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ARTICLE INFO ABSTRACT

Keywords: This study presents the mineralogy and strontium isotope ratio (¥7Sr/%®Sr) of 21 pathological biominerals
Biomineralogy (bladder and kidney stones) collected from patients admitted between 2018 and 2020 at the Department of
Strof‘tium isotope geochemistry Urology of the San Pio Hospital (Benevento, southern Italy). Urinary stones belong to the calcium oxalate, purine
Elzzlliljnmem or calcium phosphate mineralogy types. Their corresponding %’Sr/%6Sr range from 0.707607 for an uricite
Waters sample to 0.709970 for a weddellite one, and seem to be partly discriminated based on the mineralogy. The
Exposure comparison with the isotope characteristics of 38 representative Italian bottled and tap drinking waters show a

general overlap in 87Sr /86y with the biominerals. However, on a smaller geographic area (Campania Region), we
observe small 8Sr/%6sr differences between the biominerals and local waters. This may be explained by external
Sr inputs for example from agriculture practices, inhaled aerosols (i.e., particulate matter), animal manure and
sewage, non-regional foods. Nevertheless, biominerals of patients that stated to drink and eat local water/wines
and foods every day exhibited a narrower ®7Sr/%°Sr range roughly matching the typical isotope ratios of local
geological materials and waters, as well as those of archaeological biominerals from the same area.

Finally, we conclude that the strontium isotope signature of urinary stones may reflect that of the environ-
mental matrices surrounding patients, but future investigations are recommended to ultimately establish the
potential for pathological biominerals as reliable biomonitoring proxies, taking into the account the contribution
of the external sources of Sr.

1. Introduction

Urolithiasis is a pathological and multifactorial biomineralization
process that mainly concerns adult populations worldwide, and for
which a constant rising incidence has been observed in developed
countries (Sorokin et al., 2017). Uroliths are symptomatic of various
diseases and exhibit numerous qualitative and quantitative mineralog-
ical compositions. Morpho-constitutional classification schemes
(Cloutier et al., 2015; Daudon et al., 2016) identify seven distinct types
of calculi: type I, whewellite (calcium oxalate monohydrate, COM); type
11, weddellite (calcium oxalate dihydrate, COD); type III, uric acid and
urate; type IV, phosphate stones; type V, cystine; type VI, protein; type
VII, miscellaneous stones. Among them, calcium stones, such as oxalates
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and phosphates, along with uric acids, represent the most frequent
biomineralogical products of human urolithiasis. To date, althought
valuable to set preventive measures and plan proper therapeutical ap-
proaches, the conventional classification of these biominerals has not
proven to be able to reveal the interactions that may exist between the
charateristics of the patient’s uroliths and his everyday life environment.
In contrast, more complex and in-depth analytical approaches, have
started providing insights into these potential links. A particular atten-
tion has been put to characterize both their major (>1 wt%) and trace
elements (<1 wt%) chemical composition, and to correlate them with
metabolic processes, daily food, drink intakes and environmental factors
(Bazin et al., 2007; Diangienda et al., 2021; Giannossi et al., 2013; Singh
and Rai, 2014). Some investigations have shown that trace elements
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generally act as promoters or inhibitors of the urolithiasis process
(Basavaraj et al., 2007; Frassetto and Kohlstadt, 2011). Patient’s expo-
sure to a polluted environment or the ingestion of contaminated
food/drink can lead to the incorporation of undesired elements such as
Cu, Cd, Pb, Cr, Hg and As in the crystal lattices of the biominerals that
will ultimately form the urinary stones (Kuta et al., 2013, 2012; Pal’chik
et al., 2006), and are thus considered common environmental nephro-
toxic metal pollutants (Huang et al., 2023; Jain, 2020; Sun et al., 2019;
Thomas et al., 2013). These noxious substances have been recently
observed in some bladder stones from patients admitted to the San Pio
Hospital in Benevento (South Italy), as reported in Mercurio et al., 2022.
The authors emphasized the tendency for oxalates and phosphates to
drive the ionic substitution of both desired and undesired elements, even
when these Ca-bearing biominerals occur as traces or minor components
in the organic crystals (i.e., uric acids) (Mercurio et al., 2022). More-
over, a potential correlation exists between pathological bio-
mineralizations and the environmental/geological settings surrounding
the patient that could be inferred by an accurate analysis of trace ele-
ments forming the biominerals and their isotopic compositions
(Abdel-Gawad et al., 2022; Athanasiadou, 2017; Athanasiadou et al.,
2013; Chandrajith et al., 2019; Wang et al., 2019).

Due to its peculiar geochemical features, strontium (Sr) is ubiquitous
in the environment, present in several reservoirs such as soils, plants and
water. Geological provinces are usually characterized by specific narrow
ranges of strontium isotope ratios (®7sr/8%sr). 875r/80Sr is inherited from
the local geological substrate as a result of a combination of initial
rubidium (Rb) content and age: 87Rb decays into 878r over time, and
subsequently causes a slow increase of the 87Sr/%Sr isotope ratio with
time (Faure and Mensing, 2004). The chemical weathering of sedi-
mentary, metamorphic and magmatic rocks at the Earth surface, as well
as water-rock interaction release Sr>* ions that penetrate the ecosystem
and accumulate in waters and soils. In soils, Sr is mainly present in the
inorganic fraction (mineral and rock fragments) whereas the bioavail-
able fraction represents the part that can be exchanged with water and
plants. Bioavailable Sr eventually enters the human body with no
isotope fractionation, thus preserving its initial ”Sr/%6Sr ratio. It follows
that 87Sr/%0Sr ratios have been used as tracers in human tissues as they
reflect the isotope characteristics of the environment in which people
have lived (Capo et al., 1998; Stewart et al., 1998). Bones and teeth,
which similarly to uroliths are considered as the end-products of bio-
mineralization processes, preserve intact the initial 8”Sr/6Sr ratios of
the environment from which Sr originates (see for example Coelho et al.,
2017). To date, this assumption has not yet been proved for uroliths
(pathological biominerals), as the metabolism and physiology of stone
formers (referred to as “vital effects”) may modify their final Sr isotope
ratios. Morover, the capacity for biominerals to incorporate Sr** ions
into their lattice depends on both their crystal structure and crystal
chemistry.

With that in mind, our objective here was to use 873r/85r ratio, a
peculiar geochemical tracer routinely used for interpreting geological
processes (Faure and Mensing, 2004), to correlate the characteristics of
patients’ urolith and their lifestyle habits, trying to identify correlations
with direct or indirect contacts with their geological and environmental
surroundings (water, soil, rock, etc.). Analyzed samples consisted of 21
kidney and bladder stones that were collected at the Department of
Urology of the San Pio Hospital (Benevento, Italy) from patients living in
Campania Region admitted between 2018 and 2020, and for which both
a mineralogical and morphological characterization had already been
undertaken (details in Izzo et al., 2022; Mercurio et al., 2022).

Investigation was also extended to a vital fluid for humans such as
water. Local tap waters and bottle waters from totally different Italian
areas were here analyzed in order to highlight if and how different
geological and hydrogeological settings could influence their Sr isotope
ratio characterizing the connections existing between humans and their
surrounding environment. Therefore, our investigation mainly aims to a
more comprehensive interpretation of isotope ratios in human uroliths,
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by integrating the uroliths mineralogical composition and type and
evaluating how dietary habits may affect such fingerprint.

1.1. Strontium: brief overview inside the matter of the biominerals

Strontium (Sr), one of the most common lithophile metals, is a highly
reactive alkaline earth metal present in the nature as Sr?*. In urinary
stones, it is a trace element, with concentrations typically ranging from a
few to ~500 ppm (e.g., Tian et al., 2022). Sr has an atomic radius and an
electron configuration that are similar to those of calcium (Ca). It can
thus substitute to Ca?* in the mineral lattice of various rocks and other
solid environmental matrices, explaining why it is also found in uroliths.
For humans the primary Sr exposure sources are drinking water (an
adult drinking 2 L of water per day could ingests up to 2.2 mg of Sr) and
food (grains, leafy vegetables and dairy products) (WHO, 2010). On
average, the world population ingests 1.2-2.4 mg Sr/person/day,
mainly through the consumption of eggs, vegetables and fruits, cereal
products, fish, and meat. Respiration is generally considered a minor
contributor to Sr intake, except for people living next to Sr emission
sources. Sr is absorbed through the gastrointestinal tract and is primarily
excreted in urine and faeces. The distribution of absorbed Sr in the
human body is similar to that of calcium, with approximately 99% of the
total body burden being in the skeleton.

The study of Sr isotope ratios ®’sr/8sr) has already demonstrated
its added value for fingerprinting biominerals and environmental
matrices, especially in biology-related fields (Coelho et al., 2017; Holt
et al., 2021) such as forensic sciences, medical application, bio-
archaeology, archaeometry, and food provenance (see D’Antonio et al.,
2023 for a review). In bones and teeth, Sr can replace calcium without
modifying the 87Sr/%0Sr ratios between its source (e.g., food and local
environmental matrices) and target (e.g., tissue) (Crowley et al., 2017).
Thus, 8Sr/%8r ratios in human tissues have been widely used to track
human mobility (Arienzo et al., 2020; Font et al., 2012; Frei and Price,
2012; Kenoyer et al., 2013; Price et al., 2008; Price and Gestsdottir,
2006; Stantis et al., 2015). This is usually based on the possibility to
compare 87Sr/%0Sr ratios of human tissues with published Sr isoscapes (i.
e., mapping of geological isotope ratio distribution) (Bataille et al.,
2018; Holt et al., 2021; James et al., 2022; Lugli et al., 2022; Wang and
Tang, 2020).

To our knowledge, the only research carried out on strontium isotope
ratios in human kidney stones was recently published by Qu et al.
(2023). The authors reported the first 878r/80Sr ratios in 17 samples of
calcium oxalate kidney stones collected from patients in Beijing (China),
showing an isotope correlation between the bioavailable Sr of these
urinary stones and local drinking waters and food.

2. Materials
2.1. Biominerals

The 21 biominerals were surgically collected from as many patients
who had been admitted at the San Pio Hospital of Benevento (South
Italy). Samples consisted of both bladder (n = 16) and kidney stones (n
= 5). Samples were labelled using the abbreviation code KS (namely
kidney stones) followed by a sequential number (Table 1). Where
appropriate, the letter B was added to specifically identify the bladder
stone samples. All patients were subjected to anonymized clinical in-
terviews to document their medical history and lifestyle (Izzo et al.,
2022; Mercurio et al., 2022). Biominerals have been previously classi-
fied based on their mineralogy and morphology, and showed that they
were corresponding to 7 calcium oxalates [CaC304-nH20]1, 12 purines
(11 uric acids [CsH4N4O3] and 1 ammonium urate [NH4CsH3N403]),
and 2 calcium phosphates (1 carbonate apatite [Cas(PO4,CO3)3(OH,F)]
and 1 brushite [CaHPO4-2H50]) (Table 1). All samples corresponded to
patients who lived in the Campania region (Fig. 1).
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Table 1
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Morpho-constitutional classification of the examined urinary stones (Izzo et al., 2022; Mercurio et al., 2022) and their corresponding strontium isotope ratios

(®7Sr/%8r). Place of residence has been also reported (provinces in brackets).

n. D Municipality Type Main composition 87gr/86gr 2s.e.

1 KS012B Torrecuso (BN) Ia CaOx; CaP (tr.) 0.708735* 4+0.000004
2 KS030 San Giorgio del Sannio (BN) Ia CaOgx; CaP (tr.) 0.709077* +0.000006
3 KS047 Castelvetere (BN) Ta/Ilb/IVa CaOx; CaP 0.708613 +0.000005
4 KS033B Amorosi (BN) Ie CaOx; CaP (tr.) 0.708572* +0.000007
5 KS028B Frasso Telesino (BN) 1Ib CaOx; CaP (tr.) 0.709167* 4+0.000005
6 KS036B Sant’Egidio del Monte Albino (SA) b CaOx; CaP (tr.), O.M. (tr.) 0.709970 +0.000007
7 KS040 Montefalcone di Val Fortore (BN) 1Ib CaOx; CaP (tr.) 0.708716 +0.000007
8 KS046 Colle Sannita (BN) I UA 0.709499* +0.000012
9 KS011B Andretta (AV) IIla UA; CaOx (tr.) 0.708506* +0.000013
10 KS023B Durazzano (CE) IIIa UA 0.708321 +0.000007
11 KS029B Ponte (BN) 1la UA 0.708712* +0.000010
12 KS034B San Giorgio del Sannio (BN) Illa UA 0.708499 +0.000008
13 KS035B Torrecuso (BN) IIIa UA 0.708438 +0.000006
14 KS037B Cervinara (AV) JUIEY UA; CaOx (tr.) 0.708246 +0.000007
15 KS050B Baselice (BN) Illa UA; O.M. (tr.) 0.708726 +0.000011
16 KS022B Aquilonia (AV) IITa/IIIb UA; CaOx (tr.) 0.709263 +0.000011
17 KS020B Lacedonia (AV) 11Ib UA 0.707607 +0.000010
18 KS043 Boscotrecase (NA) 1IIb UA; CaOx (tr.) 0.708738 4+0.000007
19 KS041 San Lorenzo Maggiore (BN) IIIc/Ia/Ilb AU/CaOx; CaP (tr.) 0.708747 +0.000008
20 KS032B Procida (NA) IVa/Ila CaP/CaOx 0.708618* +0.000006
21 KS006B San Leucio del Sannio (BN) vd Br; CaOx (tr.), CaP (tr.) 0.708736 4+0.000008

2 s.e. = 2 x standard error on 150 cycles (isotope ratio acquisitions). 8”Sr/®Sr ratios are already normalized to the mean value of the NIST-SRM 987 international
standard. Note: AV, Avellino; BN, Benevento; CE, Caserta; NA, Napoli; SA, Salerno; CaOx, calcium oxalate; CaP, calcium phosphate; UA, uric acid; AU, ammonium
urate; Br, brushite; O.M., organic matter; (tr.), trace; *, weighted average obtained from replicate measurements.

@ URINARY STONES
O TAP WATERS
BOTTLED WATERS

Fig. 1. Biomineral and drinking water samples locations.

2.2. Drinking waters

38 drinking water samples were also collected and analyzed for their
Sr-isotope ratios, for comparison purposes: 28 bottled waters and 10 tap
waters. Bottled waters (BW) were produced from various springs located
in Italy (Fig. 1) and corresponded to distinct geological settings
(Table 2). Based on the Total Dissolved Solids (TDS) criterion (van der
Aa, 2003) and according to TDS values reported on bottle labels, only
sample BW5 corresponded to a high mineral concentration (TDS >1500
mg/L), whereas samples BW4, BW8, BW9, BW24 and BW25 showed
intermediate mineral concentrations (TDS 500-1500 mg/L). The

remaining samples were classified as low mineralized (TDS <500 mg/L).
All tap water samples (TW) were collected in the Campania region
(Fig. 1), in the provinces of Caserta (TW1 and TW2), Naples (TW3-TW5),
Benevento (TW6), Avellino (TW7-TW9), and Salerno (TW10) (Table 2).
All tap waters derive from sedimentary aquifers and are municipally
feed. Samples were collected in fresh sterile plastic containers. Unfor-
tunately, TDS information was not available for the examined samples.
Still, Italian tap waters are generally intermediate or, subordinately, low
mineralized (Ministry of Health, 2016).

3. Methods

Sample preparation, as well as geochemical and isotope analyses
were carried out at the Department of Earth Sciences, Environment and
Resources, University of Napoli Federico II (Italy). Urinary stones and
drinking waters were prepared for Sr-isotope ratio determination in an
ISO 6 —ISO 5 clean room. The step-by-step procedure for Sr separation is
described in Fig. 2 for each type of sample (tap water, bottled water and
urinary stones). Chemical dissolution was carried out using Suprapur®
reagents, diluted with Milli-Q® deionized water when necessary. About
0.05 g of each KS sample were dissolved adding 0.25 mL HNO3 (65%)
+1.5 mL HF (40%) in a PTFE vial placed overnight on a hot plate at
110 °C under a laminar flow hood. The sample was then ultrasonicated
8 min and evaporated to dryness at 110 °C. Remaining organic matter
was removed from the urolith samples with 3 cycles of alternating 0.1
mL HNO3 (65%) and Hy0> (30%). 0.75 mL of HNO3 (65%) were then
added and the sample was once again evaporated to dryness on hot plate
at 110 °C. 2 mL HCI 6N were then added and the samples placed over-
night on a hot plate at 110 °C under a laminar flow hood. Finally,
samples were taken up in 1 mL HCI 2.5N and centrifuged at 4500 rpm for
10 min. Strontium was chromatographically separated from the liquid
matrix using quartz columns filled with 2 mL of cation exchange resin
Dowex AG 50 W X-8 (200-400 mesh), following the protocol described
in Arienzo et al. (2013).

The analytical procedure for Sr separation of drinking waters is also
presented in Fig. 2. About 15 mL of each sample were put into PTFE vials
on a hot plate at 80 °C under a laminar flow hood for 24h. When dried,
samples were taken up in 1 mL HCI 2.5N and centrifuged at 4500 rpm for
10 min. The water aliquot required for chemical processing was taken up



Table 2
Characteristics of Italian bottled and tap waters and their strontium isotope ratios.

n. D Municipality Region Type TDS (mg/L) Main lithology of the aquifer 878y /805y 2s.e.

1 BW1 Montesano sulla Marcellana (SA) Campania Still 245 Mesozoic carbonate-rocks 0.707827 4+0.000007
2 BW2 Pratella (CE) Campania Still 270 Mesozoic carbonate-rocks 0.708062 +0.000006
3 BW3 Pratella (CE) Campania Sparkling 270 Mesozoic carbonate-rocks 0.708065 +0.000007
4 BW4 Pratella (CE) Campania Sparkling 845 Mesozoic carbonate-rocks 0.707835* +0.000004
5 BW5 Telese (BN) Campania Sparkling 1858 Mesozoic carbonate-rocks 0.707635* +0.000007
6 BW6 Canistro Inferiore (AQ) Abruzzo Still 260 Mesozoic carbonate-rocks 0.708468 +0.000006
7 BW7 Pescara (PE) Abruzzo Still 289 Late Pliocene - Holocene alluvial and hemipelagic calcareous sedimentary rocks 0.707982 +0.000006
8 BW8 Melfi (PZ) Basilicata Sparkling 1183 Quaternary volcanic rocks 0.706056* +0.000005
9 BW9 Rionero in Vulture (PZ) Basilicata Sparkling 1200 Quaternary volcanic rocks 0.706055 +0.000006
10 BW10 Viggianello (PZ) Basilicata Still 154 Mesozoic carbonate-rocks 0.707967 +0.000006
11 BW11 Monte Cimone (MO) Emilia-Romagna Sparkling 128 Cenozoic sedimentary siliciclastic rocks 0.709192 +0.000007
12 BW12 Monte Cimone (MO) Emilia-Romagna Still 128 Cenozoic sedimentary siliciclastic rocks 0.709213 +0.000006
12 BW13 Forni Avoltri (UD) Friuli-Venezia Giulia Still 74 Palaeozoic metamorphic rocks 0.717474 +0.000006
14 BW14 Cimolais (PN) Friuli-Venezia Giulia Still 118 Mesozoic carbonate-rocks 0.707950 +0.000006
15 BW15 Cadorago (CO) Lombardy Still 132 Quaternary glacial deposits 0.709413 +0.000007
16 BW16 Cadorago (CO) Lombardy Sparkling 132 Quaternary glacial deposits 0.709407 -+0.000006
17 BW17 Valdidentro (SO) Lombardy Still 80 Palaeozoic metamorphic rocks 0.727360* +0.000006
18 BW18 Gola della Rossa e di Frasassi (AN) Marche Still 339 Mesozoic carbonate-rocks 0.707673 4+0.000007
19 BW19 Gola della Rossa e di Frasassi (AN) Marche Sparkling 339 Mesozoic carbonate-rocks 0.707671 4+0.000007
20 BW20 Sepino (CB) Molise Still 277 Mesozoic carbonate-rocks 0.707809 +0.000006
21 BW21 Tempio Pausania (SS) Sardinia Still 157 Palaeozoic intrusive rocks 0.709712 +0.000007
22 BW22 Pescaglia (LU) Tuscany still 242 Late-Pliocene calcareous hemipelagic sedimentary rocks 0.708886 -+0.000007
23 BW23 Pescaglia (LU) Tuscany Sparkling 242 Late-Pliocene calcareous hemipelagic sedimentary rocks 0.708868 +0.000007
24 BW24 Montopoli in Val d’Arno (PI) Tuscany Still 575 Cenozoic sedimentary siliciclastic rocks 0.709069 +0.000006
25 BW25 Vicopisano (PI) Tuscany Still 741 Mesozoic carbonate-rocks 0.708453* 4+0.000007
26 BW26 Scarperia e San Piero (FI) Tuscany Still 139 Cenozoic calcareous and siliciclastic sedimentary rocks 0.709587* +0.000004
27 BW27 Gualdo Tadino (PG) Umbria Still 182 Mesozoic carbonate-rocks 0.707752 +0.000006
28 BW28 Ormea Piedmont Still 113 Palaeozoic intrusive rocks 0.712359* +0.000004
29 TW1 Piedimonte Matese (CE) Campania still - Mesozoic carbonate-rocks 0.707822 -+0.000006
30 TW2 Piedimonte Matese (CE) Campania Still - Mesozoic carbonate-rocks 0.707799 +0.000006
31 TW3 Naples (NA) Campania Still - Mesozoic carbonate-rocks 0.707748* +0.000004
32 TW4 Brusciano (NA) Campania still - Mesozoic carbonate-rocks 0.707740* +0.000004
33 TW5 Bacoli (NA) Campania Still - Mesozoic carbonate-rocks 0.707869 +0.000006
34 TW6 Ceppaloni (BN) Campania Still - Mesozoic carbonate-rocks 0.707749 +0.000006
35 TW7 Montoro (AV) Campania Still - Mesozoic carbonate-rocks 0.707748 4+0.000006
36 TW8 Atripalda (AV) Campania Still - Mesozoic carbonate-rocks 0.707659* +0.000005
37 TW9 San Martino Valle Caudina (AV) Campania Still - Mesozoic carbonate-rocks 0.707840 +0.000006
38 TW10 Angri (SA) Campania still - Mesozoic carbonate-rocks 0.707693* +0.000005

2 s.e. = 2 x standard error on 150 cycles (isotope ratio acquisitions). 878r/858r ratios are already normalized to the mean value of the NIST-SRM 987 international standard. TDS, Total Dissolved Solids; SA, Salerno; CB,
Campobasso; CE, Caserta; BN, Benevento; AQ, L’Aquila; PE, Pescara; PZ, Potenza; MO, Modena; UD, Udine; PN, Pordenone; FR, Frosinone; CO, Como; SO, Sondrio; AN, Ancona; SS, Sassari; LU, Lucca; PI, Pisa; PG, Perugia.
*, weighted average obtained from replicate measurements.
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Fig. 2. Analytical procedure for the preparation and purification of strontium for 8 Sr/%0Sr analysis in tap water, bottled water and urinary stone samples.

directly from the sterile containers for tap waters and from purchased
bottles for bottled still waters. The Sr purification step was achieved
following the same procedure as for urinary stones.

Ultimately, elution solutions, containing pure Sr from either urinary
stone or water, were put to dryness at 110 °C on a hot plate under
laminar flow hood and nitrified by adding 1-2 drops of concentrated
HNOs. The corresponding 87Sr/%Sr ratios were then determined on a
ThermoScientific Triton Plus® Thermal Ionization Mass Spectrometer
(TIMS). During the period of data collection, the external 2¢ reproduc-
ibility (6 = standard deviation) as proposed by Goldstein et al. (2003)

was checked by the replicate analysis of the NIST-SRM 987 interna-
tional standard, that provided a mean 8”Sr/%%Sr of 0.710243 + 0.000010
(26, n = 29). Accordingly, sample 8Sr/%Sr ratios were normalized to
the value recommended for NIST-SRM 987 (i.e., 875r/808r = 0.710248;
Zhang and Hu, 2020). Each analysis comprised 150 single acquisitions
(cycles) of several Sr-isotope ratios involving the four Sr isotopes. The
final 8Sr/%sr was corrected for in-run isotope fractionation by
normalizing the 88sr/8%Sr ratio to its natural value of 8.37521, through
an exponential law. The total procedure Sr blank is on average 100 pg.
List of replicate measurements is reported in supplementary material
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Fig. 3. Ranges of strontium isotope ratios measured in urinary stones and drinking waters. The seawater Sr isotope-ratio (8’Sr/%°Sr = 0.70919), measured in the gulf

of Naples, is taken from Arienzo et al. (2016).

(Table S2). Strontium and Calcium in urinary stones were measured by
ICP-OES (Avio 200 PerkinElmer) whereas the same elements were taken
from literature for drinking waters (Cicchella et al., 2010; Dinelli et al.,
2012).

4. Results

Investigated urinary stones, as a whole, display a rather large range
of 87Sr/80sr ratios (Table 1 and Fig. 3), from 0.707607 for the bladder
stone KS020B, mainly formed by uricite (Type IIIb, ideal composition
[CsH4N403]), to 0.709970 for the bladder stone KS036B, made of
weddellite (Type IIb, ideal composition [CaC204-(2+x)H20], where x <
1), with an average 8Sr/%%Sr of 0.70873 + 0.00048 (15; n = 21). Pu-
rines yield the largest isotope variability, with 8Sr/%%Sr between
0.707607 (sample KS020B) and 0.709263 (sample KS022B), with an
average 878r/80Sr of 0.70851 + 0.00049 (1o; n = 12). Oxalate samples
show a slightly higher average isotope ratio (8Sr/%°sr = 0.70894 +
0.00047; 10; n = 7), with sample KS036B having the highest value of all
®7sr/%%sr = 0.709970). Among purines, the kidney stone (KS041), a
mixture of oxalates (including whewellite [CaC204-H20]) and ammo-
nium urate (ideal composition [NH4CsH3N403]), exhibits an interme-
diate 8Sr/%0Sr ratio of 0.70875 (Table 1). Phosphate-based uroliths
show the narrowest isotope range (average %'Sr/%°Sr of 0.70868 +
0.00008; 10; n = 2), likely due to the low number of samples analyzed.
Their corresponding 7Sr/%°sr are 0.708618 for sample KS032B, a
mixture of oxalates and carbonated (hydroxyl)apatite (ideal composi-
tion Ca-10-x + qu-u(P04)6-x(C03)x (OH)Z-X+2qu-2u where squares
correspond to vacancies or additional cations and anions and 0<x < 2,
O<u < x), and 0.708736 for the brushite KSO06B sample (ideal
composition [CaHPO4-2(H20)]).

Here, Sr ranges from 31.2 to 51.0 ppm in oxalates (median of 39.2
ppm), from 37.4 to 58.6 in phosphates (median of 48.0 ppm), and from
1.8 to 11.7 ppm in purines (median of 5.2 ppm) (Table S1). While in
phosphates and oxalates Ca is a major element (22.5-25.0 wt%), in
purine it mostly occurs as a trace element (<1 wt%) or more rarely as a
minor component (5-6 wt%) (Table S1).

The isotope range for biominerals (¥Sr/%6sr from 0.707607 to
0.709970; Table 1) is largely within the one we obtained for a significant

number of Italian drinking waters (0.706055-0.727360; Table 2 and
Fig. 3). Water samples from the Pliocene-Quaternary volcanic aquifers
of Mt. Vulture extinct volcano (Basilicata Region; samples BW8 and
BWO9) provide an 878r/80Sr of ~0.706055, the lowest ratio among the
measured values. Conversely, waters from the Palaeozoic metamorphic
aquifers of the Italian Alps, bottled in the towns of Forni Avoltri (near
Udine, Friuli Venezia Giulia Region) and Valdidendro (near Sondrio,
Lombardy Region) are characterized by the most radiogenic &Sr/%0sr:
0.717474 and 0.727360, for samples BW13 and BW17, respectively. The
Palaeozoic intrusive complex of Sardinia Region (sample BW21) and
Piedmont Region (sample BW28) provides a drinking water with a Sr
ratio of 0.709712 and 0.712359, respectively (Table 2). Bottled waters
coming from aquifers located in Mesozoic carbonate-rocks yield
875r/8%Sr ranging from 0.707635 (sample BW5) to 0.708468 (sample
BW6). Tap waters from Campania Region show a narrower range
(Table 2 and Fig. 2), from 0.707659 for sample TW8 (Atripalda) to
0.707869 for sample TW5 (Bacoli), collected near Avellino and Napoli,
respectively. More radiogenic values are observed for drinking waters
from aquifers located in Cenozoic sedimentary calcareous and silici-
clastic rocks (samples BW11, 12, 24 and 26) and in Quaternary glacial
deposits (samples BW15 and 16) (Table 2). Intermediate isotope ratios
are obtained for drinking waters from aquifers located in the Late-
Pliocene calcareous hemipelagic sedimentary rocks (samples BW22
and BW23) of the Tuscany region (Table 2).

Sr concentrations in most of the drinking waters were gathered from
the literature. For tap water, Sr ranged from 46.7 (TW1-2) to 639.8 ppb
(TW4) with a median value of 269.4 ppb (Dinelli et al., 2012; Table S2).
Bottled waters generally show a wider range of Sr concentrations, from
26 (BW14) to 2830.0 ppb (BW18), with a median value at ~677.7 ppb
(Table S2). Calcium both for tap and bottled waters ranges from 12.5 to
313.0 ppm (Table 52).

In supplementary material are also reported different plots in order
to verify possible correlation among Sr, Ca and 8Sr/®%sr ratios for both
stone and water samples (Fig. S2). As a whole, Sr vs. Ca shows a strong
linear correlation (R? = 0.94), mainly promoted by urinary stones, due
to the ability of Sr?* to substitute Ca%* in the biomineral lattice. How-
ever, no correlation are observed between Sr/%0Sr ratios vs. Ca or 1/Sr,
generally suggesting that the strontium isotope fingerprint is influenced
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Figs. 4. %7Sr/%Sr ratios of studied biominerals and drinking waters. Data from the literature are also presented: archaeological biominerals (Arienzo et al., 2020;
Tafuri et al., 2016); drinking water (Arienzo et al., 2020); groundwater (Arienzo et al., 2020; Sacchi et al., 2022); soils and paleosols (Arienzo et al., 2020; Emery
et al., 2018; Tafuri et al., 2016); wine and grapes (Marchionni et al., 2013; Mercurio et al., 2014). The green field indicates the range of 8Sr/%°Sr (0.70825-0.70874)
of patients who declared drinking local waters and/or eat organic local foods. The local Naples seawater Sr/%0Sr of 0.70919 was taken from (Arienzo et al., 2020).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

by the absolute concentration of Strontium or Calcium.
5. Discussion

In this study, the isotopic composition of strontium of uroliths from
patients living in Campania Region was determined with the aim to
assess the relationships between the ®Sr/%6Sr values and the
environment.

Sr could play a fundamental role in urolithiasis since it promotes
(along with other trace elements such as cadmium, aluminum, copper,
zinc, nickel and lead) the formation of poorly soluble salts (Bazin et al.,
2007; Singh and Rai, 2014). Although Sr seems to differently concen-
trate in the diverse biominerals constituting uroliths, the corresponding
875r/868r ratios of calculi are totally independent from their mineral-
ogical association. In fact, the Sr-isotope ratio of the oxalates, phos-
phates and purines roughly overlap (Fig. 3), centered at 0.70873 and
ranging from 0.707607 (uricite KS020B) to 0.709970 (weddellite
KS036B). These values clearly differs from the 875r/86Sr ratios available
in the literature. Chinese patients from Beijing, for example, yielded
higher values, from 0.70966 to 0.71099 (Qu et al., 2023).

As a whole, Sr isotope ratios in these studied biominerals and
drinking waters are encopassed in the ranges reported for environmental

matrices from Western Europe and Italy (Bataille et al., 2018; Lugli
etal., 2022) (Fig. S1). However, due to the high variability of geological
contexts, we elected to only consider the data available for the Cam-
pania Region and southern Italy (Lugli et al., 2022 and references
therein). This allows a more reliable comparison between our uroliths
and water samples.

When compared to other human biominerals, such as bones and
teeth, collected from an archaeological site in Campania Region and
other southeastern Italian sites (Arienzo et al., 2020; Tafuri et al., 2016),
ranging from 0.70801 to 0.70880, our biomineral samples have a larger
isotope range, which hints at, at least, one additional source of stron-
tium, that may be external (Fig. 4). Archaeological biominerals from
south Italy also show different ratios compared to those (mainly teeth)
reported in literature for China areas (Li et al., 2013; Wang et al., 2020;
Zhang et al., 2018), generally ranging from 0.70869 to 0.71161. Still, it
can be noticed that Italian and Chinese biominerals (the only two
available dataset for uroliths), can be discriminated by their 878r/86gr
ratios, likely as a consequence of the different environmental geological
settings characterizing the two geographic areas.

As discussed, when comparing the Sr isotope ratios of our urinary
stone samples with those previously published for archaeological bio-
minerals (i.e., bones and teeth) from the exact same region, one can
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observe a slight difference in the respective 8Sr/%Sr value ranges
(urinary stones tend to yield more radiogenic values; Fig. 4). This evi-
dence leads us to hypothesize external Sr inputs from the environmental
matrices surrounding the patients and/or food/water from their daily
dietary intake. The strontium isotope ratios of drinking waters have
been shown to be a reliable hydro-geochemical tracer, mainly controlled
by the mineralogical composition of the considered aquifer lithologies
and their chronostratigraphic features (Bataille et al., 2018; Kim et al.,
2013; Lugli et al., 2022; Ribeiro et al., 2014; Voerkelius et al., 2010).
Generally, the lowest 875r/805r ratios (0.703-0.708) are encountered in
groundwater circulating within younger volcanic formations such as, for
example, Quaternary basalts. Conversely, older silicic (either igneous or
metamorphic, crystalline) rocks generally display more radiogenic Sr
isotope ratios, usually >0.709, as they contain high levels of Rb that
produced high amounts of radiogenic %Sr through time. Intermediate
879r/%05r values are expected for waters in aquifers interacting with
limestone and calcareous/siliciclastic sediments (Ribeiro et al., 2014),
mostly matching the Sr isotope composition of Meso-Cenozoic seawater
(McArthur et al., 2020).

This trend is also valid for the drinking waters we analyzed. The less
radiogenic bottled waters are from the Pliocene-Quaternary volcanic
aquifers of Mt. Vulture (®7sr/8%sr ratio around 0.70656), consistent with
the Sr isotope ratios of volcanic products in this area (De Astis et al.,
2006; Lugli et al., 2022 and references therein), and similar to natural
mineral water samples from other European Tertiary and Quaternary
volcanic rocks (Voerkelius et al., 2010). Similar values were also
observed by Kim et al. (2013) for bottled waters related to Korean vol-
canic lithotypes, as well as for drinking waters bottled in Portugal from
alkaline igneous rocks forming the Monchique aquifer (Ribeiro et al.,
2014). On the other hand, our most radiogenic Sr isotope ratios are for
bottled waters from the Palaeozoic metamorphic aquifers of the Italian
Alps (0.717474 and 0.727436), and the Upper Carboniferous — Permian
intrusive complex of Sardinia and Piedmont Regions (0.709712 and
0.712356). These values are similar to those of analogue contexts such
as, for example, the aquifers in the Lower Palaeozoic and crystalline
rocks of the old Variscan and Caledonian orogens (Voerkelius et al.,
2010). Overall, the Sr isotope ratio of drinking waters, both bottled and
from tap, broadly reflects the main aquifer-forming lithologies and, thus,
the corresponding geological background. As aforementioned, aquifers
in sedimentary rocks generally imprint intermediate radiogenic Sr ratios
to groundwaters, usually between 0.706 and 0.710 (Ribeiro et al., 2014;
Voerkelius et al., 2010). Here, the lowest ratios we measured are for
waters bottled from aquifers in Mesozoic carbonate-rocks (i.e., marine
limestones), whereas the remaining lithologies yield the highest ones
(Table 2). Fig. 4 also shows that tap water samples, pumped from the
same aquifer type, display 2Sr/%Sr ratios very similar to those of
Campanian bottled waters as well as to regional soils, paleosols, wines
and grapes (Arienzo et al.,, 2020, 2016; Lugli et al., 2022; Saar de
Almeida et al., 2023; Sacchi et al., 2022). As expected, geological dif-
ferences between the Campania Region and China reflect in the corre-
sponding &’Sr/20Sr ratio of their soils and subsequently of their ground
and drinking waters, with e.g., the southern Shaanxi Province having
more radiogenic drinking waters (0.71050-0.71099) (Li et al., 2013).
This range also includes that of the Miyun reservoir, the main surface
source for drinking water in Beijing. As for our samples, the Sr isotope
ratio overlap between kidney stones and drinking water is only partial
for Beijing.

Italian drinking waters (both bottled and tap ones) mainly corre-
spond to Mesozoic carbonate lithologies especially in the central and
southern regions (De Vita et al., 2018; Fiorillo et al., 2019; Leone et al.,
2023; Tufano et al., 2021). These rocks are formed by carbonate min-
erals such as calcite (ideal composition [CaCOs]) and subordinately
dolomite (ideal composition [CaMg(COs3)s]) that are particularly solu-
ble. Thanks to this simple mineralogical composition, the Sr-isotope
ratio of groundwaters in carbonate aquifers usually resemble that of
their hosting rocks. This can be extended to aquifers located in
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evaporites. Other lithologies (i.e., non-carbonate aquifers) tend to have
more variable Sr isotope ratios, that are defined by both varying disso-
lution rates and the exchange behaviors of the hosting rock minerals (e.
g., feldspars, apatite, titanite, etc.) (Ribeiro et al., 2014). For example,
the 87Sr/%0Sr ratios of groundwaters from igneous, metamorphic and
siliciclastic aquifers usually reflect those of their weathered minerals
and rarely reach the more radiogenic Sr isotope ratio of the bulk rock.

Here, the overall range of drinking waters’ 8Sr/2Sr overlaps that of
the urinary stones (Fig. 4). As discussed, this can be first attributed to the
water-rock interaction occurring in aquifers. The resulting Sr-isotope
ratio is then transferred and preserved, through the food chain, to
humans and animals and registered in their tissues, including patho-
logical biominerals, without any isotope fractionation involving &Sr
(Arienzo et al., 2020; Ribeiro et al., 2014; Voerkelius et al., 2010). This
assumption is also supported by the overlap with the 87Sr/36sr ratios of
environmental matrices from the Campania Region, such as soils,
paleosols, fossils (from shallow-water limestones of the Apennine Car-
bonate Platform of southern Italy), wines and grapes (Fig. 4). The
87Sr/86sr ratios of all these matrices are generally lower than the ratio of
0.70919 determined for seawater in the gulf of Naples (Arienzo et al.,
2020).

still, the 87Sr/86Sr range of our urinary stones only partially matches
that of the local environmental matrices, although it is in good agree-
ment with that of Italian drinking waters (Fig. 4). This partial discrep-
ancy may be explained by uncontrolled factors that may affect the
conservativeness of the radiogenic Sr isotope ratio in pathological bio-
minerals. For example, by mixing isotopically distinct Sr from either
non-regional food and water sources or the natural or anthropogenic
contamination of regional environmental matrices (i.e., soil and air) by:
air pollution, fertilizers, aeolian dust coming from distal sources, etc.
The range of 8Sr/%%Sr reported for fertilizers is from 0.70335 to 0.71522
(Vitoria et al., 2004), and from 0.70920 to 0.71450 for animal manure
and sewage (Widory et al., 2004b). Aerosols that are inhaled by the
patients, on the other hand, have usually 878r/80Sr ratios >0.708,
ranging from 0.70880 to 0.71532 (for PM 45 to PM;() (Jung et al., 2019
and references therein), whereas typical urban emissions sources
generate atmospheric particles with Sr isotope ratios between 0.708265
and 0.734413 (Widory et al., 2004a). Sr inputs by different means from
these sources may thus explain the larger 8”Sr/%°Sr range we observe for
urinary stones. In fact, it was already demonstrated that chronic kidney
diseases are strictly associated with the exposure to particulate matter (i.
e., PM, 5 but also NO») occurring in polluted air of urbanized areas (Chu
et al., 2023; Liang et al., 2021). Furthermore, considering the very low
Sr concentration in drinking waters (from ~0.03 to ~2.8 ppm), other
external Sr inputs may impact more significantly the 85r/%Sr ratios of
urinary stones. For example, animal manures have Sr contents varying
between 3.2 and 38.3 ppm (Widory et al., 2004b), whereas in wine
ranges are from 0.05 up to 2827 ppb (Angus et al., 2006; Coldwell et al.,
2022; Lancellotti et al., 2021; Mercurio et al., 2014). Again, the Sr
contents of milk and dairy products can be as high as 6.35 ppm
(Almasiova et al., 2023; Filippini et al., 2020). Lastly, the potential effect
of the patients’ geographical mobility, as well as the duration of the
biomineral growth have to be considered too. In our study, all patients
lived all their life in the Campania Region. It is noteworthy that although
most of them stated during their clinical interviews that they have been
drinking local wines every day (Mercurio et al., 2022), only 36% of them
declared eating local organic food and/or drinking local waters. For this
particular group (identified by a green field in Fig. 4), their corre-
sponding biominerals delimited a narrower %’Sr/%Sr range roughly
matching those of regional geological materials and waters, as well as
those of archaeological biominerals.

6. Conclusions

Urolithiasis is a rather common pathology among the adult popula-
tion and the biominerals it produces, i.e., urinary stones, may represent
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a potential proxy to characterize the environmental matrices that sur-
rounded patients before being diagnosed. Actually, the presence of Sr in
human urine contributes to the formation of poorly soluble salts, and
consequently the growth of urinary stones. Coupling the morpho-
constitutional classification of biominerals and their 87Sr/%0Sr ratios,
and comparing them with the Sr-isotope characteristics of potential
regional sources of strontium, we tried to better understand the possible
relations among these different Sr reservoirs. This led to the following
conclusions:

e The 21 urinary stones were classified as calcium oxalates, purines,
and calcium phosphates. The difference in their mineralogy appears
to be only partly reflected in their 8 Sr/%Sr with the oxalates having
slightly more radiogenic isotope ratios than purines, and calcium
phosphates yielding a narrower intermediate isotope range (that
may only result from the low number of samples analyzed).
Globally, the 87Sr/%Sr range measured in our biominerals overlaps
that of Italian drinking waters (tap and bottled waters). But on a
smaller geographic area, i.e., the Campania region, our results show
that 8Sr/80Sr ratios in biominerals are slightly different from those
characterizing regional waters, soils, food... This hints at the fact
that additional sources of strontium should be considered, such as for
example agriculture practices, reflected in some types of food and
beverages, or inhaled aerosols. These have typical 8Sr/%%sr ratios
that may help explain this isotope difference.

This preliminary study evidences how the strontium isotope ratio of
urinary stones records that of the patient’s surroundings environmental
matrices, although further investigations will be necessary to confirm
this hypothesis. In particular, expanding the collection and analysis of
pathological biominerals is required as well as including samples from
various areas of Italy, characterized by distinct geological settings
(Apennine, Alpine, Quaternary volcanic areas...). This should allow
reinforcing the expected isotope linking between the geological sub-
strate and the geochemical parameters of urinary stones. This will ulti-
mately establish pathological biominerals as a new family of reliable
biomonitoring proxies. They can then be integrated in creating Sr-
isotope isoscapes that may serve in public health, occupational medi-
cine, forensic investigations, migration or human provenance studies.
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