbon in the metal, that
is the formation of steel instead of soft iron. The possible
reduction of manganese and phosphorous as a metallic
phase into the metal, deduced from their lack of enrich-
ment in the slag compared to the ore, is consistent with
such a scenario, and would constitute further evidence for
the theory arguing that in Africa steel was commonly
obtained by the direct process (van der Merve & Avery,
1982; Hahn, 1993). Overall, we interpret these observa-
tions as indicating that at Aksum, the bloomery process
was conducted very proficiently, and therefore probably by
specialised smelters. But what about the scale of
production?

The analytical data enable a rough mass balance estima-
tion even though no absolute values for the amount of slag
present at the furnace site are known. We have shown
above that the slag formed from the accumulation of
NRCs with some added fuel ash, but no further ceramic
contribution. We also have indications about the contents
of iron oxide in the ore (ca. 80 wt% FeO) and the slag (ca.
55–60 wt% FeO). For the sake of argument we set the ore
concentration at 80 wt% iron oxide, with the remaining 20
wt% being made up predominantly of NRCs. For the slag,
we assume 40 wt% NRCs from the ore, plus a few addi-
tional percent of fuel ash, leaving between 55 and 60 wt%
iron oxide. Thus, 100 kg of this slag contains 40 kg of
NRCs from the ore. To obtain that much NRC material,
one needs 200 kg of ore of the defined quality. These 200
kg of ore contain also 160 kg of iron oxide, of which
(calculating generously) 60 kg remain in the slag. Thus,
100 kg of iron oxide has been extracted from the ore in the
form of iron metal; using the conversion factor of 0.77
from FeO to Fe shows that about 77 kg of iron metal were
extracted as bloom iron. The bloom needs further proces-
sing into bar or billet form before it can be shaped into
artefacts. The smithing results in a considerable but highly
variable loss of metal (Crew, 1991). Consequently, the
smelter may have obtained around 50 kg of useful iron
metal for each 100 kg of slag they produced. Alternatively,
one could argue that the ore analysed here was of mediocre
quality, and that 90 wt% iron oxide is a more realistic
approximation for the quality of the smelted ore. The
same estimation would then indicate that in order to accu-
mulate 40 kg of NRCs that are present in each 100 kg of
slag, 400 kg of ore would be needed. In this scenario, 360
kg of iron oxide would be added to the furnace charge, and
still only 60 kg retained as slag. Thus, 300 kg of iron oxide
were available to be reduced to metal, equivalent to about
230 kg of bloomery iron. Allowing for the inevitable smi-
thing loss, this would probably be something like 150 kg of
useful metal. In summary, we argue that it is reasonable to
assume that the amount of useful metal that was produced
in this process was similar to the amount of slag left
behind, with a potential error of � 50 %. Unfortunately,
in the case presented here the quantity of slag preserved at
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the site is not known. However, it is hoped that the discus-
sion above demonstrates that it is worthwhile to document
the quantity of slag present in archaeological sites, and to
conduct comprehensive analyses of all relevant materials.

5. Conclusion

The analysis of 19 slag, ore and furnace wall samples dated
to the late 3rd and early 4th century A.D. and originating
from an archaeological excavation in Aksum, Ethiopia, has
failed to confirm the suspected copper smelting. The con-
centration of copper, determined by XRF analysis, is less
than 50 ppm in all ore and slag samples, while typical
prehistoric copper slags have at least around 2000 to nor-
mally more than 5000 ppm Cu. In addition, the mineralo-
gical investigation confirmed the presence of metallic iron
in some of the slag, but failed to identify either metallic
copper or copper sulphide, phases which are inevitably
present in ancient copper slag. Also, the redox conditions
as deduced from the presence of various free iron oxides
point to strongly reducing conditions in line with bloomery
iron smelting, but exceeding by far those necessary and
common for copper smelting. Thus, it is beyond reasonable
doubt that these samples originated from iron smelting
using the bloomery process. The very low level of free
iron oxide in all slag samples and the concentration pattern
for certain trace elements indicate that the produced metal
was more likely steel than soft iron, in keeping with other
observations relating to African iron production elsewhere.

There is very little need to assume a substantial contri-
bution from the furnace wall to the slag formation, suggest-
ing that the visually observed mixing of vitrified furnace
wall material and smelting slag is restricted to the immedi-
ate contact zone between slag melt and furnace wall.

Several oxides such as CaO, MgO and K2O show a much
higher enrichment factor in the slag compared to the ore.
This can be explained by the fact that these oxides are
highly enriched in wood ash, and therefore most likely
originate from the charcoal. Overall, the chemical relation-
ship between ore, slag and fuel ash suggests that the slag
could well have formed from the smelting of a self-fluxing
lateritic ore very similar to that found on site.

The lack of any data on the amount of slag present at
Aksum makes it difficult to discuss the scale of production.
However, a comparison of the composition of the ore, slag
and furnace wall material allows us to comment on the
relative efficiency of the process in relation to iron extrac-
tion, and to postulate a factor of 1� 0.5 that can be applied
to the amount of slag present, to estimate the amount of
iron metal produced per unit of slag. It is hoped that future
work at this important archaeological site will be able to
quantify the amount of slag present. This can then be used
in combination with further dating evidence to estimate the
annual iron output, providing information whether the
smelting activity served only the immediate needs of the
inhabitants of the settlement, or supplied iron for a larger
community.
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