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a b s t r a c t

Recent research conducted on the Laikipia Plateau in Kenya highlighted several shortfalls in the existing
models for understanding and interpreting past iron production technologies. The research was
undertaken in order to assess variability in past pastoralist iron production techniques – the first such
archaeometallurgical exploration in the region. In all, seven furnaces and one iron production refuse area
were excavated across two discrete sites separated by only 3 km: Mili Sita and Cattle Dip, both dating to
the second half of the second millennium AD. The recovered archaeometallurgical materials – slag,
furnace wall, and tuyères – were analysed using a combination of optical microscopy, SEM-EDS and ED-
XRF.

The results revealed that the technologies in question were complex and sophisticated, and their
reconstruction and interpretation required some special considerations. The exploitation of titania-rich
black sand was observed to bear a major influence on the resulting slag compositions at both sites, and
use of these specific materials resulted in consistently efficient smelting episodes, demonstrating the
technical competence and skill of the past smelters. However, although the slag compositions and
microstructures of all the samples were markedly similar between the two sites, striking stylistic vari-
ation was apparent in the furnace design. This raised questions not only about the organisation and
identity of the smelters who were working in this area at this time, but also of the reliability of assuming
that similar slag compositions – peculiar as these might be – reflect similar technological (or socio-
technical) systems (cf. Pfaffenberger, 1992). A further problem encountered was that the consequently
ulvite-rich slag was comprised of five, not three, major constituents – titania and lime in addition to iron
oxide, alumina and silica. This meant that the operating parameters of these smelting episodes could not
be easily interpreted using the usual models, which tend to be based around the assumption of fayalitic
slag.

As such, this paper will discuss to what extent consistency in technological style, in a broad, socio-
cultural sense, can be inferred through slag analysis, as well as the need for the formulation of wider
reaching models that encompass the full scope of technical variation in iron production.

! 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The development of themeans to produce iron fromoreswas one
of the most significant technological developments in the pre-
industrial world, driving political, social, economic and environ-
mental change inmany regions of theworld from as early as the end
of the second millennium BC. The increased production of hard-
wearing iron tools is often credited with facilitating the clearance of
dense forest and the subsequent expansion of agriculture, encour-
aging a movement towards increased sedentism and large urban

centres. Similarly, the simultaneous rise in themanufacture of strong
steel and iron weapons is regarded to have fed territorial disputes
and battles, precipitating the rise of empires and the shaping of
political and cultural systems on both local and global scales
(e.g.Wertime andMuhly,1980; Rostoker and Bronson,1990; Pleiner,
2000). In combination, these promised promising both ‘‘increased
productivity and increased destruction’’ (Herbert, 1993: p. 6).

The transition to the complex technology of iron productionwas
undoubtedly the result of a number of intricate series of events
across the globe. In the specific context of Africa, debates still rage
as to whether the iron production technologies of sub-Saharan
Africa, some of which are suggested to date to the second millen-
nium BC (summarised in van der Merwe, 1980; Miller and van der
Merwe, 1994; de Maret and Thiry, 1996; Woodhouse, 1998), were
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products of external influence or indigenous invention (Killick,
2008; Alpern, 2005). Archaeometallurgical studies of African iron
production have tended to be heavily influenced by these notions of
origins and cultural evolution – resulting in a ‘‘preoccupation with
dates and origins [that] obscures questions of greater historical
interest’’ (Herbert, 2001: p. 42) – and the discipline remains
somewhat dominated by such discussions, with much research
relating either to early agricultural sites or the industrial-scale
production of later kingdoms (cf. Killick, 2004).

As a result of these persisting research foci, our current under-
standing of African ironmetallurgy, both past and present, is widely
confined to a single economic classification, and generally excludes
the iron technologies of pastoralist communities that would have
developed and grown in response to differing needs, and that
would have operated within societies defined by higher mobility.
Nevertheless, iron was no less of an important material to these
groups, and by at least the twentieth century the material had
become imbued with complex social and political meaning, and
was ultimately used to create implements with great symbolic
significance within these pastoralist contexts.

Ethnographic studies in north-central Kenya have revealed that
in addition to their important uses as weapons for the defence of
homesteads and for carrying out raids on neighbouring herds, the
near-iconic iron spears of pastoralist groups also transmit a multi-
tude of multifaceted symbolic and cultural information including,
but not limited to, ethnicity and age-set (Larick, 1985, 1986a,b,
1991; Spring, 1993; Brown,1995). Those who produced andworked
iron were often surrounded by complex notions of identity within
such pastoralist groups, with conflicting attitudes of exclusion and
respect seeming to apply equally to these individuals. Blacksmiths
and smelters were seen to harbour a great, yet potentially
dangerous, creative power, and as such often held positions of
responsibility for important ritual functions relating to the
production and reproduction of their communities, for example
circumcision and other coming-of-age ceremonies (Larick, 1986a).
Simultaneously though, they were often also regarded as almost
‘polluted’ outsiders, with intricate taboos governing interactions
between these ironworkers and their non-iron working customers
(Galaty, 1979, 1982).

However, despite this glimpse into the potential social
complexities surrounding these ironworking traditions, archaeology
has on the whole been reluctant to examine the past production
technologies of these particular communities and how these tech-
nologies would have operated within these distinctive world-views.
This paper presents the results of the first archaeometallurgical
examination of the iron production technologies of pastoralist
smelters of the Laikipia Plateau, Kenya, with an emphasis on the
wider implications of these results for archaeometallurgical studies
not only within Africa, particularly in terms of the interpretation of
both the archaeological remains and the subsequent analytical
results.

2. New research on the Laikipia Plateau, Kenya

Between 2002 and 2005, the British Institute in Eastern Africa
undertook an interdisciplinary programme of research entitled
Landscape and Environmental Change in Semi-Arid Regions of Eastern
and Southern Africa: developing interdisciplinary approaches, which
was to include fieldwork in three locations: Laikipia in Kenya,
Malilangwe in Zimbabwe, and Kabwe in Zambia. As part of this
project, intensive systematic transect survey was carried out for the
first time on several ranches within Laikipia. The results from
Lolldaiga Hills ranch, situated to the east of the plateau (Fig. 1),
proved to be particularly rich in archaeometallurgical material,
with the discovery of several large pastoral sites with associated

iron production remains, including scatters of slag blocks, tuyères
and preserved furnace bases.

The discovery of iron production remains within Lolldaiga Hills
presented an ideal opportunity to expand current knowledge of
these under-represented past pastoralist industries, as well as to
adding to research on iron production in Kenya in general (see also
Iles and Lane, in preparation, for a summary of such research).
Accordingly, a project combining fieldwork and archae-
ometallurgical analysis was undertaken as part of an MSc pro-
gramme at the UCL Institute of Archaeology (Iles, 2006). This
preliminary investigation has now generated the first detailed
archaeometallurgical data regarding pastoralist smelting technol-
ogies in this region.

Excavations were carried out in 2004 and 2006 at two distinct
locations bearing iron production remains within the ranch. These
sites – Mili Sita and Cattle Dip – were loosely dated to the second
half of the second millennium AD (for a discussion of associated
radiocarbon dates see Iles and Lane, in preparation). At Mili Sita,
two clusters of furnace bases, set slightly apart from the other
archaeological features, were identified on the lower northeastern
slopes of a much larger pastoralist site, which was itself charac-
terised by archaeological traces of past livestock enclosures or
bomas; at Cattle Dip, approximately 3 km to the northwest of Mili
Sita, an isolated cluster of furnace bases was located close to
a modern-day, functioning cattle dip.

During these excavations, several archaeometallurgical features
were explored. At Cluster A at Mili Sita, two furnace bases and
a smelting-refuse dump were excavated; at Cluster B, a further two
furnace bases were excavated. At the site of Cattle Dip, three
furnace bases were excavated. Very small quantities of slag frag-
ments were recovered from all of these furnaces, and all were
indicative of the non-slag-tapping nature of the shallow bowl
furnaces that produced them. Impressions of small reeds and
grasses preserved in these slag blocks indicate that the furnaces
were probably packed with plant matter, consistent with pit-
smelting. Approximately 2 kg of slag and 2 kg of tuyères were
excavated from each furnace. In addition to these archaeological
remains, in the course of the survey, four potential ore sources
located close to these sites were identified and subsequently
sampled. These included two ferricrete outcrops and a strongly
magnetic black sand, plus a further sample of a local ironstone.
Samples of slag, tuyère and furnace lining from all of the excavated
features were shipped to London for analysis, along with samples
from these possible ore sources.

3. Furnace design

During the excavations, it quickly became clear that there were
several stylistic variations occurring in the design of the furnace
pits present at the two sites, although all were shallow bowl
furnaces (cf. Kense, 1983: p. 42). At Mili Sita, there appeared to be
a difference even between the furnaces of the two excavated
clusters. At Cluster A the furnace pits were circular in plan, steeply
tapering down to a maximum depth of about 30 cm (Fig. 2).
However, at Cluster B, the furnace bases appeared to have a more
squared shape in plan, and tuyère ports were visible in the four
corners. The presence of these tuyère ports is useful in terms of
estimating the number of tuyères used in these past smelts – an
aspect of the smelting process not often archaeologically acces-
sible; it also provides an indication that the excavated pit is likely to
be the actual depth that the furnace base was dug to during the
furnace’s construction (Fig. 3).

Moving to the site of Cattle Dip, the furnace bases here appeared
markedly different once again, being circular in plan, with furnace
lining for the majority of the furnace pit, but with profiles very
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distinct from those at Mili Sita. Small, circular un-lined pits with
near-vertical walls had been dug into the very bottom of the
furnace bowls (Fig. 4). These unusual pits were found to contain the
charred remains of very small grass stems, yet their function is not
clear. It is presumed that they served no strictly technical purpose,
although the use of similar pits under smelting furnaces for the
deposition of ritual items is well documented within the agricul-
tural smelting technologies of central, eastern and southern Africa
(e.g. van Noten, 1983; Schmidt, 1997; van der Merwe and Avery,
1987; Rowlands andWarnier, 1993). Alternatively (or in addition to
the above possibility), these pits may be related to the employment
of a central post during the initial stages of furnace construction.
This has been documented ethnographically in Rwanda, where
a central wooden post was used as a drawing tool to mark the
outline of a circular furnace (J. Humphris, pers. comm.).

4. Archaeometallurgical analyses

Macroscopic descriptions and dimensions were recorded of all
shipped samples prior to further sampling, to identify possible
patterning in terms of plant impressions, size and shape of slag
fragments, flow structures and so on. Pressed powder pellets were
then prepared to enable bulk chemical analysis (ED-XRF) of 17 slag
samples, ten tuyère samples, seven furnace wall samples and the
four potential ore samples, in order to provide a basic character-
isation of the technology and to facilitate discussion of the rela-
tionship between the ore, slag, tuyère and furnace material. The
instrument employed was a Spectro X-Lab Pro 2000 ED-XRF with
five polarising targets and an evaluation method optimised for
iron-rich materials (Veldhuijzen, 2003). The ore samples were
tested for Loss-On-Ignition (LOI) prior to pellet preparation. All
samples were analysed three times. The ED-XRF results reported
are averages of these three runs, with oxygen added by stoichi-
ometry and normalised to 100% byweight. Average analytical totals
prior to normalisation are given in the tables. Further information
of the method employed, including analyses of reference materials,
are reported by Humphris et al. (2009), who used the same
methodologies.

Fig. 1. Map locating Lolldaiga Hills ranch and the sites of Mili Sita and Cattle Dip.

Fig. 2. (a) Section drawings of furnaces from Cluster A, Mili Sita. (b) Furnace B, Cluster
A, Mili Sita.
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All of the slag and tuyère samples prepared for ED-XRF analysis
were also prepared as resin-mounted polished blocks (with the
addition of two further slag samples of particular interest that were
unsuitable for pellet preparation, and with the exception of one
tuyère sample), in order to study them using reflected light
microscopy and SEM-EDS, to further examine their mineralogical
composition and internal microstructure. SEM-EDS analyses were
carried out using a Hitachi S-3400N, operating at 20 kV and at an
analytical distance of 10 mm.

4.1. Technical ceramics

Several tuyères were recovered almost intact, which clearly
showed the flared design of one end, somewhat trumpet shaped
(Fig. 5). The average internal diameter was 2.7 cm, widening out to
an average diameter of 5.9 cm at the flared end. The average
thickness of the walls of the tuyères was 1.2 cm.

Quartz inclusions dominated all the tuyère samples examined
by optical and scanning electron microscopy, comprising up to 30%
of the sample area (Fig. 6). The regular-sized and angular nature of
these inclusions is suggestive of a deliberate addition of crushed

quartz as a temper to the clay, which would have served to improve
the stability and temperature resistance of the ceramic by
decreasing the likelihood of fatal cracking due to thermal or
mechanical shock (Tite et al., 2001). Often these inclusions were
cracked and shattered, reflecting their exposure to thermal stress.
Mica and ilmenite inclusions were also evident in the majority of
samples, each constituting approximately 5 area% of the samples. A
distinct thermal gradient was evident in some of the tuyère
samples, and this was demonstrated by changes in matrix colour,
pore size and shape.

The ED-XRF bulk chemical analyses of the tuyère samples
showed that their compositions were fairly consistent across the
two sites in terms of their major components (Table 1). All samples
contained approximately 60 wt% silica and 22–27 wt% alumina,

Fig. 4. (a) Section drawings of furnaces from Cattle Dip. (b) Furnace A, Cattle Dip.

Fig. 3. (a) Section drawings of furnaces from Cluster B, Mili Sita. (b) Furnace B, Cluster
B, Mili Sita.
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with an iron oxide content ranging between 7 and 12 wt% and
relatively lowalkali and alkali earth oxides. SEM-EDS analysis of the
ceramic matrix itself, avoiding inclusions, demonstrated the rela-
tively raised levels of alumina in the tuyère clays, ranging between
26 and 30 wt%, effectively revealing the refractory nature of the
clays that were being selected for these high-temperature opera-
tions. Thus, although those ceramics clearly exposed to higher
temperatures show complete vitrification, with a fine network of
voids, there is no evidence of catastrophic bloating of the technical
ceramics to a point where they would have failed in their function.
Presumably, these tuyères were manufactured in order to last the
duration of the smelt and were not intended to contribute to slag
formation (in contrast, for example, to the tuyère used by Mafa
smelters in Cameroon (David et al., 1989)).

The furnace walls were slightly more variable in composition
than the tuyères, and on the whole they contained higher propor-
tions of silica (up to 70 wt%), although the remaining chemical
signature seemed suggestive of the use of an otherwise similar clay
as for the tuyères. Addition of sand (fine quartz grains) or the use of
silica-rich termite mound earth – an occurrence that has been
documented ethnographically in several Great Lakes ceramic

technologies (Schmidt and Avery, 1978; Humphris, 2004; Brown,
1995) – may account for the raised silica levels in these samples.

The variation in the compositions of the furnace wall linings
may be due to a less systematic selection or processing strategy for
these clays rather than those used for the tuyères. The tempera-
tures encountered at the walls of the furnace are considerably
lower than those near the blast zones created by the tuyères, and no
structural strength as such is required, reducing the need for the
use of a refractory material for this purpose (Freestone, 1989: p.
155). However, the variations might also be due to the fact that the
chemical composition of the furnace linings would have been
considerably affected by their close proximities to the melt.

Overall, the above data indicate that the clays selected for the
tuyères and furnace walls at the two sites were very similar, and
were also fairly refractory. The broad uniformity in the chemical
compositions of all the analysed samples suggests that clay was
consistently being obtained from the same source.

4.2. Slag

All the slag fragments were dark reddish- or orangey-brown and
varied considerably in their size and weight, ranging up to
a maximum of approximately 1.5 kg. Density also varied throughout
the sample set. There were very few pieces of slag displaying clear
flow structures and those that did were smaller slag fragments. This
phenomenon was probably the result of drips solidifying inside the
furnace rather than the result of slag being tapped from the furnace.
Generally, themorphology of the samples indicated that all the slags,
from each smelting area, formed inside a furnace, and were not
tapped. A number of the slag samples are near circular in appearance
with a relatively smooth lower surface showing plant impressions,
and are plano-convex in profile. These ranged in diameter from 5 cm
to 15 cm, reflecting the size andshapeof theexcavated furnacebases,
andweremuchmore prevalent from the furnace clusters inMili Sita
(Fig. 7). Often, when sectioned, these slag fragments were seen to be
denser at the bottom,with porosity increasing gradually towards the
upper surface.

The bulk chemical compositions of the slag samples are given in
Table 2. As discussed below, there is a remarkable similarity within
and between sites, with all the samples displaying comparable
features. FeO levels range between 42 and 67 wt%, levels of SiO2
between 15 and 26 wt%, and Al2O3 between 4 and 6 wt%, with
a ratio of alumina to silica of roughly 1:4. In addition, it was
immediately of note that two further compounds were also
dominant in all of these samples. Unexpectedly high levels of
titania ranged between 5 and 12 wt%, whereas the proportion of
lime in the samples spanned from 4 to 10 wt%. Furthermore,
zirconia concentrations are also significantly elevated in all the
samples, ranging between 0.4 and 0.9 wt%, when less than 0.04 wt%
may more generally be expected (Ige and Rehren, 2003). Levels of
strontium and barium oxides are also higher than usual across the
sample set, both ranging between 0.03 and 0.1 wt%. Notwith-
standing these overall similarities, there are several small differ-
ences between some of the compound levels. Alumina, silica, lime
and barium oxide levels appear to be slightly higher in Mili Sita
Cluster D. Levels of titania, zirconia and manganese oxide appear to
be slightly lower in Mili Sita Cluster C. Potash and strontium oxide
are slightly lower at Cattle Dip as compared to Mili Sita.

The peculiar chemical composition of the slag is reflected in the
microstructures, with the microscopic study revealing the domi-
nance of pinkish ulvite spinels (Fe2TiO4), a phase that has also been
observed in titania-rich slag samples from Ife, southwestern
Nigeria (Ige and Rehren, 2003). Proportions of ulvite range from 10
to 45 area% (Fig. 8), and samples that have a higher proportion of
ulvite crystals tend to be those with lower proportions of fayalite.

Fig. 5. Distal end of a tuyère excavated from Furnace D, Cattle Dip.

Fig. 6. Photomicrograph of tuyère sample from Cluster B, Mili Sita under plane
polarised light. Field of view is 2 mm wide.
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Table 1
ED-XRF compositional data obtained from the tuyère and furnacewall samples from all sites. Results have been normalised to 100% and taken from the average of three ED-XRF runs. Only trace elements above 50 ppm are shown.
Analytical total prior to normalisation is given.

Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 V2O5 Cr2O3 MnO FeO Co3O4 NiO CuO ZnO Rb2O SrO Y2O3 ZrO2 Nb2O5 BaO CeO2 Analytical

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm total

Tuyère:
Mili Sita Cluster A
S1 0.58 0.88 23.80 60.34 0.80 0.03 2.68 0.89 1.11 0.03 0.01 0.13 8.43 131 30 42 412 95 342 47 532 78 1054 75 89.43
S2 0.94 1.02 22.79 60.72 0.66 0.03 2.81 0.91 1.18 0.03 0.01 0.14 8.48 112 33 38 401 95 340 48 567 73 1065 84 90.70
S3 0.74 1.02 22.28 61.34 0.40 0.03 3.28 0.71 1.15 0.02 0.01 0.17 8.46 140 31 49 490 115 345 57 790 81 1559 117 92.68
S4 0.57 0.93 23.39 60.40 0.39 0.04 3.22 0.75 1.12 0.02 0.01 0.15 8.66 134 31 58 310 113 355 59 794 85 1550 113 89.81
S5 1.15 0.91 22.51 61.00 0.25 0.02 2.62 0.58 1.14 0.03 0.01 0.15 9.31 125 42 85 521 115 253 49 598 82 1032 92 91.88
Mili Sita Cluster B
S1 0.57 1.03 22.66 57.85 0.47 0.04 3.14 0.55 1.29 0.04 0.01 0.20 11.77 160 17 54 578 119 286 59 869 97 1424 113 90.75
S2 0.31 1.04 23.72 56.96 0.54 0.05 3.21 0.61 1.33 0.04 0.01 0.20 11.64 147 31 55 303 102 300 55 870 87 1410 110 90.02
Cattle Dip
S1 0.50 1.54 27.08 57.76 0.23 0.04 2.30 0.91 0.91 0.02 0.01 0.12 8.38 75 44 56 261 95 276 47 408 61 823 46 85.45
S2 1.22 1.19 23.89 61.60 0.20 0.02 2.28 1.03 0.80 0.02 0.01 0.12 7.37 103 34 56 445 93 265 49 381 55 799 49 92.30
S3 1.15 1.27 25.22 59.39 0.20 0.03 2.33 0.91 0.86 0.02 0.01 0.13 8.23 130 32 58 589 102 237 52 400 59 755 46 92.16
Average 0.77 1.08 23.73 59.73 0.41 0.03 2.79 0.79 1.09 0.03 0.01 0.15 9.07 126 32 55 431 104 300 52 621 76 1147 84 90.52

Furnace wall:
Mili Sita Cluster A
S1 0.75 0.90 22.16 62.60 0.35 0.04 3.39 0.60 1.28 0.02 0.01 0.14 7.36 97 30 27 131 94 388 49 1270 79 1704 76 88.40
S2 0.76 1.10 22.70 61.18 0.44 0.04 3.42 0.76 1.01 0.02 0.02 0.14 8.07 123 32 35 158 113 385 54 730 70 1714 109 87.95
Mili Sita Cluster B
S1 0.75 0.94 20.78 65.76 0.45 0.04 2.93 0.70 0.99 0.03 0.01 0.12 6.23 70 30 32 128 86 357 35 494 52 1371 56 87.10
S2 0.79 0.99 21.82 57.79 0.32 0.03 3.06 0.90 1.46 0.04 0.01 0.26 12.15 162 8 43 695 117 320 58 916 99 1379 113 94.61
Cattle Dip
S1 0.63 0.64 21.53 66.05 0.17 0.04 2.35 0.56 0.66 0.02 0.01 0.11 7.02 68 30 33 118 71 243 26 401 49 1014 46 85.10
S2 0.71 0.72 19.24 69.55 0.14 0.04 1.64 0.63 0.63 0.02 0.01 0.09 6.41 78 28 38 133 63 200 27 351 44 689 31 86.47
Average 0.73 0.88 21.37 63.82 0.31 0.04 2.80 0.69 1.00 0.02 0.01 0.14 7.87 100 26 35 227 91 316 41 694 65 1312 72 88.27
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Spot analyses of ulvite by SEM-EDS showed that these phases also
contained up to 5 wt% alumina, and, in some cases, low levels of
zirconia.

Fayalite is also present in these slag samples, although often in
smaller amounts. The SEM-EDS analyses show that the fayalite is
relatively pure Fe2SiO4, although there is evidence in several
samples from both Mili Sita and Cattle Dip for some substitution of
manganese and calcium for iron. MnO values across these olivines
range up to nearly 4 wt%, whereas several samples show particu-
larly high lime readings in the olivines, of up to 18 wt%, which
suggests that this phase is probably a solid solution of fayalite and
kirschtenite. The higher the proportions of these compounds in the
olivine phases generally correlates with particularly low readings
for iron oxide in the bulk chemical analyses.

Uncombined iron is scarce in most of these samples, again in
agreement with the low bulk iron content. When present, wüstite
(FeO) globules and dendrites seem to have dark texturing within
them, and this is likely to be due to their high titania contents,
reaching up to 4 wt% (Fig. 9). This high titania content in thewüstite
is consistent across all samples in this study. Again, as would be
expected, samples showing the highest levels of titania and lime
contain the lowest levels of iron oxides and the lowest proportions
of wüstite. Metallic iron is also present, generally as small droplets,
although it sometimes occurs as foils or pseudomorphs of the
wüstite dendrites from which it derived. In some samples, iron

forms distinct lines crossing the sample horizontally, often marking
transitions in the microstructure (Fig. 10).

Finally, the slag groundmass is often cryptocrystalline, and it
displays silica, alumina, lime and iron oxide as the main compo-
nents. However, this mass also shows significant enrichments of
alkali oxides and, unusually, of zirconia, which reaches values of
4 wt%, and finds its counterpart in the high zirconia noted in the
bulk analyses.

In summary, although there are minor compositional differences
between these slag samples, the compositional consistencies
between the three clusters of furnaces are striking. This is suggestive
of the application of very similar technical processes carried out at all
three smelting locales, which contrasts intriguinglywith the stylistic
variation that is apparent in the excavated furnace remains – an
aspect to be discussed below.

4.3. Ores

The investigation of the ores potentially employed in Laikipia
was informed by two strands of work: on the one hand, the analysis
of several non-archaeological samples of potential ore sources that
had been collected in the vicinity of the sites (although no dedi-
cated examination of locally-available raw materials was under-
taken); on the other hand, the observation of residual ore grains
present in the slag.

Although the slag is dominated by primary phases, residual clus-
ters of free iron oxides in some samples are interpreted as the remains
of partly reduced ore minerals. An example of these iron minerals is
visible in Fig. 11 below, fromwhich suggestions can be made as to its
identification. Iron hydroxides tend to be structurally porous, unlike
the crystals that canbeseenhere,whereashaematite crystals are long
and plate-like, also unlike those illustrated here. Hence we can
assume that this structure is derived from a granular magnetite ore
(Th. Rehren, pers. comm.). The image shows the ore minerals partly
reduced to sponge iron particles, which are retaining the shape of the
parent magnetite grains (cf. Gordon and Killick, 1993).

Turning to the geological samples that were gathered in the field,
thebulk chemical analyses (Table 3) revealed thatonlyoneof the four
collected samples, the black sand sample, contained enough iron
oxide to be a viable ore. However, thiswas still not particularly rich in
iron, only containing approximately 49 wt% FeO, in conjunctionwith
8 wt% alumina and8 wt% titania,which is indicative of there beingan
ilmenitic component to the black sand. The ratio of alumina to silica is
1:3.5, similar to the ratios that are apparent in the slag samples.
Interestingly, the relatively high zirconia levels in this sand would
also seem to be consistent with those found in the slag.

No mineralogical analysis was undertaken on these samples,
however some assessment can be made about their geological
origins. Lolldaiga ranch is located in the uplands to the east of the
volcanic plains of the Laikipia Plateau, situated upon an exposed area
of theAfrican Basement Complex that underlies the region (Schlüter,
1997) and which form the migmatitic Lolldaiga Hills that give the
ranch its name. The ancient metamorphic rocks of this Complex
consist mainly of gneisses and migmatites with some granites;
within the ranch many hilltops have outcroppings of such rocks at
their summits. Overlying igneous rocks, mainly lavas of basaltic
composition, occur to the west and south of the ranch (Ahn and
Geiger, 1987).

Published mineralogical and geochemical analyses of rock and
subsoil samples from Sirima (approximately 45 km to the south-
west of the ranch) and Mukogodo (approximately 10 km to the
north), have been able to provide information about the possible
parent rocks from where these iron- and titania-rich black sands
derived. Basic rocks sampled from Sirima contained an average of
18 wt% magnetite, corresponding to soil samples with an iron

Fig. 7. Example of a ‘slag cake’ obtained during surface collection at Cluster A, Mili Sita.
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Table 2
ED-XRF compositional data obtained from the slag samples from all sites. Results have been normalised to 100% and taken from the average of three ED-XRF runs. Only trace elements above 50 ppm are shown. Analytical total
prior to normalisation is given.

Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 Cr2O3 MnO FeO Co3O4 ZnO Ga2O3 SrO Y2O3 ZrO2 BaO CeO2 Analytical

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm total

Slag
Mili Sita Cluster A
S1 0.27 0.29 4.12 17.20 0.08 0.04 0.81 3.52 5.38 0.01 1.11 66.54 757 163 92 381 63 4252 340 174 104.10
S2 0.35 0.35 5.72 24.10 0.08 0.09 1.29 4.68 6.19 0.01 1.20 55.25 569 137 98 428 75 4799 461 201 99.40
S3 0.45 0.48 5.17 22.46 0.14 0.06 1.20 10.29 6.75 0.01 1.62 50.26 450 42 108 889 97 8759 628 209 97.94
S4 0.16 0.27 4.10 14.65 0.03 0.05 0.70 3.70 9.70 0.01 1.59 64.37 573 99 122 316 61 5250 245 130 102.27
S5 0.39 0.25 4.35 19.43 0.02 0.06 1.22 4.87 5.92 0.01 1.35 61.41 689 95 112 522 67 4975 523 152 102.67
S6 0.31 0.52 3.79 15.36 0.16 0.04 0.84 8.77 5.07 0.01 0.97 63.56 698 16 76 769 44 3946 283 103 106.48
Mili Sita Cluster B
S1 0.49 0.35 5.28 20.65 0.09 0.07 1.17 6.66 7.05 0.02 1.31 56.09 556 112 99 596 86 5568 644 224 100.63
S2 0.27 0.37 3.68 15.65 0.10 0.04 0.87 5.51 6.68 0.02 1.22 64.88 602 70 103 468 73 5057 463 200 103.11
S3 0.47 0.45 6.05 26.33 0.05 0.06 1.38 10.49 9.54 0.02 2.17 41.82 316 52 98 904 149 8904 966 314 97.71
S4 0.37 0.38 5.16 21.13 0.00 0.06 1.21 6.97 10.56 0.02 1.85 51.35 471 44 93 600 122 7256 707 249 100.37
Cattle Dip
S1 0.47 0.37 5.70 20.81 0.04 0.05 1.09 6.84 9.82 0.02 1.76 52.25 453 79 113 512 103 6111 372 219 101.16
S2 0.39 0.29 4.49 17.45 0.13 0.05 0.84 5.76 6.43 0.01 1.41 61.75 622 211 118 433 98 8025 326 194 103.79
S3 0.45 0.32 4.61 19.13 0.04 0.05 0.89 6.41 10.33 0.01 1.96 54.85 417 75 96 503 126 7531 460 231 103.54
S4 0.38 0.27 4.85 21.05 0.09 0.05 1.06 3.69 6.49 0.01 1.48 59.79 584 355 114 276 89 5869 241 212 107.85
S5 0.42 0.28 3.94 14.74 0.00 0.05 0.68 4.24 11.68 0.02 1.86 61.30 495 83 92 294 105 6367 224 190 103.34
S6 0.38 0.34 3.87 16.51 0.12 0.05 0.83 7.91 8.33 0.02 1.64 59.02 508 35 120 364 114 8035 285 314 104.71
Average 0.38 0.35 4.68 19.17 0.07 0.06 1.01 6.27 7.87 0.01 1.53 57.78 547 104 103 516 92 6294 448 207 102.44
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Table 3
ED-XRF compositional data obtained from the ore samples. Results have been normalised to 100% and taken from the average of three ED-XRF runs. Only trace elements above 50 ppm are shown. Analytical total prior to
normalisation is given.

Na2O MgO Al2O3 SiO2 P2O5 S K2O CaO TiO2 V2O5 Cr2O3 MnO FeO Co3O4 NiO CuO ZnO Rb2O SrO Y2O3 ZrO2 BaO La2O3 CeO2 Nd2O3 Analytical

(wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) total

Lolldaiga Hills
Black Sand

1.33 0.15 8.43 29.22 – 0.02 1.89 0.31 7.84 – 0.01 0.67 49.35 570 – 23 363 – 105 57 6279 256 15 84 – 114.98

Lolldaiga Hills
Ironstone

0.28 0.32 13.16 49.89 0.33 0.05 2.53 0.21 0.45 – 0.03 2.18 29.81 447 138 100 82 62 164 89 682 4650 158 796 227 92.93

Mili Sita
Ferricrete

0.66 0.78 20.26 56.88 0.07 0.02 3.47 0.62 0.47 – 0.02 1.38 14.66 325 112 94 115 106 310 81 844 2704 165 2122 167 91.78

Cattle Dip
Ferricrete

0.76 0.61 18.84 61.44 0.06 0.03 2.45 0.63 0.72 0.00 0.01 0.32 13.89 259 30 51 91 76 193 35 626 760 14 125 16 90.25
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one sample having a reading of over 65 wt%. Even though one
should not ignore the possibility of the bulk iron content in the slag
being diluted by chemical contributions from fluxes, technical
ceramics or fuel ash (discussed below), such moderate to low iron
oxide levels in smelting slag are typically taken as indicative of an
efficient smelting process with relatively little iron lost. This
apparent efficiency is reinforced by the near absence of uncombined
iron in the microstructure. The slag samples from the B cluster of
furnaces at Mili Sita appear on this basis to have the highest effi-
ciency (in terms of recovery of iron from the ore), with an average
FeO content of 54 wt%, whereas the A cluster of furnaces would
show the worst efficiency, with an average content of 60 wt%.
Related to this, the lime and manganese oxide enrichment in the
slag olivines can also be seen as increasing the efficiency of the
smelts, especially if the ores employed were not of a high grade, as
these compounds behave like iron oxide and combine with silica in
the olivines, thereby freeing up more iron oxide to reduce to metal.

The large majority of the samples analysed for this study cannot
be described as typical fayalitic slag, which reflects the operation of
a different smelting system from that commonly encountered
(Pleiner, 2000: p. 252; Joosten, 2004; Rehren et al., 2007). The high
titania levels in the slag samples are highly likely to be associated
with the use of the ilmenite-rich (i.e. titania-rich) black sand as an
ore – the amounts of titania in the technical ceramics, or indeed in
the background geology, as indicated by the analyses of the further
potential ores, are not high enough to explain these levels on their
own. The use of this black sand, as suggested by the analyses, may
also have been advantageous to the outcome of the smelts by
increasing their relative iron yield. Using black sand rather than
a quartzitic sand does not result in a typical fayalitic slag. When
quartzitic sand is added to a smelt, the silica (SiO2) combines with
the iron in the ore to form fayalite (Fe2SiO4), for which two iron ions
are required. In contrast, when ilmenitic sand (FeTiO3) is added to
a smelt, it forms primarily ulvite (Fe2TiO4) instead of fayalite –
a molecule that only requires one extra iron ion, leaving more iron
ions free to reduce to metal (Ige and Rehren, 2003). This makes the
process slightly more chemically efficient overall. The ulvite-
dominated nature of these samples reinforces the suggestion that
this was the case here.

Despite the possibility of a high titania contribution increasing
the output of a smelting system, the low iron content of the black
sand raises issues concerning its viability as an ore on its own. One
possibility is that it may have been used in conjunction with
a second ore, as has been documented in Mbeere, Kenya and Ife,
Nigeria (Brown,1995; Ige and Rehren, 2003). On the other hand, the
black sand analysed here may not have been an entirely repre-
sentative sample. Larick (1986b) states that ore sands in north-
central Kenya are said to be viable only during certain seasons, after
they have been sorted by contact with water. The sand may also
have been pre-treated by hand prior to smelting, perhaps by sieving
or threshing to improve the productivity of the ore (cf. Brown,1995:
pp. 43–45; Cline, 1937: p. 26). None of these factors were taken into
consideration when the ore sample was collected, although they
may have had a significant effect on the resultant bulk composition.

A further aspect of the slag compositions to be explained is the
relatively high lime levels, which could have been advantageous to
the smelts, lowering the melting temperature of the slag (thereby
facilitating the separation of the slag from the bloom), and
encouraging the formation of calcium-rich olivines. Although the
ore generally contributes the largest proportion of the final slag
composition, other elements such as furnace lining, tuyères, fluxes
and fuel ash can also make a significant contribution, with furnace
lining potentially contributing up to 30 wt% of the resultant slag
(Crew, 2000; Paynter, 2006). Considering the low lime contents in
the bulk chemical analyses of the technical ceramics, it seemed

immediately unlikely that the lime was entering the system
through these means. Neither was there evidence for the use of
crushed shells as a flux as has been seen in Mbeere smelting to the
south of Mount Kenya (Brown, 1995). Given the strong positive
correlations between lime, magnesia, strontium oxide and barium
oxide, it was hypothesised that these compounds could derive from
the addition of a calcareous or dolomitic rock as a flux (see a similar
argument in Heimann et al., 2001) – yet it soon became clear that
there were no significant local geological sources of this material in
the area (Bosse et al., 1996; du Bois, 1966).

A final possibility – and the one we are most inclined to accept –
is that the raised lime simply derives from the use of lime-rich
charcoal as fuel. An accuratemass balance calculation is impossible,
due to our lack of reliable compositional data for the ores and fuels
employed. However, simply to illustrate the plausibility of this
argument at a general level, we can model our data using the
following variables: an ore mixture with a nominal FeO content of
75 wt% (to account for the high titania and other gangue), hard-
wood charcoal with a nominal lime content in the ash of 50 wt%
(even higher CaO values are reported in ashes by Jackson et al.
(2005), with correlated magnesia, strontium and barium, as docu-
mented in the Laikipia slag), and a 5 wt% ash yield for the charcoal
(as estimated by Crew, 2000). Using these parameters, and a fuel to
ore ratio of 2.5:1, we could feasibly produce slag containing 55 wt%
FeO and 6.25 wt% CaO, while leaving 20 wt% of the FeO in the ore
mixture to be reduced to metal (see Table 4). These figures are
reasonable from the metallurgical viewpoint, and would seem
consistent with the Laikipia slag, which shows an average FeO level
of 57.78 wt%, and 6.27 wt% CaO. Needless to say, the number of
assumptions present in the above estimates mean that this argu-
ment can only be taken as indicative at best, but it suffices to
account for the relatively high CaO in the slag without the need of
a flux (see also van der Merwe and Killick, 1979, for an example of a
high-alkali fuel source contributing considerable quantities of lime,
soda and potash to a smelting system).

A last characteristic of the slag to be explained is the presence of
strings or foils of metallic iron interspersed in some of the samples.
Schmidt (1997: p. 119–124) documented similar features in the slag
produced by the Haya smelters of Tanzania, and interpreted them
as the result of the locally reducing conditions created by the
charred grass filling the furnace slag pit, which promoted further
iron reduction. An alternative explanation may be that the slag was
exposed to reducing furnace gases after being deposited in the
bowl, with the consequent reduction of a top layer of the slag to
metallic iron before the next slag layer dripped on top of it. This
phenomenon could thus be seen as the equivalent of the magnetite
skins sometimes documented in between layers of tapped slag,
resulting from the oxidation of the slag surface when exposed to

Table 4
Hypothetical mass balance for the Laikipia slag, illustrating potential contributions
to slag formation. The assumptions are: a) a 2.5:1 fuel ratio as starting charge (i.e.
250 units of charcoal and 100 units of ore); b) of the ore, 20% goes into the bloom
rather than the slag (i.e. from 100 units of 75% FeO ore, 20 units of FeO go to the
bloom, leaving 55 units of FeO and 25 units of other compounds to go into the slag);
c) the ash yield for the charcoal is 5%, half of which is CaO (i.e. 100 units of charcoal
produce 5 units of ash, of which 2.5 units are CaO). The bottom row shows actual
average Laikipia slag values for comparison.

Input Contributions to slag Total in slag

FeO CaO Others

Ore (75% FeO) 100 55 25 80
Charcoal (5% ash yield) 250 6.25 6.25 12.5 (ash)
Technical ceramics Unlimited 7.5 7.5
Hypothetical slag 55 6.25 38.75 100

Laikipia slag 57.78 6.27 35.95 100
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atmosphere oxygen. Either way, this presence of metallic iron in
this case does not seem indicative of a high viscosity preventing the
separation between metal and slag – rather, this metal probably
formed after the slag had separated from the bloom.

5.2. Further operating parameters

As recently summarised by Rehren et al. (2007), the chemical
compositions of the vast majority of bloomery iron smelting slags,
in Africa and elsewhere, are dominated by iron oxide, silica and
alumina. They can therefore by plotted in ternary phase equilib-
rium diagrams, which typically show slag compositions clustering
around the two eutectic or ‘‘optima’’, i.e. those areas where the slag
composition approaches the lowest possible melting temperature,
facilitating the metal–slag separation. Although there is room for
human choice and cultural variation, the system is largely driven by
the thermochemical behaviour of these three compounds. This
allows researchers to compare smelting slags from different sites,
and also to plot the compositions of ores, technical ceramics and
fluxes to model their behaviour and relative contributions to the
slag formation, as well as the operating temperatures (e.g. Veld-
huijzen and Rehren, 2007).

The Laikipia slag, however, does not easily render itself for this
type of modelling. As discussed, these slags are composed of not
three, but five major constituents: titania and lime in addition to
iron oxide, silica and alumina. As such, in order to make sense of
this unusual system, titania was added to alumina, as both behave
in a similar fashion in terms of raising the melting temperature of
the slag, and lime was added to iron oxide, as both lower the
melting point. The resulting two values and the silica levels were
plotted in ternary diagrams overlaid on two different systems:
FeO–Al2O3–SiO2, and FeO–TiO2–SiO2 (Fig. 12).

When plotted on the FeO–Al2O3–SiO2 diagram, the slag appears
in the hercynite region, despite the fact that no hercynite was
identified in themetallographic study. Obviously, this is explainedby
the fact thatwehave grouped the alumina and titania concentrations
together.More interesting is the fact that the slag clearly falls outside
the more common fayalite region, and it seems that the operating
temperatures would probably be higher than those required by
fayalitic slag. On the FeO–TiO2–SiO2 diagram, the slag again plots
outside the fayalite area, in a compositional region with melting
temperatures around 1200–1300 !C. This diagram, however,
displays a further interesting aspect. To the right of the cluster of data

points, a tight pack of parallel isotherms indicates a very steep rise in
the temperatures required for the system to incorporate more silica.
This is quite different from the situation displayed in the FeO–Al2O3–
SiO2 diagram, where a curved low-temperature trough connects the
fayalite area with the silica apex. In other words, when titania is
present in the slag, andprovided that the temperatures are not raised
excessively, the solutionof the siliceous gangue or technical ceramics
in the smelting systemwill be comparatively minimal.

For reasons explained above, it seemed convenient for this
smelting system to form ulvite-dominated slag, rather than fayalite.
With titania in the slag, the thermochemical dynamicswould dictate
that the contribution of silica-rich technical ceramics would be
significantly limited. It is also unlikely that quartzitic sand would
have been added to the charge, as has frequently been seen in other
smelting operations, for example at Phalaborwa, South Africa (van
derMerweandKillick,1979). This hypothesis is further strengthened
by the strong correlation between alumina and silica in the slag data
set, as this suggests that both of these oxides are deriving from the
same source, namely the ore. Furthermore, this may also partly
account for the low overall mass of slag obtained from the sites as
compared to other sites in eastern Africa, such as in Buganda, where
single slag blocks weighed up to 160 kg (Humphris et al., 2009).

6. Final considerations

Overall, the above analyses have shown that very similar tech-
nical processes were undertaken at the sites of Cattle Dip and Mili
Sita for the production of iron. The minimal differences in trace
element levels in the slag samples from the two sites may be
a reflection of localised variations in the background geology, rather
than the selection of different sets of rawmaterials, if available. The
fluctuating conditions that are known to occur throughout indi-
vidual smelts may also account for minor variations (David et al.,
1989; Paynter, 2006; Humphris et al., 2009). Tuyères from all sites
were consistently formed from the same clays, and were reason-
ably refractory for the purposes for which they were intended.

Ilmenitic black ore sands were effectively used to produce
repeated successful outcomes with the likelihood of good yields of
iron. The use of such ore sands, rather than a mined ore, would have
required less labour input, as they are easy to gather and to bene-
ficiate to a high grade. Nevertheless, van der Merwe and Killick
(1979) highlight how fuel-hungry these smelting systems can be,
considerably increasing the economic costs of this process. Although

Fig. 12. FeO–SiO2–Al2O3 and FeO–TiO2–SiO2 phase diagrams with slag samples from Mili Sita and Cattle Dip plotted.
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due to the relatively small furnace sizes the blooms produced would
not have been very big, they are likely to have sufficed for the needs
of these non-farming, pastoralist communities. This complex and
effective use of materials demonstrates the sophisticated nature of
technical knowledge and know-how that was applied by the iron
smelters that worked within the Lolldaiga Hills area in the later
second millennium AD, following established and consistent
methods over a reasonably wide area.

The high level of technical uniformity apparent in the slag and
technical ceramic analyses, both within sites and between sites,
might potentially be used to suggest a possible cultural continuity
of the smelters at the two smelting locales and a high level of
regulation over the process, especially if, as is often the case, only
slag remained as the sole archaeological tool for such techno-
logical reconstruction. However, there was one notable difference
between the remains from these two smelting locations – furnace
design – that reminds us that such an assertion could be ill-
advised. As noted above, there were significant structural differ-
ences in the furnace bases excavated: circular in plan and with
tapering profiles at Cluster A in Mili Sita, squarer and bearing
four tuyère ports at Cluster B, and circular but with the intriguing
possibility of ritual deposition at Cattle Dip. Although we cannot
at this stage attribute these furnaces to specific communities, we
believe that such differences may reflect important aspects such
as some diversity in the identity of the smelters, the organisation
of production or the overall perception and ritualisation of the
smelts.

A point of interest is that both of these unusual stylistic features –
a square shape in plan and the presence of circular pits cut into the
furnace base – have been observed in a single pastoralist furnace in
northern Kenya, in relation to Loikop populations (Larick, 1986a). It
is therefore worth noting that these features can apparently be
found either occurring separately or simultaneously, although it
does weaken the argument that the central pit feature is remnant
from the use of a central post to mark out a circular shape prior to
furnace construction. Whatever the case, this does not explain why
this stylistic variation is occurring on such a localised scale, and
coupled with the apparent technical continuity. It is clear that for
a greater understanding of these aspects of pastoralist smelting to
be developed, a much extended archaeometallurgical investigation
is called for.

Although, on the broader scale of things, the slag from the Lai-
kipia sites seems fairly consistent and certainly distinct from many
other iron smelting traditions elsewhere, this internal diversity at
the macroscopic level should not be overlooked. In a recent paper
on iron technologies in the Buganda Kingdom, it was shown that
two smelting locales showing comparable macroscopic features
could be differentiated through scientific study, indicating two
potentially different technological traditions (Humphris et al.,
2009). The situation in the Laikipia plateau seems to indicate the
opposite: various smelting operations that appear very similar from
the analytical viewpoint but which, nonetheless, display structural
diversities that are suggestive of sociocultural differences. Thus the
present study should serve to remind archaeometallurgists
working only with slag remains, and without the benefit of corre-
sponding furnace remains, that continuity in technical approach, as
reflected in metallurgical analyses, is not necessarily an indication
of identical sociotechnical style (Pfaffenberger, 1992). No matter
how stringent the natural laws and technical requirements (Rehren
et al., 2007), there is room for choice in smelting iron, and the choices
are more than those presented in the ternary FeO–Al2O3–SiO2 phase
equilibrium system. When considered together, these case studies
are a blatant illustration of how archaeological and scientific
approaches should go hand in hand to obtain richer pictures of past
technological systems.
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