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Abstract  

The variation of the Earth's magnetic field over the last millennia is poorly known in Africa, 

especially in Sub-Saharan Africa that represents less than 1% of the global archeomagnetic 

dataset. Fourteen iron furnaces from Kenya and Chad have been studied here for 

archeomagnetic purposes. These structures were dated by 
14

C from the 14
th

 century in Kenya 

and from the 18-19
th

 centuries in Chad. Samples, oriented with the plaster cap technique, have 

been subjected to thermal and alternating field demagnetization, rock magnetic analysis and 

paleointensity experiment, with the classical Thellier-Thellier technique corrected for 

anisotropy and cooling rate effects. New directional data (4 from Kenya and 10 from Chad) 

and one new paleointensity estimate from Kenya (43.5 ± 1.8 µT) were obtained. The Kenyan 

declinations are in good agreement with the geomagnetic global models, but the inclinations 

are lower and the intensity higher than predicted. For Chad, the new results prove the 

efficiency of the archeomagnetic dating, with a precision that is better than radiocarbon for 

the 18-19
th

 centuries.  

 

1. Introduction 

Precise knowledge of the Earth's magnetic field through time is necessary to 

understand the geodynamo evolution. Direct observations of the geomagnetic field are 

provided by satellites and ground-based measurements for the last 500 years for declination, 

400 years for inclination and since the 1830s for intensity. Using these direct data together 

with historic data from navigators, a global model gufm1 was calculated for the period 1590-

1990 by spherical harmonic analysis of the geomagnetic field (Jackson et al., 2000). This 

model is nevertheless not well constrained in intensity before 1840. It is therefore needed to 
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extend knowledge of the Earth's magnetic field, and especially of its secular variation, further 

back in time and this can be done using either volcanic rocks or baked archeological artefacts 

that record the local direction and intensity of the geomagnetic field present at the time and 

place of their last cooling. Sedimentary rocks that also record the direction of the field, can 

only provide relative paleointensities. 

Archeomagnetic data are compiled in databases such as GEOMAGIA50.v3.3 (Brown 

et al., 2015) and several authors (e.g Constable et al., 2016; Hellio and Gillet, 2018; Arneitz et 

al., 2019; Campuzano et al., 2019) have developed global spherical harmonic models 

covering the last 3 to 14 millennia. However, all models are likely to be biased by a strongly 

uneven geographic distribution, with about 90% of GEOMAGIA50.v3.3 data coming from 

the Northern hemisphere, and a large majority (∼90%) from the mid-latitudes. Africa and 

South America are the greatest landmasses where we can retrieve data from the equatorial and 

southern latitudes to address this problem.  

In Africa, archeomagnetic and volcanic data, as well as relative data from lake and 

marine sediments (e.g. Di Chiara, 2019), are rare. Moreover, the large majority of data is 

concentrated in Northern Africa (e.g.  Odah, 1999; Leonhardt et al., 2009; Gómez-Paccard et 

al., 2012; Casas et al., 2016)  and in the Canary Islands (e.g. de Groot et al., 2015; Kissel et 

al., 2015a, 2015b). Sub-Saharan Africa accounts for only 0.1% of GEOMAGIA50.v3.3 

database despite recent additions (e.g. Tanguy et al., 2011 ; Mitra et al., 2013 ; Donadini et 

al., 2015; Tarduno et al., 2015; Kapper et al., 2017, 2020).  

Sub-Saharan Africa is also crucial to understand one of the most remarkable features 

of the modern geomagnetic field: the South Atlantic Anomaly (SAA).  The SAA, currently 

located in Southern Brazil, is characterized by intensity about 30% weaker at the surface of 

the globe than if the field was purely dipolar (Thébault et al., 2015). It is generally assumed 

that the SAA is related to reversed flux patches at the surface of the outer core (e.g. Terra-
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Nova et al., 2017). Direct measurements of the geomagnetic field show that since 1840 the 

SAA intensity minimum drifted to the southwest, about 4500 km at the Earth’s surface, 

associated to an increase of its extent area (e.g. Hartmann & Pacca, 2009; Pavon-Carrasco & 

De Santis, 2016). Data from Sub-Saharan Africa are crucial to better constrain the path and 

amplitude of the SAA beyond this date, and especially to confirm if it appeared in the Indian 

Ocean (Hellio and Gillet, 2018; Campuzano et al., 2019) or in Southern Africa (Tarduno et 

al., 2015). 

Contrary to what the scarcity of archeomagnetic data suggests, the archeological 

potential is high in Central and Eastern Africa. For archeomagnetic studies, the most frequent 

well-preserved baked structures are iron furnaces (e.g. Killick, 2016; Robion-Brunner, 2018). 

In the current state of knowledge, the oldest sites clearly associated to iron metallurgy in 

Central and Eastern Africa are dated to the first half of the first millennium BCE. This 

pyrotechnology might even have emerged earlier in the modern Central African Republic at 

the end of the third millennium BCE (Alpern, 2005; Zangato and Holl, 2010). In this paper, 

we present archeomagnetic results of iron furnaces dated to the last six centuries in the 

Mbeere region in Kenya and in the Guéra Massif in Chad (Figure 1a).  

 

2. Archeological setting and sampling 

All furnaces were sampled with the plaster cap method (Figures 1b and 1c). Blocks 

were levelled horizontally with a bubble level and oriented using a magnetic and eventually a 

sun compass. Between three and six large blocks were collected per furnace. In the laboratory, 

the blocks were cut into cubic specimens, 2 cm in side, after consolidation in sodium silicate. 

Two blocks from Kenya and six from Chad could not be used for directional analysis because 
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their orientation was not precise enough. This is was due either to a damaged plaster cap 

during transport or to the fragile nature of the samples. 

 

2.1 Mbeere region, Central Kenya 

The Kamuturi 1 archeological site (0°25’53” S, 37°47’3” E) that we sampled is 

located in the Ishiara district of the Mbeere region, close to Mount Kenya (Figure 1a). The 

site, located at the bottom of a small hill, is assumed to cover an area of 25,000 m
2
, based on 

the extent of visible surface materials. Excavations by F. M’Mbogori between 2015 and 2016 

revealed in situ furnaces on the eastern side of the site, with several fragments of slag and 

tuyere pieces in between. To the west of the furnaces, iron working materials are found 

isolated, more fragmented and in association with daily use objects such as pottery, beads, 

cowry shells, and metallic artefacts.  

All furnaces excavated at Kamuturi 1 site were described as bowl furnaces, made 

using irregular bricks of clay with maximum length of 15 cm and thickness of 1-4 cm 

(M’Mbogori et al., in preparation). As some of the best-preserved furnaces were removed for 

display in a museum, we could only sampled three of the remaining furnaces. Furnace 1 

(KAM1-1 in our nomenclature) is the largest with a maximum diameter of 80 cm and a 

minimum diameter (at bottom) of 42 cm (Figure 1b). The depth from the bottom to the 

uppermost edge measured 85 cm but bricks scattered on the surface suggest that the furnace 

stood taller above the ground than the excavated remains. Furnaces 2 and 3 (KAM1-2 and 

KAM1-3 in our nomenclature), partially excavated, have similar morphology, brick sizes and 

shapes but they are smaller in size. These differences highlight the complexity of the smelting 

technologies in use (Iles and Lane, 2015; Iles and Torres, 2009) and it can be noted that the 

morphology of the excavated furnaces differs from the ethnographic furnaces as described by 
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Brown (1995). M’Mbogori (2013) points out that the smelters of Kamuturi 1 may have 

affinities with past communities who lived in this region before the arrival of Bantu groups. 

In order to spot additional furnaces, magnetic mapping was done in the area. It is a 

convenient technique for archeological prospection since buried magnetic objects generate, by 

contrast with the substratum, a magnetic anomaly. Several EW transects were carried out 

every 50 cm covering a survey area of 37 m by 20 m around the Kamuturi 1 site. The maps of 

anomaly gradients (Figures S1a and S1b in the supplementary material) show heterogeneous 

zones with localized and intense anomalies (maybe related to the slags and the tuyeres), 

superimposed on a background signal with weaker anomalies and greater wavelength (maybe 

due to vegetation and soil thickness). The interpretation of these maps is also complicated by 

previous excavations and by a substratum made of red clay that has an induced magnetization 

on the same order of magnitude as the furnaces. However, one furnace (KAM1-4) is clearly 

indicated by an association of positive and negative anomalies, characterizing a magnetic 

dipole that is remanent since it is not aligned with the local geomagnetic field (Figure S1b). 

This furnace, comparable in size to KAM1-2, was sampled. After filtering of the lower probe 

map, the presence of other potential furnaces is suggested (shaded areas in Figure S1c).  

 Three to six blocks were collected per structure for a total of 17 blocks, a fairly low 

number compared to other archeomagnetic studies but that could not be enhanced due to 

preservation constraints. Sampling was also limited by suspicions of post-heating movements 

due to the surrounding vegetation in some part of the furnaces. The colour of the baked clay 

used for the walls of the furnaces varies from grey to dark-brown and more reddish parts but 

without clear relationships with the temperature gradient. 

KAM1-1 and KAM1-2 furnaces were dated by radiocarbon on charcoals found in their 

filling (M’Mbogori et al., in preparation). As the site is located at the equator, the calibration 

process can be performed using either IntCal13 (Reimer et al., 2013) or SHCal13 (Hogg et al., 
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2013) curves, which were designed for the Northern and the Southern hemispheres 

respectively. The two probability density functions that can be obtained have different shapes 

and therefore provide slightly different time intervals at 95% of confidence (see Figure S2 in 

the supplementary material). For example, in the case of KAM1-1, IntCal13 provides two 

time-intervals of [1452-1528] and [1543-1634] cal CE, while SHCal provides only one [1483-

1641] cal CE. In order to cover the two possibilities, the dating of KAM1-1 and KAM1-2 

furnaces was cautiously fixed between 1450 and 1650 CE and, considering the usually short 

use of this type of metallurgical sites in this area (low quantity of scoriae and low number of 

furnaces per site), we assumed that KAM1-3 and KAM1-4 furnaces are dated from the same 

period.  

2.2 Guéra Massif, central Chad 

The Guéra Massif, mainly composed of granites (Shellnutt et al., 2017), is located in 

south-central Chad. An archeological survey was carried out by Vincent Mourre and Djimet 

Guémona in the area near Mongo, the main town of the region. One of their main objectives 

was to locate iron smelting sites, to better constrain the history of this technology in the 

region. Information collected among the local population place the development of steel 

industry in the Guéra Massif during the “abasia” period that started between 1611 and 1635 

CE and ended around 1909 CE. They also indicate that the local production of iron has been 

abandoned at the time of the establishment of the French colonial administration in 1908. 

Three main smelting sites with furnaces have been identified.  

Bankakotch site (12°11’01.1’’N; 18°49’17.6’’E) is located to the south-east of the 

Abu Telfane chain. It is one of the largest iron sites in the Migami district with a high quantity 

of scoriae and tuyeres.  The three excavated furnaces (BANK1, BANK2 and BANK3) are 

circular in shape with a diameter between 35 and 58 cm and wall thicknesses between 6 and 

12 cm.  
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Bogrom site (12°09’29.4’N; 18°25’50.2’’E) is in the Bitkine district, about 30 km 

west of Mongo. The four furnaces that were uncovered are conical in shape, with a diameter 

of about 40 cm and walls about 6 cm thick (Figure 1c). Four furnaces (BOG1, BOG2, BOG3 

and BOG4) were sampled. 

Djogolo site (12°12’22.4’’N; 18°47’55.2’’E) is close to Bankakotch site about 12 km 

east of Mongo. The furnaces here are more semi-circular than those of Bankakotch and 

Bogrom, with a long axis around 40 cm and a thin wall thickness around 4 cm. Three furnaces 

(DJO1, DJO2 and DJO3) were sampled. 

Between 2 and 4 dark-coloured blocks were collected per furnace, for a total of 34 

blocks at the three sites.  

 

 Only two furnaces from Bankakotch (BANK1 and BANK2) and three from Bogrom 

(BOG1, BOG2 and BOG4) could be dated per radiocarbon on charcoals found at the base of 

the structures (filled with charcoal trapped in scoria). All charcoals were first studied by 

anthracology by Barbara Eichhorn (Goethe-Universität, Frankfurt/Main). Almost all of them 

belong to Prosopis Africana, a common shrub of savannah in Sub-Saharan Africa. AMS 

dating at Poznan radiocarbon laboratory were preferentially performed on charcoals from 

twigs, because they are likely not affected by a significant old-wood effect. Calibration was 

processed with IntCal13 curve (Figure S3 in the supplementary material). Due to a plateau 

effect on the calibration curve, 
14

C intervals are very large (between 1650 and 1950 CE, see 

supplementary material for details). They agree with the proposed archeological age but do 

not specify it much. We attributed the maximum 
14

C range (1650-1950 CE) to all others 

undated furnaces. 
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3. Magnetic Mineralogy 

Rock magnetic experiments were performed, in order to investigate the ferromagnetic 

mineralogy and its stability to temperature. All experiments were conducted at CEREGE 

laboratory. 

3.1 K/T curves 

The susceptibility of the samples was measured through two successive heating-

cooling cycles up to medium (350°C) and high (650°C) temperatures using an AGICO Multi-

frequency Kappabridge (MFK1-CS3) apparatus. The experiments were done on 30 and 32 

powdered specimens of ~200 mg from Kenyan and Chadian furnaces, respectively. The Curie 

temperature was estimated at the point at which the curvature of the concave part of the 

heating curve is maximal (e.g. Dunlop and Özdemir, 1997). 

In both cases, we observe mainly two characteristic behaviours in the K/T curves. The 

first behaviour, that represents ~35% of the Kenyan specimen and ~30% of the Chadian 

specimens, shows a single ferromagnetic phase that corresponds to an almost pure magnetite 

with Curie temperatures close to 580°C (Figures 2a and 2b). The mostly reversible curves 

highlight the absence of mineralogical transformation during heating. It is worth noting that 

for the Kenyan samples, this behaviour is mainly found in the samples that present a reddish 

colour. The other specimens, grey or dark-brown in colour, present at least another phase 

besides this almost pure magnetite. This second behaviour, also seen in the Chadian samples, 

is illustrated in Figures 2c and 2d. The K/T curves present a first phase that seems to be rather 

stable at least up to 350-400°C, with Curie temperature around 400-500°C. This is probably a 

titanomagnetite that will transform at higher temperature into magnetite, explaining the 

increase of susceptibility in the cooling curves.  
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3.2 Hysteresis parameters 

Hysteresis curves up to 0.5 Tesla and backfield curves were performed on eight 

Kamuturi 1 specimens and eight Chadian specimens of ~ 5 mm diameter using the Micromag 

Vibrating Sampling magnetometer 2900 (Figure S4 in supplementary material). Hysteresis 

parameters were calculated after removal of the paramagnetic component: Ms is the saturation 

magnetization, Mrs the saturation remanent magnetization, Bc the coercive force and Bcr the 

remanent coercive force (Table S1 in supplementary material). In Figure 3, the Day diagram 

(Day, 1977) that presents the remanence ratio Mrs/Ms versus the coercivity ratio Bcr/Bc can be 

used to estimate roughly the domain state of magnetite grains (e.g. Dunlop 2002). All the 

samples that were measured plot in the pseudo single domain (PSD) range, indicating a 

common occurrence of large grains within our samples. 

 

4. Directional analysis 

All magnetic moments were measured with a 2G cryogenic magnetometer. To retrieve 

the direction of the remanent magnetizations, 100 cubic specimens (38 from Kenya and 62 

from Chad) were demagnetized. Stepwise alternating field (AF) demagnetization was made 

from 3 to 90 mT (every 3 mT up to 50 mT and every 10 mT between 50 and 90 mT), with the 

AF demagnetizer built in line with the 2G cryogenic magnetometer. Stepwise thermal 

demagnetization was done in an MMTD80A oven with 14 steps up to 585°C (every 50°C 

from 100 to 400°C, every 30°C from 400°C to 520°C, every 20°C from 520°C to 560°C and 

finally 585°C). For Kenya, 20 specimens were AF and 18 thermally demagnetized. AF 

demagnetization was in average less noisy than thermal treatment (e.g. Figures 4a and 4c and 

Table S2). This difference was due to temporary experimental problems with our MMTD80A 

oven, and we therefore favoured AF demagnetization (56 specimens) for the Chadian 
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samples. However, a few thermal demagnetizations (6 specimens) were done to determine 

their unblocking temperature spectrum (e.g. Figures 4b). Results were interpreted with the 

Puffin Plot software (Lurcock and Wilson, 2012). Most of the plots and the calculation of the 

mean directions by Fisher statistic were done with the PmagPy3.0 software (Tauxe et al., 

2016).  

Most of the specimens (80% and 75% from Kenya and Chad respectively) present a 

single component of magnetization (Figures 4a, 4c and 4d), while a secondary component is 

also observed for the rest of the samples. As this secondary component is usually removed at 

fairly low fields or temperatures (Figure 4b, 4e and 4f), it is probably of viscous origin. The 

directions of the characteristic remanent magnetization (ChRM) per demagnetized specimen 

are listed in Table S2 of the supplementary material, and the equal area plots of Figure S5 

(supplementary material) present the distribution of the ChRM directions per furnace (Table 

1). Eight specimens with an aberrant orientation were rejected (with more than 30° to their 

sister specimens). This is probably related to an error in the transfer of orientation to the 

specimen. 

Most furnaces show a good grouping of their ChRM directions, as evidenced by large 

kappa. For some furnaces, the dispersion is larger, especially in declination, likely because of 

slight post-heating wall movements due to tree roots (e.g. for KAM1-3) or during the 

excavations (e.g. KAM1-1). Despite these dispersions at the cooling unit level, the directions 

are coherent at the site level (Figure 5, Table 1) and therefore were all considered as 

representative of the ancient geomagnetic field. They are the first archeomagnetic directions 

ever obtained from Central and Eastern Africa. 
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5. Archeointensity determination  

For archeointensity determination, we used the classical Thellier-Thellier method 

(Thellier and Thellier, 1959) with 7-12 temperature steps up to 560°C, distributed according 

to the unblocking temperature range of the specimens. The protocol consists of heating and 

cooling the specimens twice at each temperature step with a laboratory field (40μT) applied 

along the +Z and -Z axis of the specimen successively. To assure a better reproducibility of 

the experiments, we invert the field and not the specimens. Partial thermoremanent 

magnetization (pTRM) checks are performed every two steps to monitor the mineralogical 

transformations. All heatings were performed in an ASC TD48-SC oven with a temperature 

reproducibility within 1°C. The archeointensity results were interpreted using ThellierTool4.0 

software (Leonhardt et al., 2004). 

A total of 19 oriented cubic specimens (2 cm in side) from Kenya and 41 from Chad 

were analysed. In the case of Kenyan furnaces, in order to test if the differences in 

ferromagnetic mineralogy and colour of the blocks play a role on the results, we also prepared 

21 non-oriented grey, brown or reddish small chips embedded in non-magnetic plaster.  

A paleointensity estimate is considered as reliable only when the Arai plot is linear 

over a large proportion of the unblocking temperatures and when the orthogonal diagram 

shows a single component of magnetization in this interval of temperature. Our acceptance 

criteria are a quality factor q higher than 5 and a paleointensity error lower than 10%. We also 

consider the consistency within a given furnace and fix an upper limit of ±10% for the 

standard deviation on the average value.  

Only three specimens from one Kenyan furnace (KAM1-1) meet our acceptance 

criteria (Table 2). KAM1-1.1A11 and KAM1-1.1A21 especially provide convincing results 

(Figure 6a). The paleointensity estimation of KAM1-1.2A11 is of lower quality with a q 

factor of 7 but is consistent with the two other accepted specimens (Figure 6b). 
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Five specimens from Chad have rather linear Arai plots but show two components of 

magnetization in orthogonal plots (Figure 6c). As the sister-specimens that were AF and 

thermally demagnetized carry only one component of magnetization, this behaviour is likely 

explained by mineralogical alteration and specimens must be rejected. The two apparent 

components of magnetization indicate the acquisition of a chemical remanent magnetization 

during the laboratory experiment that results in the deviation of the direction along the 

laboratory field direction (+Z). Finally, most other specimens from Kenya and Chad show 

two slopes or a concave-up shape on their Arai plot associated to a non-linear orthogonal 

diagram (Figure 6d). This behaviour can be related to the presence of coarse grains (e.g. Levi, 

1977), in line with the Day plot (Figure 3). For Kenya, we checked if there was any 

relationship between the paleointensity results and the ferromagnetic properties or the colour 

of the samples without clear results.  

The archeointensities of the three accepted specimens from KAM1-1 furnace were 

corrected for the effects of TRM anisotropy and cooling rate with the protocol of Chauvin et 

al. (2000). The TRM anisotropy tensor was determined at 550°C with six different positions 

(+X, -X, +Y, -Y, +Z and -Z) of the specimens. The anisotropy correction could not be applied 

to KAM1-1.2A11, likely altered by mineralogical transformations, but this is not really 

crucial with an anisotropy effect of 4.5% and 0.8% for the two others specimens. 

The cooling rate correction was performed at the same temperature as the anisotropy 

correction. It consists in the comparison of two pTRMs acquired during a rapid cooling, over 

one hour (i.e. the duration used in routine during the Thellier-Thellier procedure) and a slow 

cooling, to better approximate the original cooling of the furnace. Here the duration of the 

slow cooling was 5 hours due to experimental constraints of our laboratory oven. It may 

underestimate the initial archeological cooling but this approximation will have a smaller 

impact on the accuracy of the average archeointensity than the absence of correction (Hervé et 
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al., 2019). The cooling rate correction factors of the three specimens range between 8 and 

11%. The corrected mean archeointensity of KAM1-1 furnace is 43.5 ± 1.8 μT. Even though 

the success rate of this study is low, we propose the first full vector determination ever 

published in Eastern Africa.  

 

6. Interpretation 

 Over the Holocene, the current update of GEOMAGIA50.v3.3 database (Brown et 

al., 2015) reports 40 archeointensities and 48 archeodirections in Sub-Saharan Africa, to 

which have been recently added 18 new archeointensities by Kapper et al. (2020). All these 

data are dated in the last 3 millennia and most were acquired in Western Africa (Mitra et al., 

2013 ; Donadini et al., 2015; Kapper et al., 2017, 2020), La Réunion Island (Tanguy et al., 

2011)  and South Africa (Neukirch et al., 2012; Tarduno et al., 2015). Data are very rare in 

Central and Eastern Africa near our sites, emphasizing again the impact of our study. In 

Cameroon, three directions have been published on volcanic lava flows erupted in the 20
th

 

century CE (Herrero-Bervera et al., 2004). In Eastern Africa, Skinner et al. (1975) acquired 13 

directions on lava flows but only two of them (data named S and T5) are independently dated 

with precision to the 19
th

 century CE. An intensity data point has also been published for 

Ethiopia on bricks produced at the beginning of the 17
th

 century CE (Osete et al., 2015). 

Regarding this almost absence of neighbouring data, we first focus the discussion on 

the comparison with the predictions of four recent global models, CALS10k.2 (Constable et 

al., 2016), COVARCH (Hellio and Gillet, 2018), BIGMUDI4k.1 (Arneitz et al., 2019) and 

gufm1 (Jackson et al., 2000). The latter is computed only from direct measurements by 

navigators or in observatories.  
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6.1 Comparison of our results with global models  

Our new Kenyan data are in good agreement with the global models for the 

declination (Figure 7a). KAM1-3 has a declination that is ~6° lower than the others furnaces, 

which may indicate that this furnace did not operate at the same period. The average 

inclinations of the four furnaces are mutually consistent but they are lower than the average 

prediction of the models (Figure 7b). The better fit in declination than in inclination could be 

explained by the fact that the direct measurements were recorded by the navigators along the 

East African coastline since the 16
th

 century for the declination but only after the 18
th

 century 

for the inclination (Jonkers et al., 2003; Arneitz et al., 2017).  

The new archeointensity obtained on KAM1-1 furnace is around 10 µT higher than 

the Ethiopian data point of Osete et al. (2015), after relocation to Kamuturi 1 (Figure 7c). 

Despite the fact that there are only two archeointensity data for East Africa, this difference 

could indicate a fast secular variation of the geomagnetic field strength in this area at the 

middle of the second millennium CE, not seen in models due to the lack of intensity data in 

Africa. New data are needed to obtain more robust models. 

The average directions of the ten furnaces from Chad are also compared to global 

models. The declination values cover the whole range of values predicted by the models since 

1600 CE (Figure 8a). However, the average inclinations are consistent with the models only 

in the recent part of their 
14

C dating (Figure 8b). This large uncertainty of the 
14

C dating 

makes our Chadian results not very useful to improve the archeomagnetic database.  

 

6.2 Archeomagnetic dating of Chadian furnaces  

Considering the young age of the Chadian furnaces, our results can however be used 

to better constrain the age of the furnaces. Archeomagnetic dating is performed with the 
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prediction at the sites of the gufm1 global model using RenDateModel software (Lanos, 

2004). The intervals of date at 95% of confidence are calculated on the combination of the 

two probability density functions (pdfs) obtained with declination and inclination (Figure 8c 

for BOG1 furnace and Figure S6 in Supplementary material for other furnaces). No results 

can be obtained for three furnaces (BANK2, BOG3 and DJO3) that have inconsistent 

declination and inclination pdfs, maybe because of post-heating movements of ovens walls. 

For other furnaces, dating provides a single interval of date between the mid-19
th

 and the 20
th

 

century CE, that is at the end of the “abasia” period (Figure 8d). These recent dates are in very 

good agreement with oral sources that suggest an abandonment of the local iron production 

with the establishment of the French colonial administration in 1908. However, the results of 

BOG2, BOG4 and DJO2 furnaces indicate that the local production could have slightly 

continued afterwards. 

 

7. Conclusions 

Our archeomagnetic study of 4 furnaces from Kenya and 10 from Chad is the first 

published in these countries. We obtained 14 new directions (4 for Kenya and 10 for Chad) 

and one intensity from Kenya. This work illustrates the two complementary applications of 

archeomagnetism: 1) data acquisition for geomagnetic modelling, 2) archeomagnetic dating. 

Sub-Saharan Africa is one of the poorest landmasses in archeomagnetic data. Our 

new Kenyan data, dated between 1450 and 1650 CE, are a new step to address this problem. 

The current global models are consistent with our data in declination but not in inclination 

and intensity. Our new data will clearly contribute to improve them in the future, in order to 

better retrieve the secular variation of the geomagnetic field in Sub-Saharan Africa and to 

better understand the origin of the present South Atlantic Anomaly. 
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The Chadian furnaces are more recent than the Kenyan ones and were used to test 

the potential of archeomagnetic dating in Africa over the last centuries. The use of gufm1 

global model appears a powerful dating tool with a precision much better than the one of 

radiocarbon for this period. 
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Figure 1: Location of the study areas (a) and examples of furnaces sampled at Kamuturi 1 

(KAM1-1 furnace) in Kenya (b) and at Bogrom (BOG4 furnace) in Chad (c). 

Figure 2: Representative K/T curves from Kenya (a-c) and Chad (b-d). Heating/cooling 

curves are in red/blue respectively.  

Figure 3: Day plot (Day, 1977) of samples from Kenya and Chad.  

Figure 4: Orthogonal diagrams, AF demagnetization and thermal demagnetization curves for 

representative specimens from Kenya (a-c-e) and Chad (b-d-f). On the orthogonal plots, the 

open/full squares correspond to the vertical/horizontal projections, respectively. The red 

symbols indicated the demagnetization steps that were selected to estimate the direction of the 

characteristic remanent magnetization.    

Figure 5: Mean directions of characteristic remanent magnetizations by furnace with their α95 

confidence circles. Open/full circles correspond to negative/positive inclinations.  

Figure 6: Arai plots of representative archeointensity results with corresponding orthogonal 

diagrams. The solid red circles on the Arai diagrams indicate the temperature steps used in the 

intensity determination. Triangles indicate pTRM-checks. Temperatures are in degrees 

Celsius. On the orthogonal plots, the open (solid) circles denote the projection on the vertical 

(horizontal) plane.  
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Figure 7: Comparison of the Kamuturi 1 data (red triangles) with existing Eastern Africa data 

and predictions at the site of recent global models. Skinner and al. (1975) directional data 

(green circles) were relocated to Kamuturi 1 using Virtual Geomagnetic Pole assumption 

(a,b). Osete and al. (2015) intensity data point (purple square) was relocated via the Virtual 

Axial Dipole Moment (c).  

Figure 8: (a, b) Comparison of the new Chadian data with the predictions of gufm1, 

CALS10k.2, COV-ARCH and BIGMUDI4k.1 models. Orange circles correspond to 

Bankakotch site, light green triangles to Bogrom site and dark green stars to Djogolo site. (c) 

Archeomagnetic dating of BOG 1 furnace using gufm1 model with probability density 

functions obtained with declination, inclination and their combination. 

 

Table captions 

Table 1: Mean directions of the characteristic remanent magnetizations by furnace. Columns 

from left to right: country name, site name, latitude and longitude of the site, furnace name, 

number of blocks used/sampled, number of specimens used to calculate the average value 

over the number of measured specimens, mean declination and mean inclination, Fisher 

precision parameter, and Fisher 95% confidence circle, archeomagnetic dating of Chad 

furnace in years CE. 

Count

ry 
Site 

Lat°

N 

Long°

E 

Furnac

e 

N/N

0 
n/n0 

Dec
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Inc

° 

kapp

a 

α95

° 

AM 

dating 

Kenya 
Kamuturi 

1 

-

0.431 
37.784 

KAM1

-1 
6/6 

12/1

4 
1.8 

-

3.5 
61 5.6 

  

KAM1

-2 
3/3 7/10 1.5 0.3 193 4.4 

KAM1

-3 
4/5 7/7 

355.

2 
0.5 120 5.5 

KAM1
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2/3 7/7 0.6 

-

2.1 
144 5.0 

Chad 
Bankakot

ch 

12.18

4 
18.822 

BANK 

1 
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2 
1.8 51 9.5 

1829-
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2 1 e 

BANK 

3 
2/3 4/4 

349.

0 
7.6 104 9.1 

1827-

1950 

Bogrom 
12.15

8 
18.431 

BOG 1 3/4 5/5 
349.

2 
8.8 268 4.7 

1848-

1911 

BOG 2 4/4 7/8 
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2 
1.5 79 6.8 
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unreliabl

e 
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5.7 84 6.1 

1907-

1996 

Djogolo 
12.20

6 
18.799 

DJO 1 4/4 8/9 
353.

2 
3.8 37 9.2 

1871-

1996 

DJO 2 3/3 7/8 
353.

3 
2.9 125 5.4 

1902-

1984 

DJO 3 2/2 4/4 2.9 5.2 395 4.6 
unreliabl

e 

 

Table 2: Summary of accepted archeointensity results. Columns from left to right: furnace 

name, specimen name, temperature interval used for the intensity calculation, uncorrected 

intensity, standard deviation on the intensity, NRM fraction, gap factor, quality factor, 

intensity corrected for cooling rate effect. 

Furnace Specimen 
Interval 

°C 
F (µT) sd (µT) f g q FCR (µT) 

KAM1-

1 

1A11 150-500 47.1 0.7 0.6 0.8 31 44.0 

1A21 150-500 46.7 1.1 0.6 0.8 21 41.5 

2A11 150-450 49.0 2.8 0.6 0.7 7 45.1 

       
Mean 

43.5 ± 

1.8 

 

Highlights 

 Africa’s Sub-Saharan data represents less than 1% of the global archaeomagnetic 

database 

 First archeomagnetic study in Kenya (16
th

 century CE) and Chad (18-19
th

 c. CE) 

 Fourteen new directions and one new intensity data 

 Inconsistency with geomagnetic models in inclination and intensity 

 Archaeomagnetic dating more precise than radiocarbon in the 18-19
th

 c. CE 
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