
minerals

Article

Interpreting the Chemical Variability of Iron Smelting Slag: A
Case Study from Northeastern Madagascar

Mélissa Morel * and Vincent Serneels

����������
�������

Citation: Morel, M.; Serneels, V.

Interpreting the Chemical Variability

of Iron Smelting Slag: A Case Study

from Northeastern Madagascar.

Minerals 2021, 11, 900. https://

doi.org/10.3390/min11080900

Academic Editor: Laura Chiarantini

Received: 13 July 2021

Accepted: 16 August 2021

Published: 19 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Geoscience, University of Fribourg, 1700 Fribourg, Switzerland; vincent.serneels@unifr.ch
* Correspondence: melissa.morel@unifr.ch

Abstract: The archaeological remains of a metallurgical workshop were excavated at Amboronala
(northeast of Madagascar/1000–1200 CE). The bulk mineralogical (X-ray Diffraction) and chemical
(X-ray Fluorescence) data on ores, building materials, and slag are used to carry out a mass balance
calculation. The results show an important variability from one smelt to the other, reflecting a
poorly controlled process. During each smelt, a given amount of building material contributes to
the formation of the slag, and the conditions of reduction allow the extraction of a given amount
of metal. These two main factors influence the composition of the slag independently and variably.
This finding allows to make some inference on the origin of the technique and the organization of the
production can be made.
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1. Introduction

The northeastern coast of Madagascar was settled around the 9th century CE by
seafaring people, the so-called Rasikajy [1,2]. More than 600 graves were excavated at
Vohémar, revealing a funeral tradition of Muslim origin and a spectacular range of imported
goods from the Persian Gulf, India and China [3–5]. Since 2017, the project “Pots, Stones
and Iron by the Rasikajy” aims to investigate the ancient exploitation of mineral resources
through field and laboratory work [6]. In this paper, we will present the bulk chemical
analyses of materials from a single slag heap. The recipe used is always the same, processing
the same raw materials and using the same furnace. Unexpectedly, the composition of the
slag is highly variable. This leads us to discuss hypotheses about the social organization of
the production.

The presence of iron smelting slag in northeastern Madagascar was formerly reported
by several authors [1,7,8]. During our recent surveys, around 150 small slag heaps were
identified [9]. The total amount of slag can be estimated in the range of 500 to 1000 tons.
They occur along the coast, mainly between Vohémar in the north and Antalaha in the south
(Figure 1). At Benavony, Matavy and Amboronala, smelting workshops were excavated
and test pits were made at two other sites. The remains are typical for a kind of bloomery
process [10–13].

The excavations revealed vanishing remains of simple bowls dug at a depth of 10 to
20 cm into the sandy substratum (Figure 2). The internal diameter of the structures ranges
from 50 to 70 cm. There is a reddish halo resulting from the heat impact and a dark filling
sediment rich in charcoal. No clay lining is used. The few and very fragile wall fragments
are made of poorly sintered sand. The presence of a surrounding wall, probably no more
than 30 cm high, can be assumed. A single short cylindrical tuyere, made of bored stone
or ceramic, went through the wall at the ground level. The small diameter of the single,
funnel-shaped duct indicates the use of bellows. Slag accumulates at the bottom of the
bowl but, if needed, it could flow outside through an opening made in the sand wall. The
smelting technique based on this very simple bowl furnace was in use throughout the
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entire district. This metallurgical production was dated between 1000 and 1400 CE from
26 radiocarbon dates sampled from 16 different slag heaps [14].
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Figure 2. The main features of the Rasikajy iron smelting technique. (Top) Schemes representing the 
typical morphologies of tuyere, slag and reconstructed furnace. (Bottom) Pictures of a typical tuyere 
(Benavony), slag (Matavy) and excavated furnace (Benavony). AA’ is the frontal section of the fur-
nace and BB’ is the sagittal section of the furnace. 

2. Materials and Methods 
At Amboronala, we extensively excavated the small workshop MBR140 [14]. Repre-

sentative samples of the various materials involved in the process of iron smelting were 
collected and registered. At the Department of Geosciences of the University of Fribourg, 
the samples were processed for geochemical, mineralogical and petrographic investiga-
tions. In this paper, we present the results of the bulk chemical analyses by X-ray fluores-
cence spectrometry (XRF) and bulk mineralogical identification by X-ray diffraction 
(XRD). 

After cutting and cleaning, an amount of 50 to 100 g of material was powdered with 
oscillating grinder in a tungsten carbide vessel to obtain a homogeneous powder with a 
grain size of 75 μm. 

Figure 2. The main features of the Rasikajy iron smelting technique. (Top) Schemes representing
the typical morphologies of tuyere, slag and reconstructed furnace. (Bottom) Pictures of a typical
tuyere (Benavony), slag (Matavy) and excavated furnace (Benavony). AA′ is the frontal section of the
furnace and BB′ is the sagittal section of the furnace.

2. Materials and Methods

At Amboronala, we extensively excavated the small workshop MBR140 [14]. Repre-
sentative samples of the various materials involved in the process of iron smelting were
collected and registered. At the Department of Geosciences of the University of Fribourg,
the samples were processed for geochemical, mineralogical and petrographic investigations.
In this paper, we present the results of the bulk chemical analyses by X-ray fluorescence
spectrometry (XRF) and bulk mineralogical identification by X-ray diffraction (XRD).

After cutting and cleaning, an amount of 50 to 100 g of material was powdered with
oscillating grinder in a tungsten carbide vessel to obtain a homogeneous powder with a
grain size of 75 µm.
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XRF measurements were performed with a Zetium X-ray wavelength dispersive
spectrometer (Malvern-PANalytical, Malvern, UK). Major components (Si, Ti, Al, Fe, Mg,
Ca, Na, K and P) are measured using the routine program on fused glass beads made of
0.7 g of calcinated powder, 0.35 g of lithium fluoride (LiF) and 6.65 g of lithium tetraborate
(Li2B4O7). The analytical error is below 1% relative. The program is calibrated using
40 international reference materials [17]. Trace elements are measured on pressed powder
pellets (12 g) using the Pro-Trace analytical software of Malvern-PANalytical (version 6.1.,
Malvern-PANalytical, Malvern, UK). Out of 40 trace elements measured, we present only
the 13 ones with significant results (Ba, Ce, Co, Cr, Cu, La, Mn, Ni, Rb, Sr, V, Y, Zr). The
analytical error is below 10% relative. Measurements below 2 ppm are not considered.

XRD measurements were made using an Ultima IV diffractometer (Rigaku, Tokyo,
Japan) and the identification software X’Pert Highscore Plus (Malvern-PANalytical, Malvern,
UK). Components below 5% are difficult to detect especially since the presence of a glassy
phase increase the background effect.

3. Mineralogy and Chemical Composition of the Metallurgical Waste of the Iron
Smelting Workshop MBR140

Amboronala is a small village located to the south of the Lokoho River estuary. Nearby,
smelting remains are scattered along large dunes made up of Quaternary sandy sediments.
Ten slag heaps arranged in three clusters spread over two kilometers. The workshop
MBR140 was thoroughly excavated, and test pits were dug on other heaps (Figures 3 and 4).
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tapped slag fragments, and 143 is a working pit filled with bottom furnace slag blocks.
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3.1. The Sandy Substratum and the Building Materials of the Furnace

Along the northeastern coast, between the seashore and the hills of the hinterland,
a continuous strip of land, 1 to 5 km wide, is made up of Quaternary loose sands. The
topography is quite flat with longitudinal dunes and many shallow marshy depressions.
These deposits are the result of the sea and the wind reworking the detrital sediments
transported by the numerous rivers draining the mountainous hinterland. The sea level
fluctuations caused by successive glaciations during the Quaternary are responsible for the
reworking and deposition of the sand and the topographic features. The old Proterozoic
crystalline basement is the main source of the sand grains [18,19].

At MBR140, the substratum is made of loose whitish sand. In the test pit, sinked
one meter below the archaeological level, no variation was observed. One sample of
the substratum has been collected during the excavation (MBR14901, Table 1). The X-
ray diffraction spectrum shows dominant quartz alongside significant plagioclase and
alkali feldspar. The peaks of the muscovite-illite are visible, probably formed as alteration
products on the feldspars. The bulk chemical composition shows a high silica content:
78 wt.% SiO2 (Table 1). Alumina and potassium, sodium and calcium oxides are the
other important contributors and reflect the presence of the feldspars. The trace element
concentrations are quite low. The most abundant are barium (Ba), rubidium (Rb) and
strontium (Sr), typical for feldspars. Titanium (Ti), manganese (Mn), chromium (Cr),
vanadium (V) and zirconium (Zr) are low, attesting the absence of heavy minerals in the
sand.

Table 1. Bulk chemical compositions of the iron ores and of the sandy substratum collected at the MBR140 workshop (see
Supplementary Materials, Table S1 for full chemical analysis).

Sample

MBR
14503

MBR
14501

MBR
14502

MBR
14504

MBR
14511b

MBR
14510b

MBR
14512b

MBR
14511a

MBR
14512a

Average
Ore

MBR
14901

Pisolites Pisolites Pisolites Pisolites Pisolites Pisolites Pisolites Pisolites Pisolites Pisolites Sandy
Substratum

SiO2 (wt.%) 5.55 6.68 8.42 8.02 8.10 8.49 8.15 7.88 8.30 7.73 78.22
TiO2 (wt.%) 1.20 1.30 1.00 0.90 1.30 1.10 1.20 1.30 1.20 1.17 0.20

Al2O3 (wt.%) 6.50 7.50 5.63 7.15 8.30 7.63 8.28 8.26 8.28 7.50 11.10
Fe2O3 (wt.%) 84.80 83.50 82.80 82.40 79.90 79.80 79.70 79.50 79.50 81.32 3.10
MgO (wt.%) 0.06 0.04 0.04 0.08 0.09 0.07 0.08 0.10 0.09 0.07 0.19
CaO (wt.%) 0.00 0.00 0.00 0.10 0.10 0.00 0.20 0.10 0.10 0.07 0.70

Na2O (wt.%) 0.05 0.04 0.05 0.05 0.08 0.03 0.10 0.09 0.08 0.06 1.92
K2O (wt.%) 0.01 0.02 0.02 0.04 0.08 0.03 0.05 0.08 0.04 0.04 4.12
P2O5 (wt.%) 0.23 0.21 0.30 0.32 0.18 0.25 0.25 0.18 0.25 0.24 0.04
SUM (wt.%) 98.70 99.53 98.49 99.39 98.36 97.64 98.26 97.72 98.08 98.46 99.78

Ba (ppm) 30 20 23 62 31 27 27 35 27 31 907
Ce (ppm) 0 0 1 0 19 2 0 14 0 4 10
Co (ppm) 16 8 10 9 12 16 18 14 21 14 20
Cr (ppm) 1099 768 871 786 780 684 886 774 845 833 47
Cu (ppm) 120 88 91 122 112 115 117 113 117 111 2
La (ppm) 9 12 10 11 19 13 8 15 15 12 11
Mn (ppm) 412 199 208 929 260 260 250 260 260 338 175
Ni (ppm) 26 30 33 24 27 45 39 27 39 32 6
Rb (ppm) 0 0 0 0 1 1 1 1 1 1 99
Sr (ppm) 1 1 1 1 5 1 7 6 7 4 162
V (ppm) 959 898 844 959 952 899 763 766 737 852 54
Y (ppm) 7 5 4 7 3 8 10 11 9 7 5
Zr (ppm) 118 141 100 118 81 135 156 129 104 121 100

SiO2:Al2O3 0.85 0.9 1.5 0.9 1.1 1.1 1.0 1.0 1.0 1.1 7.0
SiO2:TiO2 4.62 5.1 8.4 4.6 8.9 7.7 6.1 6.2 6.9 6.7 391.1

V:Cr 0.87 1.2 1.0 0.9 1.2 1.3 1.0 1.0 0.9 1.1 1.2

3.2. The Iron Ores

At MBR140, several concentrations of small ferruginous pisolitic concretions were
located close to the slag heaps (Figure 3). These concretions cannot be formed naturally in
the Quaternary sand dunes and must have been brought by the metallurgists to be smelted.
Similar pisolites were observed, partially melted, inside bottom furnace slag. Additionally,
a big flat stone was also brought to the workshop and used as an anvil to crush the ore [14].
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Cretaceous basaltic lava flows, related to the separation between Madagascar and the
Indian Plate, are cropping out at the eastern fringe of the Proterozoic basement, forming the
first range of hills inland from Amboronala (Figure 1) [20]. These are ideal source rocks for
the formation of an iron-rich lateritic cover containing pisolitic concretions. When walking
into the hills, we could indeed collect similar concretions on the surface of the red soil.

The ore samples presented in this paper were collected nearby the slag heaps at
MBR140. Each sample consists of a batch of 50 g of pisolites. Samples a and b are from the
same large batch separated randomly using a splitter. In this case, the aim of the analysis is
to produce a representative mean composition.

The concretions show red to brown shiny surfaces. XRD spectra show peaks of iron
oxides, hematite and goethite, as the main components, together with small amounts of
kaolinite and quartz. The samples have a particularly high iron oxides grade, with an
average of 81.3 wt.% Fe2O3tot (Table 1). The ratio of SiO2:Al2O3 is close to 1:1, which is
consistent with the presence of kaolinite. There is a significant amount of titanium oxide,
averaging at 1.2 wt.% TiO2. Magnesium, calcium, potassium and sodium oxides are almost
absent, as expected in a laterite. Chromium (Cr) and vanadium (V) are the most abundant
trace elements, probably replacing iron in the lattice of the iron-rich minerals. Their
concentrations are in the range of 1000 ppm and the ratio Cr:V is close to 1:1. Manganese
(Mn: 250 ppm), copper (Cu: 100 ppm) and zirconium (Zr: 100 ppm) are noticeable. In
contrast to the sand, barium (Ba), rubidium (Rb) and strontium (Sr) concentrations are very
low.

3.3. The Smelting Slag

The slag formed during smelting is either accumulated at the bottom of the internal pit
or tapped outside of the furnace. At MBR140, the two small heaps consist almost entirely
of small fragments of cord-like tapped slag. The bottom slag blocks were found inside the
working pit excavated in the sandy substratum (Figure 3, feature 143). They were used to
stabilize the floor and the walls of the pit.

Bottom furnace slag blocks are roughly hemispherical with a slight depression on the
upper surface which reflects the position of the air flow of the tuyere (Figure 2). The lower
surface often consists of a sandy crust, 1 to 3 mm thick. In addition, unmelted sand grains
are frequently bonded to the upper surface. Cross-sections also show very siliceous zones
in the upper part of the blocks. During the process, the smelters dug a channel directly
into the sand to evacuate the excess of slag. Elongated tapped slag fragments frequently
present a characteristic V-section indicating the shape of the small draining channel. Sand
grains are also frequently observed on the lower surface of the tapped slag pieces. In a few
cases, we observed the last flow of tapped slag still attached to the hemispherical internal
block.

A representative selection of slags was collected according to morphology. They
were sawed to remove all sand rich external surfaces, and internal cavities were cleaned.
On the X-ray spectra, fayalite and a titanium rich spinel are always present. Wuestite
is occasionally detected. The slag is always rich in iron oxide, but the amount is quite
variable, ranging from 55 to 67 wt.% Fe2O3tot (Table 2). The ratio between Alumina
(8.7–12.4 wt.% Al2O3) and silica (16.5–26.5 wt.% SiO2) is highly variable from one sample to
another (Figure 5). Titanium oxide contents are remarkably high, around 1.3% in average.
Oxides of calcium (0.4–2.1 wt.% CaO) and potassium (0.2–1.1 wt.% K2O) are also important
components. No correlation can be seen between these two elements. The most abundant
trace elements are vanadium (V: 750–1500 ppm) and chromium (Cr: 400–1000 ppm). The
grades are variable, but the ratios are similar. Manganese shows a strong variability (Mn:
120–1200 ppm). There are small quantities of barium, rubidium and strontium.
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passing through the point of the slag and reaching the line of the ratio of the ore.
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Table 2. Bulk chemical compositions of the smelting slags from MBR140 (see Supplementary Materials, Table S1 for full
chemical analysis).

Sample

MBR
14010

MBR
14006

MBR
14007

MBR
14004

MBR
14012

MBR
14009

MBR
14002

MBR
14005

MBR
14003

Bottom Slag Tapped Slag Tapped Slag Tapped Slag Bottom Slag Bottom Slag Bottom Slag Tapped Slag Tapped Slag

SiO2 (wt.%) 16.47 18.13 18.76 18.61 24.46 26.38 26.07 23.84 26.52
TiO2 (wt.%) 1.10 1.10 1.40 1.60 1.20 0.90 1.50 1.60 1.30

Al2O3 (wt.%) 11.48 9.59 8.70 12.40 9.50 9.00 10.05 10.50 12.24
Fe2O3 (wt.%) 67.40 67.00 66.10 64.00 61.40 59.90 58.50 58.10 55.30
MgO (wt.%) 0.22 0.19 0.34 0.34 0.15 0.33 0.27 0.33 0.33
CaO (wt.%) 0.50 1.10 1.50 0.70 0.40 0.80 0.70 2.10 0.80

Na2O (wt.%) 0.20 0.29 0.28 0.17 0.26 1.69 0.35 0.58 0.39
K2O (wt.%) 0.37 0.29 0.35 0.20 0.42 1.05 0.63 0.40 0.94
P2O5 (wt.%) 0.20 0.34 0.39 0.33 0.22 0.24 0.25 0.36 0.37
SUM (wt.%) 98.27 98.38 98.19 98.73 98.23 100.52 98.60 98.21 98.54

Ba (ppm) 74 102 147 129 87 228 130 140 149
Ce (ppm) 2 4 4 3 12 14 16 11 6
Co (ppm) 26 21 23 16 20 28 26 30 28
Cr (ppm) 853 1043 552 732 449 423 447 849 740
Cu (ppm) 84 91 85 88 56 52 61 41 77
La (ppm) 13 15 11 6 15 11 14 12 14
Mn (ppm) 132 443 1232 1042 120 129 680 863 439
Ni (ppm) 16 12 7 7 9 5 9 4 6
Rb (ppm) 8 5 7 4 9 25 13 8 17
Sr (ppm) 34 56 97 43 29 95 71 135 88
V (ppm) 1498 1406 1072 1109 847 798 767 1272 1426
Y (ppm) 5 5 5 8 6 6 10 6 7
Zr (ppm) 121 150 166 177 194 108 224 199 186

SiO2:Al2O3 1.43 1.89 2.16 1.50 2.57 2.93 2.60 2.27 2.17
SiO2:TiO2 14.97 16.48 13.40 11.63 20.39 29.31 17.38 14.90 20.40

V:Cr 1.76 1.35 1.94 1.52 1.89 1.89 1.72 1.50 1.93

The slag of MBR140 present a strong variability, but there is no systematic chemical
difference between the two morphological groups. Both the five tapped and the four
bottom furnace slags show a similar range of compositions.

4. Mass Balance and Study of the Variability of the Smelting Process

The archaeological and compositional data available from the MBR140 smelting
workshop allow to perform a mass balance calculation [21–25].

4.1. Principle of the Mass Balance Calculation

The mass balance approach is based on the principle of the conservation of mass. The
mass of the materials introduced into the furnace must be equal to the mass of the materials
coming out of it. In a simplified approach, only four components will be considered to
make the calculation:

Principle Ore + Contamination = Slag + Iron, (1)

Air and fuel are also introduced in the furnace and participate in the reaction to
produce the combustion gases. The combustion gases will evacuate the volatile substances
liberated by the different materials at high temperature. Water from hydrated minerals like
clays is lost. There is also always a significant quantity of oxygen lost from the reduction
of the iron oxides of the ore. For this reason, if the calculation is made including oxygen,
then the two sides of the equation will not be of equal mass. To avoid this bias, it is
recommended to recalculate the compositions as elements, without oxygen.

The aim of the calculation is to estimate the quantities of the different components in
the system, relatively to one of them.

System (M × Ore) + (W × Contamination) = (S × Slag) + (F × Iron), (2)

The factors M, W, S and F are the relative quantities of the respective components.
As the fieldwork data often allow to estimate the total mass of slag found at a workshop,
it makes sense to calculate the factor M, W and F relatively to one unit of slag (S = 1) to
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evaluate the global production of iron. The same calculation could be made for M, W or F
equal to 1. When M is equal to 1, the factor F reflects the yield directly.

Theoretically, for one given system, the 4 factors should be fixed for the system as a
whole and for each element separately. Using 3 equations, for 3 different elements including
iron, it is possible to find a unique solution for the 3 unknown factors. It is recommended to
use the chemical composition data obtained for the more abundant elements, because they
will show less relative variability than minor components. In most cases, the calculations
must be based on Fe, Si and Al. The measured or averaged grade in wt.% of a material can
be presented as g per 100 g of this material.

Si (M × g of Si in 100 g of Ore) + (W × g of Si in 100 g of Contamination) = (1 × g of Si in 100 g of Slag) (3)

Al (M × g of Al in 100 g of Ore) + (W × g of Al in 100 g of Contamination) = (1 × g of Al in 100 g of Slag) (4)

Fe
(M × g of Fe in 100 g of Ore) + (W × g of Fe in 100 g of Contamination) = (1 × g of Fe in 100 g of Slag)

+ (F × g of Fe in 100 g of Iron)
(5)

Silicon and aluminum are assumed to be absent from the metallic phase of the bloom,
because they are not reduced in the conditions reached during the bloomery process, and
their oxides cannot be dissolved in the solid metallic phase. For this reason, the iron
component is omitted in Equations (3) and (4), and the F factor is calculated following
Equation (5).

The potential contamination must be investigated as it can be a complex parameter.
There is always a contamination from the ashes of the fuel [26–29]. The most common
fuel is charcoal, and it contains about 5 wt.% of ashes, mainly calcium and potassium
oxides (CaO, K2O). The contamination always affects Ca and K, even though Mg, Na
and P can be impacted. In special cases, other elements can be affected, including trace
elements. In general, not all the ashes are incorporated in the slag. The ore fed into the
furnace is the result of a more or less complex process of beneficiation [12]. It is frequent
that some materials from the gangue or from the host rock are still present in the final
concentrate. The building materials of the furnace walls undergo partial melting during
the process. Such partially melted building materials are found during excavation, and
their composition can be measured experimentally [21,30]. Finally, the deliberate addition
of another substance can be considered. It is expected that this addition aims to lower
the melting point of the slag, and in this case, the substance can be termed a flux. In the
archaeological record, there is only limited material evidence supporting the proper use of
a flux for the production of iron by the bloomery process [12]. Instead, this practice is well
documented for the production of cast iron in blast furnaces during the late Middle Ages
in Europe.

Theoretically, the factors M, W and F calculated from 3 elemental equations should
apply to all other elements. In practice, it is never the case, for several reasons.

First, during the smelting process at high temperature, several elements will fraction-
ate between the combustion gas, the solid metallic product and the melted slag [22,31–33].
It is not possible to measure the composition of the gas and the composition of the metallic
product can hardly be evaluated from archaeological remains. Hence, the measured values
for the fractionating elements will not fit the calculated results. Several substances can
be partially or totally volatilized, such as elemental sodium (Na), potassium (K) and zinc
(Zn) or oxides of sulfur (SO3) and arsenic (As2O3) [34–36]. Several other elements can be
reduced to the metallic state in the conditions of the bloomery process [37]. Copper (Cu),
nickel (Ni) and cobalt (Co) will enter easily in the metallic phase. Other precious (Ag, Au,
Pt, Os) and base metals (Pb, Sn) should behave similarly but are very rarely present at a
significant level in iron ores [38]. Other elements can be partly affected because they are
difficult to reduce in the conditions of the bloomery process. Phosphorus (P) is reduced
under conditions very close to the ones of iron [39]. Chromium (Cr), manganese (Mn) and
vanadium (V) demand stronger conditions, but these are not impossible to reach during
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the bloomery process [40,41]. At very high conditions, silica (SiO2) begins to react, and a
few percent silicon (Si) are a common feature in cast irons.

On the other hand, the knowledge about the archaeological materials involved in the
process is not always satisfactory. In general, the slag and the furnace building materials
can be well studied, but the ore and the metallic product are more difficult to characterize.
Finally, it is more or less impossible to chemically define the ashes.

In the end, only a small number of elements can eventually provide valuable in-
formation for the calculation of the mass balance. On the other hand, the behavior of
the fractionating elements can provide useful evidence to understand the efficiency of
the smelting process. The understanding of the contamination is also essential for the
characterization of the smelting process.

The ideal components for the calculation would not be affected by any of the problems
presented above, which are contamination and fractionating. In practice, no element is
ideal, but many can be used to produce satisfactory calculations for a given system. The
suitable elements will be the ones with a significant contrast in the ore and the other
materials involved in the system.

For lateritic iron ores, the low Si:Al ratio allows to use aluminum. In marine oolithic
ores, very high calcium is expected, sometimes with magnesium. Other elements are typical
for specific types of iron ores and rare in most other natural materials, like manganese
(Mn), chromium (Cr) and titanium (Ti).

4.2. Mass Balance Calculation for the Smelting Process at MBR140

At Amboronala MBR140, the contamination by the sand of the substrate is obvious
through several lines of evidence. First, sand grains, partially or non-melted, can be
observed directly on the surface and inside the slag. Moreover, the absence of solid wall
fragments could indicate that the walls are weakly indurated by the firing process and
the loose sand can mix easily with the slag. One sample of sand was taken and analyzed
(Table 1, MBR14901). The compositions of the iron ore samples are very homogeneous. The
mean values can be used in the calculation (Table 1, Average ore).

On the contrary, the analyses of the slag pieces show a very strong variability (Table 2).
The number of samples (only 9) is much too small to statistically demonstrate the repre-
sentativity of the mean values. In this case, a single calculation based on the mean values
is not significant. In contrast, the calculation can be performed for each piece, and the
results reflect the variability from one smelt to another, both in terms of the efficiency
of the reduction reaction and of the proportion of contamination by the sand (Table 3).
At Amboronala MBR140, the variability within a single operation cannot be investigated
because it is impossible to identify the different fragments of a single smelting operation.
In other case studies, this internal variability has been shown to be limited [21,26,42].

Silicon and aluminum are present both in the ore and in the sand, at measurable
grades and with highly contrasted ratios (Figure 5). These allow the calculation of M, W
and F using Si, Al and Fe equations (Table 3, lines 1.1, 1.2 and 1.4). One must keep in mind
that in such a system of equations, with any defined ore, sand and slag, there is always
one single mathematical solution, but the significance of the calculated numbers is given
only if the materials are identified correctly. To demonstrate that the ore and the sand are
really the ones involved in the formation of the slag, at least one other element should
give results in agreement with the calculated M and W. At Amboronala, titanium can be
used to confirm the correct identification of the materials (Figure 5). The grades of Ti are
high enough in all materials, and the ratios Si:Ti and Al:Ti are different in the ores and the
sand. For 8 pieces of slag out of 9, the measured and calculated grades for Ti are quite
similar, within 10% relative uncertainty (Table 3, lines 1.5 and 1.6). Only for the sample
MBR14010, there is no good agreement. This particular case can be explained by the use of
raw materials with a small difference in composition, possibly pisolites collected in another
area.
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Table 3. Table of results of the mass balance calculations for the smelting process at MBR140. Slag cannot be averaged.

Sample

Mean Value
Ore

MBR
14901

MBR
14010

MBR
14006

MBR
14007

MBR
14004

MBR
14012

MBR
14009

MBR
14002

MBR
14005

MBR
14003

Pisolithes Sandy
Substratum

Bottom
Slag

Tapped
Slag

Tapped
Slag

Tapped
Slag

Bottom
Slag

Bottom
Slag

Bottom
Slag

Tapped
Slag

Tapped
Slag

Si (wt.%) 4.98 36.70 8.44 9.27 9.60 9.45 12.44 13.07 13.17 12.10 13.37
Al (wt.%) 4.04 5.90 6.66 5.56 5.04 7.13 5.47 5.05 5.75 6.03 6.99
Fe (wt.%) 57.89 2.18 51.68 51.30 50.62 48.62 46.74 44.42 44.22 44.13 41.72

1. Calculated Amount of Material for 100 g of Slag

1.1. Ore M (g) - - 154 118 101 162 100 85 105 118 140
1.2. Wall W (g) - - 8 13 16 9 24 27 25 21 22
1.3. Slag S (g) - - 100 100 100 100 100 100 100 100 100
1.4. Iron F (g) - - 37 17 8 45 12 5 17 25 40

1.5. Measured Ti (%) 0.71 0.12 0.72 0.72 0.92 1.04 0.78 0.57 0.97 1.04 0.84
1.6. Calculated Ti (%) - - 1.10 0.85 0.74 1.17 0.74 0.64 0.78 0.87 1.03

2. Calculated Amount of Materials for 100 g of Ore

2.1. Ore M (g) - - 100 100 100 100 100 100 100 100 100
2.2. Wall W (g) - - 5 11 16 6 24 32 24 18 16
2.3. Slag S (g) - - 65 85 99 62 100 118 95 85 71
2.4. Iron F (g) - - 24 15 8 28 12 6 16 21 28

2.5. Yield (%) - - 41 26 14 48 21 10 28 36 48

4.3. Variability of the Iron Production

The amount of iron produced per unit of ore varies significantly from one sample to
the other: the calculated values range from 6 g to 28 g for 100 g of ore (Table 3, line 2.4).
With the lower values, below 10 g, the product was really small. The smelters were close to
failure, especially since the metal remained dispersed, and no bloom is produced. On the
contrary, the highest values, near 30 g, were a nice success. This variation in the amount of
iron produced reflects the variability of the efficiency of the reaction of reduction. Three
main physico-chemical parameters, linked one to another, are responsible for the efficiency
of the reaction: temperature, time and the partial pressure of carbon monoxide. These
parameters are related to the technical gestures of the smelters and the way they drive their
furnace. At Amboronala, the smelters used small and simple bowl furnaces. Compared to
other bloomery furnaces of the same period, the architecture is not very efficient for saving
heat and concentrating the reducing gases [43–45]. The use of bellows can be inferred
from the shape and size of the tuyere (Figure 2). Apparently, the smelters were not able to
control the reduction process systematically. Fortunately, because the ore is high grade, it
is not too difficult to produce a minimum amount of iron under poor conditions.

There are not many arguments to estimate the quantity of ore processed during one
single smelt. Considering the size of the furnace, maybe a batch of 10 L, about 20 kg,
is a reasonable estimate. The worst smelt (MBR14009) would have given only 1.2 kg of
metal, which would have been a porous block of the size of a small fist. The best bloom
(MBR14003) reached more than 5 kg, an uncompacted block of about 1 L.

4.4. Variability of the Contamination

At Amborolana, the sand always contributes to the formation of the slag. The con-
tamination is highly variable: between 6 g and 32 g per 100 g of ore (Table 3, line 2.2). The
amount of slag always raises with increasing contamination (Table 3, line 2.3). The bottom
furnace slags show a slightly more contamination than the tapped slag, which is consistent
with the macroscopic observations.

As the pisolitic ore containing kaolinite is rich in aluminum with a low Si:Al ratio,
the effect of the contamination with a silica-rich sand is a lower melting temperature of
the slag. On the ternary phase diagram for the system FeOn-SiO2-Al2O3, it can be seen
that a slag with a Si:Al ratio of 1:1 will melt above 1400 ◦C (Figure 6). This thermal range
is rather high and difficult to reach in a small and open bowl furnace. In all cases, the
addition of silica will decrease the melting point of the slag. At Amboronala, most of the
slag compositions plot above the 1200 ◦C isotherm, and a few pieces are close to 1400 ◦C.
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Apparently, it has been difficult for the smelters to melt the slag, and this is reflected by the
irregular shape of many of the fragments.
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However, the contamination by the sand is not correlated to the yield (Figure 7). A
similar yield is calculated for MBR14003 and MBR14004, but the amount of sand incorpo-
rated is about three times higher for MBR14003 than for MBR14004. On the other hand, the
level of contamination is similar for MBR14003 and MBR14007, but the production of iron
is 28 g and 8 g, respectively. The efficiency of the reduction reaction is not directly linked to
the proportion of contamination.
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5. General Approach of the Variability Inside a Single Technology

The data from Amboronala led us to a more general approach of the variability in
slag composition. Smelting slag is the result of repetitive smelting operations following
a given technique. A technique is characterized by the raw materials used as well as the
way the smelt is carried out [47]. The composition of the slag reflects both aspects. Both
must be investigated at the level of a single sample but also within an assemblage. The
ore is the first contributor to the slag. There is a huge range of natural ores. Some of
them are homogeneous with a very constant composition; others are highly variable. The
beneficiation process modifies the composition of the ore. The building materials of the
furnace interact frequently during the process and provide a contribution to the formation
of the slag. Other forms of contamination are possible, including the voluntary addition of
a flux, for example. Together, the ore and the contaminating materials provide the chemical
stock to the slag. If the two components present a chemical contrast, it is possible to identify
their contribution and decipher the slag composition.

An important point related to the management of the furnace is the efficiency of the
reaction of reduction. If the conditions are strong (high temperature, long duration, high
availability of reducing agent), a greater proportion of the metallic oxide will be reduced
to the metallic state. In the bloomery process, the conditions are not very strong, and a
variable proportion of the iron oxide is not reduced and enters the slag.

When good archaeological and chemical data are available, the mass balance calcu-
lation is an interesting tool to understand the variabilities. One very critical point is the
correct characterization of the ore. It is also possible to approach the question using simple
graphical representation. Several bivariate diagrams using two non-reducible elements
present at a measurable grade in the different materials, but with contrasted ratios, they can
be used. Frequently, the diagram SiO2-Al2O3 is very useful. Figure 8 illustrates schemati-
cally the behavior of a set of data, ore, slag and contaminant regarding the two main types
of variability encountered in smelting systems.
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Figure 8. Schematic representations of the variability of the contamination and of the efficiency
of the reduction reaction on bivariate diagrams for unreducible elements in a smelting system
(ore-contaminant-slag). (a) Bivariate diagram for no contamination and a constant reduction,
(b) Bivariate diagram for no contamination and a variable reduction, (c) Bivariate diagram for a
constant contamination and a constant reduction, (d) Bivariate diagram for a constant contamination
and a variable reduction, (e) Bivariate diagram for a variable contamination and a constant reduction,
(f) Bivariate diagram for a variable contamination and a variable reduction.
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If there is no contamination, the ratio between the two elements in the ore will be the
same in the slag (Figure 8a,b). As it is expected that the ore shows a certain variability,
one can observe a similar variability in the slag (Figure 8a—shaded zone). The distance
between the point representative of the ore and the position of a slag will be proportional
to the efficiency of the reduction (Figure 8—red arrows). If all the slag samples cluster
on a single point, the reduction is very homogeneous throughout the smelting activity
(Figure 8a). The process is in this case very stable and very well mastered. If the slag
points are aligned along the line of the ore ratio, this is the evidence of a variability in the
efficiency of the reduction (Figure 8b). The effect of the contamination will be to shift the
points away from the line of the ore ratio (Figure 8c–f—blue arrows). The shift will take
place on a mixing line joining the point of the contaminant material, passing through the
point of the slag and reaching the line of the ratio of the ore. Using the lever rule, it is
possible to estimate the proportion between the two components in the mix.

One can read the diagram to evaluate the variability of the efficiency of the reduction
and the proportion of the contamination. A very well mastered process will show a
fixed reduction rate and a fixed proportion of contaminant. A poorly mastered process
is characterized by variable reduction and contamination. One expects a high rate of
reduction for an efficient process. The role of the contamination is trickier to evaluate. In
many cases, the contaminating material will contribute to flux the slag.

6. A Poorly Controlled Technology?

The metallurgical wastes from Amboronala show an unexpected pattern. On one
hand, the smelters are more or less always using the same raw materials in the frame of
a single technique based on simple bowl furnaces. Moreover, the technique is shared at
the scale of the whole district. By contrast, the chemical composition of the slag is highly
variable due to the combined effects of a strong variability in the efficiency of the reduction
and the changing proportion of the contamination by the sandy wall. From this variability,
one can conclude that the smelters did not reproduce systematically the same operation.
The gestures were not replicated properly. Each smelt was different, from quasi-failure up
to very successful operations. The people at work were apparently poorly mastering the
metallurgical process. This is rather surprising and raises questions about the identity of
the smelters and the organization of the activity.

For an experienced smelter, a professional, it is expected that after a few trials with
the same type of furnace and the same raw materials, he will master the process and be
able to reproduce it within a narrow range of variability. Unexperienced people working
intensively will probably need a few tens of trials to reach a constant level of practice.

The number of operations carried out at the site must have been above 250. This
estimate is based on the presence of 4500 kg of slag including at least 250 bottom furnace
blocks. The amount of work can be roughly estimated. Each smelt probably lasted less
than a day. The procurement of the raw materials, ore and charcoal, may require double
that time but can be shared between several people. A total of 250 smelts could thus
be the output of a single year of intensive work for a small team of three to five people.
Regarding the local climatic conditions, it is more probable that the smelting activity is
seasonal, and the two heaps of slag could reflect two successive seasons of activity, but
such an intensive activity is unlikely because it would have led to the homogenization of
the technique, which is not observed. The site is dated between 1000 and 1200 CE, based
on six radiocarbon samples [14]. Unfortunately, these dates set a time frame but cannot
help to evaluate the duration and the frequency of the activity.

It is then also possible to assume less intensive work, longer than annual intervals
between the campaigns and the involvement of poorly experienced people. If the period
of activity lasts for 100 years or more, then the number of smelts per year falls to two or
three. The site can also be the result of several short campaigns, of a few tens of smelts,
repeated at interval of several years. In this case, the process will not homogenize. The
basic knowledge of smelting is shared by the successive workers, but none of them can be
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considered as highly experienced. No one is a professional. As the ores are quite rich, even
this low level of expertise is sufficient to provide the small amount of iron requested for
the local community. This situation can be generalized along the coast in the area where
good iron ores are available. In this area, everybody can make the iron he needs for himself.
Elsewhere, the supply is provided by the maritime trade network. There is no economic
pressure for an increasing and more efficient production.

This socio-economic approach can be challenged by a more technical approach. The
bowl furnace as it is reconstructed seems to be a very simple structure. It must indeed
be difficult to control the contamination of the crumbling walls made of loose sand. The
very simple shape does not allow the strict control of the conditions of reduction. Maybe,
such a crude technology cannot be efficiently mastered. But in this case, it is difficult to
understand why such a poor technique was maintained for several centuries.

7. Conclusions

The metallurgical remains found in the northeast of Madagascar are dated 1000–1200 CE.
At that time, the island was settled for several centuries by the seafaring Rasikajy, involved
in the Indian Ocean trade network [48]. These remains are clearly related to the smelting of
iron ore by the bloomery process. This technique is well developed in many parts of Africa
and around the Indian Ocean.

The Rasikajy metallurgists smelt lateritic iron ore in very simple bowl furnaces built
with the sand of the local substratum. Despite the ore and sand being homogeneous,
unexpectedly, the slag shows a strong chemical variability. Using the mass balance calcula-
tion, the contamination by the building material and the amount of iron produced can be
quantified for each piece of slag. The internal variability of the assemblage reflects the poor
control of the process, each smelt being different from the others.

This finding raises questions. The important and variable contamination is probably
related to the nature of the building materials and the construction method of the furnace.
Loose sand was used, and consequently, the wall must have been unstable leading to
high and variable level of contamination. The effect of this silica addition is positive by
lowering the melting point of the slag. The variability of the amount of iron produced
is controlled by the physico-chemical conditions inside the furnace (temperature, time,
concentration of CO). The extremely simple design of the furnace makes it difficult to
control these conditions. Nevertheless, to explain this high variability, the human factor
must be considered. The poor control of the technique must be the result of the work of
unexperienced people. This contrasts with the more complex technical traditions of iron
smelting known in the other areas in Africa [43,49–52] and around the Indian Ocean [44,45].
In this respect the hypothesis of a technological transfer from another area where a more
advanced technique was already established is not convincing. On the contrary, the very
simple smelting technique of the Rasikajy can be interpreted as the result of a process of
re-invention. The knowledge involved seems to be closer to the practice of iron smithing
than to advanced smelting. The low level of iron consumption can explain the small scale
of the activity and its apparently discontinuous practice.
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