
RESEARCH ARTICLE

Machine learning-based Sr isoscape of

southern Sardinia: A tool for bio-geographic

studies at the Phoenician-Punic site of Nora

Melania GiganteID
1*, Alessandro MazzariolID

1, Jacopo BonettoID
1, Elena ArmaroliID

2,

Anna CiprianiID
2,3, Federico LugliID

2,4*

1 Department of Cultural Heritage, University of Padua, Padua, Italy, 2 Department of Chemical and

Geological Science, University of Modena & Reggio Emilia, Modena, Italy, 3 Lamont-Doherty Earth

Observatory of Columbia University, Palisades, New York, United States of America, 4 Department of

Cultural Heritage, University of Bologna, Ravenna, Italy

* melania.gigante@unipd.it (MG); federico.lugli@unimore.it (FL)

Abstract

Since prehistoric times, the island of Sardinia—in the western Mediterranean—has played a

leading role in the dynamics of human population and mobility, in the circulation of raw mate-

rials and artefacts, idioms and customs, of technologies and ideas that have enriched the

biological, linguistic and cultural heritage of local groups. For the Phoenician and Punic peri-

ods (from the 9th to the 3rd centuries BCE), the ancient site of Nora—in southern Sardinia—

represents an emblematic case in the study of migratory phenomena that occurred on the

Island from the Iron Age until the Roman conquest. Despite the importance of exploring

(and characterising) such movements from a wider bio-cultural perspective, the application

of bio-geochemical tools for geographical provenance to the ancient skeletal populations of

Sardinia is yet scarce. The present work is the first step towards filling this gap with the

development of the first isoscape of southern Sardinia using new bioavailable Sr isotope

data and a machine-learning approach. From a geolithological point of view, Sardinia is

rather heterogeneous and requires detailed studies to correctly assess the distribution of

the isotopic signature of bioavailable Sr. The random forest model employed here to con-

struct the Sr isoscape uses several external environmental and geological variables. The

most important predictors are related to age and bedrock type, with additional input from

local soil properties. A 10-fold cross-validation gives a mean square error of 0.0008 and an

R-squared of 0.81, so the model correctly predicts the 87Sr/86Sr ratio of unknown areas. By

using a Bayesian provenance assignment workflow, we tested the isoscape here produced

to determine the geographic origin and the mobility of archaeological and modern fauna col-

lected from the Phoenician-Punic site of Nora and the surrounding Pula Plain. Our results

indicate that archaeological sheep and goats (87Sr/86Sr < 0.7090) are compatible with areas

close to Nora and Pula Plain, in agreement with archaeological evidence of pastoralism in

those areas. Modern wild and domesticated fauna (87Sr/86Sr > 0.7090) show compatibility

with several natural and anthropogenic locations in southern Sardinia, as expected based

on modern species distribution data. Finally, we discuss the large Sr isotopic variability of
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the Nora baseline, where human mobility studies of human cremated and inhumed individu-

als are currently underway.

Introduction

Nowadays, the use of stable and radiogenic isotope analysis is widely exploited to detect and

explore small and large-scale bio-geographical mobility at both individual and population lev-

els. Isotope fingerprinting is applied to a variety of samples–e.g., biological tissues, artefacts,

soils, and water–measuring various isotope ratios of elements such as oxygen, e.g., [1,2],

hydrogen, e.g.,[3], lead, e.g., [4–6], sulphur, e.g.,[7], and strontium, e.g., [8–10].

The application of inorganic chemistry to mobility studies springs from the assumption

that the characterization of the geographic origin or the movement of goods/people across the

landscape is closely related to the geochemical signature of the different geographic localities.

This signature is locked in water and soils and is largely related to the age of the local rocks

and the mineralogical/chemical composition of the rock/substrate [11].

Strontium isotope ratios, in particular, are excellent tracers of low-temperature terrestrial

processes due to the abundance of elemental Sr and its mobility between the bio-, geo-, and

hydro-spheres [11]. In nature, strontium has four isotopes, i.e., 84Sr, 86Sr, 87Sr and 88Sr, of

which only 87Sr is radiogenic, formed by the β- decay of rubidium 87Rb [11–13]. The strontium

isotope signature (87Sr/86Sr) of a certain geological area depends on (i) the primary chemical

composition of the rock, i.e., the Rb-Sr ratio at the time of crystallization; (ii) time passed since

the closure of the system (crystallization). In general terms, a high Rb content combined with

‘old’ ages returns high 87Sr/86Sr ratios due to the radioactive decay of the long-lived 87Rb radio-

nuclide to 87Sr stable isotope [14]. According to the large body of Sr isotope data available on

geological formations, the Sr isotope signatures of certain categories of rock types can roughly

vary as follow: (i) pure marine carbonates <0.710 (0.706–0.709) because of the interplay

between hydrothermal and continental isotope contribution to the oceanic waters [15]; (ii) old

granites, gneisses (>0.710) because of the high Rb concentration and radiogenic ingrowth;

(iii) mantle-derived basalts<0.706 because of the low Rb abundance of the mantle source con-

tributing to this magmatism; (iv) arc-basalts >0.706 because of the combined contribution of

low Rb mantle and high Rb crust reservoirs [15,16].

Strontium passes from rocks to soil and groundwater through weathering processes, and

from there to local vegetation and animals [8]. This Sr is the so-called bioavailable strontium
that from the bedrock travels with water and soils through the hydrological and biological

cycle and enters the food chain. Despite the number of physical processes (e.g., condensation,

evaporation, diffusion) the 87Sr/86Sr ratio remains almost unchanged and undergoes a negligi-

ble fractionation because of the relatively small mass differences between strontium isotopes

[16]. Hence, humans who primarily take up Sr through local food and water have 87Sr/86Sr

similar to those of the local bedrock geology where the water has flown and where the pro-

duces were grown [8].

In the mammalian body, via its biochemical characteristics, elemental Sr replaces calcium,

due to their equal bivalent state and similar ionic radius, during the development of (mineral-

ized) tissues,–e.g., bone, dentine, enamel and cementum–transferring its 87Sr/86Sr isotope sig-

nature [17–20].

The interpretation of strontium isotope ratios for the provenance of archaeological materials

requires comparison with a local map of the distribution of the 87Sr/86Sr ratio of the bioavailable
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Sr [21–24]. These local maps are generally described as ‘isoscape’ and can be built through dif-

ferent approaches [23]. The local bioavailable 87Sr/86Sr does not always follow the underlying

geology, e.g.,[24–28], due to the mix of bedrock Sr with other Sr end-members (e.g., groundwa-

ter, precipitation, sea aerosol); therefore, measuring environmental archives that can integrate,

at least in part, the local bioavailable Sr (e.g., plants with different root systems; soil leachates;

ground and/or surface water; invertebrates such as snail shells and insects; domestic and wild

non-migratory animals remains from modern and/or archaeological contexts) is crucial for a

proper definition of the local bioavailable 87Sr/86Sr signature, e.g., [9,29,30].

An increasing number of country-regional-based bioavailable strontium isoscapes of differ-

ent areas across Europe, the Mediterranean, South Africa, Asia and North-Central and South

America, and Australia, are available in the literature. These maps have been constructed

through various spatial interpolation and modelling approaches, e.g., [31–50]. For the Italian

Peninsula, two different (isoscape) maps based on both new and published data have been

recently proposed [51,52]. However, detailed analyses of the variations of bioavailable stron-

tium isotope ratios across Italy on a macro- and micro-regional scale are lacking.

Here, we analysed plants, soil leachates, rocks, and (meteoric and ground-) waters to

characterize the (bioavailable) Sr isotope variability in southern Sardinia. Being considered

one of the most accurate environmental proxies for the reconstruction of the bioavailable Sr

ratio, plants were then used to model the first strontium isoscape map for the sub-region of

southern Sardinia, through a machine-learning approach. From a historical-archaeological

perspective, the pivotal geographical position of this sub-region makes it of great interest

for the study of mobility phenomena and cross-cultural interactions between foreigners and

local populations across the central-western Mediterranean of the 1st millennium BCE.

Applied to provenance and mobility studies, the spatial distribution of bioavailable
87Sr/86Sr throughout southern Sardinia has the potential to enhance the interpretation of

individual’s local, micro-regional or supra-regional movement patterns. This has been

tested on Sr isotopes of modern and archaeological faunal skeletal remains from the site of

Nora and its surroundings, by using an inverse Bayesian assignment method developed by

Wunder [53]. The outputs of this approach are continuous-probability maps of geographic

assignment, thus associating the estimation of individual provenance with a probability

value, bypassing conventional ‘eyeballing’ attributions.

Finally, from a methodological point of view, the environmental features of the archaeolog-

ical site of Nora highlight the importance of choosing appropriate samples when building the

local isoscape and interpreting the local Sr isotope variability in provenance studies.

Archeological significance of Sardinia

Sardinia is the second-largest island in the Mediterranean after Sicily. The Island is located in

the middle of the western Mediterranean Sea, covering *24,000 km2 with a coastline of 1,849

km. A complex orographic pattern characterizes the Island with plain, hilly and mountainous

landscapes placed on different geological substrate [54].

From an archaeological perspective–owing to its geographical location and the richness in

metalliferous ore deposits–Sardinia has played since the Neolithic a key role in the human

population dynamics, mobility, circulation of raw materials and artefacts, maritime networks

and biocultural interactions in the Mediterranean, e.g., [55]. The presence on the island of an

important obsidian source (the volcanic outcrops of Monte Arci in the Gulf of Oristano, west-

ern-central Sardinia) has undoubtedly encouraged the creation of regional and extra-insular

networks which may have been followed by the movement of people [56]. As early as the Late
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Neolithic, obsidian originating from Sardinia is attested in several archaeological sites

throughout the Mediterranean [57,58].

During the Nuragic period (*1700–900 BCE), archaeological evidence suggests that Sar-

dinia was at the centre of a wider trading network with the Italian Peninsula and the eastern

Mediterranean [59–61]. Mycenean and Cypriot pottery have been identified in Nuragic con-

texts, such as at Nuraghe Antigori-Sarroch [62] and small numbers of eastern Mediterranean

sherds have been found at sites such as Nuraghe Arrubiu-Orroli [63], Nuraghe Su Nuraxi-Bar-

umini [64], and many others. Sardinia became a place of interactions between local people and

Mycenaean, Euboean, Levantine and Cypriot merchants and sailors. These encounters are the

prelude to the massive phenomena of cross-cultural interactions that occurred during the

Phoenician expansion toward the Western Mediterranean and the so-called eight-century

Greek colonization [65–68]. As for what has been attested in the Tyrrhenian regions of South-

ern Italy, it is only at the beginning of the Iron Age that transmarine contacts and human

mobility have a new magnitude and significance. During the 9th-8th centuries, up to the 7th-6th

centuries, BCE, Phoenicians, Greeks and Levantine traders and ‘colonists’ brought Sardinia,

southern Italy and Sicily into a complex system of the political and economic network extend-

ing from Lebanon to the Iberian Peninsula’s coasts [69–73]. In particular, between 750 and

650 BCE and possibly earlier, Phoenicians established emporia and strongholds mainly (but

not only) along the South and southwestern Sardinian coasts. Phoenician outposts (or colonies,
from the 6th to 3rd century BCE [74], such as Cagliari, Sulcis and Nora not only became the

major urban centres of Punic Sardinia but continued as important Roman cities.

The Phoenician and Punic site of Nora. The ancient site of Nora (see S1 Fig) is one of the

most significant Phoenician foundations on the southern coast of Sardinia, mentioned by Pau-

sanias as the oldest settlement on the Island (Paus. X, 17, 5) and established by the oikistes (the

Greek founder of a colony) Norax from the Iberian Tartessus (Sol. IV, 2). The peculiar mor-

phology of the peninsula on which Nora was founded, which finds close analogies with other

Phoenician sites on the island, as well as in Sicily and the Levantine coasts [74], led to Nora

being an essential stopover on the routes of Phoenician expansion and trade in the central and

western Mediterranean from the 1st millennium BCE onwards. Nora’s peninsula was among

the few ports of call on the southern Sardinian coast to offer three good-weather coves for the

makeshift shelter of vessels, as well as a safe harbour for the docking of ships located in the

area of the present-day Peschiera [75,76].

Between 1997 and 2006, archaeological excavation campaigns conducted by the University

of Padua beneath the Roman age forum allowed the reconstruction of the various cycles of

obliteration and preparation of dwelling structures built in perishable materials from the end

of the 7th century BCE and, with increasing frequency, until the late second half of the follow-

ing century [76]. However, the conspicuous amount of 8th century BCE pottery in secondary

deposits, suggests a more ancient frequentation of Capo di Pula (or Pula Cape, i.e., a promon-

tory connected to the mainland by a sandbar; Pula Cape is situated West of Nora’s peninsula

and is part of the Nora archaeological area) [77,78], confirmed by recent radiocarbon analyses

of burnt plant remains [78].

Furthermore, the Roman temple from the Severian period yielded similar evidence from

the stratigraphy underneath [79], reinforcing the interpretation of the early settlement of Nora

as an outpost, changing in dimensions and shapes, sometimes enlarged and sometimes

shrunken, continually obliterated and then renewed, in which goods and traders, Phoenicians,

Etruscans, Greeks and local groups constantly moved around [80,81].

At Nora, two distinct funerary areas are located across the northern part of the peninsula,

peripherally to the settlement. The two necropoles were used during the Phoenician period

and, later on, with the Punic presence at the site. In particular, the north-western necropolis–
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where excavation campaigns are still ongoing–has yielded evidence of funerary rituals between

the second quarter of the 7th century BCE and the 3rd century BCE [82,83]. Changes in the

funerary customs and grave goods’ composition, the presence of imported items from the Ital-

ian Peninsula and the eastern Mediterranean and the use of exotic manufacturing techniques

for certain ceramic forms (or parts of them), clearly indicate that Nora was a dynamic centre

opened to external influxes; the Phoenician and Punic town was, indeed, a place where

allochthonous populations took turns establishing complex dynamics of interrelation and

exchange with the local Sardinian population [79,84].

Geology of Sardinia

The island of Sardinia is geologically complex with outcropping lithologies varying between

sedimentary, magmatic and metamorphic rocks ranging in age from the Cambrian to the Qua-

ternary [85]. Sardinia is also rich in mineral deposits, which embrace a wide variety of types

encompassing the geological evolution of the island and are related to extensive mobilization,

migration, concentration and re-concentration of elements, such as Pb-Zn-Cu-Ag-F-Ba

among the most important, to form different types of mineral deposits. From a tectonic point

of view, Sardinia belongs to the so-called Sardinia-Corsica block, a fragment of the orogenic

belt resulting from the collision of the Laurasia and Gondwana continents in the early Carbon-

iferous, namely the Variscan or Hercynian orogeny. This Variscan basement consists of anchi-

zonal to high-grade metamorphic rocks that were later intruded by Permo-Carboniferous

granitoid [54,85]. The oldest rocks in the Sardinia outcrop in the southern portion are Early

Cambrian sedimentary carbonates.

The evolution of Sardinia from the Permian to the Oligocene continues as a passive margin

linked to the opening of the Thetys ocean with the deposition of a thick sedimentary cover

characterized by marine limestones and terrigenous conglomerates. In the Oligocene-Mio-

cene, concerning the tectonic rotation of the Sardinia-Corsica block due to the opening of the

Balearic Sea, the deposition of a volcano-sedimentary succession characterized by rhyolitic-

rhyolitic ignimbrites and basaltic-andesitic lava flows occurred around the basement at several

locations [85]. After the Oligocene, the Sardinia block became a passive margin related to the

opening of the Tyrrhenian Sea and sediment deposition in the form of carbonate-mixed silici-

clastic successions that occurred in shallow marine and transitional environments. Late exten-

sional tectonics during the Pliocene-Pleistocene in southern Sardinia produced large plateaux

of intra-plate basalts of alkaline-sub alkaline affinity. More recent Quaternary deposits consist

of continental, marine and a few aeolian deposits [85].

Materials and methods

Sample selection

Fifty-two samples of bioapatite, plants, soils, rocks and water were collected from n = 27 sam-

pling sites (Fig 1 and S1 Table), up to *65 km from the ancient site of Nora (38˚ 59’ 04" N; 9˚

00’ 56" E). The sampling sites were carefully selected based on the underlying bedrock geology

to cover the main geological features of the Southern Sardinia district. GPS coordinates were

recorded for each sample site. In addition, to test the geo-biological Sr isotope variability at

Nora, rock, soil and water samples were also collected at the site and its surroundings from

areas with the same underlying geology.

Environmental, geological and biological samples (S1 Table) were classified by source and

divided into five main classes, i.e., (i) plant (leaves of bushes and grasses grown on different

lithological formations, e.g., andesites, granites, sandstone); (ii) (leachate) soil (-20 cm from the

modern ground level; from archaeological stratigraphic levels at Nora and burial soil from
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Nora’s necropolis); (iii) water (meteoric and groundwater); (iv) rock (mainly outcrops); and (v)

mammal (tooth enamel from archaeological and modern fauna, and bone from modern fauna).

Overall, both modern vegetation and faunal samples came from natural areas (i.e., low

anthropic impact) to possibly reduce the contamination of fertilizers and pesticides that could

introduce anthropogenic strontium [86]. Tooth enamel and bone samples from modern

domesticated fauna here analysed (sheep-goat) were extracted from animals breeding in the

(forested) areas surrounding the ancient site of Nora, e.g., the Pula Plain. These animals were

grass-fed, without the use of processed food for animal consumption.

It should be noted that tooth enamel and bone samples from modern wild fauna (wild boar

and deer) were collected from skeletonized animals. These remains were found in the wooden

areas of the Pula Plain and its surrounding during plant and soil sampling activities for this

study (see also, Additional Information and Competing Interest Statement) (Fig 1, the left panel).
Conversely, one of the two archaeological fauna samples (sheep) was part of the osteological

assemblage pertaining to Inhumation T22 (US 1302) from Nora’s north-western necropolis

[87]; whilst the second one comes from Phoenician-Punic stratigraphy below the Roman Tem-

ple in Nora’s urban centre [88] (see also, S1 Table).

Sr isotope analyses

Bone and tooth enamel samples were cleaned with MilliQ water and digested using concen-

trated suprapur HNO3. The bioavailable Sr fraction from soils was extracted using 0.25 M ace-

tic acid [29,89]. Bulk rock samples were digested in closed-PTFE vessels on the hotplate

Fig 1. Geographical and geological framework of this study (Southern Sardinia). The left panel depicts the sampling spots, including the location of the Nora

archaeological site and relevant places mentioned in the manuscript; the satellite map is provided by Google through the QGIS QuickMapServices plug-in. The central

panel and the right panel report the geolithological features of the area, with the main formations classified by rock ‘type’ and age. These maps are based on the

geolithological map of Italy available at the Geoportale Nazionale (http://wms.pcn.minambiente.it/ogc?map=/ms_ogc/wfs/Carta_geolitologica.map).

https://doi.org/10.1371/journal.pone.0287787.g001
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(150˚C), using a mixture of concentrated HNO3, HCl and HF, until total dissolution. Waters

were filtered (5 μm) and acidified with HNO3 to a concentration of 3 M [90]. Plant samples

were air-dried, ashed at 650˚ C and digested with concentrated suprapur HNO3 [91]. All sam-

ples but the waters were dried down and re-dissolved in 3M HNO3.

Strontium was purified in 30 μL-volume columns filled with Eichrom Sr spec–resin (100–

150 μm bead size) as described in [90]. Sr was eluted with MilliQ water and collected in clean

polypropylene vials. Each solution was then adjusted to 4% w/w HNO3 for MC–ICPMS analy-

sis. The whole lab procedure was performed in the clean room of the Geochemistry Lab of the

Department of Chemical and Geological Science at the University of Modena & Reggio Emilia,

where the total lab blank is<100 pg.

The 87Sr/86Sr ratio of the samples was determined using a Neptune MC–ICPMS (Thermo

Fisher Scientific) housed at the Centro Interdipartimentale Grandi Strumenti (CIGS) of the

University of Modena & Reggio Emilia, as described in [91–94]. Sr solutions were diluted to

*50 ppb and introduced through an APEX desolvating system. Masses (m/z) 82Kr, 83Kr and
85Rb were measured to correct for isobaric interferences. Mass bias normalization was per-

formed by using an 88Sr/86Sr ratio of 8.375209 [95] and an exponential law. Repeated analyses

of the NIST-SRM987 yielded an 87Sr/86Sr ratio of 0.710241 ± 0.000023 (2 SD, n = 30). Samples

were reported to an accepted NIST-SRM987 value of 0.710248 [15].

Geospatial modelling. To build the local isoscape we relied on the plant samples (n = 30,

from n = 27 locations) because they are currently considered one of the most accurate environ-

mental proxies for the reconstruction of the bioavailable Sr isotope signature [96]. Concerning

the plant samples from the site of Nora (n = 4), we calculated and used a median value. Data

were imported in R (v. 4.0.5) and modelled by using the machine-learning method outlined in

Bataille et al. [97]. Specifically, we employed a Random Forest (RF) algorithm based on multi-

ple external predictors to model the isotope ratio at a 1 km resolution.

Several global raster maps (n = 21 from Bataille et al. [97]) of environmental and geological

features were resampled at the locations where specimens were collected. The labelled dataset

obtained after the resampling was employed to train the RF model, and then applied spatially

to the area of interest. N = 6 variables were selected by VSURF based on their importance as

external predictors, i.e., r.srsrq1 is the predicted first quartile of the global 87Sr/86Sr model

reported in Bataille et al. [98]; r.bulk is the soil bulk density (kg/m3); r.clay is the clay soil con-

tent (weight %); r.cec is the soil cation exchange capacity; r.minage_geol is the log of the mini-

mum geological age from GLiM (high-resolution Global Lithological Map; [99]); r.fert is the

global nitrogen fertilization. Random trees were thus built with n = 2 random variables at a

time (i.e., optimizedmtry parameter = 2).

To obtain a spatial-uncertainty map, we employed a quantile RF regression (raster pack-

age), then halving the RF q0.84—q0.16 difference (i.e., lower and upper of a*68% interval;

[45]). The root-mean-squared error (RMSE) of a 10-fold cross-validation with n = 5 repeti-

tions was used to test the accuracy of the model prediction. The importance of the predictors

in the random forest model is computed based on two factors: the%IncMSE which is the rela-

tive increase of the cross-validation mean squared error, randomly permuting values of that

specific variable and the IncNodePurity which expresses how much a specific variable impacts

the tree-split.

Fauna provenance. Bones and teeth specimens collected from archaeological and modern

fauna were tested for their provenance by using a Bayesian assignment method against the

South Sardinia isoscape. The statistical analysis used the R package assignR by Ma et al. [100].

The isotope ratio of each sample was compared probabilistically to the isoscape and its associ-

ated prediction error, by using a Bayesian inversion method [53]. The a priori assumption is

that the sample can come equally from each cell of the isoscape. The posterior probability of
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sample origin is computed at each grid cell, returning a raster object which contains one prob-

ability density surface per sample with its likely provenance. Finally, each raster map was nor-

malized to its maximum value to force the scale between 0 and 1, where! 0 indicates that the

sample is unlikely to come from that cell, while! 1 suggests that the sample is likely to come

from that cell.

Results and discussion

Data description

Overall, the 87Sr/86Sr ratios of the samples range between 0.85613 (granite) and 0.70702

(andesite). Considering the bioavailable specimens only (i.e., excluding rocks) the Sr isotope

ratio varies between 0.70824 (soil leachate) and 0.71294 (plant). Summary isotope data for

each sample type are reported in Fig 2 and Table 1 (please note that the granite sample was

ignored to improve data readability).
87Sr/86Sr ratios of plant and soil samples collected at the same five locations return an ele-

vated coefficient of determination (R2 = 0.94, p = 0.003) and an intercept close to 1

(0.95 ± 0.11). This suggests that, as expected, the shallow-rooted plants here considered mainly

incorporated the bioavailable strontium pool of the (top)soil-leachable portions [44].

As reported in Materials and methods (see Sample Selection), plants only were used to

model the local isoscape (mean = 0.71026, median = 0.71011, SD = 0.00116, n = 30). Plant data

show a close-to-normal distribution (Kolmogorov-Smirnov test p-value = 0.75) with a skew-

ness of 0.50 and a kurtosis of -0.31.

Isoscape

The obtained 1 km-resolution RF isoscape map is illustrated in Fig 3. The southern Sardinia

isoscape maps can be freely downloaded as a GeoTIFF from https://www.geochem.unimore.it/

sr-isoscape-of-italy/ and S2 and S3 Figs of this article.

The modelled Sr isotope values range between 0.70927 and 0.71190, highlighting a slight

overestimation of the low-87Sr/86Sr in the modelled dataset compared to the measured samples

(n = 4 plant samples are lower than 0.7091). The 10-fold cross-validation (i.e., partitioning of

the dataset into multiple subsets to evaluate model performance) results in RMSE = 0.0008

and 81% of the variance explained, indicating that the algorithm properly predicts Sr isotope

values of unknown areas. As suggested by the RF model, some specific environmental variables

seem to better predict the Sr isotope ratios than others (Fig 4).

The bedrock model of Bataille et al. [98] (i.e., r.srsrq1) is one of the predominant predictors

for the isoscape. This model calculates the 87Sr/86Sr ratio of the local bedrock based on the Rb

content, the lithology and the age of the substrate using global maps (see also [38]) and it is par-

ticularly useful for those areas with a large geolithological heterogeneity, such as Southern Sar-

dinia. Similarly, the log of the geological age from GLiM (r.minage_geol) contributed to the

prediction, although with a little %IncMSE (see Fig 4, panels C,H), compared to r.srsrq1. In

addition, soil properties (r.cec, r.bulk and r.clay) were selected as predictors of the bioavailable

Sr isotopes, being soil one of the main bioavailable Sr reservoirs. The bioavailable Sr isotope

ratio decreases e.g., with clay content, possibly indicating the relevant contribution of carbon-

ate weathering in high-clastic soils [97]. Notably, no variables related to the sea spray seem to

have largely influenced the model prediction (not selected by VSURF), suggesting that ocean-

derived strontium had a limited effect on the bioavailable Sr of Southern Sardinia [101]. On

the other hand, a remarkably small effect of nitrogen fertilizer (r.fert) may suggest a very lim-

ited or no contribution of anthropic practices to the Sr isotope regional values [86]. Overall,
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the highest radiogenic Sr values (>*0.711) mainly correspond to the old Paleozoic areas of

the region, while the lowest to the young Holocene-Pliocene sedimentary units.

The Sr isoscape is associated with a spatial-uncertainty map (ranging between 0.00036 and

0.00175), obtained with a quantile RF model. The highest prediction errors of the map (up to

*0.0018) are localized in the most radiogenic areas (see Fig 4), as found e.g., by Bataille et al.

[38] for their Europe isoscape. The most likely explanation is that more radiogenic values are

linked to old metamorphic and igneous areas where the bedrock isotope signatures tend to be

remarkably different from those of other mixing less radiogenic end-members (e.g., aerosol,

seawater, precipitation), hampering the model predictions.

The bioavailable Sr isotope baseline at the Nora peninsula

Southern Sardinia shows a remarkable heterogeneity in terms of geolithology and, in turn, in

Sr isotope ratios, hampering the definition of a local baseline for Nora. The plant samples col-

lected at the site itself display indeed a large isotopic variability (range = 0.70878–0.70969;

max-min = 0.00090; median = 0.70942), at less than 500 m distance. This is mainly due to the

Fig 2. Sr isotope results. (A) Box plot graph illustrating the Sr isotope results of the environmental samples (i.e., mammals, plants, rocks, leachate soils, and waters)

analysed in this study. (B) Comparison of plants and soil leachates Sr isotopes by five sample sites; the solid line is a 1:1 ratio; the blue dashed line is a linear regression

fit. (C) Kernel density estimation of Sr isotope data obtained for plants analysed in this study.

https://doi.org/10.1371/journal.pone.0287787.g002

Table 1. Descriptive statistics of the Sr isotope data measured in this study. Summary isotope data for each sample type (i.e., mammal, plant, rock, soil leachate, and

water). For each sample category, the main statistic parameters are provided.

Sample type Mean SD Min Max Median n

Mammal 0.70978 0.00105 0.70824 0.71106 0.70989 6

Plant 0.71026 0.00116 0.70831 0.71294 0.71011 30

Rock* 0.70830 0.00172 0.70702 0.71026 0.70763 3

Soil leachate 0.70964 0.00103 0.70827 0.71173 0.70952 9

Water 0.70896 0.00007 0.70888 0.70902 0.70896 3

*Granite sample excluded, 87Sr/86Sr = 0.85613.

https://doi.org/10.1371/journal.pone.0287787.t001
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presence within the site of several different Sr end-members, with different Sr isotope signa-

tures, namely meteoric water (* 0.7090, also similar to other values for Italy [52]), seawater

(* 0.7092), volcanic rocks (* 0.7070–0.7076), and clastic sedimentary rocks (* 0.7102).

Altogether, the bioavailable samples (e.g., waters, plants and soil leachates) measured at the

site provided a median value of 0.70933 and an interquartile range (IQR) of 0.00052.

By extrapolating Sr values of the isoscape cells at different radial distances from the site

(Fig 5), it is evident that at 5 km from the site—which approximately corresponds to the Pula

Plain–the Sr range is relatively narrow (IQR = 0.00015; max-min = 0.0008)–, but it increases

already at 10 km (IQR = 0.00152; max-min = 0.00236), reflecting almost the entire variance

registered in the isoscape.

Similarly, soil and plant samples collected at and around the site (including the Pula Plain)

range from 0.70827 to 0.71179 (Fig 5), indicating a large bioavailable Sr isotope variability

linked with the geological heterogeneity of the area.

Isotopic provenance assignment of fauna samples

The probabilistic provenance assignment of n = 6 fauna samples (Fig 6) has been tested based

on the southern Sardinia isoscape.

Fig 3. Sr-isotope ratios predicted by using a Random Forest algorithm. Left panel, modelled 87Sr/86Sr isotope ratio of South Sardinia by using a Random

Forest algorithm with n = 5 external predictors. The 10-fold cross-validation resulted in RMSE = 0.0008 and R2 = 0.81; right panel, associated spatial

uncertainties were obtained from a quantile Random Forest regression (ranger R package) and calculated as half of the (quantiles) q0.84—q0.15 difference. Both

maps are given with a spatial resolution of 1 km.

https://doi.org/10.1371/journal.pone.0287787.g003
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Fig 4. Performance of the Random Forest model. (A, B) Variable importance for the Random Forest model used in this work. The six variables (r.srsrq1, r.bulk,
r.clay, r.cec, r.minage_geol and r.fert) were selected by using the VSURF algorithm. See also Bataille et al. [97]. The ‘%IncMSE’ (A) represents the relative increase

of the cross-validation mean squared error, randomly permuting values of that specific variable (the higher the value, the more important the variable is in the

model prediction). The ‘IncNodePurity’ (B) expresses how much a specific variable impacts the tree-split; (C, H) partial dependence plot for the VSURF-selected

variables, showing their nonlinear behaviour: r.srsrq1 is the predicted first quartile of the global 87Sr/86Sr model reported in Bataille et al. [98]; r.bulk is the soil

bulk density (kg/m3); r.clay is the clay soil content (weight %); r.cec is the soil cation exchange capacity; r.minage_geol is the log of the minimum geological age

from GLiM; r.fert is the global nitrogen fertilization. (I) Values predicted by the RF model (isoscape 87Sr/86Sr) plotted vs. their respective spatial uncertainties

obtained through the quantile RF; the blue line is a linear regression fit (R2 = 0.17, p< 0.01).

https://doi.org/10.1371/journal.pone.0287787.g004

Fig 5. Sr isotope baseline at Nora and surroundings (i.e., Pula Plain, up to 35 km from the Nora site). Coloured dots are environmental samples from Nora and

the Pula Plain. Violin plots represent the Sr isotope distributions of the RF isoscape, extrapolated at different radial distances from Nora. The blue dashed line

represents the Sr isotope composition of modern seawater (0.70917).

https://doi.org/10.1371/journal.pone.0287787.g005
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The two archaeological sheep enamel samples provided Sr isotope values of 0.70899 and

0.70824, fitting the areas close to the site (i.e., Pula Plain; Fig 1). It is worth noting that such

low radiogenic values are absent from the isoscape alone, whose minimum 87Sr/86Sr ratio is

0.70927; however, they still correspond to some areas of the map owing to the contribution of

the spatial uncertainty. In addition, some vegetation, water and soil leachate samples from

Nora and the Pula Plain show ratios< 0.7090, thus compatible with the sheep values. Never-

theless, the isotope matching of the ancient sheep with the Pula Plain finds agreement with the

archaeological evidence and the known practice of sheep herding in the area [102,103].

Modern animals display higher Sr isotope ratios (> 0.7095) than archaeological sheep. This

suggests that they dwelled in different geological areas compared to the sheep found at the

Nora site. Interestingly, the deer enamel sample (0.71106) indicates that the individual likely

comes from the Sulcis or the Sarrabus territories (southwestern and southeastern portions of

the map respectively; (Fig 1), which are known as the main forested areas, where modern Cor-

sican red deer are distributed [104]. Yet, the deer bone shows a slightly less radiogenic value

(0.71021) more compatible with the Campidano Plain (see Fig 1), between the Sulcis and the

Sarrabus mountain areas, but also with some spots located in the western Sulcis. These areas

are however not or little suitable as red deer habitats [104], mainly due to their relatively

heavier urbanization.

Hence, the isotope matching between the deer bone and the plain can be explained as due

to the mix of different high and low radiogenic Sr end-members in the bone reservoir of the

individual, fixed during several years of adult life. This suggests in turn either a large home

range for the adult deer individuals or the use of different environmental sources not reflected

in our isoscape. Akin to the modern deer bone, the enamel specimen collected from the mod-

ern boar shows an isotope ratio (0.70958) compatible with the Campidano Plain and western

Sulcis, but also with the Pula Plain. Wild boars in Sardinia are ubiquitous and occupy different

habitats including anthropic areas [105], as those highlighted by the provenance assignment

map. The individual considered in our study was found skeletonized in the Pula Plain, thus

agreeing with its Sr isotopic signal. The modern sheep enamel shows an 87Sr/86Sr ratio of

0.71060 between those of the boar and the deer enamel. This value is compatible with many

areas of the Southern Sardinia landscape including the Campidano Plain, the Sulcis mountains

and part of the Pula Plain. Akin to the wild boar, this sheep was naturally bred in the Pula

Plain and surroundings, thus consistent with the isotope fingerprinting.

Conclusions

Due to the great geological heterogeneity of southern Sardinia, the Sr isotope signature dis-

plays a large variability, thus hampering the study of human mobility through the analysis of

the bioavailable Sr without an adequate investigation of the local baseline. Therefore, we report

in this article novel environmental Sr isotope data and the first isoscape of southern Sardinia,

modelled using a machine learning algorithm.

The work presented here is of twofold importance. Firstly, it represents the first attempt to

build an isoscape of the strontium bioavailable isotope ratio for Sardinia, which will enhance

the current isoscape mapping for the Italian island regions. From a historical-archaeological

perspective, this work constitutes a significant step towards understanding the dynamics of

peopling and bio-geographic mobility in ancient Sardinia. The definition of a local strontium

bioavailable baseline for the site of Nora is crucial in reconstructing and characterizing the

influx of foreigners to the site during the Phoenician and Punic phases of peopling of Nora’s

peninsula, as part of an ongoing research project.
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The strontium isotope model produced here will be employed and compared with other

baselines available in the literature for Mediterranean regions which ancient written sources

and/or archaeological evidence have suggested to be a potential place of origin of individuals

who arrived at Nora or with whom Nora’s inhabitants traded (e.g., Tyrrhenian coasts, Etrus-

can-Latium region, southern Spain and Balearic Islands, northern Africa).

Moreover, this model has proven successful and can be effectively used to study sub-

regional human and faunal movements. This has been demonstrated by successfully assign the

geographical provenance of modern and archaeological faunal samples (sheep, deer and boar)

based on a Bayesian method. Our assignments are consistent with the modern known ecology

of the animals and historical sources, supporting the use of the isoscape as provenance tool.

Hence, the map can be exploited to investigate intra-insular mobility, which includes the

movements of individuals from-and-to Nora and other settlements in the inland and coastal

areas of southern Sardinia, involved in Phoenician-Punic and local settlement and occupation

phenomena.

The widespread use of (multi)isoscapes, combined with a probabilistic assignment of ori-

gin, can overcome the current limitations of the canonical dualistic ’local/non-local’ approach,

which assigns a specific probability of origin to the individual. To this end, it is necessary to

improve the delineation of isoscape maps (e.g. with new statistical methods) and to increase

the number of studies on the local distribution of bioavailable Sr isotopes.

Fig 6. Bayesian probability provenance assignment of the six fauna samples analysed in this study. Modern (n = 4; in Fig 6, black silhouette) and archaeological

(n = 2; in Fig 6, dark orange silhouette) samples collected at the Nora site and surroundings. The red dot in the first panel depicts the location of the Nora site. The

yellowish areas represent those with a higher probability of origin. Animal silhouettes are from phylopic.org.

https://doi.org/10.1371/journal.pone.0287787.g006
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S1 Fig. The ancient site of Nora (Cagliari, South Sardinia). On the left is the archaeological

site of Nora. On the right are some ancient monuments of the Imperial Roman period (a.,

Terme a mare–Bath by the sea; b., Tempio Romano–Roman Temple; c., Casa dell’Atrio tetra-

stilo–House of the Tetrasyle Atrium. These images are the propriety of the Department of Cul-

tural Heritage–at the University of Padua. The photographer Gianni Alvito (Teravista, CA)

provided us with courtesy of the Ministero della Cultura–Italian Ministry for Culture (former

Ministero per i Beni e le Attività Culturali e il Turismo), Soprintendenza Archeologia, Belle

Arti e Paesaggio per l’area metropolitana di Cagliari e le province di Oristano e Sud Sardegna.
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S2 Fig. Southern Sardinia Isoscape as GEOTIFF.
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S3 Fig. Spatial uncertainty of the Southern Sardinia Isoscape as GEOTIFF.
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S1 Table. Sr isotope results of the samples considered in this study. List of the environmen-

tal samples analysed in this work and the 87Sr/86Sr isotope ratio results for each sample.
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47. Zieliński M., Dopieralska J., Królikowska-Ciągło S., Walczak A., Belka Z., 2021. Mapping of spatial var-

iations in Sr isotope signatures (87Sr/86Sr) in Poland—Implications of anthropogenic Sr contamination

for archaeological provenance and migration research. Science of Total Environment. 775, 145792.

48. Kootker L.M., van Lanen R.J., Kars H., Davies G.R., 2016. Strontium isoscape in the Netherlands:

spatial variations in 87Sr/86Sr as a proxy of palaeomobility. Journal of Archaeological Science: Reports.

6, 1–13.

49. Evans J.A., Mee K., Chenery C.A., Cartwright C.E., Lee K.A., Marchant A.P., 2018. User guide for the

Biosphere Isotope Domains GB (Version 1) dataset and web portal. British Geological Survey Open

Report, OR/18/ 005, 21.

50. Barbarena et al. 2017. Scale of human mobility in the southern Andes (Argentina and Chile): a new

framework based on strontium isotopes. American Journal of Physical Anthropology. 164, 305–320.

https://doi.org/10.1002/ajpa.23270 PMID: 28631376

51. Emery M.V., Stark R.J., Murchie T.J., Elford S., Schwarcz H.P., Prowse T.L., 2018. Mapping the ori-

gins of Imperial Roman workers (1st-4th century CE) at Vagnari, Southern Italy, using 87Sr/86Sr and

δ18O variability. American Journal of Physical Anthropology. 16, 837–850.

52. Lugli F., Cipriani A., Bruno L., Ronchetti F., Cavazzuti C., Benazzi S., 2022. A strontium isoscape of

Italy for prevenance studies. Chemical Geology. 587, 1–10.

53. Wunder M. B. (2010). Using isoscapes to model probability surfaces for determining geographic ori-

gins. Isoscapes: understanding movement, pattern, and process on Earth through isotope mapping:

251–270.

54. Carmignani L., Oggiano G., Funedda A., Conti P., Pasci S., 2016. The geological map of Sardinia

(Italy) at 1: 250,000 scale. Journal of Maps. 12(5), 826–835

55. LuglièC., 2018. Your Path Led Trough the Sea. . . The Emergence of Neolithic in Sardinia and Corsica.

Quaternary International. 470, 285–300.

56. Tykot R.H., 1996. Obsidian Procurement and Distribution in the Central and Western Mediterranean.

Journal of Mediterranean Archaeology. 9, 39–82.

57. Freund K.P., Batist Z., 2014. Sardinian obsidian circulation and early maritime navigation in the Neolithic

as shown through social network analysis. Journal of Island and Coastal Archaeology. 9(3), 364–380.

58. Tykot R.H., 2021. Non-Destructive Pxrf on Prehistoric Obsidian Artifacts from the Central Mediterra-

nean. Applied Sciences. 11:16, 7459.

59. Bernardini, P., 2011a. Le torri, i metalli, il mare. Storie antiche di un’isola mediterranea. Sassari.

60. Holt E., 2015. Mobility and meaning in the Nuragic Culture of Bronze Age Sardinia (ca. 1700–900 BC).

Chemical Geology. 232, 54–66.

61. Freund K.P., 2018. Lunati and the island of the towers: obsidian in Nuragic Sardinia. Journal of Archae-

ological Science: Reports. 21, 1–9.

62. Vagnetti L., Lo Schiavo F., 1989. Late Bronze Age long-distance trade: the role of the Cypriots. Early

Society in Cyprus. 217–243.

63. Balmuth M.S., 1992. Archaeology in Sardinia. American Journal of Archaeology. 96(4), 663–697.

64. Santoni, V., 2001. Il Nuraghe Su Nuraxi Di Barumini. Ministero per i Beni e le AttivitàCulturali, Soprin-

tendenza Archeologica per le Province di Cagliari e Oristano.

65. Moscati S., Bartoloni P., Bondı̀ S.F., 1997. La penetrazione fenicia e punica in Sardegna trent’anni

dopo, Accademia nazionale dei Lincei. Classe di scienze morali, storiche e filologiche. Memorie.

Roma

66. van Dommelen P., 1997. Colonial constructs: colonialism and archaeology in the Mediterranean.

World Archaeology. 28, 305–23.

67. Guirguis M., Murgia C., Pla Orquı́n R., 2017. From The Mediterranean to The Atlantic: People, Goods

and Ideas Between East and West. Proceedings of the 8th International Congress of Phoenician and

Punic Studies (Italy, Sardinia-Carbonia, Sant’antioco, 21st–26th of October 2013), Folia Phoenicia. 1,

282–299.

68. Marcus J.H., Posth C., Ringbauer H. et al. 2020. Genetic history from the Middle Neolithic to present

on the Mediterranean island of Sardinia. Nature Communications. 11 (1), 939. https://doi.org/10.1038/

s41467-020-14523-6 PMID: 32094358

PLOS ONE Machine learning-based Sr isoscape of southern Sardinia

PLOS ONE | https://doi.org/10.1371/journal.pone.0287787 July 19, 2023 17 / 19

https://doi.org/10.1002/ajpa.23270
http://www.ncbi.nlm.nih.gov/pubmed/28631376
https://doi.org/10.1038/s41467-020-14523-6
https://doi.org/10.1038/s41467-020-14523-6
http://www.ncbi.nlm.nih.gov/pubmed/32094358
https://doi.org/10.1371/journal.pone.0287787


69. Bartoloni P., 1995. Le line commerciali all’alba del primo millennio. In: Moscati S. (Ed), I Fenici: ieri,

oggi, domani. Ricerche, scoperte, progetti, Accademia Nazionale dei Lincei, Roma, pp. 245–259.

70. Aubet M.E., 2001. The Phoenician and the West. Politics, Colonies, and Trade, second ed. Cam-

bridge University Press, New York.

71. Guirguis M., (2019). Central North Africa and Sardinian connections (end of 9th-8th century BC). The

multi-ethnic and multicultural facies of the earliest western Phoenician communities. Archaeology in

Africa, 111–125.

72. Delgado A., Ferrer M., 2007. Cultural Contacts in Colonial Settings: The Construction of New Identities

in Phoenician Settlements of the Western Mediterranean. Stanford Journal of Archaeology. 5, 18–42.
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