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The region of present-day Angola was one of the main areas from which millions of enslaved Africans were
abducted and forced to migrate to the Americas during the transatlantic slave trade. Strontium isotope
(87sr/%6Sr) analysis is a useful tool in reconstructing large-scale human movements across geologically distinct
landscapes in archaeological and forensic contexts. However, the absence of environmental 8 Sr/%°r reference
data from Angola hinders the use of 8 5r/%Sr analysis in provenance studies related to Angola, especially in
identifying the geographic origin of enslaved people in the African Diaspora. Here, we measured 101 plant
samples from most, yet not all, major geological units to draft the first bioavailable 8”Sr/2%Sr map (isoscape) for
Angola using a machine learning framework. Our results suggest that the 87Sr/%Sr ratios in Angola span a large
range from 0.70679 to 0.76815 between the different geological units. Specifically, the high average & Sr/%°sr
ratios of 0.74097 (+£0.00938, 1 SD) found in the Angola Block of central Angola, are distinctly more radiogenic
than any previously published bioavailable 8”5r/®sr ratios for western Central and West Africa. However, these
match the 87Sr/%0Sr ratios previously published for human enamel samples from four historic slavery contexts in
the Americas. We demonstrate that our strontium isoscape of Angola greatly improves the ability to assess the
possible origins of enslaved African individuals discovered outside of Africa and encourage the future use of
emerging African isoscapes in the study of life histories within the slave trade.

1. Introduction
1.1. Angola - prehistoric archaeology and historic background

Located in an ecological transition zone between the Congo Basin
and Namib Desert along the South Atlantic Ocean, Angola is a key region
for studying early human adaptations and evolution in Southwestern
Africa (summarized in de Matos and Pereira, 2020). Since the 1940s,
hundreds of Paleolithic sites have been discovered in this region,
including tens of thousands of pre-Acheulean to Late Stone Age lithic
artifacts and a rich faunal fossil record dating from the late Pliocene to
the Holocene era (e.g. Gilbert et al., 2009; de Matos, 2015; Lebatard
etal.,, 2019; de Matos et al., 2021; de Matos and Pereira 2020). Although
Angola has a rich and unique prehistoric and historic past,
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archaeological research rapidly declined with the long battle for inde-
pendence from Portugal and the brutal civil war which grasped the
country between 1975 and 2002. Investments into Angolan archaeology
were slow to pick up again in times of peace because of the war’s many
legacies such as the abundance of land mines and the loss of museum
collections and academic infrastructure (de Matos et al., 2021).

One particularly difficult chapter of Angola’s history is without a
doubt the time of the transatlantic slave trade. Angola was one of the
most important regions supplying enslaved Africans for the Americas,
with more than 3.5 million African individuals estimated to have
embarked from the region’s two principal ports, Luanda and Benguela,
between the 16" and 19™ centuries (Miller, 1988; Eltis and Richardson,
2010; Domingues da Silva, 2013). Most of these captives endured the
Middle Passage aboard Portuguese (or Brazilian) ships, bound for the
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Portuguese colony of Brazil, or to a lesser degree, the colonies of Spanish
America, since Portuguese and Brazilian traders were important sup-
pliers of enslaved people to Spanish America (Eltis and Richardson,
2010; Borucki et al., 2015).

Although the prominence of Angolan ports in the Atlantic slave trade
is well established, the origins of captives who embarked at any
particular African port are a matter of debate among historians. While
some written records of European traders documented the seaborne
movements of individual ships and broader patterns in the maritime
portion of the slave trade, records on trafficking of people within Africa
before reaching the coasts are scarce. One particular debate engaging
historians studying many parts of West and West Central Africa regards
the reach of the Atlantic slave trade into the interior, with some scholars
emphasizing the deeper penetration of slaving zones into the interior as
the scale of the Atlantic trade grew (Lovejoy and Richardson, 1995;
Thornton, 1998; Lovejoy, 2012), while others argue that enslavement
within a few hundred miles of the coast always supplied most captives to
European traffickers (Manning, 1982). Historians of the Angolan slave
trade have engaged in particular version of this debate, with some
scholars emphasizing an expanding frontier of enslavement with Por-
tuguese raiders making inland incursions from Luanda and especially
the expansion of slave raiding African states in the interior as the
Atlantic trade grew (Miller, 1988; Lovejoy, 2012). Recent scholarship,
however, questions this emphasis on eastward migration of the slaving
zones through warfare, arguing that enslavement did not only occur on
the violent margins of eastward-expanding states, but also through
criminal prosecutions and adjudication of defaulted debts within states
closer to the coast (Domingues da Silva, 2013).

Overall, historians are more confident in their mapping of the ports
and routes of the transatlantic portion of the slave trade than they are in
identifying the precise ethnic, linguistic, or geographic origins of
enslaved people (Trans-Atlantic Slave Trade Database, 2022). The
anonymous nature of European trade records that treated enslaved
people as commodities, very rarely recording their names or back-
grounds. This limits historians’ abilities in tracing individual stories.
Strontium isotope analysis in human remains from New World burial
sites associated with slavery thus holds great potential to shed light on
two aspects of the slave trade that historians struggle to see—the
particular origins of enslaved people within Angola and the particular
journeys of specific individuals within this broader forced migration.
These advantages make this method a valuable tool, increasingly uti-
lized in investigations of the transatlantic slave trade (Price et al., 2006,
2012; Schroeder et al., 2009, 2014; Bastos et al., 2016; Fleskes et al.,
2021).

1.2. Isotopes, isoscapes and investigations of the slave trade

The 87Sr/%%Sr analysis has been widely applied to identify home
ranges and movements of human and animals in archaeology (Ericson,
1985; Slovak and Paytan, 2012). The principle is that variation in
878r/805r is primarily linked the ratio of rubidium (Rb) to strontium (Sr)
as well as the age of a given bedrock (Bentley, 2006, see details in
supplementary text). A bedrock’s 87Sr/80sr composition, is weathered
into the soil where it is taken up by plants, which pass a location’s
873r/865r ratio on to consumers. Ultimately, these 87Sr/%0Sr ratios are
incorporated into body tissues of animals (e.g. bioapatite like teeth and
bones) as they form, where Sr substitutes for calcium (Bentley, 2006).
Previous studies showed that the bioavailable 8Sr/%Sr ratios in plants
can differ from the ratio in bedrock and whole soils (Sillen et al., 1998;
reviewed in Price et al., 2002) due to various environmental factors such
as differential weathering of mineral components or Sr inputs from at-
mospheric sources (reviewed in Bataille et al., 2020; Crowley et al.,
2017). Therefore, archaeologists primarily measure bioavailable
875r/86Sr ratios in organic materials when determining a location’s
bioavailable 8Sr/8%Sr variation.

Using 7Sr/%0Sr analysis in reconstructing the geological origins of
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individuals requires information on the 8’Sr/%0Sr variation in a land-
scape, a so called isoscape. To date, several projects used environmental
samples (e.g. plants, soil leachates and low-mobility animals) and
different modeling approaches (e.g. geostatistical spatial interpolation
models) to develop large-scale strontium isoscapes (e.g. Bataille et al.,
2020; Wang and Tang, 2020). Recently, researchers started using ma-
chine learning methods such as random forest regression (Bataille et al.,
2018; Hoogewerff et al., 2019), which combine observed 875r/85r data
and important environmental auxiliary predictors, which largely
improved the predictive power of isoscapes for Europe (Bataille et al.,
2018), Kenya and northern Tanzania (Janzen et al., 2020), and even at
the global scale (Bataille et al., 2020). However, the accuracy of these
models is still highly dependent on the availability of environmental
875r/80Sr data itself (Bataille et al., 2020). Particularly in Africa, the
performances of models are extremely poor due to low data coverage
(Bataille et al., 2020; Janzen et al., 2020). The need for environmental
875r/%%Sr data from Africa appears particularly relevant ever since
875r/%%5r data has been obtained from skeletal remains of enslaved Af-
ricans in the New World, particularly in the Caribbean (Schroeder et al.,
2009, 2014; Laffoon et al., 2018; Fricke et al., 2021), Brazil (Bastos et al.,
2016), and North America (Goodman et al., 2004; Price et al., 2006,
2012; Barquera et al., 2020; Quinn et al., 2020; Smith-Guzman et al.,
2020). Many of these studies found considerable &Sr/%%sr variation
among enslaved individuals, suggesting that these people were of
diverse geological origins and several had been exposed to particularly
radiogenic 8Sr/®%Sr ratios in their environment during tooth formation.
Some of these individuals showed radiogenic 87Sr/%0Sr ratios higher
than 0.730, which exceed what has been reported for Sr isoscapes within
in the Americas (e.g. United States, Dutch Caribbean and Mexico),
suggesting these persons grew up in regions with particularly ancient
and highly radiogenic bedrock, presumably sub-Saharan Africa (Price
et al., 2006, 2012; Schroeder et al., 2014; Bastos et al., 2016; Fleskes
et al., 2021). These studies provided convincing evidence of potential
first-generation captives from Africa and hence new insights into the
individual migration histories of enslaved Africans. However, due to the
lack of bioavailable Sr isoscapes for the largest parts of Africa, past
research could not assess regional African origins based on %Sr/%sr
results but relied on historical documents or cultural markers such as
dental modifications to speculate about the potential origins of in-
dividuals from so-called slave cemeteries.

In the case of Angola, the absence of environmental %Sr/%sr
reference data hinders the use of 8Sr/%Sr analysis in bioarchaeological
investigations and limits our ability to identify the countless enslaved
individuals who must have had roots in Angola. We here argue that the
geology of Angola with its Archean basement rocks in the center the
country is an ideal region in West and western Central Africa to detect
characteristically high 87Sr/%0Sr ratios and associate them with in-
dividuals from New World slavery context with particularly high
875r/80r ratios. In this study, we measured the 87Sr/%6sr ratios of
modern plants collected along transects across Angola and employed a
random forest regression modeling approach to create the first
bioavailable 87Sr/%%Sr map of Angola. We use this isoscape to explore
the potential geographical origins of selected individuals from the pre-
vious bioarchaeological studies mentioned above.

2. Materials and methods
2.1. Geological background

Angola is located on the western Atlantic Coast of Southern Africa
between ~18°S and ~4°30'S. The topography of Angola is relatively
diverse, including coastal basins, and low plains and terraces north of
10°S with an average elevation of 500 m, as well as mountains and
central plateau south of 10°S. Located on the Atlantic coast between the
Tropic of Capricorn and the Equator, Angola harbors a hyper-arid
climate in the south and hyper-humid climate in the north (Dinis
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et al., 2017).

Overall, the geology of Angola is characterized by the Mesozoic-
Cenozoic sediments in the east and the Precambrian rocks in the west
(Fig. 1). North of ~10°S latitude, the West Congo Belt consists of the
unmetamorphosed Neoproterozoic strata in the east, Pan-African Belts
(~650-550 Ma) in the middle and reworked Precambrian basements in
the east (Dinis et al., 2017). South of ~10° S latitude, the region is
dominated by the Angola Block in the west and broad
Mesozoic-Cenozoic sedimentary cover in the east. The core of the Angola
Block is represented by widespread felsic Eburnean (~2 Ga) plutonic
and metamorphic rocks (De Waele et al., 2008; Dinis et al., 2017). The
southeastern margin of the Angola Block is composed of large mafic
intrusions of the Mesoproterozoic Cunene Intrusive Complex, while the
northeastern margin is the Liberian-Limpopo massif which consist of
Neoarchean granites, gneisses and migmatites occurring together with
mafic complexes and carbonatite (De Carvalho et al., 2000; Bambi et al.,
2012; Garzanti et al., 2018). Along the Atlantic margin of Angola, the
Precambrian bedrock is covered by mostly Mesozoic-Cenozoic sedi-
ments with the thickness of several kilometers (Chaboureau et al.,
2013). In eastern Angola, the hinterland is covered by Meso-Cenozoic
fluvial and aeolian sediments, which are part of the Kalahari sequence
stretching 2200 km from South Africa to the Congo (Haddon and
McCarthy, 2005; Dinis et al., 2017).

2.2. Sample collection

We sampled a total of 101 modern plants from 99 different sites
along systematic botanical transects conducted between 2011 and 2021.
Plant samples from the Herbarium Dresdense were obtained under a
long-term cooperation agreement between TU Dresden (Germany) and
the Instituto Nacional da Biodiversidade a Areas de Conservagao (INBAC).
Export permits (#01/018, #03/018, #06/2019, #012/2015, #1/2015,
and #166/2016) were granted by the Direccao Provincial da Agricultura,
Pecudria e Pescas of Uige Province and Cuanza Norte Province (Angola)
in collaboration with the Universidade Kimpa Vita (Angola). Plant sam-
ples from the Herbarium Hamburgense were obtained through scientific
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Fig. 1. Plant sampling locations in this study and the geological map of Angola
modified after Garzanti et al. (2018) and Dinis et al. (2017) (CB: Congo Basin;
KB: Cuanza Basin; BB: Benguela Basin; NB: Namibe Basin).
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cooperation of Universitat Hamburg with the Instituto Superior de Cien-
cias de Educaao da Huila (ISCED-Huila) in the context of The Future
Okavango (TFO) and SASSCAL projects. Export permits were provided
by the National Directorate of Agriculture, Lifestock and Forest (Angola)
under Material Transfer Agreements #20120907, #20150312,
20,160,525, 20,170,605, #20200623 and #12/13 between ISCED-Huila
in Angola and Hamburg University in Germany. Plant import from
Germany to the United States for analysis was granted by the USDA
under permit #PCIP-21-00070.

Our sampling strategy focused on covering all geological units with
2-3 different sampling locations (habitat plots) at which we selected
several different plant types (e.g., different types of herbaceous vege-
tation, shrubs, trees, and climbers) with presumably very different
rooting depths. Though root morphologies for most of these plants are
not described, we assume that most shrubs and trees have relatively
deep root systems as they are adapted to seasonal dry conditions,
whereas terrestrial vegetation (perineal and annual herbs and grasses)
have much more shallow root systems as we recovered most of these
during sampling (see Table S1). We were not able to cover geological
units in the south-eastern provinces of Cuando Cubango and Moxico, as
well as the more Namib Desert influenced province of Namibe. How-
ever, as these regions have very low population densities of below 5
inhabitants/km? we feel confident that the lack of sample coverage and
hence isoscape accuracy in these regions is acceptable for an isoscape
primarily drafted to model human origins during the slave trade.

All habitat plots were located away from settlements, roads and
farmland to avoid potential anthropogenic Sr contaminations (e.g. from
traffic, fertilizers or pesticides) and georeferenced using hand-held GPS
devices with accuracy of +10 m. Plants were identified to species or
genus level and prepared for the two herbarium archives Herbarium
Dresdense (TU Dresden) and Herbarium Hamburgense (Hamburg Uni-
versity) by dry pressing in the field and subsequent dry storage. From
each herbarium specimen, 1-2 g of dry leaves and/or stems were
selected for 87Sr/80Sr analysis.

2.3. Isotope analysis

We followed standard sample preparation and measurement pro-
cedures for strontium isotope analysis of organic materials (Copeland
et al., 2008; Deniel and Pin, 2001). The dried plants were ashed in a
muffle furnace at 800 °C for 12 h in the Primate Ecology and Molecular
Anthropology Lab at UCSC. For Sr separation and isotopic measurement,
samples were transferred to the clean lab facilities at the UCSC W.M.
Keck Isotope Laboratory. To separate strontium we followed the ion
exchange method outlined by (Deniel and Pin, 2001). Each ashed plant
was digested in 2 ml of 65% HNO3 on a hot plate set to 120 °C for 2 h.
The supernatant was dried and re-dissolved in 1 ml of 3 N HNOs. The Sr
fraction was separated from the samples using Eichrom Sr-Spec resin
(50-100 pm). Sr isotopic ratio measurements were conducted using the
IsotopX X62 Phoenix Thermal Ionization Mass Spectrometer (TIMS).
The 7Sr/%%Sr measurements were corrected for mass fractionation and
normalized to 86Sr/®%Sr = 0.11940. The NIST SRM-987 standard was
analyzed during measurement and yielded a mean ®Sr/®sr ratio of
0.710239 + 0.000017 (20, n = 13), in agreement with the SRM-987
standard value of 0.710250. Procedural blanks prepared with every
batch of 19 samples were measured via an Element XR High Resolution
ICP-MS system in the UCSC Plasma Lab and consistently yielded lower Sr
concentrations than 200 pg.

2.4. Isoscape modeling approach

We used a random forest algorithm to model bioavailable 8 sr/%sr
ratios and predicted an isoscape of Angola. Random forest (RF) regres-
sion is an ensemble-based machine learning approach implemented by
averaging deep decision trees and using bagging (bootstrap sampling of
the training data) to reduce the variance of the model (Breiman, 2001).
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Its higher predictive power compared to other geostatistical or regres-
sion methods makes it a powerful method to generate Sr isoscapes
(Bataille et al., 2020; Serna et al., 2020; Kramer et al., 2022).

As potential predictors, we first chose a series of 31 independent
variables, including geological, climatic, topographic, and environ-
mental variables (Table S2). Some of the predictor rasters were provided
by Bataille et al. (2020) in the equal-area Eckert IV projection with a grid
cell size of 1 km?, others we compiled ourselves from multiple sources
with the same resolution and projection. Although RF is known to
handle high-dimensional data well, correlation and collinearity between
predictors can result in poor permutation importance and complicate
interpretation (Gregorutti et al., 2017). In order to inform our selection
of the most valuable predictors for our dataset, we used a mix of
methods: 1) a three step selection using RF (Genuer et al., 2019), 2)
reduction of multicollinearity with Pearson’s correlation and variance
inflation factor (Benito, 2021), and 3) visual inspection of the pre-
dictor’s correlation. This selection process informed our decision to
finally select 7 predictors (Table 1). We first optimized two of the model
hyperparameters (number of variables randomly sampled at each split
and maximum node size). Then the RF model was trained with the full
sample set and k-fold cross validation approach (5 partitions, repeated
10 times). We used the mean R? and RMSE of the error predictions as
model accuracy. The importance of each predictor was calculated by
averaging the difference of predictive accuracy of each tree when a
predictor is randomly permuted (permutation importance, Wright et al.,
2016). We computed the partial dependence of the response to each
predictor to evaluate the relationships between the selected covariate
and the observed values. We also checked the linear fit between pre-
dicted and observed data, as well as the distribution of the residuals, to
assess the model predictive ability. Finally, we used the model to predict
a Sr isoscape of Angola.

For comparisons with our RF modeling results, we used an ordinary
kriging interpolation method which depends on statistical models of
spatial autocorrelation to generate a baseline map for Angola. The
kriging map was created using ESRI ArcMAP 10.2. Additionally, we
checked the accuracy of a previously published global isoscape that
included estimates for Angola (Bataille et al., 2020), by comparing the
previous modeled isoscape with our novel isoscape based on locally
observed isotopic data. Please see supplementary materials for the
software used.

2.5. Assignment of human ¥ Sr/%Sr ratios to Angola

We considered previously published human enamel 875r/8%sr data
from four slave cemeteries that contained individuals with distinctively
high 875r/865r ratios (>0.730) to test the potential of our novel isoscape.
These included individuals from the 18" to 19 century (1769-1830
CE) burial site of Pretos Novos located in Rio de Janeiro, Brazil (n = 30,
Bastos et al., 2016), the mid to late 17th—century cemetery in the Zout-
steeg area of Philipsburg in the Dutch Caribbean (n = 3; Schroeder et al.,
2014), burials from the 16" to 17" century early colonial church in
Campeche, Mexico (n = 112; Price et al., 2006, 2012), as well as the
18th-century Anson Street African Burial Ground, Charleston, USA (n =
29; Fleskes et al., 2021).

Table 1
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To showcase the potential of isoscapes in determining the potential
geological/geographic origins of individual human beings, we calcu-
lated the posterior probability of origin of four representative in-
dividuals selected from these four burial sites using our Angolan
isoscape. We selected one individual per site, with a focus on different
875y /86y ratios higher than 0.730 (Anson Street African Burial Ground:
0.73076; Pretos Novos cemetery: 0.74985; Zoutsteeg area of Philips-
burg: 0.73433; Campeche cemetery: 0.73912). The isotope ratios of
these four individuals cover different isotopic ranges we describe for
Angola and are considered rare for most other parts of the world.
Probability surfaces of each individual are normalized to highlight the
probability of origin of each 87Sr/®5sr ratio. Please see supplementary
materials for the software used.

3. Results and discussion
3.1. Bioavailable 8Sr/%Sr ratios in plants

The 87Sr/%6Sr ratios collected from 101 plant samples range from
0.70679 to 0.76815, with a high mean of 0.72829 + 0.01076 (1 SD),
generally reflecting the heterogeneous geological characteristics of
Angola. Overall, the distribution of the bioavailable 87Sr/%®sr dataset is
relatively asymmetric (kurtosis = 1.23 and skewness = 0.71), with a
Shapiro-Wilk test indicating that the dataset is non-normally distributed
(p < 0.05). Most of the isotopic composition (60%) ranges between
0.720 and 0.735, 16% data are distributed in the lower interval between
0.706 and 0.720, and 24% of the dataset is represented by high ratios
ranging from 0.735 to 0.768 (Fig. S1). The most radiogenic ratio is found
in the Eburean Angola Block in southern Angola and the lowest radio-
genic ratio comes from the West Congo belt in northern Angola. Overall,
875r/88sr ratios show large variability in different geological units and
display a strong north-south gradient with increasing ratios from the
West Congo Belt (X + SD: 0.72438 + 0.00773, n = 26) and west
Limpopo-Liberian Massifs (X + SD: 0.71209 + 0.05601, n = 6) to the
Angola Block (X + SD: 0.74097 + 0.00938, n = 22) (see details in
supplementary text and Fig. S2).

Overall, Angola presents more radiogenic and highly distinctive
bioavailable 8Sr/%0Sr ratios (>0.730) than other regions in West and
western Central Africa and coastal East Africa based on the published
bioavailable 8 Sr/%°sr data, including Ghana (0.7234-0.7296; Goodman
et al., 2004), Nigeria (0.7074-0.7165; Pye, 2004), Cameroon
(0.7089-0.7193; Viers et al., 2000), Namibia (0.7206-0.7282; Vogel
et al., 1990), Congo River Basin (0.7155-0.7277; Palmer and Edmond,
1989; Negrel et al., 1993; Allegre et al., 1996), and Mozambique
(0.7206-0.7247; Dominy et al., 2020). We are aware of a small region
with slightly higher 87Sr/%0Sr ratios in western Céte d’Ivoire, southern
Ghana, eastern Liberia and Guinea yet this data is not yet published
(Wang et al. in prep.). Considerably higher 8Sr/%0Sr ratios than what we
here report for Angola, are so far only published for South Africa
(Copeland et al., 2011; Fowler et al., 2020) and parts of Zimbabwe
(House et al., 2021).

List of geological, climatic, topographic and environmental variables used in the predicted model. Resolution and object type describe the published data (P = Polygon;
R = Raster). To be used in the analyses, the published data was resampled into rasters with 1 km x 1 km resolution and an equal area projection.

Variables names in R script Description Resolution Object type Source

geol_agemax Maximum age attribute from African geological map (myrs) 1:10 million P Thiéblement et al. (2016)
ai_reproj Global aridity index 30-arc sec R Zomer et al. (2008)
basement_age_reproj Terrane age attribute (myrs) 5° x 5° R Mooney et al. (1998)
elevation_reproj SRTM (m) 90 m R Jarvis et al. (2008)
rcec_reproj Soil cation exchange capacity 250 m R Hengl et al. (2017)
rclay_reproj Soil clay content (weight %) 250 m R Hengl et al. (2017)

orc Soil organic carbon content (weight %) 250 m R Hengl et al. (2017)
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3.2. A ¥Sr/80sr isoscape of Angola based on random forest regression

The random forest regression model allowed us to draft the first
bioavailable 87Sr/8%Sr map for Angola based on local samples (Figs. 2
and 3, and see high resolution images via Mendeley Data: https://doi.
org/10.17632/b4tp235xp6.1). The random forest model accounts for
66% of the variation, showing an average cross-validation root-mean-
square error (RMSE) of 0.0065 + 0.0012 over the dataset, while the
residuals range from —0.018 - 0.028 (64% fall between + 0.005)
(Fig. 3B and C). The standard prediction errors are mostly within 0.004,
with some higher errors (up to 0.008) in southeastern Angola due to low
sampling density (Fig. S3). Although the RMSE in this study is higher
compared to that of other regions using similar predictors (e.g. northern
Tanzania and southern Andes; Janzen et al., 2020; Barberena et al.,
2021), it actually only represents about 11% of the whole 87Sr/%0sr
dataset range over the study area as Angola has much more variable
875r/%55r ratios than those regions. Overall, our model shows adequate
predictive power to generate a®’Sr/%°Sr map for Angola.

Informed by the results of variable selection and observation of
correlation and collinearity, as well as our expert knowledge, we
selected 7 predictive variables, including elevation, soil characteristics,
climate, and geological variables. Among them, the variables elevation,
soil organic carbon content, and soil clay content have the highest
predictive power (Fig. 3A). From the partial dependence plots (Fig. S4),
it is clear that 87Sr/%0Sr ratios increase nearly linearly with increasing
elevation. This is because the subaerial exposure of Precambrian gran-
ites dominated in the Angola Block may provide higher 8 Sr/36sr
weatherable minerals during tectonic uplift (Capo et al., 1998). In high
relief areas, increased physical erosion can accelerate the weathering
rate of the old felsic rocks (Bentley, 2006), possibly causing more
radiogenic 8Sr/%0Sr ratios in the mountain and plateau regions of the
Angola Block. Other factors, including aridity index and soil character-
istics (clay content, organic carbon content, and cation exchange
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capacity), show non-linear relationships with the 8Sr/%sr ratios.
Geological variables (terrane age and maximum age of rocks) present
very low variable importance scores of all selected predictors. This could
be because 1) the current available GLiM database has very low spatial
resolution for Africa with relevant geological information only available
for large-scale geological units (Hartmann and Moosdorf, 2012); and 2)
the Rb/Sr contents and ages of igneous, metamorphic and sedimentary
rocks are highly variable in nature (Hajj et al., 2017), which could result
in poor predictive power of these geological variables in mapping the
old Precambrian basement regions (as it experienced a series of tectonic,
metamorphic, and magmatic events), such as the case for Angola (De
Carvalho et al., 2000). Notely, the bioavailable 878r/808r distribution in
Angola shows distinct patterns in different geological units (Fig. S2),
indicating that geological factors that cannot be ignored which we thus
incorporated in the model. Soil factors are also included into the model
because soils are weathered from parent rocks and, in another
perspective, soil properties can inherit local geological features and be
influenced by local climatic conditions as well (Capo et al., 1998).

3.3. Comparing different isoscape models

To further evaluate the prediction of our modeling, we used the or-
dinary kriging interpolation method to model the Sr isoscape as well as
cropped Angola out of the global isoscape established by Bataille et al.
(2020) for comparison (Fig. 4). Overall, the ordinary kriging produced a
very similar R? and RMSE with the RF model shown in this study (R? =
0.66, RMSE = 0.0062). However, although displaying similar spatial
875r/%6sr distributions, the kriging approach is more likely to overfit the
data and therefore lead to the loss of 8Sr/3®Sr heterogeneity at the local
scale (Fig. 4C) (Lugli et al., 2022). Additionally, the kriging interpola-
tion is based on spatial autocorrelation without taking any 87Sr/%6Sr
influencing environmental factors into consideration. Consequently, the
kriging modeling result tends to create unreliable maps in areas without
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Fig. 2. %7Sr/%Sr isoscape of Angola using random forest regression model. The scale of 87Sr/%Sr is classified by Fisher-Jenks natural breaks that optimize the

variance within and between classes (Slocum et al., 2008).
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direct 87Sr/%6Sr data, particularly at the edges of regions where cate-
gorical factors (e.g. lithology and land cover) change abruptly (Holt
et al., 2021).

In Fig. 4D, the prediction performance for Angola is generally poor in
Bataille et al. (2020), only explaining less than 1% of the variance of the
observed ratios and showing a very large RMSE (0.0175), due to the
absence of local bioavailable 87Sr/%°Sr data in this global model.
Particularly in the radiogenic 8 Sr/%°Sr regions of the Angola Block, the
predicted 87Sr/%0Sr ratios are much lower than the observed ratios. This
indicates that although the machine learning has good prospects for
generating Sr isoscapes, sampling on the ground is necessary in areas
with very few empirical isotopic data when attempting to produce an
accurate baseline map to address scientific questions.

3.4. Implications for life histories during the transatlantic slave trade

In light of our new Angola Sr isoscape presented above, we reinter-
preted the published 8Sr/%Sr data of four selected individuals from
four slave cemeteries with the aim to identify if these individuals could
originate from Angola (Fig. 5).

Overall, individuals from these sites show very large variation in
875r/86Sr ratios ranging from 0.706 to 0.750, indicating they are of
diverse geological and geographic origin (Fig. 5A). We used our novel Sr
isoscape of Angola to map the probability of origin of four selected in-
dividuals with 8Sr/86Sr ratios higher than 0.730. The probability maps
show that the possible origins of individuals with 8Sr/®%sr ratios of

0.73076 and 0.73433 are distributed across Angola (Fig. 5C and D, but
see discussion of conflicting evidence below). We can be more specific
with two individuals with 8 Sr/%%Sr ratios of 0.73912 and 0.74985,
which can be assigned to more limited regions in central Angola (Fig. 5E
and B). Based on ethno-linguistic evidence, it has been estimated that
the origins of enslaved and deported Africans from Angola lied within a
200-300 km (max. 400 km) stretching along the Atlantic coast (Dom-
ingues da Silva, 2017), which may allow to further limit the most likely
regions of individual origin.

However, when relying on %’Sr/%sr data for such interpretations
alone, it is important to consider that highly radiogenic &Sr/2Sr ratios
have also been reported for northern South Africa and Zimbabwe. We
would argue, that first, such high ratios (>0.754) are more radiogenic
than what has been found in human remains from African Diaspora
contexts so far. Second, we can utilize historical data to eluate the
likelihood that the enslaved individuals from African Diaspora contexts
in the Americas may have originated from Angola, rather than from e.g.
Zimbabwe. Zimbabwe lies farther east than historical evidence suggests
that human trafficking routes leading to Atlantic ports extended. Some
European slave ships did venture around the Cape of Good Hope to
acquire captives in ports of southern East Africa, along the coast of
modern Mozambique (and hence closer to Zimbabwe). However, such
vessels were far fewer in number than ships taking on captives in
Angola. More than ten times as many captives in the transatlantic slave
trade embarked from West Central Africa (including Angola) and St.
Helena (~5.7 Million) than from ports in southern East Africa, including
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the Indian Ocean islands (~542,000) as we can extract from the from the
Slave Voyages Database (Trans-Atlantic Slave Trade Database, 2022;
also discussed in Fleskes et al., 2023). Furthermore, southern East Africa
only became relevant during the later phase of the transatlantic slave
trade, after the U.S. and Great Britain abolished the transatlantic slave
trade in 1808 (Trans-Atlantic, 2022). In Table 2 we summarize estimates
from which regions enslaved Africans were abducted to the four broader
destinations relevant for the burial sites discussed here, showing how
predominant western Central Africa was during the slave trade of the
16™ to the middle of the 19 century, in contrast to southern East Africa.

A community-based aDNA study on the Anson Street African Burial
Ground in Charleston, suggested that none of the 18 tested individuals
had distinguishable ancestry in southeastern Africa, well in line with
aforementioned historic records (Fleskes et al., 2023). The results of this
genetic investigation partly supports our interpretation that several in-
dividuals from Anson Street African Burial Ground had roots in what is
now Angola, for other individuals, however, the novel genetic data
contradicts our data interpretation. Two individuals, Ganda (CHS23)
and Daba (CHS17), isotopically appear to come from Angola, with the
probability of specific regional Angolan origins for Ganda shown in
Fig. 5C, yet both of their genetic ancestry was clearly identified as
West-African, with close genetic ties to e.g. Ghana and Cote d’Ivoire
(Fleskes et al., 2023). According to our own yet unpublished data, there
are serval regions dominated by ancient granites in western Cote
d’Ivoire, southern Ghana, eastern Liberia and Guinea with bioavailable
878r/8%r ratios ranging from 0.730 to 0.736 (Wang et al. in prep.),
which match the 87Sr/%0Sr ratios measured in the teeth of these two

individuals. This clearly illustrates the need for Sr isoscapes for larger
regions of Africa; work which is currently underway. Three other in-
dividuals (Banza/CHS01, Kuto/CHS04, Zimbu/CHS13) are clustering
closely to Ganda and Daba in their respective 87Sr/%6Sr ratios, but all
three were shown to be of West-Central African descent, with genetic
ties to modern populations in Angola, Cameroon and Gabon (Fleskes
et al., 2023). In these individual cases, the genetic evidence matches our
re-interpretation of the human %7Sr/%°Sr data. The presence of West
Africa individuals in North America is not surprising, but also the
identification of Angolan individuals in colonial South Carolina’s Anson
Street Burial Ground via genetic and isotopic data, finds broad historic
support. Prior to 1800, when this cemetery was in use, only two known
vessels transported enslaved people directly from Angola to the British
colonies of North America, and both of those went to Virginia, not South
Carolina (Trans-Atlantic Slave Trade Database, 2022). Early in its
development, however, South Carolina often relied on indirect de-
liveries of enslaved people from other American colonies. English and
Dutch privateers also plundered Spanish and Portuguese vessels and
settlements and sometimes stole enslaved people for delivery to North
American colonies (O’Malley 2014). Such intra-American trafficking
may explain the pathway of West-Central Africans finding their final
resting place in South Carolina.

Further, the isotopic data from the Pretos Novos cemetery in Brazil
suggest slightly larger numbers of individuals of possible Angolan origin
(see Fig. 5A and B). This pattern fits well with historical data on the
Atlantic slave trade and Portugal and Brazil’s strong historical presence
in Angolan human trafficking (Miller, 1988; Eltis and Richardson, 2010;
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Table 2
Transatlantic Slave Trade estimates between 1501 and 1866 for enslaved people embarking and disembarking at specific regions relevant for the four burial sites for
which we re-evaluate the human #Sr/%6Sr data in this study (Trans-Atlantic Slave Trade Database, 2022; http://www.slavevoyages.org/estimates, last accessed 1/17/

2023).

Burial site City Country

Disembarkation region

Embarkation region

West Central Africa & St. Helena southern East Africa & Indian Ocean islands

Anson Street Charleston United States Carolinas/Georgia
Zoutsteeg Philipsburg Sint Maarten Dutch Caribbean
Pretos Novos Rio de Janeiro Brazil south-east Brazil
Campeche Campeche Mexico Spanish Americas

70,303 2297
69,272 597
2,235,079 280,286
635,594 114,748

Domingues da Silva, 2013). The lower proportion but still notable
presence of individuals of possible Angolan origin in the Campeche
burials from Mexico and Sint Maarten in the Dutch Caribbean also tracks
well with historical understandings of the slave trade, since Portuguese
traffickers were major suppliers of enslaved people to Spanish colonies,
and the Dutch occupied the Angolan port of Luanda in the 1640s. Ac-
cording to historic records, both Mexico and the Dutch Caribbean had
enslaved individuals arriving from Angola and other places before and
during the period the cemeteries of Campeche and Zoutsteeg were active
(Borucki et al., 2015).

3.5. Limitations and further directions

Although we are confident that this study provides useful environ-
mental isotopic data and a novel Sr isoscape from an understudied re-
gion of Africa with considerable prehistoric and historic relevance, there
are limitations to the study presented here.

One limitation of the random forest modeling is the inability of the
model to extrapolate predictions outside of the range of the training
dataset. This leads to poorer fit at the extremes (see Fig. 3B) and a

reduced accuracy in low sampled regions. To mitigate those effects, we
visually controlled that our sampling was representing the distribution
of the different predictors throughout Angola. We feel confident that the
majority of the chosen predictors are well represented within our (small)
sampling. Given RF models are not able to reliably predict into regions
without any previous sampling on the ground (Bataille et al., 2020),
these limitations will persist until we start sampling underrepresented
regions. Countless museums and other institutions house well curated,
untreated and georeferenced organic materials from remote places
around the world. We here demonstrate that sampling such existing
collections, particularly herbarium material, can be incredibly useful in
this context. Further isoscape studies might consider delving more
deeply into checking the overlap of the parameter space between sam-
pling and prediction location for example. Moreover, as emphasized by
Bataille et al. (2020), improved resolution of potential predictors,
particularly high-resolution geochemical and lithographic maps as well
as empirical data on aerosol/dust deposition, will greatly help to
improve the quality of future models and their predictions. Most of the
variables used in isoscape modeling are themselves global predictions
derived from models based on data generally sparsely representing the
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African continent in particular. We are hopeful that the future leads to
higher accuracy for both, African environmental data as modeling pre-
dictors and African environmental ¥Sr/%Sr data itself.

Further, although parts of the geology of Angola appear to be indeed
particularly old for West and western Central Africa, and our isoscape
shows potential to identify the possible origins of enslaved people with
873r/805r ratios between 0.730 and 0.754, we are aware this assessment
is based on the still very limited availability of 8Sr/3®Sr data from any
other region in western Central and Western Africa at this time. Simi-
larly, any possible &’Sr/20Sr ratios higher than 0.754 could so far only be
associated with parts of Zimbabwe or South Africa, the only regions in
Africa for which such radiogenic bioavailable 8 Sr/36Sr ratios have been
described (Copeland et al., 2023; House et al., 2021).

Also, it is still very difficult to constrain the geographical origins of
the vast number of enslaved Africans with lower 8 Sr/%0sr ratios be-
tween 0.706 and 0.730 because the geographical area of this Sr/%°sr
range spreads widely not only in coastal and northern Angola, but also
many other parts of Africa. An extended Sr isoscape for all of sub-
saharan Africa based on environmental samples is currently in devel-
opment (Wang et al. in prep), but will not alleviate this issue of reoc-
curring 8Sr/®%Sr ratios across a vast continent. The way forward to gain
a reliable forensic assessment of the provenience of enslaved Africans
found across the globe is most likely the combination of various lines of
isotopic, historic and genetic evidence. Pioneering community based
research on the Anson Street African Burial Ground in Charleston leads
by example here, by combining isotopic, genetic and historic evidence to
identify individual African roots of the Anson Street Ancestors (Fleskes
et al., 2021, 2023).

Future work on human remains should increasingly be informed by
multiple lines of empirical evidence such as multiple isotope analysis
(strontium, carbon, sulfur, oxygen, and nitrogen), ancient DNA, and
when possible also historic or linguistic data to refine assessments of
individual African origins. The same is true when we consider the use of
this Angolan Sr isoscape for other lines of future research in which the
provenance or movement of individuals is tracked, e.g. in African
paleoanthropology (Copeland et al., 2011) and paleontology (Copeland
et al.,, 2016; Lehmann et al., 2018), modern forensics of humans
(Degryse et al., 2012) or endangered wildlife (Flockhart et al., 2015;
Vlam et al., 2018) as well as animal ecology (Hobson, 1999; Reich et al.,
2021).

4. Conclusions

This study presents the first draft of a bioavailable ”Sr/°Sr isoscape
for Angola based on local samples and a random forest regression
modeling approach, and illustrates the potential for using %7Sr/%°sr
analysis in archaeological mobility research in this specific region. In
particular, this study aims to provide novel information to answer crit-
ical questions regarding the origins of enslaved Africans during the
transatlantic slave trade. The bioavailable 8’Sr/%0Sr ratios measured
across Angola shows considerable variability in different geological
units. The high ratios in the Angola Block in central Angola can be well
distinguished from other regions in West and western Central Africa,
providing indictors for interpreting the origins of high 8’Sr/%°sr targets.
This specificity will corroborate a strong correlation between the central
region of Angola and the possible origin of enslaved individuals with the
high 8”sr/%6Sr ratios found in the context of the African Diaspora.

Our model incorporates local sampling into a machine learning
framework, greatly improving the previous Angola map derived from a
global 8Sr/8sr isoscape prediction. This suggests that machine learning
methods need to be combined with local sampling to improve the ac-
curacy of local predictions. We anticipate that future work will continue
to improve the predictive power of 8Sr/®Sr isoscapes though 1)
increased density of sampling in the field covering yet underrepresented
regions and 2) the availability of higher resolution geochemical maps as
predictors for modeling.

Journal of Archaeological Science 154 (2023) 105775

Overall, our study lays a solid foundation for future provenance and
mobility studies on the transatlantic and Atlantic slave trade as well as a
wide range of research on ancient and modern human and animal
mobility in archaeology, ecology and forensic studies.
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