
PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 1 / 19

 

 OPEN ACCESS

Citation: Scaggion C, Giovanardi T, Loponte D,  
Carbonera M, Armaroli E, Bernardini S, et al.  
(2025) Random forest-based bioavailable 
strontium isoscape for environmental and 
archaeological applications in central eastern 
Argentina and western Uruguay. PLoS One 
20(7): e0326047. https://doi.org/10.1371/
journal.pone.0326047

Editor: Andrea Ceriani, Khalifa University, 
UNITED ARAB EMIRATES

Received: March 14, 2025

Accepted: May 22, 2025

Published: July 15, 2025

Copyright: © 2025 Scaggion et al. This is an 
open access article distributed under the terms 
of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided the 
original author and source are credited.

Data availability statement: All relevant 
data are within the paper and its Supporting 
information files.

Funding: CS, TG and EB were financially sup-
ported by European Union – Next Generation 

RESEARCH ARTICLE

Random forest-based bioavailable strontium 
isoscape for environmental and archaeological 
applications in central eastern Argentina and 
western Uruguay

Cinzia Scaggion 1, Tommaso Giovanardi 1*, Daniel Loponte2, Mirian Carbonera3, 
Elena Armaroli 1, Sara Bernardini4, Stefano Benazzi 4, Andrés Gascue 5, 
Alejandro Acosta2, Giulia Marciani4, Eugenio Bortolini4, Anna Cipriani1,6, Federico Lugli1,7

1  Department of Chemical and Geological Sciences, University of Modena and Reggio Emilia, Modena, 
Italy, 2  Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Instituto Nacional de 
Antropología y Pensamiento Latinoamericano (INAPL), Buenos Aires, Argentina, 3  Programa de Pós-
graduação em Ciências Ambientais e Centro de Memória do Oeste de Santa Catarina da Universidade 
Comunitária da Região de Chapecó (Unochapecó), Chapecó, Brasil, 4  Department of Cultural Heritage, 
University of Bologna, Bologna, Italy, 5  Universidad de la República (Uruguay)-Centro Universitario 
Regional del Este -Departamento de Sistemas Agrarios, y Paisajes Culturales, Rocha, Uruguay, 
6  Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York, United States of 
America, 7  Institut für Geowissenschaften, Goethe-Universität Frankfurt, Frankfurt am Main, Germany 

* tommaso.giovanardi@unimore.it

Abstract 

Bioavailable strontium (Sr) isoscapes are essential tools in studies on environmental 

processes, animal and human mobility and provenance. The success of these studies 

relies on the comparison between the measured 87Sr/86Sr isotope ratios of specimens 

and the spatial distribution of environmental bioavailable Sr isotopic signatures across 

geographical regions. A critical step of this process is the construction of reference 

maps that integrate environmental Sr isotopic data with geographical information. 

Here, we present a new bioavailable Sr dataset of 113 environmental samples, includ-

ing plants and malacological samples collected from center-east Argentina (Paraná 

Delta, Pampa and Entre Ríos plains) as well as adjacent Uruguay, covering an area 

of approximately 122,500 km2. This dataset is further integrated with archaeological 

bioapatite data from the literature to construct the first random forest-based Sr isoscape 

of the region. Notably this area is on recent Quaternary (fluvial, marine and aeolian) 

sediments derived from the erosion of magmatic and metamorphic terrains with differ-

ent Sr isotope composition from low 87Sr/86Sr ratios (about 0.706) to highly radiogenic 

signatures (>0.71), and heterogeneously transported in the Delta area by the rivers and 

in the high plains by wind and rivers. This isoscape offers a unique perspective on the 

Sr isotope distribution in a lithologically homogeneous region characterized by relatively 

young sedimentary sequences. This work represents a significant advancement in 

the development of Sr isoscapes, providing a fundamental tool for environmental and 

archaeological applications in South America.
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Introduction

Isotopic maps of the landscape, isoscapes, represent powerful tools for under-
standing the spatial distribution of isotopic signatures in both modern and ancient 
contexts. These maps have proven instrumental in addressing questions related 
to migration, trade, diet, provenance, forensic and environmental change [1–15].

Strontium isotope ratios are particularly valuable in these studies, as they provide 
insights into the geological and environmental histories of regions and their influ-
ence on biological systems. They are relatively stable over time (49.61 ± 0.16 Ga for 
the half-life of 87Rb; [16]) and therefore act as geochemical tracers to determine the 
geographic provenance of modern materials, ancient artifacts, as well as fauna and 
human mobility, identifying non-local individuals [11,12,14].

Unlike other isotopic systems (e.g., hydrogen, oxygen, carbon, nitrogen isotopic 
systems), where geolocation information is limited due to their large gradients on the 
Earth’s surface and the difficulty of predicting spatiotemporal isotopic variations, the 
87Sr/86Sr ratio follows defined geological regimes and a predictable spatiotemporal 
variability at high resolution [17,18]. The evolution of the radiogenic isotopic ratio of 
strontium depends mainly on the radioactive β-decay of 87Rb to the radionuclide 87Sr 
thus lithologies, geological histories, ages and original 87Rb contents result in different 
abundances of 87Sr in rocks [19,20]. The local bioavailable 87Sr/86Sr ratio is reflected 
in organisms that have fixed local strontium in their tissues, as a sort of isotopic fin-
gerprint of a given geologic province.

Strontium in water bodies originates from the leaching of local bedrock, as well as 
from additional sources such as rainfall, snow, groundwater, and atmospheric deposition 
[21,22], which can carry the isotopic signatures of non-local geological formations. Sr 
released into the environment becomes bioavailable [23] by entering in the local ecosys-
tem through soil and water [24]. For this reason, the signal of the bioavailable strontium 
pool may often be different from that of the local bedrocks. This bioavailable strontium 
(as cation Sr2+) is taken up by plants in substitution of calcium (Ca2+) [25] and is passively 
absorbed in the root system and leaves replacing Ca essential for metabolic processes 
[26]. From plants and water, the Sr enters the trophic chain replacing Ca into the crys-
talline structure of carbonated hydroxylapatite of vertebrates [27,28], a biomineral [29] 
that mainly constitutes dental and bone tissue [30,31]. The 87Sr/86Sr ratio in bone tissue 
should thus reflect that of consumed water, plants and animals, which in turn reflects the 
bioavailable isotopic signatures of the catchment in which individuals lived [32,33]. While 
strontium isotope fractionation can occur during trophic transfer and uptake into skeletal 
tissues, the effect is minimal and generally undetectable with standard analytical instru-
ments [34]. Any slight fractionation is corrected through standard normalization proto-
cols, ensuring that the Sr isotope composition in bone and enamel accurately reflects 
environmental sources [24,35]. The bioavailability and assimilation of Sr in the skeletal 
system are governed by a complex interplay of geological context, biological processes, 
and dietary habits. Several environmental samples (such as plants, soil, and low-mobility 
animals) and several modelling approaches (e.g., domain and contour models, geostatis-
tical mapping, and machine learning approaches) have been employed in the building of 
strontium large-scale isoscapes [36–39] for a complete overview see [40].
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Recently, machine learning methods such as random forest regression [15,18,40–42] have significantly improved the 
predictive power of isoscapes by combining 87Sr/86Sr data obtained from strontium isotope data sources with those of envi-
ronmental auxiliary predictors, even at global scale [43]. However, this type of statistical approach is not free from uncer-
tainties related to the use of various isotope data repositories and therefore a targeted primary analysis of valid datasets 
(e.g., plants) collected in pristine landscapes is generally recommended to increase model accuracy by local characteriza-
tion of bioavailable Sr [43].

The Paraná Delta region (central-eastern Argentina) and its adjacent areas (the Pampa and Entre Ríos plains, and 
southern-western Uruguay) represent an interesting zone not only for provenance studies (for both archaeological ques-
tions and modern exportation), but also to define the role of hydro-geomorphological and sedimentological processes in 
the formation of floodplains [44]. In this region, isotopic studies are mainly focused on archaeological and environmental 
research, producing data of stable isotopes [45–52]. Conversely, Sr isotope data are very few (i.e., bone tissue in [49] 
and fluvial waters in [53,54]), highlighting the need of novel reference values for the area. The work proposed here aims 
to evaluate the dominant environmental and geological controls of bioavailable 87Sr/86Sr and predict isotopic variation in 
the survey area to build a large-scale high-resolution isoscape useful for environmental, provenance and mobility studies. 
For this purpose, we build a new dataset of 87Sr/86Sr isotopic ratio from plants (109 samples) and snail shells (4 samples) 
from the study area which cover c.a. 122,500 km2. Data were modelled through a random forest algorithm to build a first 
bioavailable 87Sr/86Sr isoscape of the region, incorporating geological, climatic and environmental covariates. A challenge 
for the model is the relatively homogeneous lithologies outcropping in the studied area, being mainly sediments (silts or 
clays) of recent age (Quaternary) but related to several different geological context (fluvial, coastal, marine and continen-
tal) which in large scale geological maps are grouped in a single unit [55,56].

Regional geology

The Paraná Delta is a depressed wetland extending approximately 320 km northwest of Buenos Aires, with variable 
width. It is separated by the adjacent Pampa and Entre Ríos plains by steep cliffs. This region is both a complex estu-
ary delta [57] and a wetland, influenced by water tides [58]. The surface geology is composed of Quaternary sediments 
related to fluvial, delta and marine environments [59,60]. During the middle Holocene, marine ingressions deposited 
sands and clays from Southeast to Northwest. The end of the ingression and the advance of the delta covered the 
marine geological units with fluvial sands and clays in the upper and southern parts of the Delta, extending to the cliff 
bordering the Pampa plains [59]. Currently, marine sediments outcrop mainly in the lower part of the Delta up to the cliff 
with the Entre Ríos plain. The end of the wetland bordered by the Uruguay River and the ocean is occupied by delta 
sediments (Fig 1). Both marine and Paraná sediments are locally covered or interbedded with silts and subordinate 
sands deposited by tributaries from the Pampa and Entre Ríos plains (e.g., Gualeguay, Arrecifes, and Nogoya rivers 
among others).

The cliffs separating the depressed wetland from the adjacent plains mainly expose Pleistocene horizontal units of the 
Ensenada and Buenos Aires formations, formed by silt loess deposits [59]. Within the Pampa plains, two formations out-
crop on the surface: the Pleistocene Buenos Aires Formation, consisting of homogeneous loessic clays with calcareous 
nodules, and the Holocene Junín Formation, characterized by loessic sands [56] (Fig 1). Within the Entre Ríos plain, the 
main lithology is the clay of the Middle Pleistocene Hernandarias Formation (Fig 1). These clays are divided in two main 
subunits: the Hernandarias Formation c, outcropping in the North and the East formed by playa sediments of the Uru-
guay River, and the Hernandarias Formation b, formed by loess deposits [55,60,61]. The latter is covered by the Upper 
Pleistocene loess deposits of the Tezanos Pintos Formation, at the border with the upper and central part of the wetland 
[55]. Erosion by the Gualeguay and Gualeguaychú rivers has exposed lower sands of the Lower Pleistocene-Pliocene 
Ituzaingó Formation [55] (Fig 1). At the eastern border of the Entre Ríos plain, erosion by the Uruguay River exposes the 
sedimentary stratigraphic sequence down to the Oligocene Fray Bentos Formation silts.



PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 4 / 19

The Fray Bentos Formation mainly outcrops east of the Uruguay River, within the Republic of Uruguay (Fig 1). It is 
in discordant contact with the Upper Cretaceous sandstones of the Asencio Formation and the Mercedes Formation, 
deposited in a continental arid environment [62]. Neogene and Quaternary climate change and marine ingressions/trans-
gressions have shaped the sedimentary record near the Uruguay River [62]. The sandstones and sands of the Miocene 
Camacho Formation, the Pleistocene Chuy Formation and the Holocene Villa Soriano Formation are related to marine 
environment (Fig 1). Conversely, the Pliocene-Pleistocene sandstones and sand deposits of Raigón, Salto (the counter-
part of the Ituzaingó Formation in Argentina) and Paso del Puerto Formations, as well as mudstones and silt-clay sedi-
ments of Libertad and Dolores Formations are related to fluvial deposition [62].

Materials and methods

Samples collected and literature

Currently, only 4 bioavailable Sr isotope data points are reported for the study area in the literature and they are river 
waters of the Paraná Delta [53]. To expand this dataset, a total of n = 4 snail shells and n = 109 medium/deep- rooted plant 
samples were collected from different geological units across the Paraná Delta and its adjacent regions. These geologi-
cal units were mapped using the Sagemar geological cartography (Mapa Geológico y Minero de la Provincia de Buenos 
Aires, 1:750000, Rimoldi, 1999; Mapa Geológico de la Provincia de Entre Ríos, 1:500000, Bertolini, 1995; Hoja Geolog-
ica 3360IV, Gualeguaychú, 1:250000, Pereyra et al., 2002) [55,56,59]. The study area also includes a small portion of 

Fig 1.  Spatial distribution of geological units. Geological sketch map of the studied area based on the available geological map of Bertolini (1995; 
Mapa Geologico de la Provincia de Entre Ríos, 1:500000), Rimoldi (1999; Mapa Geologico y Minero de la Provincia de Buenos Aires, 1:750000), 
Pereyra et al. (2005, Hoja Geologica 3360IV, Gualeguaychù, 1:250000, 2) and Loureiro Olivet et al. (2024, Actualización de la Carta Geológica del Uru-
guay a escala 1:500.000, Ministerio De Industria, Energía Y Minería, Dirección Nacional De Minería Y Geología) [55,56,59,62]. Quaternary Sediments, 
Fluvial Uruguay River, Actual Delta, Inner Delta, Holocene Delta Sand Bars, Coastal Deposits, F. Querandi and F. Junin are Holocene. F. Tezanos Pin-
tos, F. Buenos Aires, F. Hernandarias and F. Ensenada are Pleistocene. F. Ituzaingo is Pliocene. F. Camacho is Miocene. F. Fray Bentos is Oligocene.

https://doi.org/10.1371/journal.pone.0326047.g001

https://doi.org/10.1371/journal.pone.0326047.g001
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Uruguay located across the Uruguay River (Actualización de la Carta Geológica de Uruguay a escala 1:500.000, Ministe-
rio De Industria, Energía y Minería, Dirección Nacional De Minería y Geología, Loureiro Olivet et al., 2024) [62]. The list of 
samples with geographical coordinates is reported in the S1 File. The geographical distribution of new and literature data 
from the area is also reported in Fig 2.

Plants are currently considered among the most accurate environmental indicators for constructing Sr isoscapes [63] 
because, in addition to being at the base of the food chain and thus representing the bioavailable isotopic fraction [64], 
they are readily available and ubiquitous across the landscape. However, they require a careful evaluation before being 
used as a Sr proxy (see, e.g., Frei et al. (2022) [65] and Johnson et al. (2022) [66]). The plant taxa collected from the 
region include Eucalyptus, Phytolacca dioica, Neltume nigra, Smilax campestris, Celtis australis, Fraxinus excelsior (Com-
mon ash), Nerium oleander and Vachellia caven (Espinillo tree).

An essential step in the plant sampling strategy to obtain the ‘true’ bioavailable strontium isotope signature is avoid-
ing contamination from watercourses, fertilizers, and pesticides related to the effects of modern agriculture [63]. For this 
reason, samples were collected from trees as far as possible from anthropic activities on the main geological units of the 
area [66]. Therefore, our sampling strategy focused on covering all local lithological units, selecting several plant species 
(mainly tree leaves) with different rooting depths, root morphologies in different soils [25].

Snail shells were collected together with onsite plants.
In addition, our dataset includes literature bioavailable Sr data from 56 osteoarchaeological samples, detailed by 

Loponte et al., (2025) [67] reported in S1 File. The precision and accuracy of strontium data, along with methodological 

Fig 2.  Strontium isotope distribution results. Geographical distribution of new and literature samples in the studied area coloured based on 87Sr/86Sr 
values.

https://doi.org/10.1371/journal.pone.0326047.g002

https://doi.org/10.1371/journal.pone.0326047.g002
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details, including international standards and assessments of diagenetic contamination in archaeological specimens, are 
thoroughly illustrated in the original publication.

To demonstrate the practical application of our model, we also analysed two archaeological human teeth from the 
Guaraní site of Arroyo Fredes (within the Paraná Delta) were also analysed. The samples came from two different individ-
uals: a permanent inferior canine from an adult male (AFE-3), aged 20–30 years, and a deciduous upper first molar from a 
subadult (AFE-4), aged 3.5 years.

Laboratory methods

Sample preparation and extraction chromatography.  The surface of snail shell and tooth enamel specimens 
was mechanically cleaned and sampled using a low-speed drill, equipped with a round abrasive tip with a diameter 
of 2.4 mm. Plant samples were cleaned by ultrapure water MilliQ® removing major impurities and dried for 24 h on a 
hotplate at 50°C. About 10–20 g of dried clean plant material was reduced to ash in a porcelain crucible in a muffle oven 
at 650 °C for 6 h.

The whole wet-chemistry procedure was conducted in the class-1000 clean-room at the DSCG-UniMoRe. About 
5 mg of plant ashes, enamel and snail shell powder were digested in 0.5 ml of 3M HNO

3
 for chemical dissolution. Stron-

tium isolation was performed in 30 μl columns filled with the 100–150 μm bead size Eichrom Sr-spec Resin (Eichrom 
Technologies, LLC) [68]. After dissolution, the sample solutions were centrifuged and loaded onto clean resin-filled 
columns. After three steps with 3M HNO

3
 to remove unwanted cations, the Sr was eluted with ultrapure deionized water 

and collected in clean 15 mL Falcon® tubes. All final solutions containing Sr were diluted to 4% HNO
3
 and measured 

by multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS, ThermoFisher Scientific, Neptune™) at 
the Centro Interdipartimentale Grandi Strumenti (CIGS) of UniMoRe in static mode, following the methods detailed in 
Lugli et al. (2020) [69]. Data reduction was performed using the SrDr excel software of Lugli et al. (2020) [69]. Data are 
reported in S1 File.

Repeated measurements of the strontium isotope reference material NBS987 resulted in a mean 87Sr/86Sr value of 
0.710260 ± 0.000026 (2SD, n = 53). Samples values were corrected for mass bias and normalized to an accepted NBS-
987 value of 0.710248 [70]. Reference material data are reported in S2 File by analytical session.

Statistical analysis and geospatial modelling.  The local Sr isoscape was generated using the entire dataset 
(n = 113, of which n = 109 are plants and n = 4 are snail shells) and the associated geospatial coordinates together 
with archaeological low-mobility fauna dataset from literature [67]. The data were imported into the free statistical 
software R (version 4.0.5, available at R core Team 2024) and analysed using a Random Forest (RF) machine-
learning model described by Bataille et al. (2020) [43]. This method leverages multiple external predictors to model 
the Sr isotope ratio at 1 km2 resolution. The RF algorithm generates multiple decision trees from bagged data, using 
each time a random subset of data and covariates. In this work, we exploited n = 24 global variables presented in 
Bataille et al. (2018) [18], Bataille et al. (2020) [43] and Reich et al. (2024) [71] as external predictors of the 87Sr/86Sr 
ratio. To avoid multicollinearity in model building, we filtered these variables discarding highly correlated predictors 
(−0.80 > r > 0.80; S1 Fig.), which could artificially inflate their importance [72]). We ultimately identified a list of 
(n = 15) external predictors: r.elevation, r.bulk, r.fert, r.dust, r.pet, r.cec, r.mat, r.bouger, r.meanage_geol, r.ssaw, r.ph, 
r.srsrq1, r.map, r.clay and r.age.

Random trees were thus built with n = 6 random variables at a time (i.e., optimized mtry parameter). To generate a 
spatial-uncertainty map, we employed a quantile RF regression (ranger package, [73]), then halving the RF q

0.84
 ‐ q

0.16
 

difference (i.e., lower and upper limits of a ~68% interval: Funck et al., 2021 [74] and Armaroli et al., 2024 [15].
A 10-fold cross-validation was used to determine the model’s performances, evaluated with a root mean squared error 

(RMSE). This method was selected for its robustness in evaluating model performance, as it involves partitioning the data 
into multiple subsets (folds) and training/testing the model on these subsets to ensure that the results are not biased by 
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any single subset. This approach provides a comprehensive assessment of the model’s predictive capabilities by evalu-
ating its accuracy and precision across multiple subsets of the data. By dividing the data into several folds and repeatedly 
training and testing the model on these different subsets, cross-validation ensures that the evaluation is not dependent on 
a single partition of the data, thereby minimizing potential biases.

Results and discussion

Data description and geological inferences

The 87Sr/86Sr ratios in modern samples from the study area range from 0.70617 to 0.71424 (Fig 3; S1 File). These 
values envelope those reported in the archaeological record of Loponte et al. (2025) [67], which range from 0.70667 to 
0.71377. Notably, the geological units outcropping in the study area are mostly similar in lithology (silts or clays) and 
age (mainly Quaternary) with distinctions found only in fine-scale geological reports (i.e., the Hoja Geológica 3360IV, 
Gualeguaychú, 1:250000; Pereyra et al., 2002) [59] mainly related to the sedimentatary environment (i.e., marine, 
coastal, fluvial or continental). Despite these similarities, the broad 87Sr/86Sr range found in modern samples indicates 
that the sources of the sediments and the mixing of different materials plays a more significant role in isotopic variation 
than lithological or age characteristics of the geological unit. The observed variations in bioavailable Sr isotope ratios 
are sufficiently pronounced that the resulting Sr isoscape can reliably discriminate among geographic locations within 
the study area.

The data distribution of modern samples shows consistently higher 87Sr/86Sr values in the Paraná Delta (average 
of 0.71070) compared to adjacent areas (average of Pampa 0.70693; Entre Ríos plain of 0.70769; Figs 2 and 3). 
Exceptions to this in the Paraná Delta include colluvial deposits derived from tributaries crossing the Pampa and 
Entre Ríos plains (i.e., H1/2FI, H3/4CIA and H4FI units of the geological map from Pereyra et al. 2002 [59]; 87Sr/86Sr 
average of 0.70773 ± 0.00082, S.D. n = 5; Table 1, Fig 3) and loess deposits derived from these plains (i.e., P1E1 and 
P2EI units, average of 0.70768 ± 0.00080, S.D. n = 6; Table 1, Fig 3). Highly radiogenic values in the Paraná Delta 
are related to the original source of the sediments transported by the river, which crosses for c.a. 4880 km the South 
America continent. The Paraná in particular flows through the Cretaceous Paraná basin, mainly formed by basaltic 
and silicic lavas of the Paraná-Etendeka LIP, which exhibit highly radiogenic Sr isotope signatures (e.g., 87Sr/86Sr of 
0.716, [75]).

Among geological units, marine deposits (i.e., H2Mal and H3M1A geological units) have higher 87Sr/86Sr values than 
those associated to the plains, with average 87Sr/86Sr of 0.70955 ± 0.00164 (S.D., n = 10). Since marine sediments near 
the coast are a mix of continental sediments, their isotopic values fall between the highest and lowest in the region, as the 
Paraná Delta. Coastal deposits show increased Sr isotope values (i.e., H4EA unit, 87Sr/86Sr average of 0.71051 ± 0.00085, 
S.D. n = 3, Table 1, Fig 3), while maximum values are found in Paraná fluvial deposits (i.e., H3/4FI, H3M2I and H4DI units) 
with average 87Sr/86Sr of 0.71179 ± 0.00213 (S.D., n = 11, Table 1, Fig 3).

In general, 87Sr/86Sr values do not show variation along longitude, as would be expected due to the spatial distribution 
of the geological units, which is mainly NE-SW (Figs 1 and 3). Conversely, a slow-descending trend is observed with 
increasing latitude (Fig 3).

Currently, there is some discrepancy in the literature regarding the Entre Ríos lithologies. Some Authors [55,60,61] 
report loess sediments (Hernandarias Formation c and Tezanos Pintos units) only in the central and western section of 
the plain at the border of the Paraná Delta, with the eastern part dominated by fluvial/coastal sediments (Hernandarias 
Formation b). Others [59,76] extend loess units eastward to the Uruguay river. The 87Sr/86Sr ratios of the Hernandarias 
Formation b (0.70780 ± 0.00018, n = 13; Table 1, Fig 3) overlap substantially, given the high internal variability, with the 
loess of the Hernandarias Formation c (0.70760 ± 0.00007, n = 5) and the Tezanos Pintos units (0.70760 ± 0.00012, n = 8). 
This isotopic similarity suggests that loess sediments were either transported eastward across the lower Entre Ríos plain 
or homogenized by re-depositional processes.
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Fig 3.  87Sr/86Sr distribution across latitude, longitude, and geological units. 87Sr/86Sr values of samples used for the model along latitude and longi-
tude and divided for geological units as in Table 1. Plio. is for Pliocene, Mio. is for Miocene, Ol. is for Oligocene and Cre. is for Cretaceous.

https://doi.org/10.1371/journal.pone.0326047.g003

https://doi.org/10.1371/journal.pone.0326047.g003
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The observed variations in Sr isotope signatures between Entre Ríos and Pampa plains likely reflect differences in the 
lithotypes eroded, and transported to the region by winds and rivers. Among the other components, the loess sediments 
outcropping in the area contain a high percentage of volcanic products (between 20–60%) related to Quaternary volca-
nism in the Andes [60,76–78]. Strontium isotope data from modern plants in this study are consistent with loess deposits 
at the same latitude, supporting the idea that volcanic contributions largely control their isotopic signature [78]. Throughout 
the Pleistocene and Holocene predominant winds have remained consistent (i.e., from SW to NE in the Pampa and from 
W to E in the Entre Ríos plain), although their intensity has weakened over time, reducing sediment deposition from S 
to N and from W to E [76,78]. Quaternary volcanism in southern Andes shows a rapid decrease in Sr isotopic signature 
between −32° and −34° from 0.706 down to 0.704 [78,79]. The lower isotopic values in Pampa may reflect the influence of 
more recent material eroded and transported by winds, while the decreasing trend in Sr isotopic values along the Pampa 
plain may be linked to the progressive weakening of wind transport. A similar process was proposed by Serna et al. (2020) 
[38] for the Rio Negro province, where bioavailable and inorganic Sr isotope values increase toward the east and north 
from the Andean arc due to the diminishing contribution of recent low-radiogenic volcanics.

Table 1.  Sr isotopic data by geological formation. Average Sr isotopic data of modern samples collected for this study for main geological 
formations. The order is based on stratigraphic positions.

Geological unit Sample 
number

87Sr/86Sr
average

ST.DEV. Region Country Type of 
sediments

Age

Actual-Fluvial 5 0.70944 0.00079 Uruguay Uruguay Fluvial Actual

Actual-Fluvial 2 0.70760 0.00008 Pampa and Entre Rios 
plains

Argentina Fluvial Actual

H3/4FI, H3M2I and 
H4DI

11 0.71179 0.00213 Paraná Delta Argentina Fluvial Paraná 
River

Holocene-Actual

H4EA 3 0.71051 0.00085 Paraná Delta Argentina Costal Holocene-Actual

H1/2FI, H3/4CIA 
and H4FI

5 0.70773 0.00082 Paraná Delta Argentina Fluvial plains 
rivers

Upper 
Pleistocene-Actual

H3M1A 4 0.71110 0.00163 Paraná Delta Argentina Marine Holocene

H2MaI 6 0.70851 0.00019 Paraná Delta Argentina Marine Holocene

F. Querandi 4 0.70730 0.00021 Paraná Delta and Pampa Argentina Marine Holocene

F. Junin 3 0.70655 0.00017 Pampa Argentina Loessic Holocene

F. Tezanos Pintos 8 0.70760 0.00012 Entre Rios plain Argentina Loessic Upper Pleistocene

F. Buenos Aires 23 0.70681 0.00029 Pampa Argentina Loessic Upper Pleistocene

F. Hernandarias b 13 0.70780 0.00018 Entre Rios plain Argentina Fluvial/Coastal Medium 
Pleistocene

F. Hernandarias c 5 0.70760 0.00007 Entre Rios plain Argentina Loessic Medium 
Pleistocene

F. Dolores 1 0.70741 0.00002 Uruguay Uruguay Fluvial Pleistocene

P1EI and P2EI 6 0.70768 0.00080 Paraná Delta, Pampa and 
Entre Rios plains

Argentina Loessic Upper Pliocene- 
Pleistocene

F. Ituzaingo and F. 
Lujan

3 0.70792 0.00069 Pampa and Entre Rios 
plains

Argentina Fluvial Pliocene-Holocene

F. Camacho 2 0.70719 0.00008 Uruguay Uruguay Marine Miocene

F. Fray Bentos 4 0.70756 0.00044 Entre Rios plain and 
Uruguay

Uruguay Continental Medium-Upper 
Oligocene

F. Mercedes and F. 
Asencio

5 0.70781 0.00065 Uruguay Uruguay Continental Upper Cretaceous

https://doi.org/10.1371/journal.pone.0326047.t001

https://doi.org/10.1371/journal.pone.0326047.t001
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In the Uruguay region, the sediments from the rivers show higher 87Sr/86Sr ratios (average of 0.70944 ± 0.00079, S.D. 
n = 5; Table 1; S1 File) compared to the outcropping lithologies (F. Dolores, F. Camacho, F. Fray Bentos and Cretaceous 
Formations, average of 0.70759 ± 0.00051, S.D. n = 12) possibly suggesting a contribution from enriched lithologies out-
side the studied area (e.g., the Precambrian granites in Fig 1).

Sr isoscape and model consistency

The isoscape of bioavailable strontium in the Paraná Delta and surrounding areas, generated by the RF predictive 
model (Fig 4a), clearly distinguishes the more radiogenic areas within the Paraná Delta from the higher plains charac-
terized by lower Sr isotope ratios. In Fig 4b, the prediction uncertainty map shows that the model’s predictive power is 
less accurate in the more radiogenic geological areas, registering an overall error range between 0.0001 and 0.0036. 
This has been observed before [18,42] and is consistent with the lithological complexity and wider (high) Sr isotope 
range of the Paraná Delta compared to other areas. The most plausible explanation is that elevated radiogenic values 
are in sharp contrast with those of less radiogenic mixing end-members such as aerosols, seawater, and precipitation, 
thereby increasing the observed Sr isotope variability of the bioavailable pool and reducing the accuracy of model 
predictions.

Fig 5 illustrates the cross-validation scatterplots of observed vs. predicted values for the test–validation sample splits. 
The scatterplot demonstrates a strong correlation between predicted and observed values, with a coefficient of determi-
nation (R²) of 0.82. This suggests that 82% of the variability in the observed values can be explained by the predicted 
values, suggesting a strong agreement between the two datasets.

The Root Mean Squared Error (RMSE) is 0.0008, indicating a relatively low average error between the predicted and 
observed values. This suggests that the predictive model used is accurate in forecasting the strontium isotopic ratio, with 
minimal deviations from the observed values. The deviations are determined by the higher isotopic variability in high-
radiogenic areas, which results in greater prediction complexity. These results highlight that the Random Forest model 

Fig 4.  Spatial distribution of strontium isotopes in the Paraná Delta and surrounding areas. Isoscape RF model (a) and associated spatial uncer-
tainty map (b).

https://doi.org/10.1371/journal.pone.0326047.g004

https://doi.org/10.1371/journal.pone.0326047.g004
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Fig 5.  Predictive variables and model accuracy in Sr Isoscape analysis. Cross-validation scatterplots of observed vs. predicted values for the 
test–validation sample splits, Increase in Mean Squared Error (%IncMSE), Increase in Node Purity (IncNodePurity) and most predictive variables from 
Bataille et al. (2018; 2020) [18,43]: r.elevation is referred to SRTM topography (m), r.bulk is Bulk Density (kg*m−3), r.fert is Global Fertilization, r.dust 
is Multi-models average (g.m−2.yr−1), r.pet is Global Potential Evapo-Transpiration, r.cec is Cation Exchange Capacity. Other variables in Bataille et al. 
(2018; 2020) [18,43] and Reich et al. (2024) [71].

https://doi.org/10.1371/journal.pone.0326047.g005

https://doi.org/10.1371/journal.pone.0326047.g005
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employed is robust and provides reliable predictions, with an error level sufficiently low to be considered negligible in most 
practical applications. The RF error tends to underestimate the local isotopic variability observed in sites with high 87Sr/86Sr 
ratios.

The evaluation used the Percent Increase in Mean Squared Error (%IncMSE), which quantifies the reduction in 
model accuracy when a specific variable is randomly permuted. A higher %IncMSE value indicates significant predic-
tive importance. The most predictive variables, according to %IncMSE (Fig 5), are ‘r.elevation’ (in meters) and ‘r.bulk’ 
(soil bulk density in kg m−3). The predictive power of the variables was also evaluated using the Increase in Node Purity 
(IncNodePurity), which measures the contribution of a variable to the purity of the nodes within the decision trees of the 
model. Variables with higher IncNodePurity values contribute more significantly at tree splitting, enhancing the model’s 
classification accuracy. Fig 5 shows that r.elevation and r.bulk soil also yield high IncNodePurity, reinforcing their impor-
tance. r.elevation emerged as the most predictive in %IncMSE, with high values in %IncMSE (~20%) and IncNodePurity 
(~0.9 × 10−4), highlighting its relevance in predicting the 87Sr/86Sr ratio. Similarly, r.bulk shows %IncMSE of ~16% and 
IncNodePurity ~1.0 × 10−4. Among other variables, r.fert (global nitrogen fertilization) exhibited significant values (~14% 
in %IncMSE and ~0.4 × 10−4 in IncNodePurity) while r.dust shows high %IncMSE (~15%) but very low IncNodePurity 
(~0.2 × 10−4, Fig 5). Although the data shows differences related to lithologies (as reported in paragraph 2), the model does 
not show lithology-driven variables as highly predictive. This discrepancy can be explained by the fact that the covariates 
here used only take into account few geological properties of the terrain, the most important being the age of the primary 
source rocks (see Bataille et al., 2020 [43]). In the studied area, mainly formed by Holocene to actual sedimentary depos-
its of different origin, these geological variables could not properly predict the geological distribution, as the geological 
units have the same ages and are a mix of sediments from rocks of different age and lithotype. For this reason, elevation 
becomes a predictive variable because it indirectly differentiates the type of sediments: fluvial and marine deposits of the 
Paraná Delta and the elevated plains with loessic/continental deposits.

Another aspect to consider is that the isotopic composition of bioavailable Sr can be influenced by atmospheric depo-
sition (precipitation, marine aerosols, dust), the presence of exogenous surface deposits (such as loess, glacial till, cover 
sands, etc.), mixing processes between different strontium reservoirs, and anthropogenic influences such as fertilizer 
and air pollution [28,38]. These processes vary across different areas and can cause significant shifts in the bioavailable 
87Sr/86Sr ratio compared to the expected values based on surface geology, although the bioavailable Sr isotopic signature 
is comparable with those of loess sediments at the same latitude [78] suggesting a small or nonexistent contamination of 
our samples from anthropogenic sources.

A preliminary case study for model’s applications

The database of bioavailable Sr isotope ratios provided in this work shows high variability in the 87Sr/86Sr ratios highlight-
ing its potential for investigating spatial and temporal migration of humans and animals in the region. This isotopic frame-
work serves as a vital tool for addressing archaeological questions, particularly in reconstructing past human and animal 
mobility within complex geological settings.

During the Late Holocene, numerous pre-Columbian societies underwent complex processes of territorial expansion 
across South America. Among them, the Guaraní, originally from southwestern Amazonia, expanded widely across 
the region to the Río de la Plata estuary [80], influencing technological developments and subsistence strategies. 
The Guaraní expanded in a short time, extending over a large area of South America, reaching almost a subconti-
nental scale. In this context, their rapid expansion and large territorial coverage (1,500,000 km2). These Amazonian 
forager-horticulturalists migrated from southwestern Amazonia and appeared in the Upper Paraná–Uruguay basin around 
500 CE, then following a migratory route along the Uruguay River they reached the Paraná Delta around 1300 CE [80]. It 
is likely that these canoe-based groups travelled down the Uruguay River, which they used as their main navigation route 
to connect various villages throughout the region. The expansion of these forager-horticulturalists during the Holocene 
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brought significant changes in technology, social and political structures, as well as new landscape management prac-
tices. However, the reasons behind this expansion remain debated, with scholars proposing explanations linked to pop-
ulation growth, climatic change, and an expansionist ideology [81]. Archaeological records along the low Paraná wetland 
suggest significant changes in settlement patterns and subsistence [82–84].

One of the best-known sites associated with Guaraní in the Paraná Delta is Arroyo Fredes, located at −34.1863° S 
and −58.5527° W. At the time of its occupation, the site was situated on a sedimentary island formed as a result of the 
progradation of the Paraná Delta and was likely 10–15 km from the Delta’s advancing front [85]. The site contains five 
radiocarbon dates ranging between 1229 and 1646 CE [85]. Several burials were recovered at Arroyo Fredes [86]. The 
87Sr/86Sr ratios were measured in two individuals (S1 File). The first is an adult male (AFE-3), aged 20–30 years, and the 
second is a subadult (AFE-4) aged 3.5 years. Age-at-death was determined according to the protocols reported in Brooks 
and Suchey (1990) [87], Schmitt (2004) [88], Lovejoy (1985) [89], Meindl and Lovejoy (1985) [90], Acsàdi and Nemeskéri 
(1970) [91], AlQahtani et al. (2010) [92], and Maresh and Beal (1970) [93] while the classification of individuals into 
different age classes was performed following the Lewis method [94]. AFE-4 has an 87Sr/86Sr ratio of 0.71339 ± 0.00001, 
which falls within the local baseline range reported by Loponte et al. (2025) [67] (87Sr/86Sr range on local fauna = 0.71342–
0.71377; S1 File). On the other hand, AFE-3 has an 87Sr/86Sr ratio of 0.70810 ± 0.00002, suggesting a non-local origin. We 
assessed the Sr isoscape for the provenance of the two individuals using a Bayesian probabilistic approach through the 
assignR package [95], which generates a probability density map indicating the likely provenance of each sample (Fig 
6). As expected, AFE-4 shows high compatibility with the Paraná Delta region, whereas AFE-3 appears to have migrated 
from the north along the Uruguay River (Fig 6). These results align with the discovery of widespread Guaraní archaeo-
logical sites along the Uruguay River and support the widely accepted theory that this population expanded southward 
along South American river systems [96]. The Sr isoscape model presented in this study offers a valuable opportunity 
to trace Guaraní migration routes along the rivers spanning from southwestern Amazonia to the Río de la Plata estuary 
[97,98]. This pioneering contribution, relevant not only to the immediate region but to the broader La Plata Basin, offers an 
important resource for investigating other populations that inhabited these areas across different historical periods. This 
example illustrates the potential of the model, emphasizing its usefulness as a powerful tool for environmental, economic, 
and archaeological studies. The model’s efficacy could be further enhanced by integrating it with another stable isotope 
systematics.

Fig 6.  Estimating mobility for Arroyo Fredes individuals. Geographic origin probability estimated for two individuals from Arroyo Fredes, following 
the protocol described in Ma et al. (2020) [95]. Probability estimates (i.e., cell values) are scaled between 0 (low probability, purple) and 1 (high probabil-
ity, yellow).

https://doi.org/10.1371/journal.pone.0326047.g006

https://doi.org/10.1371/journal.pone.0326047.g006


PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 14 / 19

Conclusion

This study presents a comprehensive dataset of bioavailable 87Sr/86Sr ratios from the Paraná Delta area and surrounding 
high plains, revealing significant heterogeneity driven by sediment composition and, in turn, linked to the isotopic signa-
tures of their geological source. The observed 87Sr/86Sr ratios in the terrestrial biosphere align with the lithological data, 
underscoring the strong influence of surface composition and sedimentary processes in shaping isotopic variability. This 
study highlights the importance of considering lithological environments and the age of rocks when interpreting Sr isotope 
signatures in sedimentary environments.

A high-resolution spatial distribution map of bioavailable Sr for the La Plata basin region was developed using 
advanced modeling methods, i.e., the Random Forest model. This predictive framework provides a detailed depiction of 
the 87Sr/86Sr variability across northeast Argentina and southwest Uruguay, offering a valuable baseline for provenance, 
environmental and forensic studies.

The 87Sr/86Sr analysis at the Arroyo Fredes site provides a simple case study for possible applications of this isos-
cape. The isotopic data suggest one individual as having a possible local origin and another having a non-local origin, 
in agreement with the theory of Guaraní migration along the Uruguay River into the Paranà Delta around 1300 CE. This 
model enhances our interpretative capabilities by facilitating precise identification of migration patterns and settlements 
origins.

The strontium isoscape map developed here constitutes a powerful tool for analyzing various aspects of pre-Columbian 
populations, including patterns of mobility and migration, resource exploitation, social interactions, and the provenance of 
prey. By facilitating a deeper understanding of past human and animal movements, this model will enhance our ability to 
reconstruct prehistoric socio-economic networks in the region.

While this study has successfully developed a precise bioavailable Sr isoscape for the region, further research is 
necessary to expand and refine its applicability. Increasing the dataset with additional sampling points and extending the 
geographic area of interest would enhance the predictive accuracy of the model. Future efforts should also focus on inte-
grating this dataset with archaeological and ecological research to explore broader questions related to ancient land use, 
trade networks, and environmental adaptations.

In conclusion, this research provides essential baseline data for strontium isotope research in South America, offering 
a robust foundation for future archaeological, ecological and forensic provenance studies. By enhancing our understand-
ing of ancient mobility and resource circulation, this study will contribute to the broader reconstruction of past human-
environment interactions in the region.

Supporting information

S1 File.  87Sr/86Sr variability: data for RF model refinement. 87Sr/86Sr values of modern samples analysed in this 
study with geographical and geological information and literature values of bioavailable Sr utilised to refine the RF 
model.
(XLSX)

S2 File.  Analytical session data. 87Sr/86Sr values of reference material NBS987 during the analytical sessions.
(XLSX)

S1 Fig.  External predictor’s correlations. Correlation of the 24 external predictors from Bataille et al. (2020) [43] and 
Reich et al. (2024) [71] calculated as R (version 4.0.5, available at R core Team 2024).
(TIF)

S3 File.  Inclusivity-in-global-research-questionnaire. 
(DOCX)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326047.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326047.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326047.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0326047.s004


PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 15 / 19

Acknowledgments

We thank Aline Bertoncello for her help with the sample processing.

Author contributions

Conceptualization: Cinzia Scaggion, Tommaso Giovanardi, Federico Lugli.

Data curation: Cinzia Scaggion, Tommaso Giovanardi, Daniel Loponte, Mirian Carbonera, Elena Armaroli, Sara 
Bernardini, Federico Lugli.

Formal analysis: Cinzia Scaggion, Tommaso Giovanardi, Elena Armaroli, Sara Bernardini, Anna Cipriani, Federico 
Lugli.

Funding acquisition: Tommaso Giovanardi, Eugenio Bortolini.

Investigation: Cinzia Scaggion, Tommaso Giovanardi, Daniel Loponte, Mirian Carbonera, Elena Armaroli, Sara 
Bernardini, Federico Lugli.

Methodology: Cinzia Scaggion, Tommaso Giovanardi, Daniel Loponte, Mirian Carbonera, Elena Armaroli, Sara 
Bernardini, Anna Cipriani, Federico Lugli.

Project administration: Tommaso Giovanardi, Eugenio Bortolini.

Resources: Daniel Loponte, Mirian Carbonera.

Software: Federico Lugli.

Supervision: Tommaso Giovanardi, Stefano Benazzi, Andrés Gascue, Alejandro Acosta, Giulia Marciani, Eugenio 
Bortolini, Anna Cipriani.

Visualization: Tommaso Giovanardi, Federico Lugli.

Writing – original draft: Cinzia Scaggion, Tommaso Giovanardi, Anna Cipriani, Federico Lugli.

Writing – review & editing: Cinzia Scaggion, Tommaso Giovanardi, Daniel Loponte, Mirian Carbonera, Elena Armaroli, 
Sara Bernardini, Stefano Benazzi, Andrés Gascue, Alejandro Acosta, Giulia Marciani, Eugenio Bortolini, Anna Cipriani, 
Federico Lugli.

References
	1.	 Hobson KA. Tracing origins and migration of wildlife using stable isotopes: a review. Oecologia. 1999;120(3):314–26. https://doi.org/10.1007/

s004420050865 PMID: 28308009

	2.	 Benson S, Lennard C, Maynard P, Roux C. Forensic applications of isotope ratio mass spectrometry--a review. Forensic Sci Int. 2006;157(1):1–22. 
https://doi.org/10.1016/j.forsciint.2005.03.012 PMID: 15919168

	3.	 Bowen GJ. Isoscapes: Spatial Pattern in Isotopic Biogeochemistry. Annu Rev Earth Planet Sci. 2010;38(1):161–87. https://doi.org/10.1146/
annurev-earth-040809-152429

	4.	 Bowen GJ, West JB, Vaughn BH, Dawson TE, Ehleringer JR, Fogel ML, et al. Isoscapes to Address Large‐Scale Earth Science Challenges. EoS 
Transactions. 2009;90(13):109–10. https://doi.org/10.1029/2009eo130001

	5.	 Richards M, Montgomery J. Isotope Analysis and Paleopathology. The Global History of Paleopathology. Oxford University Press; 2012. p. 718–31. 
https://doi.org/10.1093/acprof:osobl/9780195389807.003.0072

	6.	 Makarewicz CA, Sealy J. Dietary reconstruction, mobility, and the analysis of ancient skeletal tissues: Expanding the prospects of stable isotope 
research in archaeology. Journal of Archaeological Science. 2015;56:146–58. https://doi.org/10.1016/j.jas.2015.02.035

	7.	 Bartelink EJ, Chesson LA. Recent applications of isotope analysis to forensic anthropology. Forensic Sci Res. 2019;4(1):29–44. https://doi.org/10.10
80/20961790.2018.1549527 PMID: 30915415

	8.	 Ferrio JP, Aguilera M, Voltas J, Araus JL. Stable carbon isotopes in archaeological plant remains. 2020. p. 107–45. https://doi.org/10.1016/
bs.sats.2020.08.008

	9.	 Madgwick R, Lamb A, Sloane H, Nederbragt A, Albarella U, Parker Pearson M, et al. A veritable confusion: use and abuse of isotope analysis in 
archaeology. Archaeological Journal. 2021;178(2):361–85. https://doi.org/10.1080/00665983.2021.1911099

https://doi.org/10.1007/s004420050865
https://doi.org/10.1007/s004420050865
http://www.ncbi.nlm.nih.gov/pubmed/28308009
https://doi.org/10.1016/j.forsciint.2005.03.012
http://www.ncbi.nlm.nih.gov/pubmed/15919168
https://doi.org/10.1146/annurev-earth-040809-152429
https://doi.org/10.1146/annurev-earth-040809-152429
https://doi.org/10.1029/2009eo130001
https://doi.org/10.1093/acprof:osobl/9780195389807.003.0072
https://doi.org/10.1016/j.jas.2015.02.035
https://doi.org/10.1080/20961790.2018.1549527
https://doi.org/10.1080/20961790.2018.1549527
http://www.ncbi.nlm.nih.gov/pubmed/30915415
https://doi.org/10.1016/bs.sats.2020.08.008
https://doi.org/10.1016/bs.sats.2020.08.008
https://doi.org/10.1080/00665983.2021.1911099


PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 16 / 19

	10.	 Berger D, Brügmann G, Bunnefeld J, Pernicka E. Identifying mixtures of metals by multi‐isotope analysis: Disentangling the relationships of the 
Early Bronze Age swords of the Apa–Hajdúsámson type and associated objects. Archaeometry. 2021;64(S1):44–74. https://doi.org/10.1111/
arcm.12714

	11.	 Larsen CS. Bioarchaeology in perspective: From classifications of the dead to conditions of the living. Am J Phys Anthropol. 2018;165(4):865–78. 
https://doi.org/10.1002/ajpa.23322 PMID: 29574846

	12.	 Lugli F, Cipriani A, Bruno L, Ronchetti F, Cavazzuti C, Benazzi S. A strontium isoscape of Italy for provenance studies. Chemical Geology. 
2022;587:120624. https://doi.org/10.1016/j.chemgeo.2021.120624

	13.	 Roberts P. Isotope analysis in archaeology grand challenge. Front Environ Archaeol. 2022;1. https://doi.org/10.3389/fearc.2022.988656

	14.	 Pollard AM, Liu R. Provenance studies in archaeology – more reflective of ‘quality control’ within a resourcescape than geochemistry? Oxford J 
Archaeology. 2023;43(1):97–105. https://doi.org/10.1111/ojoa.12285

	15.	 Armaroli E, Lugli F, Cipriani A, Tütken T. Spatial ecology of moose in Sweden: Combined Sr-O-C isotope analyses of bone and antler. PLoS One. 
2024;19(4):e0300867. https://doi.org/10.1371/journal.pone.0300867 PMID: 38598461

	16.	 Villa IM, De Bièvre P, Holden NE, Renne PR. IUPAC-IUGS recommendation on the half life of 87Rb. Geochimica et Cosmochimica Acta. 
2015;164:382–5. https://doi.org/10.1016/j.gca.2015.05.025

	17.	 Aggarwal J, Habicht-Mauche J, Juarez C. Application of heavy stable isotopes in forensic isotope geochemistry: A review. Applied Geochemistry. 
2008;23(9):2658–66. https://doi.org/10.1016/j.apgeochem.2008.05.016

	18.	 Bataille CP, von Holstein ICC, Laffoon JE, Willmes M, Liu X-M, Davies GR. A bioavailable strontium isoscape for Western Europe: A machine learn-
ing approach. PLoS One. 2018;13(5):e0197386. https://doi.org/10.1371/journal.pone.0197386 PMID: 29847595

	19.	 Faure G, Mensing TM. Isotopes: Principles and Applications. third edition. editor. New York: John Wiley & Sons INC; 2005.

	20.	 Dickin AP. Radiogenic Isotope Geology. third edition. McMaster University, editor. Cambridge: Cambridge University Press; 2018.

	21.	 Vitousek PM, Kennedy MJ, Derry LA, Chadwick OA. Weathering versus atmospheric sources of strontium in ecosystems on young volcanic soils. 
Oecologia. 1999;121(2):255–9. https://doi.org/10.1007/s004420050927 PMID: 28308565

	22.	 Voerkelius S, Lorenz GD, Rummel S, Quétel CR, Heiss G, Baxter M, et al. Strontium isotopic signatures of natural mineral waters, the refer-
ence to a simple geological map and its potential for authentication of food. Food Chemistry. 2010;118(4):933–40. https://doi.org/10.1016/j.
foodchem.2009.04.125

	23.	 Bullen TD, Krabbenhoft DP, Kendall C. Kinetic and mineralogic controls on the evolution of groundwater chemistry and 87Sr/86Sr in a sandy sili-
cate aquifer, northern Wisconsin, USA. Geochimica et Cosmochimica Acta. 1996;60(10):1807–21. https://doi.org/10.1016/0016-7037(96)00052-x

	24.	 Capo RC, Stewart BW, Chadwick OA. Strontium isotopes as tracers of ecosystem processes: theory and methods. Geoderma. 1998;82(1–3):197–
225. https://doi.org/10.1016/s0016-7061(97)00102-x

	25.	 Poszwa A. A comparison between Ca and Sr cycling in forest ecosystems. Plant and Soil. Plant Soil. 2000;225:299–310. https://doi.
org/10.1023/a:1026570812307

	26.	 White PJ, Broadley MR. Calcium in plants. Ann Bot. 2003;92(4):487–511. https://doi.org/10.1093/aob/mcg164 PMID: 12933363

	27.	 Pors Nielsen S. The biological role of strontium. Bone. 2004;35(3):583–8. https://doi.org/10.1016/j.bone.2004.04.026 PMID: 15336592

	28.	 Alexander Bentley R. Strontium Isotopes from the Earth to the Archaeological Skeleton: A Review. J Archaeol Method Theory. 2006;13(3):135–87. 
https://doi.org/10.1007/s10816-006-9009-x

	29.	 Knudson KJ, Williams HM, Buikstra JE, Tomczak PD, Gordon GW, Anbar AD. Introducing δ88/86Sr analysis in archaeology: a demonstration of the 
utility of strontium isotope fractionation in paleodietary studies. Journal of Archaeological Science. 2010;37(9):2352–64. https://doi.org/10.1016/j.
jas.2010.04.009

	30.	 Weiner S, Wagner HD. THE MATERIAL BONE: Structure-Mechanical Function Relations. Annu Rev Mater Sci. 1998;28(1):271–98. https://doi.
org/10.1146/annurev.matsci.28.1.271

	31.	 Hughes JM, Rakovan J. The Crystal Structure of Apatite, Ca5(PO4)3(F,OH,Cl). Reviews in Mineralogy and Geochemistry. 2002;48(1):1–12. https://
doi.org/10.2138/rmg.2002.48.1

	32.	 Schwarcz HP, White CD, Longstaffe FJ. Stable and Radiogenic Isotopes in Biological Archaeology: Some Applications. Isoscapes. Dordrecht: 
Springer Netherlands; 2010. p. 335–356. https://doi.org/10.1007/978-90-481-3354-3_16

	33.	 Crowley BE, Miller JH, Bataille CP. Strontium isotopes (87 Sr/86 Sr) in terrestrial ecological and palaeoecological research: empirical efforts and 
recent advances in continental-scale models. Biol Rev Camb Philos Soc. 2017;92(1):43–59. https://doi.org/10.1111/brv.12217 PMID: 26392144

	34.	 Lahtinen M, Arppe L, Nowell G. Source of strontium in archaeological mobility studies—marine diet contribution to the isotopic composition. 
Archaeol Anthropol Sci. 2020;13(1). https://doi.org/10.1007/s12520-020-01240-w

	35.	 Fietzke J, Eisenhauer A. Determination of temperature‐dependent stable strontium isotope (88Sr/86Sr) fractionation via bracketing standard MC‐
ICP‐MS. Geochem Geophys Geosyst. 2006;7(8). https://doi.org/10.1029/2006gc001243

	36.	 Frei KM, Frei R. The geographic distribution of strontium isotopes in Danish surface waters – A base for provenance studies in archaeology, hydrol-
ogy and agriculture. Applied Geochemistry. 2011;26(3):326–40. https://doi.org/10.1016/j.apgeochem.2010.12.006

	37.	 Britton K, Le Corre M, Willmes M, Moffat I, Grün R, Mannino MA, et al. Sampling Plants and Malacofauna in 87Sr/86Sr Bioavailability Studies: 
Implications for Isoscape Mapping and Reconstructing of Past Mobility Patterns. Front Ecol Evol. 2020;8. https://doi.org/10.3389/fevo.2020.579473

https://doi.org/10.1111/arcm.12714
https://doi.org/10.1111/arcm.12714
https://doi.org/10.1002/ajpa.23322
http://www.ncbi.nlm.nih.gov/pubmed/29574846
https://doi.org/10.1016/j.chemgeo.2021.120624
https://doi.org/10.3389/fearc.2022.988656
https://doi.org/10.1111/ojoa.12285
https://doi.org/10.1371/journal.pone.0300867
http://www.ncbi.nlm.nih.gov/pubmed/38598461
https://doi.org/10.1016/j.gca.2015.05.025
https://doi.org/10.1016/j.apgeochem.2008.05.016
https://doi.org/10.1371/journal.pone.0197386
http://www.ncbi.nlm.nih.gov/pubmed/29847595
https://doi.org/10.1007/s004420050927
http://www.ncbi.nlm.nih.gov/pubmed/28308565
https://doi.org/10.1016/j.foodchem.2009.04.125
https://doi.org/10.1016/j.foodchem.2009.04.125
https://doi.org/10.1016/0016-7037(96)00052-x
https://doi.org/10.1016/s0016-7061(97)00102-x
https://doi.org/10.1023/a:1026570812307
https://doi.org/10.1023/a:1026570812307
https://doi.org/10.1093/aob/mcg164
http://www.ncbi.nlm.nih.gov/pubmed/12933363
https://doi.org/10.1016/j.bone.2004.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15336592
https://doi.org/10.1007/s10816-006-9009-x
https://doi.org/10.1016/j.jas.2010.04.009
https://doi.org/10.1016/j.jas.2010.04.009
https://doi.org/10.1146/annurev.matsci.28.1.271
https://doi.org/10.1146/annurev.matsci.28.1.271
https://doi.org/10.2138/rmg.2002.48.1
https://doi.org/10.2138/rmg.2002.48.1
https://doi.org/10.1007/978-90-481-3354-3_16
https://doi.org/10.1111/brv.12217
http://www.ncbi.nlm.nih.gov/pubmed/26392144
https://doi.org/10.1007/s12520-020-01240-w
https://doi.org/10.1029/2006gc001243
https://doi.org/10.1016/j.apgeochem.2010.12.006
https://doi.org/10.3389/fevo.2020.579473


PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 17 / 19

	38.	 Serna A, Prates L, Mange E, Salazar-García DC, Bataille CP. Implications for paleomobility studies of the effects of quaternary volcanism on 
bioavailable strontium: A test case in North Patagonia (Argentina). Journal of Archaeological Science. 2020;121:105198. https://doi.org/10.1016/j.
jas.2020.105198

	39.	 Adams S, Grün R, McGahan D, Zhao J, Feng Y, Nguyen A, et al. A strontium isoscape of north‐east Australia for human provenance and repatria-
tion. Geoarchaeology. 2019;34(3):231–51. https://doi.org/10.1002/gea.21728

	40.	 Janzen A, Bataille C, Copeland SR, Quinn RL, Ambrose SH, Reed D, et al. Spatial variation in bioavailable strontium isotope ratios (87Sr/86Sr) in 
Kenya and northern Tanzania: Implications for ecology, paleoanthropology, and archaeology. Palaeogeography, Palaeoclimatology, Palaeoecology. 
2020;560:109957. https://doi.org/10.1016/j.palaeo.2020.109957

	41.	 Hoogewerff JA, Reimann C, Ueckermann H, Frei R, Frei KM, van Aswegen T, et al. Bioavailable 87Sr/86Sr in European soils: A baseline for prove-
nancing studies. Sci Total Environ. 2019;672:1033–44. https://doi.org/10.1016/j.scitotenv.2019.03.387 PMID: 30999220

	42.	 Gigante M, Mazzariol A, Bonetto J, Armaroli E, Cipriani A, Lugli F. Machine learning-based Sr isoscape of southern Sardinia: A tool for 
bio-geographic studies at the Phoenician-Punic site of Nora. PLoS One. 2023;18(7):e0287787. https://doi.org/10.1371/journal.pone.0287787 
PMID: 37467179

	43.	 Bataille CP, Crowley BE, Wooller MJ, Bowen GJ. Advances in global bioavailable strontium isoscapes. Palaeogeography, Palaeoclimatology, 
Palaeoecology. 2020;555:109849. https://doi.org/10.1016/j.palaeo.2020.109849

	44.	 Dominguez Ruben LG, Szupiany RN, Ramonell C, Ru M, Garcia MH. Hydro‐geomorphological and sedimentological processes along the major 
fluvial‐lacustrine delta of the Paraná River (Argentina): Their role in floodplain construction. Earth Surf Processes Landf. 2023;48(8):1599–614. 
https://doi.org/10.1002/esp.5570

	45.	 Marchese MR, Saigo M, Zilli FL, Capello S, Devercelli M, Montalto L. Food webs of the Paraná River floodplain: assessing basal sources using 
stable carbon and nitrogen isotopes. Limnologica-Ecology and Management of Inland Waters. 2014;46:22–30.

	46.	 Loponte D, Acosta A, Corriale MJ. Isotopic trends in the diets of hunter-gatherers of the lower Paraná wetland, South America. Journal of Archaeo-
logical Science: Reports. 2016;9:259–74. https://doi.org/10.1016/j.jasrep.2016.07.023

	47.	 Loponte D, Carbonera M, Corriale MJ, Acosta A. Horticulturists and oxygen ecozones in the tropical and subtropical forests of Southeast South 
America. Environmental Archaeology. 2016;22(3):247–67. https://doi.org/10.1080/14614103.2016.1211382

	48.	 Loponte D, Corriale MJ. Patterns of Resource Use and Isotopic Niche Overlap Among Guanaco (Lama guanicoe), Pampas Deer (Ozotoceros 
bezoarticus) and Marsh Deer (Blastocerus dichotomus) in the Pampas. Ecological, Paleoenvironmental and Archaeological Implications. Environ-
mental Archaeology. 2019;25(4):411–44. https://doi.org/10.1080/14614103.2019.1585646

	49.	 Loponte D, Mazza B. Breastfeeding and weaning in Late Holocene hunter-gatherers of the lower Paraná wetland, South America. Am J Phys 
Anthropol. 2021;176(3):504–20. https://doi.org/10.1002/ajpa.24381 PMID: 34338320

	50.	 Saigo M, Zilli FL, Marchese MR, Demonte D. Trophic level, food chain length and omnivory in the Paraná River: a food web model approach in a 
floodplain river system. Ecological Research. 2015;30(5):843–52. https://doi.org/10.1007/s11284-015-1283-1

	51.	 Bonomo M, Scabuzzo C, Politis GG, Zucol AF. Stable carbon and nitrogen isotope studies in the paraná river delta (argentina): an approach to 
prehispanic diets. Latin Am antiq. 2017;28(1):105–26. https://doi.org/10.1017/laq.2016.6

	52.	 Rizzo F, Cardozo D, Tapia A. Multiple lines of evidence applied to the study of a prehispanic individual. Rancho Jose site, Buenos Aires province. 
Rev Arg Antrop Biol. 2016;18(1). https://doi.org/10.17139/raab.2016.0018.01.03

	53.	 Avigliano E, Chung M-T, Pouilly M, Huang K-F, Casalinuovo M, Dominino J, et al. Strontium isotope mapping and its application to study the fish 
life history (Salminus brasiliensis) in semi-fragmented rivers (La Plata Basin, South America). Fisheries Research. 2023;265:106741. https://doi.
org/10.1016/j.fishres.2023.106741

	54.	 Avigliano E, Pouilly M, Bouchez J, Domanico A, Sánchez S, Llamazares Vegh S, et al. Strontium isotopes (87Sr/86Sr) reveal the life history of 
freshwater migratory fishes in the La Plata Basin. River Research & Apps. 2020;36(10):1985–2000. https://doi.org/10.1002/rra.3727

	55.	 Bertolini JC. Mapa Geológico de la Provincia de Entre Ríos, Escala 1:500000, Sagemar: 1995. http://repositorio.segemar.gov.ar/308849217/1516

	56.	 Rimoldi HV. Mapa Geológico de la Provincia de Buenos Aires, Escala 1:750000, Sagemar: 1999. http://repositorio.segemar.gov.ar/308849217/1511

	57.	 Parker G, Marcolini S. Geomorfología del delta del Paraná y su extensión hacia el río de la Plata. Revista de la Asociación Geológica Argentina. 
1992;47:243–9.

	58.	 Kandus P, Malvárez A. Las islas del Bajo Delta del Paraná. In: Borthagaray J, editor. El Río de la Plata como territorio. Buenos Aires: Ediciones 
Infinito; 2002.

	59.	 Pereyra F, Tchilinguirian P, V. Baumann P. Hoja Geológica 3360-IV, Gualeguaychú. Provincias de Buenos Aires y Entre Ríos. Servicio Geológico 
Minero Argentino. Buenos Aires: Instituto de Geología y Recursos Minerales. Sagemar; 2002. p. 56. http://repositorio.segemar.gob.ar/
handle/308849217/143.

	60.	 Iriondo M, Kröhling D. The parent material as the dominant factor in Holocene pedogenesis in the Uruguay River basin. Revista Mexicana de Cien-
cias Geológicas. 2004:175–84.

	61.	 Iriondo M. Multisol – a proposal. Quaternary International. 2009;209(1–2):131–41. https://doi.org/10.1016/j.quaint.2009.03.008

	62.	 Loureiro Olivet J, Bettucci LS, Demarco PN, Peel E, Fort S, Preciozzi F. Actualización de la Carta Geológica del Uruguay a escala 1:500.000. 
Revista Investigaciones. 2024;5:1–13.

https://doi.org/10.1016/j.jas.2020.105198
https://doi.org/10.1016/j.jas.2020.105198
https://doi.org/10.1002/gea.21728
https://doi.org/10.1016/j.palaeo.2020.109957
https://doi.org/10.1016/j.scitotenv.2019.03.387
http://www.ncbi.nlm.nih.gov/pubmed/30999220
https://doi.org/10.1371/journal.pone.0287787
http://www.ncbi.nlm.nih.gov/pubmed/37467179
https://doi.org/10.1016/j.palaeo.2020.109849
https://doi.org/10.1002/esp.5570
https://doi.org/10.1016/j.jasrep.2016.07.023
https://doi.org/10.1080/14614103.2016.1211382
https://doi.org/10.1080/14614103.2019.1585646
https://doi.org/10.1002/ajpa.24381
http://www.ncbi.nlm.nih.gov/pubmed/34338320
https://doi.org/10.1007/s11284-015-1283-1
https://doi.org/10.1017/laq.2016.6
https://doi.org/10.17139/raab.2016.0018.01.03
https://doi.org/10.1016/j.fishres.2023.106741
https://doi.org/10.1016/j.fishres.2023.106741
https://doi.org/10.1002/rra.3727
http://repositorio.segemar.gov.ar/308849217/1516
http://repositorio.segemar.gov.ar/308849217/1511
http://repositorio.segemar.gob.ar/handle/308849217/143
http://repositorio.segemar.gob.ar/handle/308849217/143
https://doi.org/10.1016/j.quaint.2009.03.008


PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 18 / 19

	63.	 Maurer A-F, Galer SJG, Knipper C, Beierlein L, Nunn EV, Peters D, et al. Bioavailable 87Sr/86Sr in different environmental samples--effects 
of anthropogenic contamination and implications for isoscapes in past migration studies. Sci Total Environ. 2012;433:216–29. https://doi.
org/10.1016/j.scitotenv.2012.06.046 PMID: 22796412

	64.	 Montgomery J. Passports from the past: Investigating human dispersals using strontium isotope analysis of tooth enamel. Ann Hum Biol. 
2010;37(3):325–46. https://doi.org/10.3109/03014461003649297 PMID: 20367186

	65.	 Frei R, Frank AB, Frei KM. The proper choice of proxies for relevant strontium isotope baselines used for provenance and mobility studies in gla-
ciated terranes - Important messages from Denmark. Sci Total Environ. 2022;821:153394. https://doi.org/10.1016/j.scitotenv.2022.153394 PMID: 
35093367

	66.	 Johnson L, Evans J, Montgomery J, Chenery C. The forest effect: Biosphere 87Sr/86Sr shifts due to changing land use and the implications for 
migration studies. Sci Total Environ. 2022;839:156083. https://doi.org/10.1016/j.scitotenv.2022.156083 PMID: 35598659

	67.	 Loponte D, Acosta A, Giovanardi T, Corriale MJ, Higgins OA, Carbonera M. A multidisciplinary investigation into whether Andean caravans reached 
the southern lowlands of the Paraná-Plata basin during pre-Columbian times. Journal of Archaeological Science: Reports.

	68.	 Philip Horwitz E, Chiarizia R, Dietz ML. A novel strontium-selective extraction chromatographic resin*. Solvent Extraction and Ion Exchange. 
1992;10(2):313–36. https://doi.org/10.1080/07366299208918107

	69.	 Lugli F, Weber M, Giovanardi T, Arrighi S, Bortolini E, Figus C, et al. Fast offline data reduction of laser ablation MC-ICP-MS Sr isotope measure-
ments via an interactive Excel-based spreadsheet ‘SrDR’. J Anal At Spectrom. 2020;35(5):852–62. https://doi.org/10.1039/c9ja00424f

	70.	 McArthur JM, Howarth RJ, Bailey TR. Strontium Isotope Stratigraphy: LOWESS Version 3: Best Fit to the Marine Sr‐Isotope Curve for 0–509 Ma 
and Accompanying Look‐up Table for Deriving Numerical Age. The Journal of Geology. 2001;109(2):155–70. https://doi.org/10.1086/319243

	71.	 Reich MS, Ghouri S, Zabudsky S, Hu L, Le Corre M, Ng’iru I, et al. Trans-Saharan migratory patterns in Vanessa cardui and evidence for a south-
ward leapfrog migration. iScience. 2024;27(12):111342. https://doi.org/10.1016/j.isci.2024.111342 PMID: 39654635

	72.	 Strobl C, Boulesteix A-L, Kneib T, Augustin T, Zeileis A. Conditional variable importance for random forests. BMC Bioinformatics. 2008;9:307. 
https://doi.org/10.1186/1471-2105-9-307 PMID: 18620558

	73.	 Wright MN, Ziegler A. ranger: A Fast Implementation of Random Forests for High Dimensional Data in C++ and R. J Stat Soft. 2017;77(1). https://
doi.org/10.18637/jss.v077.i01

	74.	 Funck J, Bataille C, Rasic J, Wooller M. A bio‐available strontium isoscape for eastern Beringia: a tool for tracking landscape use of Pleistocene 
megafauna. J Quaternary Science. 2020;36(1):76–90. https://doi.org/10.1002/jqs.3262

	75.	 Hawkesworth CJ, Mantovani MSM, Taylor PN, Palacz Z. Evidence from the Parana of south Brazil for a continental contribution to Dupal basalts. 
Nature. 1986;322(6077):356–9. https://doi.org/10.1038/322356a0

	76.	 Kruck W, Helms F, Geyh MA, Suriano JM, Marengo HG, Pereyra F. Late Pleistocene-Holocene History of Chaco-Pampa Sediments in Argentina 
and Paraguay. E&G Quaternary Sci J. 2011;60(1):188–202. https://doi.org/10.3285/eg.60.1.13

	77.	 Mario E. Teruggi. The Nature and Origin of Argentine Loess. SEPM JSR. 1957;Vol. 27. https://doi.
org/10.1306/74d706dc-2b21-11d7-8648000102c1865d

	78.	 Smith J, Vance D, Kemp RA, Archer C, Toms P, King M, et al. Isotopic constraints on the source of Argentinian loess – with implications for atmo-
spheric circulation and the provenance of Antarctic dust during recent glacial maxima. Earth and Planetary Science Letters. 2003;212(1–2):181–96. 
https://doi.org/10.1016/s0012-821x(03)00260-7

	79.	 Scott EM, Allen MB, Macpherson CG, McCaffrey KJW, Davidson JP, Saville C, et al. Andean surface uplift constrained by radiogenic isotopes of 
arc lavas. Nat Commun. 2018;9(1):969. https://doi.org/10.1038/s41467-018-03173-4 PMID: 29511197

	80.	 Loponte D, Carbonera M, Radaeski J. The Guaraní expansion in the Upper Uruguay River. Chronology, colonization strategies, social impacts and 
environmental changes. Journal of Archaeological Science: Reports. 2024;60:104826. https://doi.org/10.1016/j.jasrep.2024.104826

	81.	 Noelli FS, Votre GC, Santos MCP, Pavei DD, Campos JB. Ñande reko: fundamentos dos conhecimentos tradicionais ambientais Guaraní. Rev 
Bras de Ling Antrop. 2019;11(1):13–45. https://doi.org/10.26512/rbla.v11i1.23636

	82.	 Acosta A. Arqueología tupíguaraní. Instituto Nacional de Antropología y Pensamiento Latinoamericano; 2011.

	83.	 Ottalagano FV. The pre-Hispanic ceramic technology of South American hunter–gatherers (Paraná River Delta, Argentina): a preliminary archaeo-
metric study. Archaeol Anthropol Sci. 2012;5(1):59–68. https://doi.org/10.1007/s12520-012-0110-7

	84.	 Silvestre R, Buc N, Montero R. Use-wear analysis of lithic and bone artifacts coming from Guaraní archaeological assemblages from the Paraná 
River Basin, Argentina. Journal of Archaeological Science: Reports. 2020;31:102292. https://doi.org/10.1016/j.jasrep.2020.102292

	85.	 Loponte D, Carbonera M, Schneider F, Gascue A, Milheira RG, Santos MCP, et al. The Guaraní expansion through the Lowlands of South Amer-
ica. Archaeol Anthropol Sci. 2025;17(4). https://doi.org/10.1007/s12520-024-02158-3

	86.	 Loponte D, Aniel M, Acosta A, Capparelli I, Perez M. La arqueología guaraní en el extremo meridional de la cuenca del Plata. In: Instituto Nacional 
de Antropología y Pensamiento Latinoamericano, editor. Arqueología Tupiguaraní Instituto Nacional de Antropología y Pensamiento Latinoameri-
cano. 2011. p. 111–154.

	87.	 Brooks S, Suchey J. Skeletal age determination based on the os pubis. Hum Evol. 1990;5:227–38.

	88.	 Schmitt A. Age‐at‐death assessment using the os pubis and the auricular surface of the ilium: a test on an identified Asian sample. Intl J of Osteo-
archaeology. 2004;14(1):1–6. https://doi.org/10.1002/oa.693

https://doi.org/10.1016/j.scitotenv.2012.06.046
https://doi.org/10.1016/j.scitotenv.2012.06.046
http://www.ncbi.nlm.nih.gov/pubmed/22796412
https://doi.org/10.3109/03014461003649297
http://www.ncbi.nlm.nih.gov/pubmed/20367186
https://doi.org/10.1016/j.scitotenv.2022.153394
http://www.ncbi.nlm.nih.gov/pubmed/35093367
https://doi.org/10.1016/j.scitotenv.2022.156083
http://www.ncbi.nlm.nih.gov/pubmed/35598659
https://doi.org/10.1080/07366299208918107
https://doi.org/10.1039/c9ja00424f
https://doi.org/10.1086/319243
https://doi.org/10.1016/j.isci.2024.111342
http://www.ncbi.nlm.nih.gov/pubmed/39654635
https://doi.org/10.1186/1471-2105-9-307
http://www.ncbi.nlm.nih.gov/pubmed/18620558
https://doi.org/10.18637/jss.v077.i01
https://doi.org/10.18637/jss.v077.i01
https://doi.org/10.1002/jqs.3262
https://doi.org/10.1038/322356a0
https://doi.org/10.3285/eg.60.1.13
https://doi.org/10.1306/74d706dc-2b21-11d7-8648000102c1865d
https://doi.org/10.1306/74d706dc-2b21-11d7-8648000102c1865d
https://doi.org/10.1016/s0012-821x(03)00260-7
https://doi.org/10.1038/s41467-018-03173-4
http://www.ncbi.nlm.nih.gov/pubmed/29511197
https://doi.org/10.1016/j.jasrep.2024.104826
https://doi.org/10.26512/rbla.v11i1.23636
https://doi.org/10.1007/s12520-012-0110-7
https://doi.org/10.1016/j.jasrep.2020.102292
https://doi.org/10.1007/s12520-024-02158-3
https://doi.org/10.1002/oa.693


PLOS One | https://doi.org/10.1371/journal.pone.0326047  July 15, 2025 19 / 19

	89.	 Lovejoy CO. Dental wear in the Libben population: its functional pattern and role in the determination of adult skeletal age at death. Am J Phys 
Anthropol. 1985;68(1):47–56. https://doi.org/10.1002/ajpa.1330680105 PMID: 4061601

	90.	 Meindl RS, Lovejoy CO. Ectocranial suture closure: a revised method for the determination of skeletal age at death based on the lateral-anterior 
sutures. Am J Phys Anthropol. 1985;68(1):57–66. https://doi.org/10.1002/ajpa.1330680106 PMID: 4061602

	91.	 Acsádi G, Nemeskéri J. History of human life span and mortality. Budapest: Akadémiai Kiadó; 1970.

	92.	 AlQahtani SJ, Hector MP, Liversidge HM. Brief communication: The London atlas of human tooth development and eruption. Am J Phys Anthropol. 
2010;142(3):481–90. https://doi.org/10.1002/ajpa.21258 PMID: 20310064

	93.	 Maresh MM, Beal VA. A longitudinal survey of nutrition intake, body size, and tissue measurements in healthy subjects during growth. Monogr Soc 
Res Child Dev. 1970;35(7):33–9. https://doi.org/10.2307/1165811 PMID: 5508382

	94.	 Lewis M. The bioarchaeology of children. first ed. Cambridge: Cambridge University Press; 2007.

	95.	 Ma C, Vander Zanden HB, Wunder MB, Bowen GJ. assignR: An r package for isotope‐based geographic assignment. Methods Ecol Evol. 
2020;11(8):996–1001. https://doi.org/10.1111/2041-210x.13426

	96.	 Loponte D, Carbonera M, Silvestre R. Fishtail projectile points, Paleoindian, South America, Brazil, Pleistocene-Holocene transition. Archaeological 
Discovery. 2015;3.

	97.	 Silva Noelli F. La distribución geográfica de las evidencias arqueológicas Guaraní. Rev Indias. 2004;64(230):17–34. https://doi.org/10.3989/revin-
dias.2004.i230.408

	98.	 Bonomo M, Costa Angrizani R, Apolinaire E, Noelli FS. A model for the Guaraní expansion in the La Plata Basin and littoral zone of southern Brazil. 
Quaternary International. 2015;356:54–73. https://doi.org/10.1016/j.quaint.2014.10.050

https://doi.org/10.1002/ajpa.1330680105
http://www.ncbi.nlm.nih.gov/pubmed/4061601
https://doi.org/10.1002/ajpa.1330680106
http://www.ncbi.nlm.nih.gov/pubmed/4061602
https://doi.org/10.1002/ajpa.21258
http://www.ncbi.nlm.nih.gov/pubmed/20310064
https://doi.org/10.2307/1165811
http://www.ncbi.nlm.nih.gov/pubmed/5508382
https://doi.org/10.1111/2041-210x.13426
https://doi.org/10.3989/revindias.2004.i230.408
https://doi.org/10.3989/revindias.2004.i230.408
https://doi.org/10.1016/j.quaint.2014.10.050

