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Supplementary Notes 

Note 1. Strontium isotope biogeochemistry and strontium isoscapes 
87Sr/86Sr analysis has been widely used to reconstruct ancient and modern human and 

animal movement patterns in a wide range of fields including archaeology, ecology, 
forensic sciences, and food provenance studies1. Strontium has four naturally occurring 
stable isotopes: 84Sr (0.56%), 86Sr (9.87%), 87Sr (7.04%), and 88Sr (82.53%). Unlike the 
other three isotopes, 87Sr is radiogenic because it is produced by radioactive β-decay of 
rubidium-87 (87Rb) with a half-life of 48.8 billion years2. Therefore, rocks with different 
ages and distinctive elemental Rb/Sr ratios show large variation in 87Sr/86Sr composition, 
resulting in different geological units exhibiting different 87Sr/86Sr characteristics. For 
instance, old rocks composed of minerals with high K and Rb contents (e.g. old crystalline 
rocks such as granites or gneisses) will generally have high 87Sr/86Sr ratios, while young 
rocks rich in minerals with low K and Rb contents (e.g. basalts and limestone) are 
commonly characterized by low 87Sr/86Sr ratios3,4. Because of the long half-life decay of 
87Rb, 87Sr/86Sr ratios change very little on an archaeological time scale.  

Strontium in rocks is released into water and soils by rock weathering, and becomes 
biologically available (bioavailable strontium) to be taken up by plants and later animals 
and humans through the food chain4. With similar ionic radius and chemical properties to 
calcium, strontium substitutes calcium in bioapatite tissues (e.g., teeth and bones) of 
humans and animals during tissue formation. During these processes, strontium has very 
minimal mass-dependent fractionation which is corrected during post-measurement data 
processing1. In the case of human teeth, 87Sr/86Sr ratios of tooth enamel which form during 
childhood and early adulthood and is highly resistant to post-mortem alteration, can reflect 
the 87Sr/86Sr signature of the geological location where an individual spent her childhood 
or early adulthood depending on the tooth analyzed5. Because enamel is not remodeled 
once fully mineralized, enamel 87Sr/86Sr ratios reflect those of the bedrock primarily 
inhabited by the individual during tooth mineralization6. By comparing individual enamel 
87Sr/86Sr ratios with an established 87Sr/86Sr baseline we can identify non-locals within a 
sampled population. 

While largely derived from the underlying bedrock geology, the isotopic 
compositions of bioavailable Sr and living organisms (e.g. plants and snail shells) can differ 
from the 87Sr/86Sr ratios of whole rocks and bulk soils7,8. This is because some factors can 
also potentially influence the biosphere 87Sr/86Sr in a given region, including differential 
mineral compositions and weathering rates of different rock types, topographical processes, 
as well as non-geological sources from atmospheric deposition (e.g., rainfall, dust, and 
coastal sea-spray) and anthropogenic pollution9-11. Thus, in practice, analyzing biosphere 
samples is more representative of local 87Sr/86Sr characteristics8. 

To assess the geological origins of archaeological material, knowledge of the 
bioavailable 87Sr/86Sr landscape (isoscape) of a given region is required. Recently, many 
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Sr isoscapes with varying scales and resolutions have been developed using different 
approaches for either local or large-scale regions in various parts of the world11,12. Baseline 
samples used in these studies include plants, snail shells, low-mobility 
archaeological/modern faunal remains (teeth and bones), soil leachates, and surface 
andshallow ground waters13-15. Researchers often use a combination of these baseline 
samples with different modeling methods to predict 87Sr/86Sr isoscapes1,15,16. The modeling 
methods that are commonly used in these studies include geostatistical spatial interpolation 
models (e.g., kriging and inverse distance weighting16,17), Bayesian models18, and spatial 
aggregation methods11,19. More recently, random forest (RF) regression models based on 
the combination of environmental 87Sr/86Sr data and a range of environmental predictors 
were introduced into the mapping of large-scale Sr isoscapes20,21, and greatly improved the 
predictive power of isoscapes. Overall, numerous isoscapes built by different methods can 
be found in many regions of the world, including Europe11,16,19,20-22, Alaska23, North 
America24, part of South America25, China15, South Korea26, north-east Australia27, Israel28, 
Turkey29, New Zealand30, part of Africa31,32, Madagascar1, and even globally1. However, 
the global Sr isoscape using the RF modeling method remains inaccurate in regions with 
sparse or limited sample data, particularly in Africa. 

In this study, our sampling strategy includes plants (mostly modern plants and very 
few archaeological plants), soil leachates, snail shells, and teeth and bones of 
archaeological fauna (Supplementary Data 1). We combined these new data points with 
published environmental data, excluding water samples. Water samples are often obtained 
along the course of large drainages, and this type of sampling obscures local 87Sr/86Sr 
variation, as rivers often cross and mix isotopic signals from different lithological units1. 
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Note 2. Geological background of sub-Saharan Africa 

Sub-Saharan Africa is composed of several major Archean cratons (e.g., Kalahari 
[including Zimbabwe and Kaapvaal cratons], Congo, and West African cratons) and 
smaller cratonic fragments. The Late Neoproterozoic to earliest Paleozoic Pan-African 
orogeny led to the amalgamation of these cratons, and the final consolidation of the African 
continent33. Overall, the whole of the continent exposes crystalline Precambrian basement 
and the Phanerozoic cover rocks. The regional geology is summarized below, along with 
the geographic division of Africa according to the United Nations geoscheme for Africa34. 

 

2.1 West Africa 

West Africa is mainly made of three major geological domains: the West African 
Craton, Benin-Nigeria Block, and Senegalo-Mauritanian Basin (Supplementary Fig. 4). 
The West African Craton comprises Archean nuclei (3.5-2.7 Ga) to the west, and 
Paleoproterozoic greenschist (2.35-2 Ga), volcano-sedimentary rocks and granitoids to the 
east35. The basement is largely covered by Neoproterozoic-Paleozoic sediments in the 
Taoudeni Basin of the central craton and the Volta Basin of the southwestern craton, 
respectively. The Benin-Nigeria Block consists mainly of Archean gneisses (3.7-2.9 Ga) 
and deformed Paleoproterozoic greenstone (2.2-2.0 Ga), which were intruded by 
Paleoproterozoic and Pan-African (870-520 Ma) granites33. The Senegalo-Mauritanian 
Basin, the largest basin on the northwest African Atlantic margin, is largely covered by the 
Cenozoic sediments. 

 

2.2 Central Africa 

Central Africa is dominated by the Congo Craton, which is largely covered by thick 
Mesozoic-Cenozoic sediments and exposes the ancient basement and orogenic belts mainly 
at the edges. Archean bedrock is primarily exposed in the Gabon-Kamerun Shield in the 
northwest, the Angola Block in the southwest, Kasai Shield in the southeast, and the NE 
Congo Block in the northeast (Supplementary Fig. 4). More specifically, the Gabon-
Kamerun Shield in the northwest and the Kasai Shield in the southeast mainly consist of 
Archean plutonic rocks, with remnants of older rocks33. The core of the Angola Block is 
represented by widespread felsic Eburnean (~2 Ga) plutonic and metamorphic rocks36. The 
NE Congo Block contains Archean granitic gneisses and greenstone belts, as well as 
Paleoproterozoic metamorphosed granites.  

The orogenic belts are mainly located along the northern and western margins of the 
Congo Craton (Supplementary Fig. 4). The Central African Fold Belt extends nearly in a 
west-east direction, with Meso-Neoproterozoic volcano-sedimentary rocks overlying the 
Paleoproterozoic (2.0 Ga) basement37. The West Congo Belt, located on the western 
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margin of the Congo Craton, consists of unmetamorphosed Neoproterozoic strata in the 
east, Pan-African Belts in the middle and reworked Precambrian basements in the west38. 

 

2.3 Southern Africa 

About two-thirds of South Africa is covered by rocks of the Upper Carboniferous to 
Lower Jurassic Karoo Supergroup, primarily comprising continental clastic sediments in 
the Main Karoo Basin throughout the country and Jurassic Karoo basalts in the east of the 
country (Supplementary Fig. 4)39. The Kaapvaal Craton in northeastern South Africa 
consists predominantly of Paleoarchean to Rhyacian granitoids and gneisses, interspersed 
with greenstone belts and overlain by Neoarchean volcanic and sedimentary sequences40. 
The Namaqua Belt in northwest South Africa is composed of Paleoproterozoic to 
Mesoproterozoic deformed and metamorphosed granitic gneisses and supracrustal rocks41. 
The Cape Fold Belt along the southern and western coast is composed of Paleozoic 
sedimentary and volcano-sedimentary rocks, as well as the Paleozoic granite and 
Neoproterozoic-Paleozoic metasedimentary rocks of the Pan-African orogeny42. In the 
Kalahari Basin, which stretches ~2200 km in the hinterland from the Congo to South Africa, 
sediments up to 450m-thick have been deposited since the Late Cretaceous43. 

 

2.4 East Africa  

East Africa has a very complex geological setting. Several major Archean cratons 
(e.g., Zimbabwe Craton, Tanzania Craton, and Ugandan Craton) and Paleoproterozoic 
microcontinental blocks (Bangweulu Block) are flanked by younger orogenic belts (e.g., 
Irumide Belt, East African Orogenic Zone, Kibaran Belt, Zambezi Belts, and Lufilian Belts) 
(Supplementary Fig. 4). The Zimbabwe Craton in southern East Africa mainly consists of 
Archean (3.5-2.8 Ga) granitic gneiss, partly overlain by younger (2.8-2.6 Ga) and 
Paleoproterozoic volcanic and sedimentary rocks, as well as granitoids (Supplementary Fig. 
4)44,45. The Bangweulu Block in central-southern East Africa is primarily composed of 
Paleoproterozoic plutonic and volcano-sedimentary rocks. The Tanzania Craton, located 
in the central part of East Africa, is mainly composed of Archean granitoids and greenstone 
belts46, with some Mesozoic to Cenozoic volcanic rocks in the northeast. In central-
northern East Africa, most regions of Uganda expose Archean gneisses and granites, which 
underwent intense Paleoproterozoic (2.9 and 2.55 Ga) and Neoproterozoic (ca. 650 Ma, 
Pan-African orogeny) metamorphism (Supplementary Fig. 4)47,48. The Irumide Belt, 
separating the Zimbabwe Craton to the south and Bangweulu Block to the north, is mainly 
overlain by Mesoproterozoic plutonic and volcano-sedimentary rocks, which experienced 
widespread metamorphism and granitoid magmatism at ~1.1-1.0 Ga49,50. The Lufilian Belt 
mainly consists of Neoproterozoic rift-related volcanic and sedimentary sequences 
deposited on the passive margins of the Congo and Kalahari cratons50. The Kibaran Belt, 
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located between the Tanzania and Congo cratons, consists of a Paleoproterozoic volcano-
sedimentary sequence in the southeastern part and Mesoproterozoic sediments, which were 
intruded by younger (1.38-1.37 Ga) granites51,52. The East African Orogenic Zone in the 
northeastern parts of East Africa represents a wide suture zone between East Gondwana 
and the various plates of West Gondwana during the Neoproterozoic (800-580 Ma)53,54. 
Many regions within the East African Orogenic Zone (e.g., Kenya, Ethiopia, northeastern 
Tanzania, southeastern Sudan, and Eritrea) are widely covered by Mesozoic-Cenozoic 
volcanic rocks and sediments (Supplementary Fig. 4). For example, in Ethiopia, the 
basement is overlain by rift-related rhyolitic and basaltic lavas that erupted at ∼30 Ma55. 

 

2.5 Southeastern North Africa  

The East Saharan Metacraton occupies most of North Africa. In southeastern North 
Africa, this metacraton is largely covered by Phanerozoic sedimentary sequences, with the 
exposed areas primarily consisting of Neoproterozoic medium- to high-grade plutonic 
gneisses and migmatites37 (Supplementary Fig. 4). 
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Note 3. 87Sr/86Sr variability in sub-Saharan Africa 

As one of the most geologically diverse regions in the world, sub-Saharan Africa 
exhibits significant heterogeneity in 87Sr/86Sr ratios across large spatial scales. The 87Sr/86Sr 
ratios for the entire sub-Saharan Africa dataset range from 0.70381 to 0.87810, with a mean 
of 0.71774 ± 0.01229 (1σ), reflecting the continent’s diverse geological characteristics. 
The distribution of these data is markedly asymmetric (kurtosis = -268.2, skewness = 3.1, 
Supplementary Fig. 5) and non-normally distributed (Shapiro–Wilk test: p < 0.05; 
Supplementary Fig. 5). Specifically, 25% of the data have low radiogenic compositions 
(0.703–0.710), 45% fall between 0.710 and 0.720, 29% lie between 0.720 and 0.760, and 
the remaining 1% have extremely high ratios (0.760–0.880). 

Spatially, the 87Sr/86Sr ratios exhibit distinct patterns across different geological units 
in Africa (Supplementary Fig. 6). In West Africa, the ratios are relatively homogeneous 
and intermediate compared to other regions. The lowest ratios in this area are found in the 
Senegalo-Mauritanian Basin (0.712 ± 0.002, 1σ, n = 15) in present-day Senegal, The 
Gambia, and Guinea-Bissau, as well as in other coastal basins along the Atlantic Ocean 
(e.g., southern Benin and Nigeria [0.712 ± 0.003, n = 11]). Slightly elevated ratios are 
observed in the Rockellides Belt (0.714 ± 0.001, n = 28; present-day western Guinea, 
eastern Guinea-Bissau, and southeastern Senegal) and the Benin-Nigeria Block (0.716 ± 
0.006, n = 18; present-day Benin and Nigeria). The highest 87Sr/86Sr ratios (~0.720–0.740) 
in West Africa are primarily found in the Man-Leo Shield, located in the southern part of 
the West African Craton (0.719 ± 0.009, n = 196; present-day Côte d'Ivoire, Liberia, and 
Sierra Leone), with a few samples also found in the southwestern Taoudeni Basin, near the 
West African Craton (southwestern Mali). Extremely high ratios (~0.740–0.770) are 
observed only in the Man-Leo Shield. 

Central Africa exhibits a wide range of isotopic ratios, spanning from 0.703 to 0.768 
(Supplementary Fig. 6). The lowest 87Sr/86Sr ratios are found in the Central Africa Fold 
Belt (0.715 ± 0.003, n = 47; present-day Cameroon, Central African Republic, and the 
border regions between Nigeria and Cameroon). Comparatively higher ratios are observed 
in the Congo Basin, NE Congo Belt, and Lindian Domain (0.721 ± 0.04, n = 61; present-
day Democratic Republic of the Congo), the West Congo Belt (0.723 ± 0.07, n = 26; 
present-day eastern Gabon, southwestern Republic of the Congo, western Democratic 
Republic of the Congo, and northern Angola), and the Gabon-Kamerun Shield (0.723 ± 
0.08, n = 27; present-day Gabon). The most radiogenic 87Sr/86Sr ratios are found in the 
Angola Block in south-central Angola (0.742 ± 0.008, n = 26). 

The 87Sr/86Sr ratios in East Africa and southeastern North Africa exhibit complex 
variation. The lowest ratios are widely distributed across the East African Orogenic Zone 
(0.707 ± 0.003, n = 345; present-day Ethiopia, Kenya, Somalia, eastern Sudan, and 
northeastern Tanzania). Slightly elevated ratios are commonly found in the Tanzania 
Craton (0.711 ± 0.003, n = 59; present-day Tanzania) and Ugandan Craton (0.714 ± 0.006, 
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n = 152; present-day Uganda). In contrast, the 87Sr/86Sr ratios in the Zimbabwe Craton are 
highly variable and more radiogenic (0.754 ± 0.041, n = 25; present-day Zimbabwe), with 
the highest ratio reaching 0.8781. 

Our data from southern Africa are primarily from South Africa, with only a few 
samples from Namibia (0.722 ± 0.004, n = 8) and Botswana (0.718 ± 0.007, n = 4). The 
87Sr/86Sr variation in South Africa exhibits a strong north-south gradient. The highest ratios 
are found in the Kaapvaal Craton (0.734 ± 0.011, n = 264) in northern South Africa, with 
a few samples reaching 0.760–0.790. The lowest ratios occur in the Karoo Basalt regions 
of east-central South Africa (0.709 ± 0.002, n = 16). The Cape Fold Belt in southern South 
Africa has slightly higher ratios (0.713 ± 0.04, n = 405). The Main Karoo Basin, Kalahari 
Basin, and Namaqua Belt show elevated compositions, with 87Sr/86Sr ranges of 0.720 ± 
0.012 (n = 242), 0.720 ± 0.002 (n = 6), and 0.721 ± 0.001 (n = 27), respectively. 

Overall, the 87Sr/86Sr ratios in sub-Saharan Africa span a broad range, reflecting 
regional patterns largely driven by the diverse geological conditions of each tectonic block. 
Africa generally has higher 87Sr/86Sr ratios than any other continent due to its largely 
crystalline Precambrian basement. The lowest ratios (< 0.709) are primarily found in: 1) 
regions with young mafic/ultramafic volcanic rocks, such as the East African Orogenic 
Zone, where Cenozoic rhyolitic and basaltic rocks are prevalent; 2) southeast South Africa, 
where Karoo basalts are widespread; and 3) areas in northwestern Cameroon covered by 
Mesozoic volcanic rocks. Radiogenic ratios (> 0.730) are restricted to regions dominated 
by Archean bedrock, including the southern Western Africa Craton (Man-Leo Shield), the 
southwestern Congo Craton (Angola Block), and the Kalahari Craton (Kaapvaal and 
Zimbabwe Cratons), likely reflecting the weathering of Archean granitoids and 
metamorphic rocks. High 87Sr/86Sr regions include present-day Angola, Zimbabwe, 
Zambia, western Tanzania, northern South Africa, and southern West African countries. 
The most common 87Sr/86Sr ratios (0.710–0.730) are widely distributed across various 
geological units, including coastal basins with upper Cretaceous to Cenozoic sediments 
(0.709–0.720), Neoproterozoic to early Paleozoic (Pan-African) orogenic belts (e.g., Cape 
Fold Belt and Central African Fold Belt), the Taoudeni Basin, and regions with Archean-
Paleoproterozoic basements (e.g., Ugandan Craton, Benin-Nigeria Block) and the Main 
Karoo Basin, dominated by thick Paleozoic-Mesozoic clastic sediments. 
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Supplementary Figures 

 

 

Supplementary Figure 1. Modeling results. a Permutation importance of the predictors in 
the random forest model. b Predicted versus observed bioavailable 87Sr/86Sr ratios. Data 
points used for model training and cross-validation are shown in purple, while the 20 
validation samples are in yellow. RMSE (root-mean-square error) indicates model 
accuracy. c Model residuals versus predicted bioavailable 87Sr/86Sr ratios, with the density 
plot of residuals on the right. Results from the random forest model are shown in purple, 
and the validation set is in yellow. 
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Supplementary Figure 2. Cross-correlogram showing the cross-correlation at different 
distances (km) between the model residuals and 87Sr/86Sr ratios. The generally low Moran’s 
I values indicate that proximity (short distance) does not increase the correlation of 
residuals, suggesting the absence of spatial autocorrelation in the residuals. Additionally, 
the confidence interval (95%, grey shading) consistently includes zero, further supporting 
the absence of auto-correlation. 
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Supplementary Figure 3. Partial dependence plot between 87Sr/86Sr ratios and selected 
predictors. a Partial dependence plot between 87Sr/86Sr ratios and 10 selected predictors 
with continuous data. b Partial dependence plot between 87Sr/86Sr ratios and the categorical 
predictor (lithology). 
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Supplementary Figure 4. Simplified geological map and major geological units of sub-
Saharan Africa modified after refs. 33,56,57.  
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Supplementary Figure 5. Distribution of 87Sr/86Sr variability. a Histogram of 87Sr/86Sr 
ratios. The red curve shows the kernel density estimation of the data. b Box plot of 87Sr/86Sr 
data. The box represents the interquartile range (IQR) from the 25th to the 75th percentile, 
with a line indicating the median. Whiskers extend to the minimum and maximum values 
within 1.5 times the IQR, while outliers are data points beyond this range. 
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Supplementary Figure 6. Box plots of 87Sr/86Sr data for tectonic blocks and orogenic belts 
across Africa. The box represents the interquartile range (IQR) from the 25th to the 75th 
percentile, with a line indicating the median. Whiskers extend to the minimum and 
maximum values within 1.5 times the IQR, while outliers are data points beyond this range. 
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