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Abstract

The objective of this PhD thesis is the study of mercury and the assessment of its behavior
in the different environmental matrices investigated.

The doctoral thesis consists of:

. a first introductory part, where the main characteristics of mercury and its
environmental importance are described.

. a second part, where the abstracts of the published papers (in indexed journals) or in
the submission phase are presented.

The extended works, attached in the appendix, were carried out during the three-year period

of the doctoral school, from November 2017 to November 2020.

. The first work, (in the submission phase), aims to understand the behavior of Hg in
ambient air at a high-altitude station in the Eastern Alps, through the Hg analysis on a
monthly, seasonal, and daily basis variations. Ancillary variables (ozone and meteorological
parameters) were used for the study of atmospheric Hg, and the analysis of the back-
trajectories of the air masses and the planetary boundary layer (PBL) with the aim of

identifying potential emission sources.

. The second publication shows the investigation of total mercury concentrations in
Italian bottled waters, using a very sensitive analytical method, and the possible relationships
between mercury, the chemical-physical parameters of the water and the lithology of the
aquifer. Furthermore, the determination of Hg levels on a large number of samples can allow
us to estimate the intake of mercury from natural mineral waters for different groups of the

population.

. The overall objective of the third study is the comparison of the inorganic content of
water intended for human consumption (drinking water) and natural mineral waters (bottled
water) collected in a region of Southern Italy (Calabria). This comparison was made using
compositional data analysis (CoDA) and a new graphical-numerical approach. Among the
29 selected parameters, the Hg content was also examined. The comparison of total mercury
concentrations between bottled waters and tap waters highlighted differences in the Hg
levels of the two typologies of water attributable to the different origins and their

management.



. The fourth publication aims to understand the behavior of Hg in the snow on the
Antarctic plateau through the analysis of data relating to three surface snow sampling
campaigns during three austral summers. The study demonstrates how weather conditions
can affect mercury deposition processes and its relative abundance in the surface layers of

Snow.
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Parole chiave

Mercurio; Atmosfera; Acque potabili; Acque minerali; Neve superficiale.

Keywords
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Capitolo 1

1.1 Introduzione

Il mercurio € un elemento chimico (simbolo Hg, numero atomico 80, peso atomico 200.59
u) naturalmente presente nell’ambiente. Nella tavola periodica fa parte dei metalli di
transizione del gruppo II B (con zinco e cadmio). Il Hg ¢ inodore, liquido a temperatura
ambiente e ha colorazione argento vivo, caratteristica dalla quale deriva il suo simbolo
(prende origine dal greco hydrargyros, composto da ¥owp = acqua e &pyvpog = argento, da
cui deriva il nome latino Hydrargyrum). Presenta densita 13.534 g/cm? a 25 °C, punto di
fusione a -38.7 °C, punto di ebollizione a 356.7 °C e una tensione di vapore di 0.002 mm Hg
a 25 °C. Volatile quando sottoposto al riscaldamento, ha la capacita di formare amalgama
con I’oro (NRC, 2000). Metallo conosciuto dall’'uomo fin dall’antichita, citato nei testi
dell’antica Grecia e dell’antica Roma e ritrovato in reperti archeologici in Egitto, Cina e
India dove per secoli ¢ stato impiegato per effetti terapeutici e come disinfettante (Caley,
1928; Mukhi et al., 2017; Farrar and Williams, 1977).

La sua abbondanza nella crosta terrestre ¢ pari a 80 pg/kg e una concentrazione media negli
oceani di 0.3 ng/L (~1.5 pM) (Gonzalez-Raymat et al., 2017). Nei minerali ¢ raro trovare il
Hg come metallo nativo. Infatti, ¢ principalmente presente come solfuro di mercurio (HgS,
cinabro, di colore rosso), minerale di formazione idrotermale, e in tracce, nella livingstonite
(HgSb4Ss) e nella corderoite (Hg3S2Cl2). Nelle aree ad attivita vulcanica denominate cinture
mercurifere, sono situati i giacimenti di mercurio piu abbondanti. Almadén (Spagna), Idrija
(Slovenia) e il monte Amiata (Italia), sono tra i piu grandi depositi di mercurio al mondo.
Dismesse da pochi decenni, le numerose miniere in queste aree sono state sfruttate per oltre
2000 anni (Navarro, 2008; Gosar et al. 1997).

A livello industriale il Hg ¢ impiegato in apparecchiature elettriche ed elettroniche:
interruttori, termostati, sensori e relays sono i principali prodotti che contengono mercurio
(Randall, 1995). La commercializzazione di termometri, manometri e barometri contenenti
mercurio € stata vietata in Italia a decorrere da aprile del 2009 (D.M. 30/07/2008) per il
recepimento della Direttiva 2007/51/CE, anticipando 1’azione dell’UNEP (Programma delle
Nazioni Unite per 1'ambiente). L’UNEP attraverso la Convenzione di Minamata, nel 2013
ha proposto agli stati di tutto il mondo un accordo internazionale con 1’obiettivo di ridurre
le emissioni e le contaminazioni da Hg (e 1 suoi composti) prodotte dalle attivita antropiche,
attraverso il controllo del ciclo di vita di questo elemento, dalla sua estrazione mineraria fino

alla gestione dei rifiuti. Il trattato entrato in vigore nel 2017, ad oggi ¢ stato sottoscritto da
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128 paesi e ratificato da 125. I paesi aderenti si impegnano a rispettare un programma
vincolante per la gestione dell’inquinamento da mercurio su scala globale, con 1’obiettivo di

proteggere 1’ambiente e la salute della popolazione (https://www.mercuryconvention.org/).

1.2 Il mercurio

Il mercurio ¢ un inquinante ubiquitario, persistente e tossico per I’ambiente e il biota. Le
sorgenti di Hg sono riconducibili alle attivita umane (combustione di prodotti petroliferi,
produzione di acciaio, impianti di cloro-alcali, produzione di cemento, inceneritori
industriali, di rifiuti urbani, e sanitari, processi di trattamento delle acque reflue, miniere

artigianali e su piccola scala di oro e di mercurio), e a processi naturali (Driscoll et al., 2013).

Atmosphere:
4400 (450%)
Net evasion (gaseous
I 600 00 Deposition Depasition 3400
toland/ tooceans (2500-4000)
freshwater (250%)
Biomass

Organic soils: 150 D00 (15%)

Mineral soils: 800 000

Best estimates of mercury stored and cycling through the global environment
Anthropogenic mercury emissions and releases (tonnes per year)
Natural mercury emissions and releases (tonnes per year)
Re-emission/re-mabilization (natural and legacy mercury, tonnes per year)
100  Amount of mercury stored, tonnes

Netvertical transport
|enowl aiieg

(%)  Percentage increase in mass due to human activities

Figura 1. Il bilancio globale del mercurio con I'impatto delle attivita umane sul ciclo del

mercurio e ’aumento del mercurio accumulato nel suolo e negli oceani (UNEP, 2019).

Le emissioni da fonti naturali come le emissioni vulcaniche, gli incendi boschivi, le sorgenti
geotermiche, processi erosivi di rocce e del suolo sono state calcolate tra 76-300 Mg/anno.
In generale, le ultime stime sul budget globale di Hg affermano che, dopo il picco di
emissioni globali registrato nel 1970, e la significativa diminuzione nel periodo 1980-2000,
il leggero incremento osservato dal 2010 al 2015 ha raggiunto attualmente un livello stabile

di emissioni totali in atmosfera pari a circa 2000 Mg/anno (Streets et al., 2019). Nel 2018
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I’UNEP ha confermato che le emissioni di Hg da fonti antropogeniche ammontano a circa
2200 Mg/anno su scala globale (UNEP, 2019) e che sul budget totale annuale in atmosfera
il contributo maggiore ¢ dato delle attivita dell’uomo (Fig. 1).

La principale via di trasporto del Hg su larga scala ¢ ’atmosfera. Nella dispersione del Hg
in aria si possono distinguere le emissioni primarie, che hanno origine sia antropica che
naturale. Generate da sorgenti sulla superficie terrestre il Hg ricade sia al suolo che sui grandi
bacini di acqua dolce e oceani attraverso fenomeni di deposizione secca e umida. 11 Hg®
depositato sulla superficie pud successivamente essere ossidato a Hg?*, reimmesso in
atmosfera come mercurio elementare, viene considerato come Hg proveniente da emissioni
secondarie (Driscoll et al., 2013). Una volta rilasciato nell’ambiente il Hg viene quindi
trasportato, distribuito nei vari comparti ambientali aria, acqua e suolo, subendo accumulo
nelle falde acquifere, nei sedimenti lacustri e oceanici. Il Hg ¢ presente naturalmente in tre
stati di ossidazione (Hg®, Hg", Hg?"), ma linstabilita del legame Hg-Hg determina la
prevalenza del mercurio elementare e del Hg”" che contribuiscono al totale di mercurio
presente nell’ambiente. Nei composti di Hg* (mercurosi) il Hg si presenta come ione dimero
Hg»?*, caratterizzato da legame covalente metallo-metallo tra due atomi.

Il mercurio si combina con elementi come cloro, ossigeno, e zolfo per formare composti
inorganici, e con il carbonio per formare composti organici, di cui il piu noto ¢ il
metilmercurio (CH3Hg"). Le forme del Hg rilevanti dal punto di vista tossicologico sono i
sali inorganici di Hg (es. HgClz solubilita in acqua 69 g/L a 20°C), 1 composti organici del
Hg (liposolubili) e il Hg metallico (solubilita in acqua 5.6 x 107 g/L a 25°C) (Langford et
al., 1999). Le trasformazioni chimiche di ossidazione e riduzione che subiscono le diverse
forme del Hg ne regolano la mobilita e I’accumulo negli ecosistemi terrestri, d'acqua dolce
e marini (Bigham et al., 1964). Infatti, le diverse forme chimiche mostrando proprieta
chimiche e fisiche peculiari, presentano differenti vie di esposizione ed effetti tossicologici
(Davis et al.,, 1997). Negli ecosistemi acquatici, le trasformazioni di metilazione e
demetilazione ricoprono particolare importanza poiché determinano il bioaccumulo e la
tossicita del CH3Hg" (Bishop et al., 2020). Il CH3sHg", composto neurotossico, oltre al
bioaccumulo negli organismi, subisce successiva biomagnificazione lungo la catena trofica,
per impattare sulla salute dell’'uvomo (Driscoll et al., 2013). L’assunzione di CH3Hg" per
l'essere umano avviene principalmente attraverso 1’alimentazione, con il consumo di pesce,
in particolare predatori di grossa taglia, crostacei e molluschi (UNEP, 2019). Per tale motivo,
I’Autorita Europea per la Sicurezza Alimentare (EFSA, 2015) ha suggerito il numero
massimo di porzioni di pesce/crostacei/molluschi da assumere alla settimana in relazione al

gruppo di popolazione (es. bambino, donne in gravidanza) e il Comitato di Esperti congiunto
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FAO/WHO sugli Additivi Alimentari (JECFA) ha fissato a 1.3 pg/kg bw la dose settimanale
tollerabile provvisoria (PTWI) per il metilmercurio e a 4 pg/kg bw per il mercurio inorganico
(EFSA, 2012). La differenza di PTWI tra metilmercurio e mercurio inorganico ¢ dovuta alla
differente tossicita sull’'uomo e al diverso contenuto di metilmercurio rispetto al mercurio
totale, che nelle specie ittiche rappresenta 80-100% nei pesci e 50-80% in crostacei e
molluschi. Nel cibo diverso dal pesce si presume che tutto il Hg presente sia sotto forma di
mercurio inorganico. L’esposizione al mercurio per 1’'uomo, diversa dalla dieta, ¢ stata
valutata, per esempio, per il rilascio di mercurio inorganico dalle amalgame dentali, dopo
rottura di dispositivi contenenti Hg (es. termometri a mercurio) (Goh and Ng, 1988; Faria
and de Freitas, 1992; Kanerva et al., 1993; EFSA, 2012; Richter et al., 1982), e per contatto
con composti chimici in attivita di laboratorio (Kanerva et al, 1994). In ambito
professionale, studi sugli effetti di esposizione a vapori e polveri contenenti mercurio hanno
riguardato i lavoratori di impianti cloro-soda (Piikivi and Tolonen, 1989), aziende produttrici
di leghe di zinco-mercurio (Roels et al., 1985), e I’industria della lavorazione del vetro
(Danziger and Possick, 1973; IARC, 1993).

Le elevate concentrazioni di mercurio generate dai disastri ambientali (es. Minamata -
Giappone 1958, Bassora - Iraq 1970) e la consapevolezza del rischio per la salute umana
derivante all’esposizione al CHsHg" dovuto al crescente rilascio di Hg da fonti antropiche
sono 1 principali motivi di interesse scientifico e politico sul Hg.

Per la fine del 2020, la Convenzione di Minamata (UNEP) aveva fissato il divieto alle attivita
di nuove miniere, I'eliminazione progressiva di quelle attive, e I'attuazione di ulteriori misure
di controllo per la riduzione delle emissioni in atmosfera. L obiettivo della Convenzione di
Minamata ¢ di evitare altri disastri ambientali, come avvenuto nel passato, promuovere 1’uso
di energia pulita per realizzare uno sviluppo sostenibile, raggiungere un benessere
maggiormente diffuso, e rafforzare la protezione degli ecosistemi e degli esseri viventi (The

Lancet, 2017).
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1.3 Ciclo biogeochimico

Il mercurio e alcuni suoi composti (inorganici € organici) sono contraddistinti da peculiari
proprieta chimico-fisiche come tensione di vapore relativamente alta, differente solubilita in
acqua e nei lipidi, che in aggiunta alla resistenza nei processi di degradazione fotochimica,
chimica, e/o biologica, rendono elevato il loro grado di mobilita. L’insieme di queste
caratteristiche conferiscono al Hg la capacita di diffondersi su scala globale e raggiungere i
diversi comparti ambientali (atmosfera, idrosfera e litosfera), in una articolata interazione

nell’ambiente definito ciclo biogeochimico del Hg (Schroeder et al., 1989) (Fig. 2).

1.4 Mercurio in atmosfera

L'atmosfera ¢ la principale via per il trasporto di Hg e riveste un ruolo importante nel ciclo
biogeochimico globale del mercurio. Oltre a fungere da serbatoio, I’atmosfera ha rilevanza

nei meccanismi di trasporto e nelle reazioni chimiche e fotochimiche che coinvolgono il

mercurio.
Natural emission
transportation Hg® RGM Hgp
—> — _ . .
— \\\\ — o Hgo —_—

Hg® \ /'
RGM "I | Deposition -

cvasion remission
H wet & dry

8p GEM o Hg°

Anthropogenic
smissions

Figura 2. Schema delle sorgenti e degli ecosistemi coinvolti nel ciclo biogeochimico del mercurio
(modificato da: The global mercury cycle: European Environment Agency, 2020). (Note: GEM=

gaseous elemental mercury; RGM=Reactive gaseous mercury; Hg,= Particle bound mercury)
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La maggior parte del mercurio viene emesso in atmosfera da sorgenti antropogeniche e
naturali, e raggiunge la superficie terrestre attraverso le precipitazioni atmosferiche.

In generale, le emissioni di Hg sono costituite da mercurio elementare, ¢ da mercurio
inorganico (Hg?") in fase gassosa e particellare. La frazione piu abbondante in atmosfera si
presenta come Hg® che rappresenta tipicamente una quantita >95% rispetto al totale. Una
volta emesso in atmosfera, essendo relativamente inerte pud rimanere per lungo tempo (0.5-
1 anno), ed essere trasportato a lunghe distanze su scala globale. La costituzione di reti di
monitoraggio a livello nazionale come il Canadian Atmospheric Mercury Network
(CAMNet) (Temme et al., 2007), I’ American Atmospheric Mercury Network (AMNet) (Lan
et al., 2012), Asia Pacific Mercury Monitoring Network (APMMN) (Sheu et al., 2019), e
internazionale come il Global Mercury Observation System (GMOS) (Sprovieri et al., 2016;
2017) (Fig. 3), oltre al monitoraggio su scala locale che ha permesso di investigare i livelli
di concentrazioni di Hg in atmosfera in siti industriali, urbani, rurali e in zone remote

comprese le aree polari (Sprovieri et al., 2010).

Ground-based
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Figura 3. Localizzazione delle stazioni di monitoraggio del progetto GMOS.

In generale, le concentrazioni medie annue di mercurio in atmosfera nei siti di background
nell’emisfero nord risultano superiori (1.5-1.7 ng/m?) rispetto a quelle delle zone tropicali
(~1.5 ng/m?®), dell’emisfero sud (1.0-1.3 ng/m®) e delle aree polari rispettivamente in
Antartide (~1.0 ng/m®) e in Artico (~1.5 ng/m?), che al momento registrano un numero
inferiore di record di misure e di osservatori permanenti (Angot 2016; Sprovieri et al., 2016;
2017). Tuttavia, le specie presenti come Hg?" sia in fase gassosa che adsorbita al particolato

atmosferico possono essere velocemente rimosse dall’atmosfera (giorni o settimane), perché
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piu reattive e solubili, e depositarsi in aree molto piu prossime alla sorgente di emissione.
Sulla superficie terrestre il Hg® entra in contatto sia con gli ecosistemi terrestri venendo
assorbito per esempio da piante e suolo con i quali avviene uno scambio dinamico, sia con
le superfici di acque dolci (laghi e fiumi) e oceani dove i composti di Hg?" vengono portati

dalle precipitazioni atmosferiche (es. pioggia e neve) (Lyman et al., 2020).

1.5 Mercurio in ambiente acquatico

La presenza e il comportamento del mercurio in ambiente acquatico differiscono da quanto
osservato in atmosfera, e altre differenze si riscontrano tra i sistemi di acqua dolce e quelli
marini. L’importanza dello studio del Hg nei sistemi acquatici assume rilevanza data dal
pericolo derivato dalla potenziale presenza e/o formazione di CH3Hg" nelle acque, nei
sedimenti e nei pesci, oltre al rischio per la salute umana dovuta all’assunzione del pesce
contaminato.

In ambiente acquatico il Hg si pud presentare nei suoi tre stati di ossidazione (Hg?, Hg",
Hg?"). Le forme chimiche sono; il mercurio elementare; i composti inorganici; composti
organici, come il CHsHg" e il dimetilmercurio (CH3)2Hg.

In forma fisica si presenta come mercurio disciolto, particellato, associato alle frazioni
colloidali.

Il CH3Hg" nei sedimenti acquatici viene prodotto per metilazione a partire da una frazione
di Hg?" tramite batteri, i quali trovano le ottimali condizioni tra composizione e struttura dei
sedimenti, condizioni redox e presenza di carbonio organico e zolfo (Selin et al., 2009).
Fonti di contaminazione naturali dell’ambiente acquatico sono le deposizioni atmosferiche
(secche e umide) e i fenomeni erosivi di suoli contaminati, mentre lo sversamento di acque
reflue domestiche, le attivita agricole e industriali sono le principali fonti di aree antropizzate
(Wang et al., 2004).

Negli oceani, la concentrazione media di Hg nella maggior parte delle specie ¢ inferiore a
0.5 mg/kg mentre quelle piu elevate (0.2-5 mg/kg) sono state trovate nei pesci predatori,
come tonno e pesce spada (Biddinger e Gloss, 1984; WHO, 1989). Le differenze dei livelli
di Hg nelle varie specie ittiche, evidenziate da numerosi studi, sono riconducibili ad una
serie di fattori come il tipo di specie, la taglia, il periodo di pesca e la posizione geografica.
Concentrazioni massime ammissibili a 0.5 mg/kg per pesci, crostacei e molluschi, e a 1.0

mg/kg per pesci di grossa taglia, sono state fissate nelle normative della maggior parte dei
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paesi e delle organizzazioni internazionali (es. EFSA, 2018; FAO/WHO, 2011; Guerrin et
al., 1990; Kimakov4 et al., 2018; Wagemann et al., 1998).

Condizioni di pH, redox e il livello di concentrazione di composti organici ed inorganici del
Hg?* influenzano la distribuzione delle diverse forme chimiche del Hg nelle acque marine.
In generale, la quantita di Hg disciolto, legato alle sostanze umiche, ¢ inferiore nelle acque
di mare rispetto alle acque dolci per la competizione dello ione cloruro, cosi come risulta
inferiore la metilazione del Hg per i contributi della salinita e della presenza di complessi
contenenti gli ioni solfuro e cloruro. Negli ultimi decenni sono state effettuate numerose
campagne oceanografiche con lo scopo di misurare il profilo di concentrazione del Hg nelle
acque superficiali e profonde. Le concentrazioni relative al Mar Mediterraneo risultano
essere a livelli medi superiori (3.4 pM) rispetto a quanto determinato nelle acque
dell’Oceano Atlantico (1-2 pM), dell’Oceano Pacifico e nel Mar del Giappone (~1.0 pM).
L’incremento dei livelli di Hg disciolto e di CH3Hg" riscontrati in funzione della profondita
negli oceani suggeriscono I’influenza di fattori come: (1) forte attivita tettonica sottomarina
(2) processo di metilazione microbiologicamente mediata nelle acque piu profonde; (3)
degradazione fotochimica e/o attivita microbica in superficie (Pirrone and Mason, 2010).
Nelle acque destinate al consumo umano, potabili e/o minerali naturali, 1 livelli di Hg
rientrano mediamente nell’intervallo di concentrazione da circa 0.2 ng/L a 0.5 pg/L. Tuttavia,
attualmente sono pochi gli studi, su base regionale e nazionale, che forniscono informazioni
sul Hg e altri metalli pesanti per valutare 1 livelli di concentrazione e le potenziali sorgenti
(Cicchella, et al., 2010; de Wuilloud et al., 2002; Dinelli et al., 2012; Mann, et al., 2003;
Varde et al., 2015a; 2015b; 2017; 2019a; 2019b; 2019¢; 2019d). La comparazione tra i livelli
di Hg tra acque potabili e minerali puo fornire indicazioni sull’eventuale apporto di Hg dai
bacini di approvvigionamento dell’acqua da fiumi, laghi, e acque sotterranee, dai processi di
potabilizzazione e dai fenomeni corrosivi di solidi contenenti Hg presenti nelle tubazioni
della rete di distribuzione. Le concentrazioni di Hg nelle acque minerali possono invece
dipendere dall’interazione acqua-roccia all’interno delle falde acquifere (Vardé et al., 2015b;
2017; 2019a; 2019b; 2019c; 2019d). Per le acque destinate al consumo umano (acque
potabili) la normativa internazionale e nazionale di settore fissa il limite di Hg a livelli di
pochi pg/L (es. 2.0 pg/L, US-EPA, 2018; 1.0 pg/L, Direttiva EU 1998/83/EC; D.Lgs.
31/2001). In Italia, per le acque minerali ¢ stabilito a 1.0 pg/L il limite di concentrazione

massima per il mercurio totale (D.M. 29/12/2003).
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1.6 Mercurio nel suolo

Il mercurio, come altri metalli pesanti, € un elemento naturale distribuito nella crosta terrestre.
La sua presenza ¢ legata al tipo di minerale che caratterizza il suolo, oltre agli eventuali
apporti provenienti dalle attivita antropiche (es. scarichi industriali) o da sorgenti naturali
(es. emissioni vulcaniche).

Nei suoli caratterizzati da argille, graniti, e feldspati la concentrazione di Hg ¢ generalmente
inferiore a 0.01 mg/kg, mentre nei suoli e nei sedimenti non mercuriferi di aree di
background le concentrazioni possono arrivare a 0.2 mg/kg. L’aumento delle concentrazioni
di Hg in queste aree viene imputato all’apporto delle precipitazioni atmosferiche. Rispetto
alle rocce, i suoli mostrano una variazione maggiore nella concentrazione di Hg per
I’influenza di fattori chimici e/o ambientali. Il minerale di mercurio piu diffuso ¢ il cinabro
(HgS, rosso), caratterizzato da cristalli di forma a-esagonale, mentre il meta-cinabro (HgS,
nero), si presenta con forma cristallina B-cubica. A partire dal minerale, il mercurio viene
ottenuto dopo condensazione del Hg vaporizzato durante 1’arrostimento del cinabro con
temperature che raggiungono 1 500°C.

I suoli in prossimita di miniere di oro e di altri metalli possono contenere livelli di Hg da
0.05 mg/kg fino a 2 mg/kg (Beckers e Rinklebe, 2017). Le misure di Hg effettuate nelle
vicinanze di depositi di mercurio hanno mostrato livelli fino 100 mg/kg (Adriano, 2001). Il
contenuto di mercurio nei suoli ha le concentrazioni maggiori presso i siti di miniere di Hg.
Nell’area della miniera di Idrija (Slovenia) i livelli di Hg determinati variano da 3 mg/kg
nelle zone adiacenti alle miniere, fino a 37000 mg/kg all’interno del sito di estrazione (Gosar
et al., 2006; Tersic et al., 2011).

Complessivamente, fattori come le caratteristiche tettoniche e mineralogiche dell'area, la
composizione del suolo (presenza di sostanza organica e di microflora, di agenti
complessanti organici e inorganici, di ossidi/idrossidi pedogenetici), il potenziale redox (En),
la forma chimica di Hg (principalmente Hg>") e il pH, determinano la speciazione,
I’assorbimento, il grado di biodisponibilita, il destino e la mobilita del Hg nei suoli e il
potenziale livello di contaminazione (Davis et al., 1997).

La contaminazione del Hg da scarichi di un impianto cloro-soda ha determinato per decenni
nel suolo la presenza del Hg in forma idrosolubile, e la sua persistenza ¢ risultata dipendente
sia dalla forma chimica (complessi di Hg?*) che dalle caratteristiche fisiche e chimiche del
suolo stesso. Suoli irrigati con acque contaminate da scarichi di un impianto di produzione
di acetaldeide hanno fatto registrare livelli di Hg fino a oltre 300 mg/kg (Matsuyama et al.,

2004). In generale, 1 suoli non contaminati dovrebbero presentare una concentrazione media
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non superiore a 0.1 mg/Kg. Tuttavia, in alcuni paesi, questo livello medio di Hg ¢ risultato
superiore (Beckers e Rinklebe, 2017). In particolare, la formazione di CH3Hg" nei suoli, nei
sedimenti salmastri e di acqua dolce, avviene in condizioni anaerobiche per azione di batteri
solfato-riducenti, come sottoprodotto del loro metabolismo (Compeau and Bartha, 1985;
Gilmour et al., 1992; King et al., 2000).

Inoltre, il CH3Hg" essendo un catione si combina facilmente con gli ioni presenti negli acidi
umici e fulvici del suolo come il cloruro (Cl°), I’idrossido (OH"), e il nitrato (NOs3") (Skyllberg
et al., 2006). Oltre alla metilazione biotica di Hg promossa dai batteri, sono state osservate
condizioni abiotiche per la formazione di CH3Hg", evidenziate nei terreni agricoli trattati
con nitrato di mercurio (Beckert et al., 1974; Hintelmann, 2010; Rogers, 1977). In superficie,
nei suoli di background, le proprieta fisiche del suolo, i parametri meteorologici e le
concentrazioni di Hg nell'aria governano sia le emissioni che ’adsorbimento di Hg
proveniente dalle deposizioni atmosferiche. Lo scambio di Hg suolo-aria pud essere
influenzato da una serie di fattori, come la produzione di Hg® per riduzione di Hg?", la
diffusione/trasporto di Hg® all'interno del suolo, in superficie, e allo strato limite suolo-aria.
Alcune osservazioni hanno dimostrato come 1’emissione di Hg? dal suolo viene attivata dalla
radiazione solare mentre la sua deposizione avviene principalmente durante la notte.
L'umidita del suolo, la temperatura e la presenza di ossidanti atmosferici risultano importanti
fattori nel controllo delle emissioni da suoli a basso contenuto di mercurio (Gustin et al.,

2006; Xin and Gustin, 2007).

1.7 Mercurio nel biota

Il piu grave disastro legato all’inquinamento da Hg avvenne nel distretto di Minamata in
Giappone tra gli anni 1953-1960. Con 1000 morti e circa due milioni di casi di
avvelenamento, vennero accertate alterazioni congenite ¢ danni neurologici riconducibili
all'assunzione di pesce contaminato da CH3Hg". Alte concentrazioni di CHsHg" misurate
nei pesci e nei molluschi (da 5 a 40 pg/g) furono causate dallo sversamento delle acque reflue
di un’industria chimica (Chisso Co. Ltd.) all’interno della baia di Minamata, nel mare di
Shiranui (D'Ttri and D'Ttri, 1978; Harada 1995; Villanueva and Botello, 1998).

L’azienda Chisso Corp., dal 1932 e fino al 1968, aveva utilizzato il Hg inorganico come
catalizzatore per la produzione di acetaldeide e cloruro di vinile, sottoprodotti intermedi per

la realizzazione di materie plastiche. Effetti cronici sull’'uomo con esposizione a basse
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concentrazioni sono stati riconosciuti a carico dell’apparato digerente, dei polmoni e dei renti,
del sistema immunitario, oltre a danni al feto con successivi effetti sulle abilita motorie e
visive, sulla capacita di ragionamento e della memoria (Ekino et al., 2007; Ratcliffe et al.,
1996).

Tra 1l 1971 e il 1972 a Bassora, in Iraq, si registrano oltre 400 morti e circa 6000 persone
avvelenate, a causa dell’impiego di un fungicida a base di etilmercurio nelle coltivazione di
cereali (Bakir et al., 1973; Ratcliffe et al., 1996).

Una contaminazione da Hg con concentrazioni fino a 0.5 mg/Kg nei pesci del lago Saint
Clair fu rilevata in Canada tra il 1970 e il 1971. A causa del rilascio di Hg da parte di
un'industria chimica (impianto cloro-soda) nelle acque del lago le autorita imposero il divieto
di pesca nel lago e nel fiume Saint Clair (Mahan, 2000).

Gli incidenti ambientali occorsi nel recente passato sono la testimonianza di come un uso e
gestione errati di elementi e/o sostanze chimiche tossiche possa arrecare danni inestimabili
all’ambiente e all’'uomo. Le conoscenze scientifiche maturate nel corso degli ultimi decenni

hanno sensibilizzato notevolmente sia I’opinione pubblica che i policy makers.

1.8 Tossicita del mercurio

Le differenti forme chimiche, di natura inorganica e organica, con cui si presenta il mercurio,
hanno la capacita di legarsi ai gruppi contenenti zolfo e selenio, provocano I’alterazione della
struttura terziaria e quaternaria delle proteine, compromettendo la funzione cellulare. In
questo modo il Hg ha la potenziale capacita di alterare le funzioni di varie strutture cellulari
e di molti organi. I vapori di mercurio elementare (Hg”) hanno come organo bersaglio il
sistema nervoso centrale. Effetti negativi sono stati evidenziati anche al sistema nervoso
periferico, al sistema immunitario, alla funzionalita endocrina, renale e muscolare, oltre ad
alcuni tipi di dermatite (Berlin, 2003; Bernhoft, 2012).

L’esposizione acuta al mercurio elementare provoca stati di aumentata eccitabilita e tremori.
Altri sintomi riconosciuti sono la perdita di memoria, insonnia, depressione, affaticamento
e nei casi piu gravi delirio e allucinazioni (Baldi et al., 1953; Garnier et al., 1981). Questi
sintomi neurologici sono comunemente persistenti anche se possono regredire con
I’interruzione dell'esposizione. Elevate concentrazioni di sali inorganici di Hg?* (es. HgCl2)

provocano danni ai reni e al tratto gastro intestinale accompagnati da dolori addominali,
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vomito e diarrea. In alcuni casi si puo arrivare al decesso a causa di sopravvenuta peritonite
o shock setticemico (Barnes et al., 1980).

L’esposizione professionale cronica a Hg® raramente ha causato avvelenamento. I danni
sono principalmente a carico del sistema immunitario e dei reni. Altre reazioni di
ipersensibilita hanno provocato asma e dermatite.

I CH3Hg" puo interferire con le funzioni cellulari o subcellulari, con la trascrizione del DNA
e con la sintesi proteica, anche durante la fase di sviluppo del cervello. Altre evidenze
accertate sono la rottura di elementi subcellulari nel sistema nervoso centrale e in altri organi,
la generazione di radicali liberi, la distruzione dei neurotrasmettitori, ¢ danni al sistema
nervoso periferico. La capacita del metilmercurio di reagire con i gruppi sulfidrilici in tutto

il corpo puo dare origine a sindrome da stanchezza cronica (Bernhoft 2012).
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1.9 Materiali e metodi

Nei paragrafi che seguono verranno descritti i principali metodi strumentali per la
determinazione del Hg in aria ambiente e in matrici acquose, ovvero le matrici ambientali

prese in esame nei casi studio della tesi.

1.9.1 Determinazione del Hg in atmosfera

Le specie di mercurio determinate in aria ambiente sono classificate nelle tre forme:
mercurio elementare, mercurio inorganico e mercurio organico. Il mercurio metallico a causa
della sua elevata volatilita vaporizza velocemente dal suo stato liquido. Il mercurio
inorganico rappresenta la forma salina inorganica, classificata come reattiva o ossidata, i cui
composti pit conosciuti sono HgClz2, HgBr2, Hg(OH), HgOBr, Hg(NO3)2, HgSO4 e HgO. In
atmosfera, la frazione di mercurio che si trova adsorbita al materiale particellare rappresenta
una quantita circa <1%. Pertanto, dal punto di vista “operazionale” si possono distinguere
tre classi: il mercurio gassoso elementare (GEM o Hg®), il mercurio reattivo (ossidato)
gassoso (RGM, GOM o Hg?*(g) e il mercurio reattivo (ossidato) nel materiale particellare
totale o nella frazione PM2.5 (TPM, PBM o Hg(). La frazione di mercurio nei composti
organici in fase gassosa, rappresenta una piccola frazione (<3%) sul totale del mercurio
gassoso in atmosfera, prevalentemente CHsHg" ¢ (CH3)2Hg. Questa frazione organica non ¢
comunemente misurata, per le bassissime concentrazioni in aria ambiente e le difficolta
tecniche di determinazione (Pandey et al., 2011). La forma prevalente in atmosfera ¢ il GEM
(>95%), mentre la restante percentuale di mercurio reattivo ¢ distribuita tra la fase gassosa e

quella particellare.
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Figura 4. Schema dell’analizzatore di mercurio (Tekran 2537)
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Numerosi studi sul mercurio in atmosfera hanno utilizzato per la determinazione di mercurio
gassoso totale (TGM=GEM+RGM) o GEM, un analizzatore automatico che si basa sulla
preconcentrazione del Hg campionato su 2 trappole di oro, successivo desorbimento termico,
seguito dalla determinazione in spettrometria di fluorescenza atomica a vapori freddi (CV-
AFS) (es. Tekran 2537) (Fig. 4) (Lyman et al., 2020; Pandey et al., 2011). Altra
strumentazione automatica sfrutta il sistema preconcentrazione/desorbimento su trappola di
oro con un sistema di rivelazione basato su assorbimento atomico a vapori freddi (CV-AAS)
(es. Mercury Vapor Monitor VM-3000, Mercury Instrument, Envea; Gardis-7) o
assorbimento atomico con effetto Zeeman (Mercury Monitor RA-915AM, Lumex). La
determinazione del mercurio gassoso pud essere eseguita anche con metodi manuali,
effettuando il campionamento su trappole di oro e successivamente utilizzando
strumentazione da laboratorio per il desorbimento e la quantificazione del Hg tramite CV-
AFS o CV-AAS (Pandey et al., 2011; Lyman et al., 2020). Alcuni studi, impiegando la
strumentazione menzionata, hanno calcolato 1'incertezza della misura del Hg atmosferico
espresso come TGM o GEM, per definire la forma di Hg gassoso piu corretta presente in
atmosfera (Gustin et al., 2015; Lyman et al., 2020). Nella pratica, a monte degli analizzatori
di mercurio sono stati applicati dei sistemi di pirolizzazione del campione per la
determinazione complessiva di GEM, RGM e PBM. Diversamente, ¢ stato adottato
I’impiego di filtri o cicloni per la rimozione del PBM, i quali perd possono dare luogo alla
eliminazione indesiderata di RGM o alla formazione secondaria di RGM dal PBM (Lyman
et al., 2020). La determinazione delle tre forme “speciate” del mercurio atmosferico viene
effettuata con una strumentazione che integra all’analizzatore di GEM, moduli aggiuntivi.
Nel complesso, il sistema di campionamento e analisi per la speciazione del mercurio ¢
basato su 4 unita gestite in maniera sincronizzata per mezzo di un controller (Tekran
2537/1130/1135) (Fig. 5). L’aria ambiente viene campionata attraverso la linea riscaldata
alla temperatura di 50 °C per mezzo del modulo pompa e dalla pompa dell’analizzatore.
L’aria campione passa (i) all’ingresso attraverso un ciclone con il quale avviene la selezione
del particolato atmosferico (diametro aerodinamico <2.5um); (i) successivamente 1’aria
campionata arriva all’interno del denuder anulare ricoperto con un soluzione satura di KCl,
nel quale viene adsorbito il mercurio reattivo (RGM); (iii) una volta avvenuto il
desorbimento termico 1’aria campione raggiunge una sezione tubolare di quarzo nella quale
¢ alloggiato un filtro di quarzo sul quale viene raccolto il particolato fine (PM2.5).
Simultaneamente, una parte del campione di aria raggiunge l’analizzatore dove viene

effettuata la misura di GEM. Il sistema di speciazione in condizione ordinarie € programmato
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per il campionamento di RGM e PBM generalmente ogni due ore, mentre I’analizzatore
Tekran 2537 esegue la misura del mercurio elementare con cadenza temporale di cinque
minuti, in modo da avere in totale 24 cicli di analisi relativi alla misura del mercurio
elementare gassoso. Metodi alternativi per la raccolta del PBM hanno sfruttato campionatori
ad alto volume (es. flusso >300 L/min) su filtri in quarzo pre-trattati termicamente. La
determinazione del Hg sul particolato viene eseguita successivamente impiegando metodi
standardizzati e strumentazione da laboratorio idonea all’analisi di Hg a basse concentrazioni

(ICP-MS, CV-AAS, CV-AFS).
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Figura 5. Schema del sistema integrato di speciazione del mercurio (Tekran)

Per entrambi i sistemi di campionamento e determinazione del Hg (automatico e manuale su
filtro), ad oggi non esiste una modalita standardizzata di calibrazione per le specie reattive.
Questo gap operativo comporta incertezza sulle determinazioni di PBM e RGM,
considerando che RGM puo aderire al filtro e/o al materiale particellare. In aggiunta il PBM

puo subire reazione di riduzione e quindi volatilizzare come GEM (Gustin et al., 2015).

1.9.2 Normativa in aria ambiente: assenza di valore limite

La determinazione del mercurio in atmosfera deve essere eseguita rispettando la conformita
al metodo di riferimento del Comitato Europeo di Standardizzazione (CEN) attualmente

basato sull’impiego della spettrometria di fluorescenza atomica (AFS) o della spettrometria
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di assorbimento atomico (AAS), cosi come riportato nella Direttiva 2004/107/EC. Metodi
standard nazionali e internazionali (es. ISO, Organizzazione Internazionale per la
Standardizzazione), o altri metodi se dimostrati equivalenti, possono in alternativa essere
applicati. Il Comitato Tecnico CEN/TC 264 “Qualita dell'aria ambiente” ha elaborato nel
2010 1 metodi standard per la determinazione del mercurio gassoso totale (EN 15852:2010)
e del mercurio totale nelle deposizioni atmosferiche (EN 15853:2010). Attualmente non
sono stati fissati valori limite di concentrazione per il mercurio in aria ambiente e nelle
precipitazioni atmosferiche a livello europeo o nazionale. Le piu recenti Direttive Europee
(2004/107/EC; 2008/50/CE) e il Decreto Legislativo italiano (D.Lgs. 155/2010)
raccomandano misure indicative di Hg (gassoso, reattivo e particolato), classificato come
inquinante pericoloso per I'uvomo e I'ambiente, suggerendo punti di campionamento di fondo
ogni 100000 km?. In dettaglio, il decreto ministeriale (D.M. 29/11/2012), in attuazione del
Decreto Legislativo n.155/2010, procede all’individuazione delle stazioni speciali di
misurazione della qualita dell'aria e prevede la misura della concentrazione di Hg (gassoso
totale, mercurio reattivo e particolato) su una stazione e la misura di Hg totale nelle
deposizioni su 5 stazioni (D.M. 29/11/2012).

Per I’Europa, la Direttiva 2008/50/CE (recepita in Italia nel D.Lgs. 155/2010) fissa i criteri
relativi alle caratteristiche delle stazioni di monitoraggio. Secondo 1 criteri di macro scala,
le stazioni vengono classificate, sulla base della loro localizzazione, in: urbane, suburbane,
rurali e di fondo rurale. Per meglio comprendere 1 meccanismi di formazione e trasporto
degli inquinanti gassosi e del particolato atmosferico, ¢ stato istituito con Decreto
Ministeriale (D.M. 5/05/2015) un miglioramento della rete delle stazioni di monitoraggio
presente nei regolamenti precedenti, fornendo i1 metodi di riferimento per il campionamento
e I'analisi, e prevedendo I’installazione di stazioni supplementari per misurazioni aggiuntive
(mercurio gassoso totale in aria ambiente e mercurio totale nelle deposizioni atmosferiche).
La Direttiva (UE) 2015/1480 recepita con Decreto Ministeriale (D.M. 26/01/2017) ha
modificato alcune parti relative ai metodi di riferimento, alla validazione dei dati e
all’'ubicazione dei punti di prelievo per la valutazione della qualita dell'aria ambiente
riportate negli allegati delle Direttive 2004/107/CE e 2008/50/CE. Linee guida europee per
una migliore qualita dell'aria ambiente relative al mercurio sono considerate essenziali per
poter effettuare il controllo delle emissioni di mercurio atmosferico e per riuscire nella
riduzione dell’impatto del mercurio sulla salute umana e sul biota (Pirrone 2001). Per il
monitoraggio del mercurio e 1 suoi composti, espressi come mercurio totale, da fonti
stazionarie, ¢ stato fissato il valore limite giornaliero a 50 ug/m? (D.Lgs. 133/2005, Allegato

1). La determinazione del Hg totale alle emissioni deve avvenire mediante un sistema di
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misura automatizzato seguendo il metodo di riferimento (EN 14884: 2005). Tuttavia, in
Italia non sono state ancora stabilite linee guida per la qualita dell’aria ambiente per il Hg, e
soltanto un valore limite per il Hg e 1 suoi composti bivalenti inorganici aerodispersi ¢ stato
fissato a 20 ng/m? su 8 ore, esclusivamente per l'esposizione professionale nei luoghi di
lavoro (D.M. 6/08/2012). L’agenzia statunitense per le sostanze tossiche e il registro delle
malattie (Agency for Toxic Substances and Disease Registry, ATSDR) e la Environmental
Protection Agency (US-EPA) hanno suggerito rispettivamente i seguenti valori guida,
entrambi basati sulla concentrazione media annuale: (i) 0.2 pg/m? come livello di rischio
minimo (MRL) per sostanze pericolose (ATSDR, 2020); (ii) 0.3 pg/m?* come concentrazione
di riferimento per l'esposizione cronica per inalazione (RfC) al mercurio elementare (US-
EPA) (IRIS, 1988). L’Organizzazione mondiale della Sanita (World Health Organization,
WHO) ha stabilito a 1.0 pug/m? il livello piu basso per i vapori di mercurio inorganico con

effetti avversi osservati (LOAEL) (WHO, 2012).
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1.9.3 Determinazione del Hg in matrici acquose

La misura e il controllo del Hg nei corpi idrici € cruciale per valutare gli effetti negativi del
Hg sulla qualita dell’acqua e sugli organismi viventi, € piu in generale per la protezione
dell’ambiente e della salute pubblica. In acqua, la forma ossidata di mercurio (Hg?") ¢ la piu
abbondante. La determinazione del Hg risulta fondamentale poiché la sua presenza puo
portare alla conversione nelle forme organiche piu tossiche (CHsHg*, (CHs):Hg) e
bioaccumulabili. In acqua, la concentrazione di mercurio si trova generalmente
nell’intervallo di pochi ppt-ppb. Nelle acque superficiali e nelle acque sotterranee il livello
medio di Hg ¢ inferiore a 0.5 ug/L, nelle deposizioni atmosferiche tra 5-100 ng/L, e nelle
acque potabili la concentrazione media ¢ circa 25 ng/L, anche se sono stati accertati negli
USA casi di superamento del limite di 2.0 ug/L (US-EPA, 2018), cosi come riscontrato
nell’isola di Izu Oshima Island (Giappone), con concentrazioni di Hg fino a 5.5 pg/L nelle
acque sotterranee (WHO, 2005).

I metodi strumentali piu diffusi per la determinazione/speciazione del mercurio in acqua
sono I’assorbimento atomico a vapori freddi (CV-AAS) e la spettrometria di massa con
sorgente di ionizzazione al plasma accoppiato induttivamente (ICP-MS). Negli ultimi anni,
I’impiego di questi strumenti, con metodi analitici ottimizzati e a reagenti di elevata purezza,
hanno permesso di raggiungere limiti di quantificazione fino a sub-ppt (Cairns et al., 2008;
de Wuilloud et al., 2002; Minnich et al., 2008; Passariello et al., 1996). Altri strumenti
comunemente utilizzati includono la spettrometria di emissione atomica al plasma
accoppiato induttivamente (ICP-AES) o di emissione ottica (ICP-OES), la spettrometria di
assorbimento atomico elettrotermico (ET-AAS) (Arpadjan et al., 1997), e 1la
gascromatografia-spettrometria di massa con desorbimento termico (TD-GC-MS) (Ito et al.,
2009). Altre tecniche analitiche utilizzate per la determinazione del mercurio in acqua (e in
altre matrici ambientali), sono il sistema a iniezione di flusso per la rilevazione di Hg (FIMS),
e il sistema di analisi a iniezione di flusso accoppiato alla spettrometria a fluorescenza
atomica (FIA-AFS). Diverse procedure di pretrattamento, pre-concentrazione e rilevamento
sono state applicate per 1’analisi di speciazione del mercurio in acque naturali (Leopold et
al., 2010). L’ICP-MS con la tecnica della diluizione isotopica (ID) e generazione di vapori
freddi ha dimostrato elevata sensibilita e selettivita. Tuttavia, il costo della strumentazione
ID-ICP-MS e degli standard isotopici puo essere ancora proibitivo per molti laboratori di
controllo e di ricerca (Mann et al., 2003). La spettrometria di fluorescenza atomica a vapori
freddi (CV-AFS) ¢ una tecnica meno costosa, € negli ultimi anni ha trovato ampio impiego
per I’elevata sensibilita e il basso consumo di campione, oltre a risentire di basse interferenze

(Knox et al., 1995; Zi et al., 2009).
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1.9.3.1 Determinazione del Hg tramite CV-AFS e metodo US-EPA 1631

I campioni di acqua da analizzare, all’arrivo in laboratorio vengono registrati, inseriti in un
sacchetto di plastica e conservati in ambiente pulito e buio a temperatura ambiente (~20°C),
per evitare contaminazioni indesiderate (Rahmanian et al., 2015). Il campione di acqua (50
mL) viene trasferito in una provetta in polipropilene (PP), preventivamente lavata con una
soluzione di acido cloridrico diluito, e immediatamente aggiunto HC1 (UpA, ultrapuro) alla

concentrazione finale dello 0.5% (v/v) allo scopo di minimizzare la volatilizzazione di Hg.
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Figura 6. Schema semplificato di uno spettrometro di fluorescenza a vapori freddi

Addizionando bromocloruro (BrCl) alla concentrazione finale dello 0.5% (v/v), tutte le
forme del Hg vengono ossidate a Hg?". Per omogeneizzare il campione e consentire la
digestione a temperatura ambiente, ciascuna provetta in PP viene sigillata e agitata, e
controllata la persistenza del colore giallo della soluzione per garantire I’eccesso di BrCl.
Un’ora prima dell'analisi, viene aggiunta idrossilammina cloridrato (NH20H<HCI)
(soluzione allo 0.2% v/v), per ridurre qualsiasi eccesso di BrCl. Il mercurio bivalente (Hg?")
viene cosi ridotto a mercurio elementare (Hg®) utilizzando stagno cloruro diidrato
(SnCl2*2H20). Successivamente, il Hg® viene pre-concentrato su una doppia trappola in oro,
dove viene amalgamato in due fasi, prima su una trappola campione e poi su trappola
analitica (Gill and Fitzgerald, 1987). Il mercurio elementare viene desorbito termicamente

dalle trappole d’oro e trasportato nella cella della CV-AFS. In Fig. 6 ¢ riportato lo schema
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semplificato dello spettrometro a fluorescenza atomica a vapori freddi (CV-AFS) della
Tekran serie 2600 che sfrutta il metodo US-EPA 1631 versione E (US-EPA, 2002) per la

determinazione del Hg in ultratracce in matrici acquose.
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1.10 Studio del mercurio in Italia

Le Agenzie Regionali per la Protezione Ambientale (ARPA) coordinate dall’Istituto per la
Protezione e la Ricerca Ambientale (ISPRA) hanno effettuato negli ultimi anni misure di
mercurio su scala locale in aree di particolare interesse ambientale, come quelle in prossimita
di una centrale geotermica (Bagnoli and Gartner, 2017), di una centrale termica a carbone,
di un inceneritore e in un’area rurale utilizzando analizzatori automatici e sistemi di
monitoraggio in continuo delle emissioni per il Hg (Fontana et al., 2018).

Altre misurazioni di mercurio atmosferico sono state effettuate in zone suburbane/rurali da
gruppi di ricerca di universita e agenzie di ricerca (Munthe et al., 2001; Sprovieri et al., 2016;
Varde et al., 2014; 2019¢; 2019f) in ambiente marino e costiero (Bagnato et al., 2013; Barago
et al., 2020; Castagna et al., 2018; Fantozzi et al., 2013), in aree vulcaniche/geotermiche e
minerarie (Bagnato et al., 2009; Barghigiani et al., 1990; Cabassi et al., al., 2017,
Dedeurwaerder et al., 1982; Ferrara et al., 1994; Ferrara et al., 1998; Ferrara et al., 2000).
L’esecuzione congiunta di misure di mercurio in aria ambiente e nelle deposizioni
atmosferiche, e ’organizzazione di attivita di ricerca condivise tra i paesi dell’Unione
Europea era stata suggerita, con 1’obiettivo di realizzare una rete europea di stazioni di
monitoraggio per indagini integrate sul mercurio (Pirrone and Wichmann-Fiebig 2003).

I1 network europeo non ¢ stato ad oggi realizzato, né tantomeno una rete di osservazione
volontaria per la misura delle specie di mercurio in atmosfera.

Tuttavia, attraverso il finanziamento del settimo programma quadro della Comunita Europea
(FP7) ¢ stato realizzato il primo sistema di osservazione globale sul mercurio (GMOS) con
il compito di sostenere la Convenzione di Minamata. La rete di monitoraggio del mercurio
atmosferico ¢ costituita da oltre 35 osservatori collocati sia nell’emisfero settentrionale che
meridionale. Le misure di Hg raccolte nel periodo 2010-2015 sono state integrate da attivita
di monitoraggio effettuate durante campagne oceanografiche e da studi nell’alta troposfera
tramite aeroplani (Sprovieri et al., 2016).

In Italia, I'accordo tra il Ministero dell'Ambiente, Tutela del Territorio e del Mare (MATTM),
Enti di ricerca (CNR ed ENEA) e I’Istituto Superiore di Sanita (ISS), ha permesso di istituire
I’accordo “Reti Speciali” con la finalita di costituire una rete di stazioni di monitoraggio ai
sensi del D.Lgs. 155/2010 per la misura di diversi inquinanti atmosferici (es. IPA, As, Cd,
Ni, Hg, ozono e suoi precursori, concentrazione di massa di PM2.5 e caratterizzazione
chimica). Sono stati selezionati siti di background e rurali, dislocati da nord a sud dell'Ttalia,
per contribuire al miglioramento della conoscenza dei fenomeni di formazione e trasporto

dei contaminanti atmosferici, potenziare efficacemente le strategie di riduzione delle
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emissioni e migliorare la qualita dell'aria per la protezione dell'ambiente e della salute della

popolazione.
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Capitolo 2

In questo capitolo sono presentate le sintesi dei lavori pubblicati e/o pronti per la fase di
sottomissione su rivista indicizzata. I lavori per esteso, inseriti nell’appendice, sono

successivi al Capitolo 2 e seguono 1’ordine riportato di seguito.

2.1 Caso studio 1: Mercurio in atmosfera in un sito di alta
quota nelle Alpi italiane

Pubblicazione 1/4 (in fase di sottomissione)
Nell’ambito del progetto Integrated Global Observing Systems for Persistent Pollutants
(1IGOSP, http://www.igosp.eu/) e precedentemente del Global Mercury Observation System

(GMOS, http://www.gmos.eu/) per lo studio del mercurio atmosferico su scala mondiale,

I’Osservatorio di Col Margherita (MRG), insieme all'osservatorio di Monte Curcio in Sila,
rappresenta una delle 2 stazioni remote di alta quota in Italia. L altitudine e la distanza dalle
principali fonti antropiche e naturali di inquinanti atmosferici fanno di MRG un sito ideale
per il monitoraggio del mercurio e per lo studio del suo ciclo nelle Alpi orientali. In questo
caso studio, ¢ stato preso in considerazione un dataset continuo di concentrazioni di mercurio
gassoso totale (TGM), ozono e 1 principali parametri meteorologici, relativo all’osservatorio
di Col Margherita, per indagare la variabilita del TGM a livello stagionale, mensile e diurno
e per esplorare la relazione con i parametri ambientali considerati. Le misurazioni di TGM
sono state effettuate da marzo 2018 amaggio 2019. La concentrazione media su base annuale
di TGM ¢ risultata superiore alle precedenti misure registrate durante GMOS. La variazione
stagionale del TGM ¢ stata caratterizzata da valori elevati nella primavera-estate 2018 e
valori piu bassi in inverno. Nelle diverse stagioni si € inoltre osservato un profilo giornaliero
simile per il TGM, con concentrazioni inferiori durante il giorno e piu elevate nella tarda
serata/notte. Strumenti di valutazione spaziale, cambiamenti temporali delle concentrazioni
di TGM, analisi delle retro-traiettorie e dello strato limite del pianeta (PBL) hanno suggerito
che 1 livelli di TGM risultano influenzati dalla meteorologia locale, dal trasporto regionale e
a lungo raggio delle masse d'aria. In inverno, 1 livelli di TGM inferiori sono stati associati a:
(1) alta velocita del vento, (i1) basso livello della quota del PBL e (iii) masse d'aria “piu pulite”
provenienti dal settore dell’Europa occidentale. In primavera ed estate, 1’altezza del PBL
oltre il sito di MRG pud aver contribuito al trasporto di mercurio gassoso da aree piu
inquinate, come confermato dall’analisi delle retro-traiettorie delle masse d'aria che hanno

transitato dall’Europa nord-orientale e continentale. Durante la stagione di copertura nevosa,
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¢ stata eseguita una indagine sugli eventi di picco del TGM. E stata inoltre esaminata la
potenziale influenza dei processi di riemissione del mercurio reattivo precedentemente

depositato sulla superficie del manto nevoso.
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2.2 Caso studio 2: Comparazione dei livelli di mercurio
nelle acque potabili e nelle acque minerali naturali in
Calabria

Pubblicazione 2/A4

In questo studio ¢ stato effettuato il confronto del contenuto inorganico delle acque destinato
al consumo umano (potabili) e delle acque minerali naturali (in bottiglia) campionate in
Calabria. Tale comparazione ¢ stata realizzata utilizzando 1’analisi compositiva dei dati
(CoDA, Compositional Data Analysis) e un nuovo approccio grafico-numerico. Trentuno
campioni di acque potabili, da differenti province del territorio calabrese, e ventuno
campioni di acque minerali naturali, di varie marche prodotte in Calabria, sono stati raccolti.
In totale, sono stati analizzati 29 parametri tra i principali componenti inorganici e in traccia.
La determinazione del mercurio totale ¢ stata eseguita in un laboratorio “pulito” dedicato
mediante la spettrometria di fluorescenza atomica a vapori freddi. L analisi compositiva dei
dati ¢ stata impiegata per identificare le principali relazioni tra i parametri chimico-fisici,
evidenziando le differenze tra le acque potabili e le acque minerali in bottiglia. Tuttavia, il
Hg non ¢ stato incluso nell’analisi CoDA in quanto determinato con un metodo analitico
differente, una diversa strategia/tipologia di campionamento e un livello di concentrazioni
risultato di un ordine di grandezza inferiore rispetto agli altri parametri.

In generale, alcuni elementi (Al, Mn, Fe, Zn, and Pb) sono risultati particolarmente arricchiti
nelle acque del rubinetto; la causa ¢ probabilmente riconducibile a processi di corrosione
all’interno delle tubazioni metalliche della rete di distribuzione dell’acqua potabile. Altri
elementi (Li, Ca, Cr, Ni e Cd), sembrano essere per lo piu derivati da fonti naturali che
influenzano la variabilita complessiva delle acque minerali.

In dettaglio, i livelli medi di Hg sono risultati superiori nelle acque potabili rispetto alle
acque minerali, cosi come le acque in bottiglia frizzanti hanno mostrato concentrazioni
medie di Hg superiori rispetto alle acque naturali.

Nel complesso, Cr, Cu, Hg e Pb sono risultati principalmente arricchiti nelle acque minerali
frizzanti in bottiglia. In particolare, per il Hg questa caratteristica puo essere imputata alla
qualita della CO2 addizionata, o dovuta al rilascio dal sistema di stoccaggio. Gli indici
compositivi innovativi utilizzati non hanno evidenziato grandi differenze rispetto alle
concentrazioni massime consentite (MAC) nelle due tipologie di acqua. Per la salute del
consumatore ¢ indifferente bere acqua potabile o in bottiglia. I risultati rappresentano una
base fondamentale per sviluppare adeguati piani di monitoraggio al fine di verificare il

mantenimento degli standard di qualita dell’acqua destinata al consumo umano.
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2.3 Caso studio 3: Mercurio nelle acque minerali
naturali italiane

Pubblicazione 3/4

In questo lavoro ¢ stata effettuata la determinazione delle concentrazioni di mercurio totale
nelle acque minerali naturali in bottiglia con 1’obiettivo di quantificare il Hg a livelli di
ultratracce e comprendere le eventuali relazioni tra la concentrazione di Hg, gli altri
parametri ancillari, e le caratteristiche del luogo di provenienza. Il totale di 244 acque italiane
campionate rappresentano 164 differenti marchi. In aggiunta, per confronto, sono stati
raccolti 11 campioni di acque in bottiglia di altri paesi europei. Le acque italiane provengono
da 136 sorgenti dislocate in 18 regioni italiane. I campioni di acque in bottiglia sono stati
analizzati impiegando la spettrometria di fluorescenza atomica a vapori freddi, e le
concentrazioni di Hg sono state rilevate nell’intervallo da sub-nanogrammi a pochi
nanogrammi per litro. Le differenze nelle concentrazioni di Hg sono risultate correlate alle
caratteristiche ambientali delle sorgenti, e/o all’influenza di attivita umane. Le
concentrazioni piu elevate si sono riscontrate nei campioni provenienti da regioni
caratterizzate dalla presenza di aree minerarie e/o da attivita termale/vulcanica. Inoltre, i dati
analitici ottenuti hanno permesso di stimare 1'assunzione di mercurio dal consumo di acque
minerali da parte della popolazione, suddivisa in tre gruppi (adulti, bambini e neonati).
L'assunzione giornaliera media di mercurio ¢ risultata notevolmente inferiore, non solo al
valore tollerabile provvisorio fissato dalla legislazione europea e italiana, ma anche al valore
stimato come dose provvisoria settimanale tollerabile raccomandato dal JECFA, il Comitato

di esperti congiunto FAO/WHO sugli additivi alimentari.
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2.4 Caso studio 4: Studio dei fattori che controllano la
presenza di mercurio nella neve superficiale e lo scambio
di Hg tra neve e atmosfera nel plateau Antartico

Pubblicazione 4/A4

In questo studio, per la comprensione dell’influenza dei principali parametri ambientali
coinvolti nel ciclo del mercurio nella neve superficiale, sono stati elaborati i dati di misure
di tre differenti campagne effettuate durante le estati australi sul plateau Antartico.

La strategia di campionamento della neve superficiale ¢ stata modificata progressivamente
per ricreare le migliori condizioni operative e ottenere risultati affidabili per la valutazione
dei fattori che controllano la presenza di mercurio nel manto nevoso e il loro contributo
all’abbondanza del Hg in atmosfera.

La diminuzione della concentrazione di mercurio nella neve e il suo probabile rilascio in
atmosfera hanno fornito un effetto diretto sui livelli di mercurio atmosferico. L’aumento del
mercurio atmosferico rilevato risulta in ritardo di alcune ore, e questo shift puo dipendere
dalla struttura verticale e dalla velocita di miscelazione dell’atmosfera (oltre che dalle
condizioni meteorologiche). Questi risultati confermano I’ipotesi di influenza reciproca tra
il mercurio presente nella neve e in atmosfera.

Sebbene soltanto alcune prove sono emerse dai risultati ottenuti, non risulta comunque netta
la distinzione dei processi predominanti € sono necessarie ulteriori indagini, su una scala
temporale piu lunga, per identificare sia il ruolo dell'intrusione di masse d’aria sia quello dei
processi di trasporto a medio e lungo raggio sui livelli di mercurio atmosferico nel plateau

Antartico.
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Conclusioni

Questa tesi di dottorato, strutturata su 4 distinti lavori, ha 1’obiettivo di fornire informazioni
riguardanti 1 livelli di concentrazione e il comportamento di Hg in differenti matrici
ambientali: (i) in atmosfera, (i) nelle acque potabili, (iii) nelle acque minerali naturali e (iv)
nella neve superficiale. I complessi meccanismi del ciclo biogeochimico del mercurio
spingono i ricercatori all’impiego di un approccio multidisciplinare e di strategie di indagini
innovative. Di seguito sono riassunti i principali spunti conclusivi del lavoro di dottorato,

presenti nelle pubblicazioni allegate.

° Lo studio delle concentrazioni del mercurio in aria ambiente in un sito Alpino di alta
quota suggerisce I’importanza del monitoraggio a lungo termine di questo elemento tossico.
Per migliorare la conoscenza della dinamica dei processi in cui ¢ coinvolto il Hg risulta
essenziale utilizzare le informazioni derivanti dalla misura di altri parametri ambientali e
meteorologici. Inoltre, risulta indispensabile determinare il Hg in tutte le altre matrici che

giocano un ruolo di scambio con I’atmosfera (es. neve).

° L’impiego della spettroscopia di fluorescenza atomica a vapori freddi ha permesso
di quantificare il Hg a livelli di ultratracce nelle acque potabili e minerali, caratterizzazione
che in Italia non era ancora stata realizzata. Oltre ad assicurare per il Hg 1 bassi livelli di
concentrazione e il rispetto ai valori limite di legge, i due casi studio hanno consentito di
valutare le differenze tra acque potabili e acque minerali naturali, e tra acque minerali e
frizzanti, e di attribuire le potenziali cause della presenza di Hg nelle varie tipologie di
campioni esaminati. La conoscenza delle concentrazioni di Hg nei numerosi campioni di

acqua ha inoltre permesso di stimare I’assunzione di Hg da parte della popolazione.

° L’analisi di un ampio dataset ottenuto da tre campagne di misura condotte in
Antartide ha fornito un quadro dei principali parametri ambientali coinvolti nel ciclo
geochimico del mercurio nella neve superficiale del Plateau Antartico. La strategia di
campionamento ¢ stata modificata da una campagna alla successiva affinché le migliori
condizioni operative scelte potessero produrre risultati affidabili e migliorare la
comprensione dei fattori che controllano la presenza di mercurio nella neve superficiale e il
potenziale contributo al Hg atmosferico. Sebbene alcune indicazioni siano emerse dai

risultati ottenuti, non ¢ risultato semplice discernere i processi predominanti. Sono necessari
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ulteriori studi su scala temporale piu lunga per poter identificare il ruolo dell’intrusione delle
masse d’aria e dei processi di trasporto, a medio e lungo raggio, sui livelli di mercurio

atmosferico nel plateau Antartico.
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Prospettive future degli studi sul Hg in campo ambientale

° I1 monitoraggio del mercurio a lungo termine in stazioni di alta quota, attualmente
ancora in numero ridotto rispetto a quelli condotti in altre localita, ¢ cruciale per la
comprensione dei trend di concentrazione in aree montane remote. La gestione degli
osservatori in siti montani risulta ad oggi estremamente dispendiosa per 1 costi da sostenere,
e richiede enormi sforzi anche in termini di personale qualificato e di tempo-uomo. In
aggiunta, la determinazione del mercurio gassoso reattivo in forma ossidata (RGM) e del
mercurio nella fase particellare (Hgp) viene ritenuta importante per lo studio del
comportamento in atmosfera e nelle altre matrici ambientali, cosi come I’implementazione
di strumenti per la misura di parametri ancillari chimici (oltre a O3, Br e altri potenziali
ossidanti) e fisici (componenti della radiazione solare) per lo studio dei processi fotochimici

e ossido-riduttivi che coinvolgono il Hg (Gustin et al., 2021; Zhang et al., 2019).

° Un ottimale monitoraggio del Hg a lungo termine necessita inoltre dell’impiego di
piattaforme innovative, con l'utilizzo di nuovi dispositivi (es. campionatori passivi, PAS e
sensori) da affiancare e testare in termini di QA/QC nelle condizioni tipiche delle aree
montane remote (minore pressione atmosferica, altezza PBL e libera troposfera, condizioni
metereologiche dinamiche), oltre a sviluppare/implementare tools modellistici per una
migliore rappresentazione della dinamica dei processi chimico-fisici del Hg (Huang et al.,

2014; Mao et al., 2016; Mazzolai et al., 2004; McLagan et al., 2018).

° I risultati ottenuti studiando il Hg nella neve superficiale in Antartide suggeriscono
di approfondire la ricerca del comportamento del Hg tra la superficie del manto nevoso e
I’atmosfera. Queste ricerche, ad alta risoluzione temporale, dovrebbero essere condotte, con
continuita e su differenti stagioni, nelle aree remote caratterizzate dall’abbondante presenza
di neve, per meglio comprendere la dinamica dei processi del Hg, in termini di reattivita e
riemissione-riciclo tra atmosfera-neve, e poter valutare il potenziale impatto della presenza

del Hg nell’ambiente (es. Artico e siti montani) (Spolaor et al., 2018; Spolaor et al., 2019).

° La presenza di Hg nelle acque potabili ¢ un problema attuale in relazione allo stato
di salute dell’ambiente e della popolazione potenzialmente esposta. Una adeguata strategia
di campionamento spazio-temporale affiancata da rigorose procedure analitico-strumentali
devono continuamente essere applicate per studiare e comprendere le cause della presenza

di contaminanti tossici come il Hg. Le determinazioni di Hg nelle acque potabili e minerali
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naturali, effettuate con strumentazione dedicata per il Hg, hanno dimostrato la capacita di
misurare questo metallo tossico a concentrazioni di ultratracce e di poter valutare le sorgenti
e/o altre condizioni causa di potenziale contaminazione con 1’applicazione di approcci
multidisciplinari (Apollaro et al., 2019; ARPAV, 2019, Universita degli Studi di Ferrara,
2019, Varde et al., 2019a).
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Abstract

The Col Margherita observatory (MRG) is the highest altitude background station located in
the Eastern Italian Alps settled in the framework of the Global Mercury Observation System
(GMOS) project for the study of atmospheric mercury. Its elevation and the distance from
major anthropogenic and natural sources make it the ideal site for the monitoring of baseline
mercury levels and the investigation of its cycle. In this work, a continuous dataset of total
gaseous mercury (TGM), ozone and meteorological variables was studied in detail to
investigate TGM variability at seasonal, monthly and diurnal level and to explore its relation
with environmental parameters. TGM measurements were carried out from March 2018 to
May 2019. The annual mean TGM concentration was higher than the previously reported
year-round mercury measurements during GMOS. At MRG, the seasonal variation of TGM
was characterized by high values in spring-summer 2018 and lower values in winter. A
similar diel pattern of TGM over different seasons was obtained, with low concentrations in
the daytime and higher in the late evening-night. Spatial patterns and temporal changes in
TGM, back-trajectories and planet boundary layer (PBL) analysis showed that TGM levels
were influenced by local meteorology, regional and long-range transport of air masses. Low
levels of TGM in winter were associated to high wind speed, low PBL height and cleaner
air masses from the west sector, whilst higher PBL height in spring and summer may
contribute to the transport of gaseous mercury from polluted areas, as confirmed by back-
trajectories analysis of air masses passing from Northeast and continental Europe. During
the snow cover season, the investigation of TGM peak events also demonstrated the potential
influence of reemission processes of previously reactive mercury deposited onto snow
surfaces.

1 Introduction

High-elevation monitoring sites are crucial for studying environmental pollution and the
impact of climate change on mountain glaciers and on the ecosystems of remote and pristine
mountainous areas (Beniston et al., 1997). In particular, the presence and variability of Hg
and O3, two widely recognized harmful pollutants for both humans and ecosystems, have
been widely investigated over the last few decades in remote mountain sites and polar
regions (Berg et al., 2013; Cole and Steffen 2010; Ebinghaus et al., 2002; Fain et al., 2009;
Fu et al., 2010, 2016; Kang et al., 2019; Lu and Schroeder 2004; Sprovieri et al., 2016;
Steffen et al., 2015; Yin et al., 2017, 2018). Long-term monitoring of atmospheric Mercury

2



70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

(Hg) at high mountain sites is one of the keys to understanding the global cycling and fate
of Hg, by decoupling global trends from local sources at the Earth’s surface, since most
anthropogenic Hg emissions occur at lower altitudes (Sprovieri et al., 2016). Most
atmospheric mercury observations are of either gaseous elemental mercury (GEM) or total
gaseous mercury (TGM). These are effectively operationally defined fractions depending on
the instrumentation used. GEM which is mercury in its gaseous elemental state Hg® makes
up over 95% of the TGM in the atmosphere whilst the remainder is a mixture of reactive
gaseous mercury (RGM) and particulate bound mercury. The global atmospheric residence
time of GEM is thought to be in the order of 0.5-2 years, whilst the latter two remain for
days or weeks limiting their transport to a local or regional scale. However, a more recent
study by Horowitz et al. (2017) suggests that under certain conditions, the atmospheric
lifetime of GEM can be much shorter. Hg observations at high altitude sites also help to
reduce the gap between field measurements and model simulations, especially if combined
with Hg studies over oceans (Mao et al., 2016) and aircraft-based measurements (Ebinghaus
et al., 2007; Slemr et al., 2009; 2016). Regional and global networks of in-situ monitoring
stations have been developed for the study of Hg (Canadian Atmospheric Mercury Network-
CAMNet, American Atmospheric Mercury Network-AMNET, Global Mercury Observation
System-GMOS, Asia Pacific Mercury Monitoring Network-APMMN), aimed at
establishing long-term air quality and meteorological datasets (Blanchard et al., 2002; Gay
et al., 2013; Kaiser et al., 2007; Kellerhals et al., 2003; Temme et al., 2007; Teorseth et al.,
2012; Schultz et al., 2015; Sheu et al., 2019; Sprovieri et al., 2016). Limited accessibility to
remote areas and logistical complexities results in elevated maintenance and management
costs for mountain sites, with the consequence of a lack of long-term data from
alpine/mountain sites for analytes such as Hg (Mao et al., 2016) and persistent organic
pollutants (POPs) (Loewen et al., 2005). A coordinated Global Mercury Observation System
(GMOS) was established during a five-year project (2010-2015) funded by the European
Commission with the aim of providing a global dataset of Hg background concentrations in
ambient air and wet deposition, in the lower/upper troposphere and lower stratosphere, as
well as in the marine environment (Sprovieri et al., 2016; 2017). It also aimed to provide
reference levels for monitoring progress in implementation of the Minamata Convention
(https://www.mercuryconvention.org/). The text of the Minamata convention was approved
in 2013 and entered into force on August 16th, 2017. The GMOS project coordinated Hg
data collection and quality-control using a real-time web-based QA/QC system. The system
called GMOS-Data Quality Management (G-DQM), plugged into a cyberinfrastructure and
deployed as a service, has been finalised to provide a high-quality dataset for Hg in air and
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precipitation. A Spatial Data Infrastructure was finally developed assuring a timely up to
date sharing of information on Hg (D’ Amore et al., 2015). The same kind of effort should
be made to establish a common procedure and instrumental method for the monitoring of
other environmental parameters, i.e. for non-continuous measurements, in order to share
robust and reliable datasets, thus avoiding and/or reducing uncertainties and increasing
measurement traceability. Col Margherita (MRG) observatory was part of the 40 ground-
based stations of the GMOS project and is now involved in the Integrated Global Observing
Systems for Persistent Pollutants (iGOSP) project, Strand 3 of Era-Planet Horizon 2020
Program funded by the EU. The MRG observatory has also been recently included in the
WMO Global Atmosphere Watch (GAW) Programme as a regional Station. In Europe,
major contributors to atmospheric Hg emissions are anthropogenic sources with 239.3 Mg
y! (Pacyna et al., 2006). Emissions of Hg from primary natural sources and re-emission
processes (mainly Hg emissions from surface waters and volcanoes) were estimated as
between 110 to 177 Mg y! for the Mediterranean region and Continental Europe (referring
to the EMEP domain), respectively (Pacyna et al., 2006; Pirrone et al., 2001; Travnikov and
Iluyin, 2005). Italian atmospheric emissions of Hg from major industrial/man-made sources,
published in the National Emission Inventory Report, showed a reduction trend between
1990 and 2017 from 15.2 to 9.2 Mg y! in accordance with what was previously reported in
the scenarios for atmospheric Hg emissions in Europe (Pacyna et al., 2006). This slight
decrease was obtained using the best available technologies, introducing control and
abatement systems for several activities such as coal and oil combustion, processes in
inorganic chemical industries (i.e. chlorine production), iron and steel, coal industry, non-
ferrous metal and non-metallic mineral sector, waste incineration, cement production, and
geothermal production. For instance, part of the reduction in Hg emissions was due to the
conversion of chlor-alkali production plants from the Hg cells to the membrane technology
(Taurino et al., 2019) and through the use of abatement systems for Hg and hydrogen
sulphide (H2S) in geothermal power plants (Parisi et al., 2019). Moreover, in Italy there are
also several natural sources from north to south such as the mining districts of Mt. Amiata
(Breder et al., 1984; Cabassi et al., 2017; Ferrara et al., 1998; Vaselli et al., 2013), active
volcanoes (e.g. Etna, Stromboli and Vulcano) (Bagnato et al., 2007; Ferrara et al., 1990;
2000) and geothermal areas (e.g. Campi Flegrei) (Bagnato et al., 2009; 2014; Bagnoli and
Gartner, 2018; Cabassi et al. 2017; Ferrara et al., 1994) that were not considered in the above-
mentioned report. Even if the estimated budget from these sources represents a small fraction
of the annual global volcanic output, it may account (i.e. Mt. Etna volcano) for about 5% of
Hg emitted in the Mediterranean basin from anthropogenic activities (Bagnato et al., 2007,
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Ferrara et al., 1990; 2000). Since Hg emission data are still incomplete, more effort should
be undertaken to consolidate Hg emission assessments. Support for this can come from Hg
measurements in the atmosphere, as well as other environmental media, to improve our
knowledge of the impact of Hg on contaminated and remote/rural sites. In this context, and
by considering the lack of long-term measurements of Hg in Italy, with the availability of
only a few datasets at remote and/or rural sites (Sprovieri et al., 2016), it is particularly
necessary to present and analyse the results of atmospheric monitoring of TGM at MRG
from March 2018 to May 2019. To explain the variability of TGM, other data recorded at
MRG are considered and analysed: near-surface ozone (O3), snow depth and meteorological
parameters (e.g., temperature, humidity, atmospheric pressure, wind direction and speed).
Long-term measurements of O3 at high altitude stations have been previously carried out in
Italy (Bonasoni et al., 1993; Bonasoni et al., 2000; Cristofanelli et al., 2013a; Cristofanelli
et al., 2013b; Cristofanelli et al., 2018; Vecchi and Valli, 1998) as well as in alpine locations
of other European countries (see Okamoto and Tanimoto, 2016; Schultz et al., 2017; Cooper
et al., 2020 and reference therein). Tropospheric O3 is recognised as a powerful greenhouse
gas (UNEP and WMO, 2011), it influences the oxidation capacity of the troposphere and it
affects the health of the human population, as well as the integrity of ecosystem and crop
yields (Lefohn et al., 2018; Fleming et al., 2018 and reference therein). It also damages
vegetation such as forests and agricultural crops, and the services they provide, in particular
food production and carbon sequestration (Stocker et al., 2013). Levels of tropospheric O3
at regional scales are strongly affected by anthropogenic emissions of precursor species: CO,
NO2, CH4 and NM-VOCs (UNEP and WMO, 2011). Stratosphere Troposphere Exchange
(STE) and lightning production are the main natural tropospheric O3 sources, so the intrusion
of stratospheric air-masses can affect O3 variability at mountain sites (e.g. Gaudel et al.,
2018). O3 also acts as a powerful oxidizing agent and is able to determine the overall
oxidative capacity of the troposphere, affecting the fate of other atmospheric compounds
including TGM (Schultz et al., 2015). Even if they are representative of the lower
tropospheric layers and are often affected by PBL air-masses (Cooper et al., 2020),
continuous observations of O3 at high altitude sites can still provide valuable information in
support of regional strategies for the control of tropospheric O3, as well as contributing to
the validation of models of global and regional air quality or climate. Moreover, for
measurements performed at high altitude sites, analysis of the O3 temporal variability can
help in attributing the origin of air masses in conjunction with other atmospheric tracers and
transport models (e.g. Cristofanelli et al., 2016). The main objective of this study is to
investigate (i) seasonal and diurnal variations of TGM; (ii) the relationship between TGM
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and other variables (ozone and the main meteorological parameters); (ii1) analysis of back-
trajectories and the atmospheric planetary boundary layer (PBL); and (iv) identification of
potential sources in terms of local, regional and/or long-range transport.

2 Measurements and methods
2.1 Site description

The Col Margherita atmospheric observatory (GAW ID: MRG, 46.36683° N, 11.79192° E,
2543 m a.s.l.) is located in the mountainous area of the Belluno Dolomites (UNESCO World
Heritage site), between the Veneto and Trentino-Alto Adige regions, in Northeast Italy. It is
included in the ski area of the San Pellegrino pass, in the municipality of Falcade. MRG is
about 15 km far from Falcade (Belluno) and Moena (Trento) (Fig. 1). These two towns, with
a total of 4500 inhabitants, means that this area has a population density of less than 35
inhabitants/km? which can change significantly in the summer and winter due to tourism.

(CYRIN San Pellegrino Pass - |i% 7 e ﬁg’::.;.;;‘.-;-"-ﬁ}.’f N (b)

3 MRG Observatory

*Valles Pass |

Figure 1. Geographical location (a) and picture (b) of the Col Margherita Observatory in the South-eastern
Alps, Italy.

MRG observatory was established in October 2012 as a GMOS secondary site for
background monitoring of TGM in air and mercury in precipitation (Sprovieri et al., 2016;
2017). Operationally, TGM is defined as the sum of the gaseous elemental mercury (GEM)
and reactive/oxidized gaseous mercury (RGM or GOM) species (Lin et al., 2019; Munthe et
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al., 2001; Prete et al., 2018; Wingberg et al., 2007). The MRG site is ideal for the study of
synoptic atmospheric currents thanks to its elevation and morphological characteristics. In
fact, it is located on the southern side of the Alps, between the emission sources of the Po
Valley basin, one of the most populated regions with high air pollution levels in Southern
Europe (Bigi and Ghermandi, 2016; Diémoz et al., 2019), and the industrial areas of
Northeastern Europe, comprising Austria, East Germany, the Czech Republic and southeast
Poland (Kaiser et al., 2007). There are no known significant local mercury sources such as
cement plants, incinerators, industrial activity, or mining activities near the summit or in the
surrounding areas. The nearest commercial and industrial areas are about 60 km from the
site, where the main urban districts of the Adige Valley (north-east) and Belluno area (south-
west) are located. At a distance of about 20 km from MRG there is the mining district of
Valle Imperina (pyrite) and in the surrounding area there are other mines (Vallalta and
Transacqua), where mining activities closed permanently in the 1960s. In particular, Vallalta
was well known for the extraction of cinnabar and native Hg (Wahsha et al., 2014). The
atmospheric composition at Col Margherita is related to the transport of air masses on a
regional scale, according to the updated K&ppen-Geiger classification map (Kottek et
al.2006), the climate at MRG can be included in the “Polar” class, but it shows continental
features, due to the large temperature ranges. In fact, it is characterized by temperate
summers and cold winters. During the analyzed period, the hourly mean temperatures range
between -18°C (Dec-Feb) to 18°C (Jul-Aug) with abundant rainfall in summer and snow in
the winter. In winter, westerly winds are prevalent, with speed up to 34 ms™!, in other seasons
the ESE direction becomes more relevant, but is associated with a lower wind speed. Snow
deposition usually starts in November/December and can occur until April/May with
continuous snow cover on the ground for the entire period that disappears usually by late
May. In winter, wind speeds are high enough that freshly fallen snow does not always remain
in place for a long time, but can accumulate in drifts even against the station. Measurements
of TGM were performed at MRG from October 2012 to July 2015 within the GMOS project
(Sprovieri et al., 2016), where the site is quoted with the code CMA and a mean TGM
concentration of 1.7 = 0.2 ng m™ was reported. The monitoring re-started again in March
2018 within the EU ERA-PLANET iGOSP project (2017-2020). A near-surface O3
instrument was installed in June 2017 and measurements are ongoing.
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2.2 Sampling methods and analysis
2.2.1 Atmospheric mercury measurements

TGM was measured using a Tekran model 2537B instrument (Tekran Instruments Corp.,
Toronto, Ontario, Canada) following the GMOS project protocols (GMOS SOP, 2011). The
continuous Hg analyzer was installed in the autumn of 2012, with the sample inlet probe on
top of the shelter, 4 m above the ground. A cylindrical frame in Teflon was mounted to
protect the inlet from rain and snow. Due to the high elevation of the site and the
consequently reduced atmospheric pressure, an open-phase filter holder with 47 mm Teflon
filters (pore size 0.5 um) was used instead of the 0.2 pm filter recommended in the GMOS
SOP to remove particulate matter. This was mounted on the outside opening of the heated
fluorocarbon sampling line to avoid atmospheric particulate matter accumulating in the
sample line where it could absorb Hg and modify the results. Another 0.2 um filter mounted
on the instrument before the sample in port, prevented particulate matter from reaching the
gold preconcentration cartridges. The cabin, where the analyzer was housed, is heated in the
winter and ventilated with outside air in the summer. The median temperature inside the
MRG observatory was 17.8 °C. TGM measurements were performed by the Hg analyzer
using dual gold Hg traps in sequence, with thermal desorption of the Hg and its detection
atomic fluorescence spectrometry at 253.7 nm (Munthe et al., 2001; Tekran, 2012). Ultra-
high purity (grade 5.0) argon (Societa Italiana Acetilene e Derivati, SIAD, Italy) was used
as carrier gas. A sampling flow rate of 0.5 L min! (at standard temperature and pressure)
and a 10-minute sampling interval were selected, to ensure a stable sampling volume and to
avoid straining the sampling pump due to the low atmospheric pressure (MRG is at an
altitude higher than that recommended by Tekran specifications (Tekran, 2012)). Automated
calibration of 2537B analyzer, using the internal permeation source, has been set every 72
hours and manual injections and/or standard additions of known amounts of Hg have been
performed twice per year using the Tekran Model 2505 external calibration unit, during
yearly maintenance cycles and on site, respectively. All GMOS technical recommendations
regarding TGM/GEM measurements were followed by site operators during periodic visits
at the MRG. Results for TGM were reported as the average mass of TGM per volume of air
at 273.15 K and 101.325 kPa (0°C and 1 atm), measured over a specified time interval (10
min). TGM concentrations are reported as nanogram per cubic meter (ng m=). The time
reference system for the dataset is UTC, the same as used in all GMOS reports and
publications. The Hg dataset of MRG has been stored in the Data Storage Layer of the Cyber
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Infrastructure created for GMOS to provide all users with a common QA/QC procedure and
the data management through the Spatial Data Infrastructure (SDI) using the GMOS-Data
Quality Management (G-DQM) system, with an automated process for data set treatment.

2.2.2 Near-surface ozone measurements

The O3 analyzer was installed at MRG on 17% June 2017 and measurements are still ongoing.
Surface O3 measurements are carried out using a Thermo 49c¢ UV -absorption photometric
analyzer (Thermo Environmental Instruments Inc., USA), following the EC reference
method (EN 14625:2012). The limit of detection (LOD) was 1 £ 1 ppbv (Thermo
Environmental Instruments Inc., 2000). The metrological traceability of O3 measurements
to the WMO reference scale is assured by comparison to a laboratory calibrator (Thermo Tei
49i-PS, Thermo Scientific Inc., USA) at the Institute of Atmospheric Science and Climate -
National Research Council of Italy (CNR-ISAC) which, in turn, is routinely certified against
the Standard Reference Photometer SRP#15 maintained at the WMO/GAW “World
Calibration Centre for surface O3, CO2, CH4 and CO” (WCC-Empa Standard Reference
Photometer SRP#15). Comparison against the CNR-ISAC laboratory standard is performed
roughly every 2 years or after the occurrence of major instrumental failures. These
comparison exercises allow us to estimate that the total combined instrumental uncertainty
of the O3 analyzer is less than 1.5 ppb within the range 1-100 ppb, according to the
uncertainty methodology calculation provided by Klausen et al. (2003). This temporal
frequency is not optimal (a calibration every 2-3 months is recommended by WMO 2013),
but this represents the best compromise between the metrological requirements and the
difficulty in accessing the measurement site. Zero and span checks were executed on a daily
basis. The zero air was generated using an activated charcoal cartridge, while an internal UV
source was used to generate a span level of approximately 100 ppb. These checks regularly
test the calibration and can identify possible instrumental problems. The execution of quality
control/quality check (QA/QC) actions (including the inspection of daily data products, the
analysis of instrumental internal parameters or data outliers) are supported by the use of a
system based on a suite of automatic processing routines which also produce data files
following the WMO/GAW common data model (Naitza et al., 2020). Public access to the
MRG Os3 data products is available at https://nextdata.bo.isac.cnr.it.


https://nextdata.bo.isac.cnr.it/search

304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337

2.2.3 Meteorological parameters

Meteorological sensors are installed on a compact aluminum tower at 3 m above the ground
(ATW3, Campbell Scientific), 10 m away from the observatory. The parameters measured
and the sensors used were: air temperature (T) and relative humidity (RH) (CS215 -
Campbell Scientific); air pressure (P) (PTB110 barometer — Vaisala); snow depth (SD)
(Sonic Ranging Sensor SR50A - Campbell Scientific); wind direction (WD) and wind speed
(WS) (Wind monitor-hd alpine model 05108-45 — Young). Sampling time was 5 minutes,
but hourly averages were used for data analysis. Data of global solar radiation (SR) (t055
TPIR - SIAP+MICROS) and cumulative precipitation (R) (FAKO15AA - MTX s.r.1.) have
been taken from the Weather Station located at Passo Valles (2032 m asl) 3 Km away from
MRG.

2.2.4 Backward trajectory analysis and boundary layer height

To determine the synoptic origin of the air masses reaching the measurement site, 120-h 3D
back-trajectories were calculated every 6 hours (00, 06, 12, and 18 UTC) with the
LAGRANTO model (Sprenger and Wernli, 2015; Wernli and Davies, 1997). The model
calculations were based on the ERAS reanalysis dataset of the European Centre for Medium-
Range Weather Forecasts (ECMWF, see Hersbach et al., 2020). For each set, 7 back-
trajectories were computed, with starting points shifted by + 1° in latitude/longitude and in
a vertical range of + 50 hPa with respect to the station location, to partially compensate for
the absence of subgrid scale processes in LAGRANTO. The temporal resolution for the
back-trajectories is one point every hour. To identify the main flows of the synoptic-scale
occurring at the measurement site, a cluster analysis was applied to the LAGRANTO back-
trajectories (see, e.g., Dorling et al., 1992). The standard Euclidean distance between each
pair of trajectories was chosen as the method to compute the different clusters. Only the
trajectories with endpoints of 750 hPa were selected, as being more representative of the
exact location of the station (results including trajectories at 700 and 800 hPa showed similar
patterns). The planetary boundary layer (PBL) height for MRG was estimated by using the
ERAS5 reanalysis dataset (Hersbach et al., 2020). ERAS5 provides data with a spatial
resolution of 0.25° x 0.25°, and with a temporal resolution of one hour. The calculations for
estimating the PBL height are based on the bulk Richardson number (a measure of
atmospheric conditions). It is well known that derived PBL heights can suffer from
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uncertainties in mountainous regions; nevertheless, the closest ERAS5 PBL height value to
MRG was used, in the absence of any other direct or indirect available measurement.

3 Results and discussion
3.1 Temporal trends of TGM
3.1.1 Annual and seasonal patterns of TGM

TGM measurements were carried out with continuous data coverage from March 2018 to
May 2019 with the exception of the autumn 2018, when the Hg analyzer was not operational.
Overall, measurements at MRG in the period 2018 - 2019 had some programmed
interruptions due to routine equipment maintenance, but there are other gaps, particularly in
the summer-autumn rainy season, due to unstable power supply issues caused by
thunderstorms, which are a frequent occurrence in the Dolomites in summer. Despite these
missing measurements, a total of n. 29050 data points were collected every 10-mins (Fig.
2a). From March 2018 to May 2019, mean concentration of TGM was 3 + 1 ng m-* , which
is higher than the previous long-term averaged value (1.7 = 0.3 ng m™) calculated from
measurements performed between December 2013 to July 2015 (Sprovieri etal., 2016; Table
ESM1).

()
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Figure 2. Temporal trend of daily total gaseous mercury (TGM) concentration (ng m™) in the atmosphere at
MRG 2. a) from March 2018 to May 2019; 2 b) monthly (2018 - 2019) box and whisker plots of TGM
concentrations; 2 c¢) monthly box and whisker plots of TGM from December 3013 to June 2015; 2 d) The
seasonal TGM means for 2013 - 2014 and 2018 - 2019 (seasons available for comparison). Seasons are defined
as 3-month periods: winter (DJF: December, January, February), spring (MAM: March, April, May), summer
(JJA: June, July, August) and fall (SON: September, October, November).

This value, regardless of years, is the highest amongst all the TGM values measured in other
mountainous, continental and coastal sites at remote and rural locations in Europe (Denzler
et al., 2017; Kentisbeer et al., 2015; Kock et al., 2005; Lee et al., 1998; Slemr and Scheel,
1998; Wingberg et al., 2016), with few exceptions related to short field campaigns in various
sites (Halle/Leipzig/Bitterfeld and Langenbriigge) at low altitudes in the Northwestern and
Central Europe (Ebinghaus et al., 1995). In addition, only a few measurements carried out
at elevated remote and rural sites in China showed TGM concentrations higher than at MRG
(Fu et al 2008; Fu et al. 2009; Chen et al. 2013; Chen et al., 2016; Yu et al. 2015; Wan et al.
2009). The mean concentrations of atmospheric gaseous mercury (TGM and GEM) observed
in elevated or mountainous sites all over the world are reported in Table ESM1, data from
Sprovieri et al. 2016. The median value of TGM in the 2018 - 2019 period was 2.91 ng m™3,
1.22 ng m? higher than the 2014 median value at MRG (Sprovieri et al., 2016) and 1.61 ng
m- higher than the 2011 - 2012 median value recorded in the Swiss Alps (at Jungfraujoch,
3580 m) (Denzler et al., 2017). This variance is not explained by instrumental variations,
because as well as manual calibration checks every 6 months, the instrument recalibrates
against an internal permeation source that releases a constant amount of mercury every 72
hours. Additionally, the lamp brilliance and detector gain are adjusted automatically, and
manually if need be, especially after lamp changes to keep the instrumental response
constant and avoid risk of high results not being registered by going off scale. The mean
instrumental response factor for 2013-2015 was 5.09x10% + 7.02x10° whilst in 2018-2019 it
was 6.22x10° £ 1.03x10° which does not explain the large difference in concentrations. A
higher response with the same Hg release from the Perm source would result in lower
registered concentrations. Higher concentrations would only occur if the perm source was
releasing less mercury compared to the set permeation rate which is factory calibrated before
delivery, our biannual calibration checks would seem to preclude this possibility. For 2018-
2019, monthly average TGM concentrations ranged from a minimum of 1.89 ng m (in
March and December 2018) to a maximum of 5.19 ng m-3 (May 2019) (Table 1). A clear
increasing tendency was registered in 2018 from March to July, while a larger increase was
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399  observed in 2019 from January to May (Table 1 and Fig. 2a, 2b). Figure 2c shows the
400  monthly means during the previous, longer TGM measurement period from December 2013
401  toJuly 2015. In this dataset, the lowest monthly TGM mean value was registered in February
402 2014, and the highest in May 2015. So, at MRG, the annual TGM cycle is characterised by
403  an increasing tendency from winter to spring/summer.
404
405 Table 1. Main statistical parameters of monthly and seasonal concentrations TGM (in ng m) during the
406 measurement period at Col Margherita Observatory. (DJF=winter, MAM=spring, JJA=summer)
407
Year 2018 2019
Month Mar Apr May Jun Jul Aug Dec Jan Feb Mar Apr May
Season MAM JJA DJF MAM
Min 157 135 094 094 167 175 167 061 167 149 071 069 245 240 069
IstQ 172 209 217 194 283 325 296 179 190 227 194 240 341 328  3.03
Median 179 2.67 281 242 319 362 340 200 205 290 215 324 418 575  3.68
3[dQ 198 380 366 351 364 417 383 218 221 358 264 353 593 676  5.16
Max 381 580 662 662 532 603 603 315 310 620 620 665 912 790 9.2
Mean 189 299 300 279 321 3.9 345 189 211 306 241 303 469 517 413
Stdev. 029 104 112 106 062 0.76 074 049 029 095 081 084 152 170 154
408
409  Looking at the inter-annual variability, the difference between the 2019 and 2018 mean
410  TGM concentrations in March, April and May was 1.52 ng m, 1.70 ng m and 2.17 ng m-
411 3 respectively. April and May of both years were characterized by the largest variability, as
412 clearly indicated by the high standard deviation values (Table 1). Slemr et al. (1996) and
413 Slemr and Scheel (1998) reported that high standard deviation of monthly mean TGM values
414  at the Wank mountain site in Southern Germany were related to the arrival of polluted air
415 masses in these months. Moreover, Slemr et al. (2011) underlined the approximate
416  synchronicity in the seasonal variation of Hg between the northern and southern
417  hemispheres, concluding that a decrease in the trend of Hg emissions between 1996 and
418 2009 was due to an unchanged distribution of its sources. Looking at 2018, when at least 3
419  out of 4 seasons are available, TGM concentrations at MRG show a pronounced seasonality
420  (Fig. 2d), with the highest concentration in summer (3.45 + 0.74 ng m~) and the lowest in
421  winter 2018 - 2019 (2.41 £ 0.81 ng m™) (Table 1). Unfortunately, autumn 2018 is missing,
422 therefore the whole yearly trend cannot be completed. Moreover, a remarkable increase in
423 mean TGM was registered when comparing spring 2018 with spring 2019, with an increase
424 from. 2.79 £ 1.06 ng m> to 4.13 + 1.54 ng m™ (Table 1). During the GMOS monitoring
425  period, the seasonal variation of TGM in 2014 increased in the following order: winter 2013
426  -2014 (1.54 £ 0.37 ng m™), spring (1.58 + 0.26 ng m™?), summer (1.65 + 0.42 ng m™) and
427 autumn (1.91 £ 0.19 ng m?3). This trend was confirmed the following year, with the mean
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TGM concentration in winter 2014 - 2015 resulting lower (1.83 £ 0.32 ng m™3) than spring
(1.93 £0.26 ng m™*) and summer (1.95 + 0.26 ng m™) (Fig. 2d). The seasonal trend in TGM
level has already been discussed in several papers. Maxima in summer and minima in winter
have been observed in some remote locations in both northern and southern hemispheres.
Including high-elevation sites (Karthik et al., 2017; Yin et al., 2018) and baseline monitoring
stations (Slemr et al., 2008). Summer peaks in atmospheric Hg level were also observed in
the Arctic (Fisher et al., 2012; Schroeder et al., 1998; Steffen et al. 2015) and minima in
springtime, with so-called atmospheric Hg depletion events occuring (AMDESs), sometimes
concurrently with ozone depletion events (ODEs) (Angot et al., 2016; Dommergue et al.,
2010; Lindberg et al., 2001; Skov et al., 2004). An enhanced convective activity in the warm
season was associated with maxima in the concentration of atmospheric Hg in the upper
troposphere during measurements of CARIBIC (Civil Aircraft for Regular Investigation of
the Atmosphere Based on an Instrumented Container) flights performed onboard a passenger
aircraft over Europe. Seasonal minima in TGM concentrations were observed between
December-April (Slemr et al., 2009). This seasonality is similar to that observed for Os:
during 2018, O3 showed a clear seasonal variability with the lowest monthly mean values in
December (35.5 nmol mol™') and the highest in July (49.6 nmol mol!) (Fig. 3). This seasonal
cycle nicely fits with the typical seasonal variability affecting near-surface O3 at other high-
altitude sites in the alpine region, also characterised by a winter minimum and a broad spring-
summer maximum (Cristofanelli et al., 2015). The summer peak is usually related to the
increase in the photochemical production of O3 in the lower troposphere, coupled with a
more efficient vertical transport of polluted air masses rich in reactive photochemical
precursors (e.g CO, NOx, VOCs) and the influence of transport processes (Crutzen, 1970;
Kaiser et al., 2007; Reiter et al., 1990). A clear enhancement in photochemical and oxidative
atmospheric processes at MRG in the summer season was documented in the study
conducted by Barbaro et al. (2020), confirming a production of dicarboxylic acids and two
photo-oxidation products of a-pinene activated by some oxidants, such as hydroxyl radical
(OH) radicals and ozone, both considered in modeling simulation studies of Hg as key
oxidation pathways in the free troposphere (Travnikov et al., 2017).
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Figure 3. Average monthly variations of O3 at MRG: the continuous line represents the monthly average values
and the vertical bars the 95% confidence interval.

As our TGM dataset does not satisfy one-way ANOV A assumptions, a non-parametric test
(i.e. the Kruskal-Wallis KW test) was applied to the hourly data to calculate 95% confidence
limits: it confirmed the robustness of differences among all the available seasons (p-value <
0.001). Then, as KW test indicates that a difference does exist between seasons, but not
between which ones specifically, several post-hoc tests (Dunn, Conover, Nemenyi, pairwise
comparison) were performed and a difference was found between all seasons (p-value <
0.001) (Table ESM2). The frequency distributions of hourly averaged TGM concentrations
are shown in Fig. ESM1 for the whole measurement period. A log-normal distribution profile
was obtained for the whole period, with concentration values between 0.69 and 9.12 ng m3,
the range from 2.0 to 3.0 ng m~ being the most frequent. In a seasonal view of the data, the
range 2.0 - 3.0 ng m was the most frequent also in spring 2018 and winter 2018 - 2019,
accounting for approximately 35% and 18%, respectively. The range from 3.0 to 4.0 ng m™
instead was prevalent in summer 2018 and spring 2019, with a frequency higher than 50%
and 35%, respectively (Fig. ESM1). Differences in the seasonal frequency distribution have
been observed in other sites as characteristics of TGM behaviour (Slemr and Scheel, 1998;
Wan et al., 2009). In contrast with TGM levels at MRG, other authors (Sheu et al., 2010)
documented higher GEM levels in winter/autumn than in summer at a high-elevation station
in Taiwan and winter/spring enhancement of Hg concentrations in several locations (Kim et
al., 2005). This seasonal pattern found its explanation in several mechanisms such as low
planetary boundary layer height, low oxidation rate and enhancement of anthropogenic Hg
emissions during winter, as well as meteorological differences between cold and warm
seasons. Seasonal variation of wind speed and direction had an impact on atmospheric Hg
levels, as reported by Fu et al. (2010) and Karthik et al. (2017). This dependency was

attributed to the simultaneous contribution of regional sources and long-range transport (Fu
16
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et al., 2010). High concentrations were related to other atmospheric pollutants behaviour
(e.g. CO) and to the wind direction, and attributed to the transport from the emission sources
to the monitoring site (Diao et al. 2017). As discussed by Kentisbeer et al. (2014), when the
influence from anthropogenic sources resulted scarce or none, as in case of remote sites, far
from industrial or urban Hg emission, high Hg concentrations were investigated using air
mass back trajectories analysis. To understand if any additional factor may have contributed
to the trend of TGM from winter to spring 2019 compared to spring-summer 2018, further
investigations are needed. In particular, the determination of total Hg in both bulk deposition
and surface snow samples collected on a monthly basis will be performed, and in snow pits
realized in spring 2019. A factor to be considered is that Hg stored in forest vegetation and
soil is released during biomass burning in smoke and/or ash, and thus emitted in both gaseous
and particulate species (Gustin et al., 2008; Witt et al., 2009). Biomass burning input at MRG
has been recently documented through the quantification of organic tracers (anhydrosugars
and phenolic compounds) onto PM10 samples found in the spring/summer campaign
(Barbaro et al., 2020). Therefore, Hg chemical analyses in both bulk deposition and surface
snow samples might provide important information on the effects of a forest fire occurred in
a large area (650-900 ha) of the Agordina valley 10 Km away from MRG site at the end of
October 2018 in terms of Hg liberated into the atmosphere that could have precipitated to
the earth’s surface via dry and wet deposition process (Arpav 2018; Witt et al., 2009).

3.1.2 Daily patterns and weekly trend of TGM

Diel variations of TGM in different seasons exhibit a similar pattern, decreasing from the
late evening to the daily minimum, generally reached in the first part of the day, and then
increasing until the maximum in the second part (Fig. 4a). The hours of the extreme values
are different according to the season, and they are gradually anticipated of several hours
passing from summer (min at 12:00 and max at 22:00 UTC) to winter (min at 7:00 and max
at 2:00. UTC). Moreover, the TGM hourly average concentrations follow the scale: winter
< spring < summer. The amplitude of TGM daily variation changes seasonally too, and it
was larger in summer (0.70 ng m™) than in winter (0.19 ng m). Previous studies at low
altitude sites (e.g. Stamenkovic et al., 2007), showed higher TGM concentrations during
night-time due to the increase in PBL stability that trapped atmospheric Hg, later emitted
from different sources. This cannot be the case for MRG which is located at a mountain top,
however the nighttime air masses may contain residual layers reminiscent of the daytime
upward transport of air-masses from the regional boundary layer (e.g. Weiss-Penzias et al.,
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2006). Summer maxima were also observed by other authors (Kellerhals et al., 2003;
Stamenkovic et al., 2007). Spring 2019 is an exception, as TGM daily variation displayed a
trimodal trend (Fig. ESM2). Moreover, the features in seasonal and daily cycles indicate that
further data are necessary before drawing final conclusions for TGM at MRG over time
(Kentisbeer et al., 2015).
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Figure 4. Time variation of average hourly TGM concentrations in the different seasons in 2018 at MRG. The
95% confidence level is shown by vertical bars.

Regarding the meteorological parameters, wind speed, solar radiation and temperature show
an opposite diel trend with respect to TGM (Fig. ESM3), with the exception of solar radiation
in winter (Fig. ESM3a). Snow depth was almost constant throughout the day in snow
covered seasons. As suggested by previous studies, the cycle of Hg dynamics can be
potentially influenced by the dominance of several factors on Hg concentrations that change
by season and year. Indeed, the daytime atmospheric Hg concentrations (TGM or GEM)
were systematically found lower than those in night-time, with averaged hourly values lower
in winter than in summertime (Lan et al., 2012; Lee et al., 1998). In spring, during the snow
cover season at high-elevation site and in polar and temperate region, the atmospheric Hg
accumulates in the snowpack as Hg!! because it is scavenged from the air during the snow
making process (Lalonde et al., 2002), can be released later as elemental Hg at night-time
(Fain et al., 2013). It starts to increase after sunset as consequence of radicals (e.g.
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hydroperoxyl radical, HO2-) in the reduction reaction which prevails over the Hg oxidation
process that resulted more active during the day (Ferrari et al., 2004). In summer, the
atmospheric gaseous Hg lowest concentration was reached when solar radiation (i.e., air
temperature) reached its maximum, while the highest one was measured during dark hours
before sunrise. This behaviour has been observed in different locations such as mountainous
(Lin et al., 2019) and urban sites (Prete et al., 2018). Other studies described a greater diurnal
variability characterized by daily minima before sunrise and maximum level near solar noon,
especially in summer with the possible contribution of different factors including greater
insolation and higher temperature (Kellerhals et al., 2003). Carpi and Lindberg (1998) and
Scholtz et al. (2003) investigated the effect of solar radiation and temperature on atmospheric
Hg concentration and its diurnal variability. Light, soil temperature and ozone also resulted
in key factors in Hg evasion from the earth’s surface (Poissant and Casimir, 1998; Engle et
al., 2005; Xin and Gustin, 2007). TGM and O3 showed similar diel variability over different
seasons (Fig. 5a) and this, O3 variability, can be used to understand processes able to also
affect TGM. They both registered lower values in winter with a small variation along the 24
hours. Instead, in spring and summer the amplitude of the daily cycle is higher, with the
lowest values during the daytime when solar radiation (Fig. 5b) (and temperature) reached
its maximum.
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Figure 5. Diurnal variation of TGM (black line) and O3 (blue line) (a). The variables are normalised, i.e. they
are divided by their mean values, to compare the shape of diurnal trends for variables on different scales; solar
radiation (orange line) for different seasons during 2018 (b). The TGM values for autumn 2018 are missing.

For O3, this “reversal” diurnal variation is indicative of the vertical transport from the PBL
of air-masses still poor in O3 as well as to dry deposition processes occurring along the
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mountain slopes during the central part of the day. Other phenomena that should be
considered are on one side the removal via aqueous-phase chemistry by fog droplets (Ou
Yang et al., 2012) or by reacting with locally produced nitrogen oxides (i.e. emitted by soil)
(see Wang et al., 2006; Crowley et al., 2010; Warneck, 2000). Conversely, during night-time
the higher O3 values are indicative of a stronger impact of air masses which are more
representative of the free troposphere or the regional baseline conditions (see e.g. Cooper et
et al., 2020). It is thus conceivable that TGM diel variability at MRG can be affected by the
same process. With the aim of specifically evaluating the possibility that the diurnal and the
seasonal variability of the regional PBL height affected the atmospheric observations at
MRG, we analysed PBL height derived by ERAS. The difference in TGM concentration
levels on a seasonal and diurnal basis at MRG could be partially interpreted by the evolution
in the height of the PBL. Fig. 6a shows the averaged diurnal variation of PBL height during
the winter. In spring and in summer 2018 the height of PBL reached highest levels (Fig. 6b,
6¢). On the other hand, comparing the spring 2018 and 2019 there was no marked difference
in the PBL height, and this factor failed to provide the reason for different measured mean
concentrations of TGM (Fig. 6b, 6d).
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Figure 6. Diurnal variation of PBL and TGM in the different seasons.

As expected, for each season, the atmospheric mixing height showed a diurnal profile,
reaching its maximum at around midday (ranging from >500 m a.g.l. during the winter up
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to 1200 m a.g.l. in spring and summer) and minimum levels during the dark, with transitions
from boundary layer to free tropospheric air. Therefore, we may argue that during spring and
summer a potential contribution from anthropogenic and natural sources related to transport
of air masses from the PBL is likely for MRG (Obrist et al., 2008). The change in the height
of the atmospheric boundary layer, regional and local point sources, in addition to local
meteorology, were considered the main factors affecting the diurnal Hg patterns, besides
contaminated surfaces and volatilization of previously deposited Hg (Fain et al., 2009; Prete
et al.,, 2018). Emission by vegetation and water bodies and photochemical reactions are
possible reasons for stronger diurnal variation of TGM (Kellerhals et al., 2003). Therefore,
the whole effect of chemical and physical processes, that act as both sources and sinks of Hg
species, was reflected on the temporal variation of atmospheric gaseous Hg species. The
differences in the levels and profiles of the diurnal variation of atmospheric Hg that we
registered, suggest the peculiar characteristics of our remote monitoring site (Mao et al.,
2008). Additional explanations on different seasonal level of TGM can be possibly drawn
analyzing the path of the back-trajectories as well as the relationship between TGM and the
ancillary parameters and potential reemission of gaseous Hg from earth surfaces (i.e. snow
or soil) (Fain et al, 2007; Gustin et al., 2006).

3.1.3 Influence of synoptic-scale air mass transport

Fig. 7a shows the density map for the back-trajectories originated at MRG over the whole
period of study, with superimposed the mean trajectories for each cluster (see Sect. 2.2.4).
Cluster 1 accounted for 15.5% of back-trajectories and it was characterized by air masses
originating in eastern Europe, east of the measurement site. Cluster 2 was the most dominant
one (35.7%) and it comprised trajectories originating mainly in continental Europe; these air
masses were also characterized by relatively low travel altitudes, with respect to the other
clusters. Cluster 3, 4, and 5 all represented different types of transport from the west. While
cluster 3 showed the second highest occurrence (24.4%) and still some “continental”
features, clusters 4 and 5 occurred less frequently (17.7% and 6.7%, respectively), and
indicated long-range transport from North America through the Atlantic Ocean, coupled
with higher travel altitudes with respect to other clusters. The detailed density maps for the
different clusters can be found in the Supplementary Material (Fig. ESM4). We then
analyzed the TGM concentrations based on the different air mass transport regimes. Fig. 7b
shows the histograms and probability density functions of the TGM measurements, as a
function of the clusters shown in Fig. 7a. Since 5 possible cluster attributions characterized
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each set of back-trajectories (i.e., 5 back-trajectories at 00, 06, 12, and 18 UTC each day),
the mode of cluster values was chosen as representative of each set. The related TGM
concentrations at those specific hours were then selected for calculating the histograms. A
sensitivity test by calculating the average of the hourly concentrations around each set value
(e.g., the average between 21 and 3 UTC as representative of the 00 UTC value, and so on)
did not show any significant difference. Cluster 1 was characterized by the highest TGM
values on average (dashed lines), thus possibly indicating pollution from largely
industrialized areas in Eastern Europe. Values for this cluster were quite equally distributed
around all bins, with maximum density between 3 and 4 ng m>, and a secondary peak
between 6 and 7 ng m=. Cluster 2 was characterized by a slightly lower average value than
cluster 1 (3.4 ng m), which was also close to the peak of the distribution. Also in this case,
air masses from continental Europe or from the Po Valley nearby likely contribute to the
high TGM values. Clusters 3, 4, and 5 were characterized by the lowest averages (below 2.8
ng m~), and for all clusters the distribution density peaked at ~2 ng m-3, thus indicating the
arrival of cleaner air masses from the west.
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0.75

cluster

Pressure (hPa)

Longitude

] ]
15 2 25 | a5 4
Number of TRJ paints ({log10)

TGM (ng m ™)

Figure 7. a) Concentration field (vertical cross section included) for back-trajectories starting at MRG, together
with the mean trajectories for each cluster; b) probability density function of TGM measurements for each
cluster, together with the average values (dashed lines).

For further analyzing the TGM variability as a function of the different air masses, we also
deployed the potential source contribution function (PSCF) approach, by using the function
implemented in the “openair” R package (Carslaw and Ropkins, 2012). This is a widely used
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technique for locating the sources of a pollutant, depending on the back-trajectory positions
(see, e.g., Hopke et al., 1995). For each grid cell ij, if njj is the total number of back-trajectory
points falling in that cell during the whole observation period, and mij is the number of back-
trajectory points that fall in the 1j-th cell during a certain event (e.g., TGM concentrations

higher than a certain threshold), the PSCF is computed as n;; = 2 The PSCF values can

Nnij
be interpreted as the conditional probability that the TGM concentration at the measurement
site exceeds the specific threshold if the air masses passed through the ij-th cell before
reaching the station. To account for the uncertainties due to cells with low nij occurrence,
which can lead to unexpected high PSCF values, the PSCF values in this work were scaled
by a weighting function Wij (implemented into the “openair” function):

1.00, ny;>2n
D5, n< njj < 2
0.50, Ai/2<n;<T
0.15, n,-j- S ﬁ/2

W(ny) =

where n is the average number of endpoints per cell, computed on every cell with at least
one endpoint. To retain only “acute pollution events”, the threshold was set as the 90™
percentile of TGM concentrations. Fig. ESM5 shows the PSCF maps divided in the different
seasons, to investigate potential source regions. Since no data for autumn are present, the
corresponding map is not shown. On the other hand, to point out the differences already
shown in Sect. 3.1.1, maps concerning spring are produced for the two separate years. By
considering the two years together, spring was characterized by almost half of the episodes
(49.8%), almost equally spaced between years (23.4% for 2018 and 26.4% for 2019). Mainly
because of the different values, the PSCF patterns sensibly differ. While 2018 showed only
high PSCF values for some air masses originating south of Greenland, 2019 showed the
highest contribution from eastern Europe, as already identified by the density functions
shown in Fig. 7b. Another important contribution for 2019 was from northern Africa. The
elevated contribution from eastern Europe appeared constant also in winter and summer,
which showed less occurrence of events (31.5% and 18.7%, respectively). Nevertheless,
some limitations of the PSCF approach have to be taken into account: (i) since all trajectories
converge to MRG, it is rather difficult to identify possible local sources, (ii) the PSCF field
indicates the geographic origin of the air-masses, but does not necessarily indicate a source
location (which can effectively occur upwind or downwind of the high PSCF region,
especially when dealing with secondary pollutants or with regions crossed by a low number
of back-trajectories), (iii) regions with high PSCF values and a low frequency of back-
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trajectory occurrence likely provide only a limited integral contribution to the overall
observed TGM variability, and (iv) these results can be considered valid for MRG only, and
not extended to other measurement sites.

3.1.4 Spatial patterns of TGM

In order to study the potential sources and influence on TGM concentrations observed at
MRG, several polar plots have been created and included in Fig. 8: in the left column the
concentrations of TGM (ng m™?) are shown as a function of wind speed and direction, on the
right column the frequency of wind speed and direction are visualized; each line is referred
to a different time period. Fig. 8a depicts that high TGM concentrations are inversely
proportional to wind speed, as they were recorded at wind speed < 5 m s°! that accounts for
the 80% of the total wind speed values in the study period. This suggests that local sources
are significant for this site. In general, the prevalent wind directions at MRG were west and
east-southeast (Fig. 8b). The lowest TGM concentrations were measured in relation to air
flowing from south west and wind speed up to 25 m s™!, but these events were quite rare (Fig.
8a). The same analysis performed at seasonal level confirms the differences in seasonal
trends (see section 3.1.1). In particular, in winter low TGM concentrations were associated
with high wind speed and west/southwest wind direction (Fig. ESM3a). In summer high
TGM values were related to wind speed up to 15 m s™! blowing from the north eastern sector,
thus confirming the potential source emissions over eastern Europe detected by the back-
trajectory analysis. The comparison between spring 2018 and 2019 shows that in 2018 there
was one prevailing wind direction associated with low wind speed, i.e. the west-east axis,
while 2019 was characterized by a wider range of values and directions quite uniformly
distributed in the south sector. As already reported in Section 3.11, the TGM values in 2018
were lower than in 2019, when the highest TGM values were associated with wind speed
lower than 5 m s™! (Fig. ESM.3b). In the following, we further elaborate on the attribution of
the differences observed in TGM between spring 2018 and 2019.
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Figure 8. Polar plots (a) of mean TGM (ng m3), showing the variation in concentration by wind speed (m s™")
and direction (°N), and polar frequency plot (b) of wind speed and direction, referred to the whole investigated
period. Plots generated using OpenAir in R.

3.2 The difference between spring 2018 and 2019: investigation of the relation between
TGM and meteorological factors at different scales

The relation between atmospheric Hg species and meteorological variables has been already
explored in literature, but few data are available for mountain sites (Berg et al., 2013;
Diéguez et al., 2019; Fain et al., 2009; Fu et al., 2012a, 2012b; Wan et al., 2009). In
particular, wind speed and direction played an important role in the identification of TGM
sources and transport patterns (Zhang et al., 2015, 2016), while temperature, solar radiation
and wind speed were often related to TGM diurnal cycle (Yin et al. 2018). The seasonal
analysis at MRG showed quite different TGM concentrations in spring 2018 and 2019,
therefore the relation between TGM and the meteorological variables was investigated more
in depth, to try identifying the processes mainly responsible for this difference. Firstly, a
correlation chart of the daily averages of all the variables was produced. Daily averages were
used to remove any bias from diurnal variability and the analysis was carried out separately
for the two springs. The most remarkable difference was the strong correlation between
TGM and snow depth (SD) and the anti-correlation between TGM and wind speed in spring
2019. The positive correlation with SD and the negative correlation with wind speed
indicates a likely re-emission process from the snow cover. April 2019 was characterized by
a very high precipitation amount (326 mm), reaching the levels of October 2018 (340 mm).
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Moreover, SD showed a decreasing trend from March to May 2018, while in spring 2019 it
gradually increased and reached the highest value of the whole monitoring period in May,
i.e. about 160 cm. The LAGRANTO back-trajectories analysis suggested significant
differences in synoptic-scale air mass circulation between spring 2018 and spring 2019 (Fig.
ESMS5). While a dominant westerly contribution was evident for spring 2018, important
contributions from eastern Europe and northern Africa were evident for spring 2019. In
particular, eastern Europe is a well-known source of anthropogenic Hg. These different
synoptic-scale atmospheric transport regimes are supported by local wind observations: the
prevalent monthly wind direction in spring 2018 was south-west, while in spring 2019 it
changed to south-east. This is consistent with the significantly different atmospheric
transport regimes diagnosed by the LAGRANTO analyses: in spring 2019 air masses mainly
from eastern Europe were likely transported by the atmospheric long-range circulation at
MRG, possibly contributing to the high TGM high concentration. This interpretation is also
in accordance with the monthly average wind speed, that was around 2.5 m/s in spring 2018,
it reached values up to 7 m/s in January 2019, favouring the long-range transport, then it
dropped at 4 m/sec in May, enhancing the contribution of the main local source, i.e. the re-
emission from the snow cover, thus resulting anti-correlated with TGM.

In conclusion, the differences in TGM concentrations between the two springs were likely
attributed to the combination of different factors: (i) synoptic-scale atmospheric circulations
more favourable for the transport of polluted air-masses from eastern Europe in spring 2019;
(i1) high amount of snow precipitation in winter and spring 2019; (iii) re-emission process
of Hg from the snowpack in spring 2019. Anyhow, these preliminary findings suggest that
further data are required to investigate better the sources and the transport processes at local
and large scales that are responsible for the TGM behaviour at MRG, due to the high amount
of inter-annual variability.

4. Analysis of some episodic high or low TGM concentration events

Some peculiar profiles in the TGM concentrations have been observed over a short period
of time, usually lasting a few hours. The behaviour of atmospheric Hg has been examined in
a time slot around these particular events, considering also other variables such as surface
ozone and meteorological parameters. These events were characterized by an average TGM
hourly concentration at least 5% above or below the average concentration of the previous
or following 24 hours. A similar approach was used by other authors (Ci et al., 2011; Han et
al., 2014; Mao et al., 2016).
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Figure 9. Summary of the profile of hourly measured parameters during the a) event#1, b) event#2. From the
bottom to the top: TGM concentrations (black line), O3 (blue line), snow depth (SD) (grey asterisk), snowy
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27



781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815

The event #1 occurred on 31 March 2018, with a peak between 06:00 UTC (08:00 LST, local
standard time) and 18:00 UTC that reached a maximum TGM concentration of 3.81 ng m™
at 11:00 UTC, while the ozone concentration reached its lowest value for the entire spring
and summer of 2018, i.e. 24.5 nmol mol-!. At the same time, the values of other parameters
were: air T=-5.2 °C, P=732 hPa, RH=98%, and wind blowing from west with speed <2.0 m
s'l. In addition, solar radiation was significantly lower than the value registered the day
before at the same hour, of the TGM peak, i.e. 66.1 and 302 KJ m, respectively. Moreover,
SD increased by 14 cm and about 32 mm of wet precipitation (snow deposition) were
registered (Fig. 9a). A similar event (event #2) occurred on 8 March 2019, recording a rapid
rise in TGM concentrations (6.65 ng m> at 11:00 UTC), a few hours after 24 hours of
snowfall (SD > 4.5 cm). At that time the levels of the following parameters were: T = - 0.9
°C, wind speed < 1.5 m s”!, RH up to 95%, Solar Radiation about 700 KJ m and ozone
again at its lowest value (29 nmol mol™") (Fig. 9b). Both sudden increases in hourly TGM
were registered after significant snow deposition. Therefore, the snow surface that
accumulated Hg, could have released it within 24/36 hours, contributing to a TGM peak that
recycled Hg between the snow and the lower atmosphere (Spolaor et al., 2018). Indeed, snow
is considered a wet deposition vector and an active substrate for transferring Hg from the
atmosphere to the surface and visa versa (Fain et al., 2007, 2009; Spolaor et al., 2019).
Moreover, the sudden increase of TGM in both events occurred under particular weather
conditions of (i) sub-zero temperature (< -0.8°C), (ii) high relative humidity, (iii) low wind
speed (< 2.0 m s!) and in the daytime. These TGM peaks can be interpreted as the release
into the ambient air of Hg" after photoreduction during daytime of the Hg?" deposited onto
the snow surface via wet (and dry) deposition (Subir et al., 2012; Swartzendruber et al.,
2006). Indeed, we suppose that Hg?* (Hg!! in both gaseous and particulate form) underwent
a photoreduction process that usually takes place in aquatic media (wet or frozen such as the
snow surface) (Weiss-Penzias et al., 2015). The change in the wind direction from west to
east (event #1) favoured the mixing of two air masses of different origins, the low wind
speed conditions also favoured fast increases in TGM concentrations as the Hg remained
above the surface instead of being transported away. This, combined with the wind direction
effect, suggests a switch between local and regional influences and sources (Fu et al., 2010,
2012a, 2012b; Kentisbeer et al., 2014, 2015; Swartzendruber et al., 2006). Several events
(e.g. event #3 that occurred between 8-10 April 2018, not shown), depicted a Hg pattern
strongly related to the wind speed. In this case, the TGM concentrations varied from > 3 ng
m- to <2 ng m>, and a minimum was reached when wind speed changed from values < 2.0
ms!to>7.5ms"! (9 April, 11.00 UTC). The influence of wind speed, wind direction and
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other meteorological parameters on atmospheric Hg levels has been observed also in the
events #1 and #2, and by other authors in other sites (Fu et al., 2009, 2010, Prete et al., 2018;
Swartzendruber et al., 2006; Wan et al., 2009; Yin et al., 2018).

5. Conclusion

In this work, TGM was monitored continuously at Col Margherita site, the highest
observatory for the study of atmospheric Hg in Italy. The mean TGM concentration at MRG
based on a year-round measurement (March 2018 to May 2019) was 3.14 £1.29 ng m™,
which resulted considerably higher than other long-term averaged values observed in remote
and rural sites of mountainous, continental and coastal locations of Europe and North
America, but lower than those registered at some elevated remote and rural stations in China.
Differences in seasonal mean TGM levels showed an increasing tendency from cold to warm
season similarly to some remote sites located in the Northern and Southern Hemisphere.
Diurnal variability of TGM exhibited a similar pattern over different seasons with an
amplitude larger in summer than winter. The spatial patterns of TGM noticeably varied
seasonally and low TGM concentrations were related with high wind speeds. Low winter
values were associated with west/southwest wind direction and summer high TGM values
to the northeast sector. Considering the whole measurement period, high TGM
concentrations were likely associated with low wind speed and no prevalence in wind
direction, indicating a significant contribution of local sources (e.g. re-emission from snow
and soil surface). Some events were identified during which hourly peaks of TGM were
registered in peculiar weather conditions, such as T below 0°C, sunlight and abundant snow
deposition. These quick increases of TGM may be attributed to photochemical reduction of
gaseous and/or particulate Hg!! previously deposited onto snow surfaces. The correlation
analysis applied to the whole dataset did not provide any relevant correlation between TGM
and the other ancillary variables (meteorological parameters and ozone). Contrariwise,
considering separately springs 2018 and 2019, strong correlation was found between TGM
and temperature, whilst the correlation between TGM and P was notable only in spring 20.
In addition, TGM was strongly correlated with snow depth and anti-correlated with wind
speed in spring 2019. The PBL analysis at MRG showed diurnal variation with lower height
during the dark, reaching the maximum at midday. Seasonal change of PBL height provided
higher values following the order: summer>spring (2018 and 2019)>winter. The PBL height
of two springs was comparable and no conclusions could be drawn considering only this
factor. Different seasonal levels of TGM found an explanation in the analysis of the back-
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trajectories, that displayed higher TGM level with air masses that originated over Eastern
Europe and passed from continental Europe, while low TGM concentrations were associated
with long-range transport of cleaner air masses from west sector originating in North
America and Atlantic Ocean. As observed the levels and temporal trends of TGM suggest
the specificity of the remote site of MRG. Furthermore, the comparison of the two different
springs resulted not comparable in terms of concentration and profiles. Hence, the results of
this year-round investigation showed that the behavior of atmospheric Hg is potentially
caused by multiple environmental factors. In order to understand the effect of air pollution
and the potential impact of climate change, further investigations are needed in terms of a
longer TGM monitoring activity, and additional measurements of Hg in atmospheric
deposition, snow and soil will be performed. The future goal will be to improve the
knowledge of Hg behavior and its deposition/reemission processes to/from the earth's
surface that can play an important role as a sink and source of Hg at remote alpine regions.
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Appendix A. List of abbreviations and acronyms used in the paper and supplementary material

AAS — Atomic absorption spectrometry

AFS — Atomic fluorescence spectrometry

AMNET — American Atmospheric Mercury Network

AMS — Automated measuring system

APMMN - Asia Pacific Mercury Monitoring Network

ARPA — Regional Agencies for Environmental Protection

ATSDR — Agency for Toxic Substances and Disease Registry
CAMNet — Canadian Atmospheric Mercury Network

CARIBIC — Civil Aircraft for Regular Investigation of the Atmosphere Based on an Instrumented Container
CEMS - Continuous Emissions Monitoring System

CEN - European Committee for Standardization

DQM — Data Quality Management

EMEP — European Monitor Observations and Evaluation Programme
ECV —Essential Climate Variables

EN — European Standard

EPA — Environmental Protection Agency

GAW - Global Atmosphere Watch

GEM - Gaseous elemental mercury

GMOS — Global Mercury Observation System

GOM — Gaseous oxidized mercury

iGOSP — Integrated Global Observing Systems for Persistent Pollutants
ISO — International Organization for Standardization

ISS — Italian National Institute of Health

ISPRA — Institute for Environmental Protection and Research
LOAEL - Lowest-observed-adverse-effect level

LOD - Limit Of Detection

LST - Local Standard Time

MATTM — Ministry for Environment, Land and Sea Protection of Italy
MIUR — Ministry of Education, University and Research

MRG — Col Margherita Observatory

MRLs — Minimal Risk Levels

NRT — Near Real Time

PBL — Planet Boundary Layer

PBM2.5 — Particulate Bounded Mercury (<2.5um)

PSCF — Potential Source Contribution Function

QA — Quality Assurance
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QC — Quality Control

RfC — Reference concentration for Chronic inhalation exposure
RGM - Reactive Gaseous Mercury

SDI — Spatial Data Infrastructure

SOP — Standard Operating Procedure

TC — Technical Committee

TGM — Total gaseous mercury

UNEP — United Nations Environment Programme

UNESCO — United Nations Educational, Scientific and Cultural Organization
WHO — World Health Organization

WMO - World Meteorological Organization
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Supplement to Section 1 Introduction:

Legal framework and standards

According to the Directive 2004/107/EC the measurements of mercury in the atmosphere have to comply with the
European Committee for Standardization (CEN) reference method based on automated atomic fluorescence
spectrometry (AFS) or atomic absorption spectrometry (AAS). In alternative national and international (i.e.
International Organization for Standardization, ISO) standards can be followed or other methods if demonstrated
equivalent. The Technical Committee CEN/TC 264 “Ambient Air Quality” prepared in 2010 the standard methods
for the determination of total gaseous mercury (EN 15852:2010) and of mercury deposition (EN 15853:2010). It is
important to point out that currently there are no European or national limit values for mercury in ambient air and
atmospheric deposition, although recent European Directive and Italian Legislative Decree (D.Lgs 155/2010) both
mention mercury as a hazardous pollutant for humans and the environment. Thus, ambient air quality guidelines for
mercury are essential for the control of the atmospheric Hg emissions and for the reduction of Hg impacts on human
health and biota in Europe (Pirrone 2001). Nevertheless, a daily emission limit value has been set at 50 pg m™ (D.Lgs
133/2005, Allegato 1) to monitor mercury and its compounds expressed as total mercury from stationary sources by
automated measuring system (AMS) using reference method (EN 14884:2005). Other guideline values, both based on
yearly average, are: 1) 0.2 ug m™ as minimal risk level (MRL) for hazardous substances by the US Agency for Toxic
Substances and Disease Registry (ATSDR); ii) 0.3 pg m™ as reference concentration for chronic inhalation exposure
(RfC) to elemental mercury by US Environmental Protection Agency (EPA). Finally, WHO established 1 pg m™ the
lowest-observed-adverse-effect level (LOAEL) for inorganic mercury vapour (WHO 2012). Notwithstanding, quality
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guidelines for ambient air Hg have not been established yet in Italy and only a limit value for Hg and its airborne
inorganic divalent compounds has been set at 20 ng m™ per 8 hours, exclusively for professional exposure in

workplaces (Ministerial Decree D.M. 6 August 2012, Allegato XXXVIII, 2012).

Air mercury measurements in Italy and current National regulations

Nevertheless in the last years the Italian Regional Agencies for Environmental Protection (ARPA) coordinated by the
Institute for Environmental Protection and Research (ISPRA) carried out at local scale mercury measurements in areas
of particular environmental interest such as near geothermal power plants (Bagnoli and Gartner, 2017), coal-fired
thermal power plant, incinerator and in rural area using both a continuous emissions monitoring system (SME) and
an automated Hg analyser (Fontana et al., 2018). Other Hg measurements in atmosphere were carried out in
suburban/rural zones by research teams of Universities and Research Agencies (Munthe et al., 2001; Sprovieri et al.,
2016; Varde et al. 2014) and coastal/open seawater (Bagnato et al., 2013; Barago et al., 2020; Castagna et al., 2018;
Fantozzi et al., 2013), volcanic/geothermal and mining areas (Bagnato et al., 2009; Barghigiani et al., 1990; Cabassi
et al., 2017; Dedeurwaerder et al., 1982; Ferrara et al. 1994; Ferrara et al. 1998; Ferrara et al. 2000). In Europe, the
Directive 2008/50/CE (transposed in Italy into Legislative Decree D.Lgs. 155/2010) on ambient air quality and cleaner
air for European countries, set for ozone target value, long-term value and thresholds to protect human health,
vegetation and forest through a network of monitoring stations. According to the macro-scale sitting criteria, stations
can be classified as urban, suburban, rural and background rural. To better understand the mechanisms of formation
and transport of particulate and gaseous pollutants such as PM,s, PAHs, metals, ozone and its precursors, an
improvement of monitoring stations network has been established by Ministerial Decree (D.M. 5 May 2015)
implementing the provisions of previous regulations, providing reference methods for sampling and analysis (i.e.
concentrations of total mass of particulate matter and chemical speciation of PM10 and PM2.5), and setting
supplementary monitoring stations for additional measurements (e.g. total gaseous mercury in air and total mercury
in bulk deposition). The Directive (UE) 2015/1480 transposed into Ministerial Decree (D.M. 26 January 2017) amends
certain parts relating to reference methods, data validation and the location of sampling points for the assessment of

ambient air quality reported in the annexes of both previous Directives 2004/107/EC and 2008/50/EC.

Some authors provided proposals on mercury measurements in air and deposition, and research activities in the
European Union, suggesting a fruitful accomplishment of a European network of monitoring stations considered
important for more integrated and in-depth investigations of mercury (and its compounds). Voluntary observation
network for mercury species in ambient air was also suggested and encouraged by each member state of the EU
(Pirrone and Wichmann-Fiebig 2003). In Italy, the agreement between the Ministry for Environment, Land and Sea
Protection (MATTM), research agencies (CNR and ENEA) and the Italian National Institute of Health (ISS),
established a Special Network pursuant to the Italian Legislative Decree 155/2010 for the measurements of various
air pollutants (i.e. PAHs, As, Cd, Ni, Hg, ozone and its precursors, PM2.5 mass concentration and its chemical
characterization). Background and rural sites have been selected, running from north to south of Italy, to contribute
and improve the knowledge of the formation and transport phenomena of atmospheric contaminants, to effective

enhance the emission reduction strategies and to improve air quality for environment and health protection.



86

87

88

89

90
91

Supplement to Section 3 Results and discussion

3.1 Temporal trends of TGM

3.1.1 Annual and seasonal pattern

Table.ESM1 Atmospheric gaseous mercury concentrations from other elevated monitoring sites. Concentrations are reported in ng m as mean + standard deviation or as range.

Country Location Station Altitude Coordinate Species Mean Site Sampling Instruments Reference
(mas.l.) TGM concentration classification period
(or GEM) [or range]
China Qinghai-Tibet Plateau Mt. Gogga Moxi base 1640 Lat 29.40 °N TGM 3.98 remote May 2005 -  Tekran 2537A  Fu et al. (2008)
station Lon 102.07 °E Jun 2006
China Qinghai-Tibet Plateau Mt. Gogga Moxi base 1640 Lat 29.40 °N TGM 391+1.20 remote Apr 2006 - Tekran 2537A  Fuetal. (2009)
station Lon 102.07 °E Jun 2007
China Qinghai-Xizang Tibet Mt. Waliguan 3816 Lat 36.287 °N TGM 1.98+0.98 remote Sep 2007 - Tekran2537A  Fuetal. (2012)a
Plateau Baseline Observatory- Lon 100.898 °E Sep 2008
WLG
China Qinghai-Xizang Tibet Mt. Waliguan 3816 Lat 36.287 °N GEM (2.05£0.96) remote Oct 2007 -  Tekran Fuetal. (2015)
Plateau Baseline Observatory- Lon 100.898 °E Sep 2009 2537A/B
WLG
China Southeast Guizhou  Mt. Leigong 2178 Lat 26.39 °N GEM (2.80 £ 1.51) remote May 2008 -  Tekran 2537A  Fuetal. (2010)
province Lon 108.20 °E May 2009
China Northeastern China Mt. Changbai 741 Lat 41.94 °N TGM 1.60+0.51 remote Oct 2008 -  Tekran2537A  Fuetal. (2012)b
Lon 128.08 °E Oct 2010
China Guangdong province Mt. Dinghu 90 Lat 23.17 °N TGM 5.07+2.89 rural Oct 2009 - Tekran2537B  Chenetal. (2013)
monitoring site-DH Lon 112.50 °E Apr 2010
China Hengduan  Mountains  The Shangri-La 3580 Lat 28.017 °N TGM 2.55+0.73 remote Nov 2009 - Tekran 2537A  Zhang et al. (2015)
Tibet Plateau station-SAWRS Lon 99.733 °E Nov 2010
China Hengduan ~ Mountains  The Shangri-La 3580 Lat 28.017 °N GEM (2.52 £0.70) remote Jul 2010 -  Tekran Fuetal. (2015)
Tibet Plateau station-XGL Lon 99.733 °E Oct 2010 2537A/B
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Table.ESM2 Results (p-value) of post-hoc tests applied to data separated by year/seasons

Season p-value .
Conover Dunn Nemenyi
SP18-SP19 <2.22e-16 <2.22e-16 <2.22e-16
S18-SP18 <2.22e-16 <2.22e-16 <2.22e-16
W18/19-SP18 <2.22e-16 <2.22e-16 <2.22e-16
S18-SP19 3.5629¢-11 3.249¢-08 30.553 1.0558¢-06
W18/19-SP19 <2.22e-16 <2.22e-16 <2.22e-16
WI18/19-S18 <2.22e-16 <2.22e-16 <2.22e-16
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3.1.2 Daily trend of TGM
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Fig. ESM3 Diurnal variation of meteorological parameters in a) winter 2018-2019; b) spring 2018; c¢) summer 2018;
d) spring 2019.



3.1.3 Back-trajectory results
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Fig. ESMS5 Seasonal potential source contribution function (PSCF) density maps. The numbers in parentheses indicate
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3.3 Spatial patterns of TGM
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Fig.ESM6 Polar plots (left column) of mean TGM, showing the variation in concentration by wind speed (m/sec) and
direction, and polar frequency plot (right column) of wind speed (m/sec) and direction, referred to: (a) different
seasons of 2018; (b) spring 2018 and 2019. Plots generated using OpenAir in R.
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ARTICLE INFO ABSTRACT

This work focuses on comparing the inorganic content of tap and bottled mineral waters in the Calabria region
(Southern Italy) performed by using robust Compositional Data Analysis (CoDA) methods and related new de-
velopments associated with a classical graphical-numerical approach.

Thirty-one samples of tap waters scattered throughout the Calabrian territory and twenty-one bottled natural

Editorial handling by Prof. M. Kersten

Keywords:
Drinking waters
Natural mineral waters

Major ions mineral waters of various Calabrian brands were analyzed for major and trace inorganic components. In addi-
Trace elements tion, a very sensitive method based on cold vapour atomic fluorescence spectrometry (CV-AFS) has been em-
Mercury ployed to determine total mercury (Hgy) concentrations.

Geochemistry

Compositional data analysis was used to identify the main interrelationships among physico-chemical
parameters, highlighting the differences between the tap waters and the bottled mineral waters. Some elements,
such as Al, Mn, Fe, Zn, and Pb resulted particularly enriched in the tap waters. This group of enriched elements
was probably controlled by corrosion processes from metal pipes, asking for more monitoring on the state of the
public distribution water network. Li, Ca, Cr, Ni, and Cd, on the other hand, appear to be mostly contributed by
natural sources affecting the overall variability of the bottled mineral waters. In this context, Cr, Cu, Hg, and Pb
are mainly enriched in the sparkling bottled mineral waters.

Innovative compositional indices did not highlight great differences from the Maximum Allowed
Concentrations (MAC) in the two types of water, so that for the health of the consumer it is indifferent to drink
tap or bottled mineral water. The results represent a fundamental base to develop monitoring plans in time to
check for the maintenance of quality standards.

Compositional data analysis
Southern Italy

1. Introduction

In recent years the study of water resources is particularly increased
due to continuously society developing that need of a good quality
water for the different uses; notwithstanding this effort the new World
Health Organization/United Nations International Children's
Emergency Fund (WHO/UNICEF) Joint Monitoring Program (JMP)
reports that 2.1 billion people worldwide lack access to safe, readily
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available water at home, and 4.4 billion lack safely managed sanitation
(www.unicef.org/wash/). Safe and sufficient drinking water is essential
for life but more than half of the river and lake water bodies in Europe
are reported to be in less than good ecological status and about 25% of
groundwater across Europe is in poor chemical status (water-protect.
eu). Periodic quality controls in terms of physico-chemical parameters
and microbiological aspects are carried out for bottled mineral waters
and tap waters supplied by the municipal drinking water systems from
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relevant public authorities, at least in developed countries. Despite this,
the bottled water use is increased compared to that of water supplied by
municipal drinking water systems because the bottled mineral water is
considered “free” by harmful elements to human health (Varde et al.,
2019). In this perspective, Italy is considered one of the main producers
and consumers of bottled natural mineral water (Beverfood, 2016).

Water is a vulnerable resource and its chemistry is governed by
several factors such as water-rock interaction, that plays the main role,
together with others environmental factors and human activities
(Mukate et al., 2018; Apollaro et al., 2019a; Biddau et al., 2019; Ghezzi
et al., 2019).

It is known that waters contain elements that can be divided into
essential and not-essential nutrients for human alimentation (Felici,
2005). It is also known that long times of exposure and consumption of
some elements can cause negative effects on human health. For these
hazard elements the WHO has established the guideline values (WHO,
2011) which, although not mandatory, are taken into account by the
various government authorities. Based on these guidelines, the different
authorities set national water quality limits based on specific environ-
mental issues and economic aspects. In Italy, the EU directive 98/83/EC
(98/83/EC, 1998) for drinking water and EU directive, 2003/40/EC for
mineral water (2003/40/EC), have been incorporated in the national
legislation, as legislative decree D.Lgs 31,/2001 (D.Lgs 31/2001, 2001)
and ministerial decree D.M. 29/12/2003 (D.M. 29/12/2003, 2003) and
further modifications. Instead, into D.Lgs 152/2006 (D.Lgs.152/2006,
2006), the quality standards for groundwater are defined. Table 1
summarizes the current limit values established for drinking water,
mineral water and groundwater by Italian law and the WHO threshold
values that could be different in other countries.

Nevertheless, bottled waters are subject to less restrictive quality
controls than those of drinking water and on bottle labels are not re-
ported important information such as concentration of trace elements
(Versari et al., 2002). Moreover, peculiar waters, defined therapeutic
waters, are normally advertised by the market but often they are not

Table 1
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suitable for daily consumption (Varrica et al., 2013).

Furthermore, the release of potential pollutants from polyethylene
terephthalate (PET) and/or glass, colored or not, is possible (Reimann
et al., 2010). The leaching of some potentially harmful elements from
the bottles could depend from the storage time between bottling and
consumption (Shotyk et al., 2006; Shotyk and Krachler, 2007a) and
storage conditions (Keresztes et al., 2009).

The tap waters, often constituted by the mixing of several sources
(different groundwaters and/or surface waters) are treated following
different steps (coagulation, flocculation, sedimentation, filtration and
disinfection) before being introduced into the water distribution system
(Gray, 2008; Dinelli et al., 2012a). Despite these treatments, the waters
that reside for a long time in autoclaves or similar, can change their
organoleptic properties such as smell and taste, resulting of low quality
to the consumer (Varrica et al., 2013).

Potential pollutants could be released by the pipes of the distribu-
tion system (Gonzalez et al., 2013 and reference in therein). The cor-
rosion of the pipelines is undoubtedly one of the causes that favors the
enrichment of some harmful elements. Indeed, the pipelines are gen-
erally very old, and maintenance is poor.

In recent works the chemical compositions of tap waters and/or
bottled mineral waters and the comparisons between them were studied
in some places of the world (Reimann et al., 2003; Desideri et al., 2007;
Zamberlan da Silva et al., 2008; Birke et al., 2010a, 2010b; Bityukova
and Petersell, 2010; Fugedi et al., 2010; Peh et al., 2010; Bertoldi et al.,
2011) and also in Italy (e.g. Naddeo et al., 2008; Avino et al., 2010;
Cicchella et al., 2010; Cidu et al., 2011; Dinelli et al., 2012a, 2012b;
Veschetti et al., 2010; Varrica et al., 2013; Varde et al., 2019), high-
lighting different aspects such as natural radioactivity, microbiological
issues and enrichment in trace elements including Hg (Dinelli et al.,
2010, 2012a,b; Caridi et al., 2017; Varde et al., 2019). By considering
Calabria Region more authors have investigated the content of major,
minor and trace elements of natural waters (springs, stream waters,
wells) in various areas with different geological features (Apollaro

In the table are reported the limit values do not be exceeded in the tap waters, mineral waters and groundwaters (according to the Italian law D.Lgs. 31/2001; D.M.

10/02/2015; D.Lgs. 152/2006 and the World Health Organization drinking water guidelines 2011). (* =

infants limit value).

Parameters (ug L™1) D.Lgs 31/2001 tap water

D.M. 10/02/2015 mineral water

D.Lgs 152/2006 groundwater WHO guideline value (2011)

Aluminium (Al) 200 -
Ammonium (NH4 ") 500 -
Antimony (Sb) 5 5

Arsenic (As) 10 10
Barium (Ba) - 1000
Beryllium (Be) - -
Boron (B) 1000 5000
Bromine (Br™) 10 -
Cadmium (Cd) 5 3
Chromium (Cr Tot) 50 50
Chromium (Cr VI) - -
Cloride (C17) 250000 -
Cobalt (Co) - -
Copper (Cu) 1000 1000
Fluoride (F7) 1500 5000/1500"
Iron (Fe) 200 -
Lead (Pb) 10 10
Manganese (Mn) 50 500
Mercury (Hg) 1 1
Molybdenum (Mo) - -
Nickel (Ni) 20 20
Nitrate (NO3 ™) 50000 45000/10000*
Nitrite (NO, ™) 500 20
Selenium (Se) 10 10
Silver (Ag) - -
Sulfate (SO427) 250000 -
Tallium (T1) - -
Uranium (U) - -
Vanadium (V) 50 -

Zinc (Zn) - -

200 200%
5 20
10 10
- 700
4 _
1000 2400

3
50 50
5 —
- 250000*
50 -
1000 20000
1500 1500
200 -
10 10
50 400
1 6

70
20 70
- 50000
500 3000
10 40
10 -
250000 500000
2 -
- 30
3000 4000*
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et al.,, 2007, 2009; 2011, 2012; Vespasiano et al., 2012a, 2012b;
Apollaro et al., 2013a, 2013b; Protano et al., 2014; Vespasiano et al.,
2014; Critelli et al., 2015a, 2015b; Vespasiano et al., 2015a, 2015b;
2015c; Apollaro et al., 2016; Vespasiano et al., 2016a, 2016b; 2017;
Apollaro et al. 2019b; 2019c; Gaglioti et al., 2019). These works
showed a substantial compositional variability of waters linked to
complex regional geological setting, however highlighting a good
quality status of the local water resources.

In this paper data for the comparison were collected for the first
time in the Calabria Region (Southern Italy) and, notwithstanding the
limited number of samples, the data set represents a reference frame-
work for developing further monitoring plans. The data set in fact
contains information about the main physico-chemical parameters,
major ions and trace elements reporting a complete chemical analysis.
On the contrary, data from the public regional agencies are often lim-
ited to some species determined for specific purposes (Nisi et al., 2016).

The CoDA (Compositional Data Analysis) approach was used to
compare the tap waters (TW - from public drinking fountains and
apartments) and the bottled mineral waters (BW - still and sparkling)
including the proposal of new multivariate comparison indices. This
analysis was associate to a complete geochemical characterization of
the water by using classical geochemical diagrams currently adopted by
the scientific community. The results have allowed to expand the
knowledge on local resources and potential environmental issues,
raising awareness the competent authorities on quality control.
Moreover, data collection will represent a useful starting point for
consumer who can be guided in choosing the water to use for his needs.

2. Geological and hydrogeological setting

The Calabrian Peloritan Orogen (CPO) represents a fragment of the
European margin, which was thrust onto the Maghrebian-Sicilian and
Appennine thrust and-fold belts during the Europe-Apulia collision in
Oligocene-Early Miocene (e.g., Amodio Morelli et al., 1976; Cirrincione
et al., 2015 and references therein). The CPO has been divided into two
sectors, a Northern one and a Southern one, which are separated by a
strikeslip tectonic line running along the Catanzaro trough (Boccaletti
et al., 1984; Tansi et al., 2007).

The Northern and Southern sectors represent, respectively, two
domains characterized by a different paleogeographic evolution carried
out during middle Miocene.

In detail, the northern one extends from Sangineto tectonic line to
the Capo Vaticano-Soverato alignment. This is a nappe pile, which can
be described as the superposition of three major structural elements
that represent different paleogeographic domains: (i) The Apennine
Units (lannace et al., 2007) that represents the lower portion made up
of Mesozoic sedimentary and metasedimentary successions (Trias-
Miocene). Mesozoic sedimentary successions are constituted by cal-
careous rocks. These lithotypes, due the fragile characters and the sin-
and post-orogenetic tectonic evolution, are generally very fractured.
Furthermore, because of their typical chemical composition, they are
subject of karst phenomena through which the action of dissolving
rainwater tends to expand and develop the network of pre-existing
fractures. Mesozoic sedimentary successions, due to their peculiar hy-
drogeological characteristics, on a regional scale, represent the wide
“carbonate-dolomitic complex”. The carbonate complex can be con-
sidered as a wide reservoir, in which groundwater circulation is con-
ditioned by the geometric relationships with the surrounding geological
units, as well as by the great inner structural discontinuities. In general,
this represents one of the main sources of drinking water supplies in
Calabria and Southern Italy (Allocca et al., 2007).

(ii) The structurally intermediate allochthonous Alpine Liguride
nappe (Liberi and Piluso, 2009) (Tithonian-Neocomian) made up of a
series of Alpine metamorphic units including a Cretaceous-Paleogene
metapelitic-ophiolitic-carbonate assemblage. The complex is divided in
four subunits (Amodio Morelli et al., 1976), from the bottom to the top:
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(i) Frido Unit; (ii) Diamante-Terranova Unit; (iii) Malvito Unit; (iv)
Gimigliano-Monte Reventino Unit (Liberi and Piluso, 2009; Bloise et al.,
2012, 2017).

(iii) The Calabride Complex constituted by Hercynian and pre-
Hercynian gneiss, granite and metapelite. The Calabride complex
comprises three major Paleozoic tectono-metamorphic units: (a) the
Bagni Unit (metapelite, metarenite and metabasite); (b) the Castagna
Unit (paragneiss and schist); (c) the Sila Unit (metamorphic and plu-
tonic rocks and a Mesozoic cover) (Van Dijk et al., 2000).

The Calabride and Liguride complexes could be grouped, from a
general point of view, in the “Crystalline-Metamorphic Hydrogeological
Complex” of Northern Calabria as proposed by Allocca et al. (2007).

The latter, compared with the Mesozoic carbonate aquifers, char-
acterizes a less important hydrogeological system representative of a
very complex hydrogeological setting in which porous shallow aquifers,
characterized by the weathering profile coexist and interact with the
intermediate aquifer, represented by the fissured rock basement. The
resources linked to the crystalline-metamorphic aquifers, although
considerably less extensive than those of the carbonate complex, can be
considered interesting for local supply issues. Inside them, groundwater
circulation and recharge are mainly conditioned by the degree of rocks
alteration, which varies according to the depth and fracturing degree
(Allocca et al., 2007).

The southern sector of the CPO develops to the south of the align-
ment that extends from Capo Vaticano to Soverato, including the Serre,
the Aspromonte and the Peloritani massifs. In the southern sector the
following structural elements can be recognized (Tortorici, 1982): (i)
Longi-Taormina Unit; (ii) Mandanici Unit; (iii) Aspromonte Unit; (iv)
Stilo Unit. These, with the exclusion of sedimentary coverings, can be
incorporated into the crystalline-metamorphic complex defining the
“crystalline-metamorphic complex of Southern Calabria”.

From a hydrogeological point of view, in addition to the two-macro
carbonate-dolomitic and crystalline-metamorphic complexes, a key role
is played by the systems linked with the terrigenous and alluvial suc-
cessions. Among the aquifers that have been the object of research and
studies, there are the porous-quaternary ones, in which fall alluvial
plains and coastal plains deposits. The high interest of these aquifers is
mainly correlated with the high groundwater request for anthropic
activities (Vespasiano et al. 2015d, 2016c). The alluvial and coastal
deposits are the ones most represented in outcrop in the Calabrian
Region. These terrains constitute continuous/heterogeneous and ani-
sotropic aquifers (Allocca et al., 2007).

Both tap and bottled mineral waters were sampled in all Calabrian
territory. Indeed, the sampling sites fall into main recognized hydro-
geological complexes which are exploited to regional water supply. The
chemical composition of each sampling point is linked to water-rock
processes occurred in each investigation area. Thus, the geochemical
features of the whole dataset (TW and BW) can be considered re-
presentative of the heterogeneous regional geological setting.

3. Materials and methods
3.1. Sample collection

Thirty-one samples of tap waters (TW) scattered throughout the
Calabrian territory and twenty-one natural mineral waters (BW) of
thirteen Calabrian brands were considered. The location of water
samples is shown in Fig. 1. TW were collected during the months of
October and November 2015 from public drinking fountains
throughout the Calabrian region. BW were purchased at supermarkets
during the same sampling period of drinking waters. Bottle containers
were made in PET. Thirteen samples were still waters and seven
sparkling waters.

The methodology of water sampling was already described by
Apollaro et al. (2019c).

For total Hg determination purpose, sampling of TW has been
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waters, BW: bottled mineral waters. Add TW are additional samples for Hg measurements.

performed through (i) collection procedure using polypropylene (PP)
gloves (ii) PP vials suitable for the determination of trace metals (VWR,
Radnor, PA, USA) contained in a double zip-lock bag to minimize
contamination (iii) stabilization of the Hg present in the sample with
addition of hydrochloric acid (HCl 33-36% ultra-pure quality, UpA,
Romil, Cambridge, UK) to a final concentration of 0.5% (v/v) (iiii)
transport in a refrigerated bag to the laboratory. Once in the laboratory
the TW samples are kept in the refrigerator at 4 °C and in the dark until
the Hg analyses. For each selected sampling point, TW samples were
collected in triplicate in 50 mL PP vials, previously cleaned in the la-
boratory with nitric acid diluted at 3.5% (v/v) and after chemical
analysis that confirmed no Hg contamination. Once it was established
that for each batch of used container the Hg content in the laboratory
blank was below the detection limit, the vials could be used for taking
water samples from public drinking fountains and for laboratory ac-
tivities. The procedure followed for the storage, preparation and
treatment of the material used in the laboratory and samples of BW, has
been described in detail in a previous work (Varde et al., 2019). Finally,
an additional sampling (TW 32/60, n = 29) of TW samples was
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considered for mercury measurements (see Table 3) to verify if Hg
concentrations were confirmed at ultra-trace levels.

3.2. Analytical methods

Total alkalinity and dissolved silica (SiO,) were directly determined
in the field by acidimetric titration using HCl 0.01 N as titrating agent
and methyl orange as indicator and using a portable spectro-
photometer. In the laboratory, the concentrations of major cations and
anions were determined by high performance liquid chromatography
(HPLC, Dionex DX 1100, Sunnyvale, CA, USA), whereas those of several
trace elements (Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr,
Mo, Cd, Ba, Pb, and U) were determined by a quadrupole inductively
coupled plasma-mass spectrometer (ICP-MS, PerkinElmer/SCIEX, Elan
DRCe, Concord, ON, Canada) with a collision reaction cell capable of
reducing or avoiding the formation of polyatomic spectral inter-
ferences. All the chemical data were produced in the laboratory of the
Department of Earth Sciences of the University of Calabria. Data quality
for metal and trace elements was checked by running the SRM
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Summary statistics for the two groups of data (left columns tap waters, cases = 31, right columns bottled mineral waters, cases = 21).

Tap waters Bottled waters
Minimum Maximum Median Kurtosis Skewness Minimum Maximum Median Kurtosis Skewness
pH 6.50 7.96 7.46 0.39 —-0.97 6.23 7.87 7.39 —-1.26 —-0.50
Ca%* 3540 164050 23910 10.39 2.66 1350 53730 13520 —1.40 0.68
Mngr 1760 30110 8630 0.58 1.07 1050 18450 4660 -1.07 0.63
K* 340 13890 1320 15.01 3.64 590 2150 1290 -1.37 0.23
Na* 3010 212460 9410 23.57 4.64 3210 24540 13500 -0.14 0.38
Cl™ 3000 398330 9880 28.77 5.29 4500 27050 9180 —-1.25 0.63
SO42_ 3410 108120 10430 6.40 2.44 3590 37200 7180 —-0.25 1.14
HCO3;~ 18310 465250 106780 2.86 1.42 9150 221190 64070 -1.31 0.63
F~ 30 730 150 0.65 1.09 30 440 110 1.14 1.37
NO3 ™~ 240 33230 2540 8.67 2.98 120 11070 2500 —-0.73 0.82
SiO, 3400 26800 18200 —-1.04 -0.39 3400 42300 21000 —-0.30 0.09
Li 0.17 10.75 0.90 6.41 2.32 0.20 11.29 3.16 —-1.28 0.39
B 6.94 119 6.94 5.18 2.36 6.94 43.30 6.94 2.03 1.73
Al 0.44 117 1.17 25.77 4.93 0.44 24.05 0.44 13.68 3.66
A% 0.06 3.58 0.75 3.27 1.53 0.06 8.41 1.22 2.25 1.68
Cr 0.09 1.10 0.20 2.84 1.89 0.09 13.07 0.23 5.04 2.19
Mn 0.01 99.6 0.36 29.80 5.42 0.10 3.36 0.10 2.01 1.75
Ni 0.21 3.57 0.93 2.30 1.58 0.09 1.95 0.52 —-0.74 0.55
Cu 0.14 78.8 4.88 14.73 3.61 0.14 8.11 1.40 1.20 1.58
Zn 0.55 153 22.69 3.33 1.70 0.55 23.60 0.55 7.55 2.95
Sr 34.89 1998 93.3 7.83 2.65 12.96 1039 67.3 —0.08 1.24
Se 0.29 4.82 2.52 -0.51 -0.21 0.29 0.91 0.29 4.17 2.35
Rb 0.46 3.03 0.46 1.89 1.54 0.46 2.20 0.46 -0.35 1.02
Mo 0.16 64.7 0.76 30.42 5.49 0.16 3.02 0.16 1.93 1.77
18) 0.01 6.98 0.68 2.09 1.63 0.01 4.32 0.08 6.31 2.62
Pb 0.01 2.05 0.15 10.41 2.83 0.01 0.13 0.01 9.74 2.98
As 0.59 3.02 0.59 3.14 1.81 0.59 1.91 0.59 —-0.54 1.16
Ccd 0.01 0.17 0.02 14.13 3.38 0.00 0.09 0.01 3.25 2.03
Ba 3.47 90.9 11.54 2.84 1.78 0.70 26.00 6.93 —-1.26 0.65
Fe 0.49 620 12.93 16.73 3.89 0.45 5.83 2.09 —-0.43 0.74
Table 3 NIST1643e standard reference solution (Trace Elements in Water,

Concentration of Hg expressed in ng L™ ! respectively, from tap waters (column
1), additional tap waters (column 2) and bottled mineral waters (column 3).

D Hgr ng L™ ID Hgr(ngL™") ID Hgr (ng L™Y)
WOl  1.36 TW32  0.29 BWO1-1 < 0.09
W02  1.06 TW33 047 BWO1-2 < 0.09
W03  1.02 TW34 022 BW02 0.16
TW04  0.28 TW35  0.49 BWO3 0.12
TWO5  0.68 TW36  0.28 BW04 0.16
TW06  1.48 TW37  0.14 BWO05-1 < 0.09
TWO07  0.88 TW38  0.18 BWO05-2  0.10
W08  0.75 TW39  0.44 BWO06-1  0.37
TW09  0.47 TW40  0.66 BW06-2  0.91
TW10  0.51 TW41  0.25 BWO7 0.14
W11  0.39 TW42  0.87 BWO08-1 < 0.09
TW12  0.51 TW43  0.21 BWO08-2  0.13
W13  3.68 TW44  0.23 BW09 0.14
W14  0.37 TW45  0.39 BW10-1  0.10
TW15  0.46 TW46  0.48 BW10-2  0.11
W16  1.22 TW47  0.55 BWI11 0.15
W17  0.96 TW48  0.19 BW12 < 0.09
W18  1.10 TW49  0.68 BWI13-1  0.40
TW19  0.42 TW50  1.95 BWI13-2  0.32
TW20  0.70 TW51  0.40 BWI14-1  0.12
W21  0.97 TW52  0.87 BW14-2  0.11
TW22  0.66 TW53  0.36

W23  1.61 TW54  0.29

TW24  0.99 TW55  0.59

TW25  1.14 TW56  0.38

TW26  0.92 W57  1.76

™27  1.79 TW58  1.33

W28  0.91 TW59  0.30

TW29  3.46 TW60  1.23

TW30  0.67

TW31  5.57
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National Institute of Standards and Technology, USA). For trace ele-
ments, deviations from the certified concentrations were found to be
lower than 7% whereas for major elements the deviation from the ionic
balance condition was always less than + 5%. No contamination was
detected from analyses of blank field solutions.

Total Hg was measured after addition of a 0.5% (v/v) bro-
mochloride solution to all water samples, with the aim to oxide process
of all mercury forms to Hg?* until a complete yellow staining (in-
dicating complete Hg oxidation) of the solution is observed. The Hg
analyses were performed following the optimized the United States
Environmental Protection Agency method (US-EPA) 1631 version E
(US-EPA, 2002) by cold-vapour atomic fluorescence spectrometry (CV-
AFS), that allowed authors the quantitation of mercury with high sen-
sitivity up to sub-nanogram per litre. Operating and maintenance costs
were less expensive compared to other instruments such as cold-vapour
atomic absorption spectrometry (CV-AAS) and ICP-MS. The analytical
method employed provided for a strict analytical control procedure
through a calibration curve in the range 0.17-0.25ngL”!
(R? > 0.9995) with percentage recoveries in the range between 90.27
and 111.75 (average 101.02%), the use of initial and ongoing IPR and
OPR precision standards, matrix spikes and duplicates, and three re-
ference material having certified Hg content with average percentage
recovery of 101.17% (n = 16) for the BCR-579 (Hg in coastal seawater,
IRMM, Belgium), 105.96% (n = 8) for the ORMS-5 (Hg in river-water,
NRCC, Canada) and 105.63% (n =4) for the ERM-CA615 (Hg in
groundwater, IRMM, Belgium), respectively. The limit of detection
(LOD) and the limit of quantification (LOQ) calculated according to US-
EPA 1631 method were equal to 0.03 and 0.09ng L™ ! respectively.

Field data and compositional features of all water samples con-
sidered, in terms of main physico-chemical parameters, major ions and
trace elements, are listed in Tables 1Sa and 1Sb (Supplementary ma-
terial).
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Fig. 2. Piper Diagram of major cations and anions for the tap water and bottled mineral water samples of the Calabria Region.

4. Statistical analysis

Concentrations of elements and/or chemical species in water are
compositional data that need to be expressed in log-ratio coordinates
before applying the traditional statistical tools (Aitchison, 1982;
Buccianti and Pawlowsky-Glahn, 2005). It is in fact well known that the
sample space of compositions is not the usual Euclidean space, but the
simplex governed by the Aitchison geometry (Pawlowsky-Glahn et al.,
2015). There are different possibilities to transform the data, and in our
case the log-centered (clr, centered log-ratio) transformation was used
since it works successfully in multivariate investigations as cluster
analysis (see Supplementary material).

The data sets are given by 31 tap waters and 21 bottled mineral
waters. Variables as NH,+, PO,®~, Be, Co and Bi were eliminated by
the analysis since most of the data (> 60%) where below the detection
limits while Hg was not included since determined with a very different
experimental method, related to a different sampling strategy and
characterized by very low concentrations. For all the other variables
(Ca®*, Mg?*,K*,Na*, Cl~, S04%~, HCO;~, F~, NO3 ™, SiO,, Li, Be, B,
Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Cd, Ba, Pb, and U),
before to calculate the clr coordinates, data below the detection limits
were substituted by using the compositional approach proposed by
Martin-Fernandez et al. (2015) based on a Bayesian-multiplicative re-
placement.

In a first attempt, simple statistics were determined for each data-set
(minimum, maximum and median) together with the values of skew-
ness and kurtosis able to highlight the presence of anomalous values
and/or plurimodality. Box-plots were used as a robust graphical tool to
compare the concentrations of the major components and the trace
elements. The same plots were realized also after to have clr-trans-
formed the data with the aim to visualize important shifts from the
compositional barycenter for each variable. Independent samples
Kruskas-Wallis and median tests (Corder and Foreman, 2014) were
applied on raw and clr-data to probe for each variable the presence of
statistically significant differences between the data sets.
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Subsequently, from a multivariate point of view a cluster analysis
was performed on clr-variables, by using the Ward method as linkage
tool and the Euclidean distance as similarity measure, with the aim to
evaluate the presence of natural groups to cross-correlate with the
original membership. Significance of the natural groups was also tested
by using robust procedures (Verboven and Hubert, 2005; Garcia-
Escudero et al., 2010).

Comparative study between tap and bottled mineral water in Italy
has been discussed by Dinelli et al. (2012a,b).

Comparing spread between datasets is an important step since high
differences might be related to suspected different behavior and or to
the presence of anomalous cases (see Supplementary material). In our
case we propose a comparative index compatible with the composi-
tional nature of the data. The index is the ratio between the contribu-
tion to the whole variance of the data set given by each clr-variable in
the two different groups, TW and BW (Daunis-I-Estadella et al., 2006).
Associated with the comparison between group medians when the ratio
for a given variable is equal to 1 the contribution to variability is similar
in the two datasets and the variable cannot be suspected as the source
for potential differences. When the ratio is > 1 the source of variability
of natural processes is dominant, the contrary when the ratio is < 1.If
the ratio values are plotted in decreasing order versus the ranked ele-
ment/chemical species, it is possible to visualize immediately where the
contribution to variance is chemically located, highlighting the beha-
vior of single variables with respect to the compositional barycenter.

In the evaluation of water quality also the comparison with the MAC
(Maximum Allowed Concentration) guidelines is important so that
Tamasi and Cini (2004) proposed a metal index MI also used in Varrica
et al. (2013) (see Supplementary material).

In this case too, it is possible to substitute the index with another
compatible with the compositional nature of the data. The MAC values
(ug L™Y) for the two datasets were considered for B, Al, V, Cr, Mn, Fe,
Ni, Cu, Zn, As, Se, Mo, Cd, Ba, Pb, and U, thus generating two new
compositions. The robust Mahalanobis distance between each compo-
sition pertaining to BW or TW groups and the corresponding MAC
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values was determined by using the robust covariance structure of each
dataset. In this context the robust Mahalanobis distance represents a
new index of compositional difference with respect to the MAC com-
positions (Gozzi et al., 2018). When the differences are high and show
homogeneous values with respect to the MAC composition the nearness
to warning thresholds is not suspected. The two proposed “composi-
tional” indices wish to contribute in the diffusion of the use of correct
statistical practices in the management of environmental data.

5. Results and discussion

Geochemical data for both tap waters and bottled mineral waters
were interpreted following a consolidated classical procedure which
comprises: (i) Piper diagram, (ii) binary graph of S04~ vs.
HCO3;~ + Cl7, in which iso-salinity lines are drawn for reference and
(iii) binary plots of Cl~ vs. elements to obtain information about pro-
cesses possibly occurring during groundwater circulation. These in-
formation were discussed together with results of the statistical analysis
(box-plots, cluster analysis) and statistical considerations of detected
Hg ultra-trace concentrations.

5.1. Water chemistry

Bottled mineral waters and tap waters showed different physico-
chemical characteristics and composition in terms of major and trace
elements. BW have shown mean pH values of 7.18 + 0.57 (min 6.23,
max 7.87), comparable with that detected for TW (mean 7.40, min
6.50, max 7.90). Electrical conductivity (EC) is lower for BW with mean
values of 223 uScm ™! (min 52, max 475) respect to 351 uScm ™' (min
109, max 1570) detected for TW, these ones also showing a larger
spread of values. To be noticed here is the presence of high values in
TW in some sampling places in proximity of coastal areas.

Piper diagram (Fig. 2) highlighted three main compositional groups
for waters: NaCl (4 samples), Na-HCO5 (11 samples) and Ca—-HCO; (38
samples). Both the considered groups (TW and BW) present at least one
sample in each geochemical family. These compositions reflect a typical
groundwater evolution starting from a meteoric NaCl end-member that,
through water-rock interaction, acquires initially a Na-HCO3 compo-
sition and then come to terms more evolved as Ca-HCOs.

NaCl — NaHCO3; — CaHCO;

This process leads to an increase in salinity from NaCl to Ca—HCO3
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groups (Appelo and Postma, 1996; Vespasiano et al., 2015d).

This trend is not sufficiently clear through the only elaboration of
the diagram in Fig. 2. To retrieve this kind of information is convenient
to refer to the correlation diagram S04~ vs HCO3~ + Cl™ (Fig. 3).
Overall, the diagram highlights low Total Ionic Salinity (TIS) values,
attested below 16 meq L™ ! iso-salinity line, with a larger spread of
salinity for the TW which recorded the highest values. Furthermore, as
previously anticipated, on the diagram is evident an increase in salinity
from NaCl to Ca-HCO3 group with the exception of the TW23 sample
showing high salinity and NaCl composition. This composition reflects
probably a sea water contamination.

Chloride plots (Fig. 4) were useful for appraising mixing and other
processes occurring in the aquifers, such as calcite precipitation and
water-rock interactions. Each diagram was characterized by the pre-
sence of the hypothetical dilution line realized by starting from the
composition of sea water (Nordstrom et al., 1979).

In general, major anions and cations like C1~, SO4*~, NO;~, Na™*,
Mg?*, K*, and Ca®* are slightly more enriched in TW respect then BW.

As reported in Fig. 4a, b, ¢, and e, all samples showed Ca®*, Mg?",
K* and SO,>~ enrichment probably from water-rock interactions with
calcite, dolomite, K-Feldspar and/or Mg-enriched minerals as biotite
and olivine (e.g. Apollaro et al., 2009, 2011, 2019b; Perri et al., 2016).
The SO,>~ probably derives from the dissolution of minerals like pyrite
(oxidative dissolution) and gypsum.

The CI~ vs. Na™ plot (Fig. 4d) shows that most of samples fall in
proximity to the seawater dilution line, indicating that takes place a
negligible water-rock interaction with Na-bearing phases.

A particular detailed analysis is to be destined to the NO; ™~ as ex-
tremely harmful if present in high concentrations (Fig. 4f). It is of
fundamental importance that water intended for human consumption
complies with the MAC of 45mg L~ and 10 mg L~ * for water proposed
for infants and toddlers (D.M. 10/02/2015 and further modifications).

There are four tap waters and two bottled mineral waters above the
maximum limit of 10mgL ™", therefore these six waters are not re-
commended for infants’ consumption. Nevertheless, all 52 samples,
including BW and TW, have values less than the maximum permissible
concentration (45 mgL™1).

5.2. Compositional statistical data analysis

In Table 2 the summary statistics of the pH values and of the con-
centrations of the analyzed variables (ug L ~*) are reported for tap (left
columns, 31 cases) and bottled mineral waters (right columns, 21
cases).

In Fig. 5 (main chemical components) and Fig. 6 (trace elements)
the box plots visualize the variability of each raw variable as well as the
presence of skewness and/or anomalous cases. In Fig. 7 all the variables
for the two data sets are compared by considering their shift with re-
spect to the compositional barycenter (the geometric mean of the
composition) by using the log-centered transformation of Aitchison
(1982). As we can see for the main components NO3; ™ is characterized
by the highest variability in both the datasets testifying a homo-
genization of the sources contributing to this chemical species. On the
whole, besides NO3;~ and SO,>~, main components in tap waters show
a lower variability compared with bottled mineral water, a result that
appears to well characterize the comparison of the datasets as the
number of anomalous cases is only lightly higher for TW. By con-
sidering the trace elements (Fig. 6), Sr is the element showing the
highest variability in BW, Zn in TW, the two elements well representing
the natural contribution from weathering reactions and corrosion pipe,
respectively. On the whole, trace elements in TW show higher varia-
bility indicating that, possibly, several processes affect the final con-
centrations. Increasing variance often tend to generate alternative
states and contribute to the developing of plurimodality (Carpenter and
Brock, 2006; Dakos et al., 2012; Dai et al., 2015) representing a less
stable geochemical system in time or space, subjected to possible
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Fig. 4. Correlation diagram of Na*, Mg?*, K*, Ca®*, $0,>~ and NO;~ vs. C1~ where are plotted bottled mineral and tap waters of the Calabria Region.

regime shifts.

The pattern in Fig. 7 shows that for BW, Cr and U are the species
that present cases highly moving from the compositional barycenter

followed by Sr, a behavior that could indicates the well traced con-
tribution of different lithologies by these elements (Kabata-Pendias and
Szteke, 2015). A similar behavior for U and Sr also characterizes the
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Fig. 5. Box-plots of tap waters and bottled mineral waters (ug L™ 1) for the main chemical components (o = oultiers; * = estreme values).

TW, perhaps yet revealing the signal of their original natural sources. Cr
is an element showing strong lithophic tendencies and can be found
from ultramafic rocks to the sedimentary ones. Mobility of U depend
from the host minerals and by dissolution processes that control pre-
cipitation of oxides, carbonates, phosphates and other compounds.
Dispersion of these elements thus highly depends from the source and
the Eh-pH conditions of the environment. Sr is a relatively common
element in the lithosphere from mafic rocks to calcareous sediments
and during weathering is easily mobile then absorbed by clay minerals
and organic matter. It is possible that the clr-behavior of all these ele-
ments reflects their resilience in maintaining their original fingerprint
when comparing BW and TW. It is not possible to draw the same con-
clusions for Mn, Fe, Zn and Pb, whose variability from the composi-
tional barycenter appears to be attributable mainly to the corrosion

pipes.
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To be noticed here is that these results could not be so clearly
highlighted if only classical box-plots were analyzed.

Results of the independent samples Kruskas-Wallis and median tests
applied on raw data indicate that Al, Fe, Cu, Zn, Se, Mo, Cd, and Pb,
present significant differences in median values (p < 0.01) while for
Li, Al, Fe, Cu, Zn, Se, Mo, Cd, Ba, Pb, and U, and there are significant
differences in the shape of the frequency distributions (p < 0.01). The
same tests applied on log-centered variables indicate that the hypoth-
esis of similarity in the shape of the frequency distribution and/or
median values has to be rejected (p < 0.01) in several cases. In par-
ticular, variables as Na*, C1~, NO3 ™, SiO,, Li, B, V, Cr, Zn, As, Se, Rb,
Pb, and U do not present a similar behavior in moving variability
around the compositional barycenter in the two analyzed groups of data
while for Na*, Cl~, NO3 ™, Li, B, Cr, Fe, Zn, As, Se, and Pb, also the
hypothesis of similar median clr-values has to be rejected (p < 0.01).
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Fig. 6. Box-plots of tap waters and bottled mineral waters (ug L~Y) for trace elements (o = oultiers; * = estreme values).
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Fig. 8. Dendrogram for the cluster analysis of the clr-variables (similarity measure = Euclidean distance; linkage = Ward's method); cases 1/31 tap waters (yellow
lines), cases 32/52 bottled mineral waters (green lines). Cases 50 and 49 contaminate the cluster of the tap waters; cases 15, 8, 22, 20, 26, 30, 10, 11, 6 contaminate
the cluster of bottled mineral waters. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

This result could indicate that the original signature of the source of the cluster analysis algorithm on clr-variables by using the Ward method as
elements is maintained and yet mark the difference between BW and linkage tool and the Euclidean distance as similarity measure (Kaufman
TW or the influence of non-natural processes mainly affecting TW. and Rousseeuw, 1990; Everitt et al., 2001; Verboven and Hubert, 2005;

In Fig. 8 is reported the dendrogram obtained by applying the Garcia-Escudero et al., 2010; De Amorim, 2015). The cross tabulation
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Fig. 10. Probability plots of the robust Mahalanobis distance (log values) of the composition of each sample with reference to the threshold compositions.

between the original case membership (TW and BW) and the two main
natural groups obtained by the clustering procedure is significant (Chi-
square test and Cramer's V, p < 0.02) indicating that the two groups of
data, with few exceptions, are clearly different and sufficiently homo-
geneous inside them. The cluster represented by TW is particularly
homogeneous with the exception of the cases 49 and 50 (BW13-1 and
BW13-2) that originally pertained to BW set.

The cluster represented by BW is more contaminated by the pre-
sence of some samples of TW with which present high similarity as the
cases 15, 8, 22, 20, 26, 30, 10, 11, 6 (TW15, TWO08, TW22, TW20,

TW26, TW30, TW10, TW11, TWO06).

Combining the results of the clustering procedure with the previous
statistical analysis it is possible to summarize that the difference be-
tween the two main clusters, that practically coincide with the original
sets of data, appears to be attributable to the different behavior of As, B,
Cl~, Cr, Fe, Li*, Na™, NO;~, Pb, Se and Zn, both in median values, in
the shape of the frequency distribution as well as in the distances of
values from the compositional barycenter of the corresponding com-
position, as testified by the comparative box-plots (Figs. 5-7) and by the
Kruskas-Wallis and median tests. The additional contribution of cluster
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analysis, beside the previous investigations, lies in the multivariate
structure of the procedure that also investigates the joint relationships
among the elements facilitating the identification of common processes
affecting their behavior.

The ratio of the contribution of each variable to the whole clr-var-
iance of the composition for each data set is analyzed in a graphical way
in Fig. 9 as a compositional alternative to the magnitude spread (Dinelli
et al. 2012a,b). This tool represents an innovative way to characterize
differences between datasets by considering the compositional nature
of the data (Daunis-I-Estadella et al., 2006) and can be associated with
the tests on median values. When the ratio is equal to 1 the contribution
to variability is similar in the two datasets and the variable could not be
affected by perturbations responsible for differences. On the other
hand, when the ratio is > 1 the source of the variability of natural
processes is dominant (numerator pertaining to BW), the contrary when
theratiois < 1. Aswe can see in Fig. 9 on the left, for metals as Cr and
Ni, followed by Cd, V, U and Mo the ratio is higher than 1 so that the
behavior of these elements governs the variability of BW with respect to
TW. On the other hand, TW are mainly affected by variability in Al, Mn,
Zn, As, Pb, Se and Fe, characterized by the ratio < 1 on the right of the
plot. The results are in agreement with the data provided by Dinelli
et al. 2012a,b, in particular, regarding some transition metals dis-
tribution. However, the comparison remains partial due to the not
homogeneity of the two datasets concerning the scale of the in-
vestigation, national versus regional one.

With the aim to compare the concentrations of the chemical species
with the Maximum Allowed Concentrations (MAC) (Tamasi and Cini,
2004; Varrica et al., 2013) the robust Mahalanobis distance between
compositions was used for variables where the law limits were avail-
able. It was calculated for B, Al, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Mo,
Cd, Ba, Pb, and U, thus representing a new index of compositional
difference with respect to the MAC compositions (De Maesschalck and
Massart, 2000; Varmuza and Filzmoser, 2009; Buccianti, 2018;
Buccianti et al., 2018; Gozzi et al., 2018). When the differences are high
and show homogeneous values with respect to the corresponding MAC
composition, the nearness to warning thresholds is not suspected as
well as the presence of processes able to shift the geochemical condi-
tions.

For tap water the robust Mahalanobis distance varies from 14.68 to
26.43 while for bottled mineral water from 927 to 1162 thus pointing
out that in both cases there is a considerable compositional distance
from the respective thresholds. In Fig. 10 the probability plots of the
difference values are reported with the aim to evaluate their distribu-
tion and homogeneity.

5.3. Hg distribution in bottled mineral waters and tap waters

In this work, Hg concentration has been processed in a dedicated
section because (i) it was determined by a different technique (CV-AFS),
(ii) it has shown concentrations of different orders of magnitude lower
than the remaining constituents and (iii) it was characterized by a non-
homogeneous dataset compared to the waters previously considered.

Of the total of 31 TW samples from public drinking fountains (TW
01/31) the mean concentration of Hg was 1.19 ng .~ ! while the median
0.92ng L™?! (std. dev. 1.12), with minimum and maximum values of
0.28 and 5.57 ngL ™! respectively. The mean Hg content in Calabrian
bottled water (BW 01/014, 1-2) was found to be 0.19ng L™, the
median value 0.12ng L™ (std. dev. 0.19), with the Hg concentration
ranged from < LOD (< 0.09ngL™!) to 0.91 ng L™ .

All samples of TW and BW (still and sparkling) were analyzed in
triplicate with the same analytical procedure. Concentration of the
element were well below the European and national drinking water
limit of 1 ug L ™! ranging from sub-nanogram to few nanogram per litre
(Table 3) (Varde et al., 2015a, 2015b, 2017, 2018, 2019). Indeed, 61%
of TW samples (n = 19) had Hg concentration below 1.00 ng L™}, 29%
of drinking water samples (n = 9) had Hg content above 1.00 ng Lt
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and below 2.00ng L™ %, and finally only for 10% of water samples Hg
was above 2.00ngL ™! and below the highest observed Hg concentra-
tion of 5.57 ngL ™! found for TW31 water sample.

Hg content was found at or below the LOD for the 24% of the BW
samples (n = 5), while for the 52% of the bottled samples (n = 11) Hg
was below 0.30 ng L7}, and finally for 14% of BW samples (n = 3) Hg
was in the range between 0.30 and 0.40 ngL ™. The highest observed
concentration for Hg was at 0.91 ngL ™!, (BW06-2) sparkling typology,
while the still sample (BWO06-1) showed Hg concentration of
0.37 ng L™, This difference in Hg content between the two typologies
(sparkling and still) for about 60% should be probably attributable to
the quality of CO, artificially added and/or to the leaching of metals
from the tank/bulk CO, storage-injection system.

As anticipated, for comparison, an additional sampling of TW was
considered for mercury measurements (see Table 3). Hg determination
on these additional TW samples (TW 32/60, were TW 32/41 public
fountain, TW 42/60 household water) showed mean Hg concentration
value of 0.34 and 0.69ngL~!, respectively, median value 0.28 and
0.48ngL~', with minimum 0.14 and 0.19ngL~! and maximum of
0.66 and 1.95ng L~ ! (std. dev. 0.17 and 0.52). Values have confirmed
that Hg was found at ultra-trace levels also for these additional samples
taken from different sampling sites (Fig. 1S — Supplementary material).

Considering whole TW dataset (TW 01/60), the mean Hg value was
found 0.74 ng L.~ ! and median equal to 0.48 ng L.~ ! with the minimum
and maximum concentrations of 0.14 and 5.57 ngL~'. Hg concentra-
tions measured in this study showed that TW provided Hg mean,
median, minimum and maximum concentrations higher than those
detected from bottled water. The difference can be attributed due to the
fact that TW coming from different water reservoirs (river waters, lake
waters, groundwaters) mixed in variable proportions by the aqueduct
manager and by physico-chemical processes treated to improve
drinking water quality before the distribution through piped networks.
Bottled water not undergoing any of these processes give a clear in-
dication that the presence of Hg at ultra-traces is attributable to the
lithology of the aquifer.

With the aim to assess the potential contribution of Hgr in drinking
water (TW) due to chlorination as a chemical process of water disin-
fection, in this study a generic sodium hypochlorite solution (SHS) used
in an Italian aqueduct was investigated. Analysis of the SHS sample was
conducted in triplicate and confirmed a total Hg concentration of
233.90ngL~'. The SHS analyzed (12% solution in volume, equal to
~10% by weight of active chlorine, specific weight of 1.2kgL™") was
diluted up to the recommended value of 0.2mgL~" for residual dis-
infectant following the Italian legislation for drinking water (D.Lgs. 31/
2001, Annex 1, c). Using a dilution factor of about 1:6,000,000 the
calculated contribution of sodium hypochlorite solution to Hgy content
in TW was found equal to 3.90E-05ngL ™!, confirming that mercury
levels in Calabrian TW are not directly affected to SHS disinfection
product.

6. Conclusions

Storing data about the chemical composition of water increases our
knowledge about the processes that modify its quality, particularly
when public institutions, as regional environmental agencies, often
check only some parameters for defined aims. In this paper a geo-
chemical and statistical approach oriented on a compositional base was
carried out to compare new data related to the tap waters (TW) and the
bottled mineral waters (BW) (still and sparkling) sampled in the
Calabrian Region (Southern Italy).

The multidisciplinary approach allowed to assert that the dataset
(TW and BW) is composed of three main compositional groups of wa-
ters recognizable in (i) NaCl, (ii) Na-HCO3 and (iii) Ca—HCOj types,
characterized by low TIS values attested below 16 meq L™, with a
greater enrichment in major elements like Cl1~, SO4>~, NO;~, Na*,
Mg?*, K*, and Ca®* observed in TW with respect to BW. In this
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context, the classical correlation diagrams between Cl~ vs. Ca®*,
Mg?*, Na*, K* and SO, show a typical water-rocks interaction trends
linked to dissolution of main minerals that compose the Calabrian
aquifers. These minerals can be summarized in calcite, dolomite, K-
feldspar, Na-bearing phases, Mg-enriched minerals as biotite and oli-
vine, pyrite, gypsum that can found in different geological setting.

The different enrichment in some elements into the two groups of
waters and the typical chemical features have been highlighted by the
compositional statistical analysis. Cluster analysis and a new composi-
tional index based on the contribution of each log-centered variable to
the whole variance have evidenced variables mainly related to natural
processes versus those associated to an anthropic origin, as well as
variables prone to alternative states (multimodality). Al, Mn, Fe, Zn,
and Pb are particularly enriched in the TW probably linked to leaching
of pipelines that in many cases are very old, whereas Li, Ca, Cr, Ni, and
Cd, are the variables that most contribute to the overall variability of
BW. In particular, Cr, Cu and Pb are mainly enriched in sparkling BW
probably attributable to the quality of CO, artificially added and/or to
leaching of metals from the tank/bulk CO, storage-injection system. Hg
concentrations in TW are also higher than those detected in bottled
water, but the levels do not appear to be related to SHS disinfection
product. Thus, the difference can be attributed to other physico-che-
mical treatment processes developed to improve drinking water quality
before the distribution through piped networks and/or for corrosion of
solids containing Hg and other hazardous metals inside the drinking
water pipes (Renner, 2008; Schock et al., 2008; Peng et al., 2010; Peng
and Korshin, 2011; Liu et al., 2017). However, the presence of Hg in
surface waters could be attributable also to atmospheric wet and dry
deposition pathways (Lynam et al., 2014).

Ultra-traces concentrations of Hgr detected in BW are instead at-
tributable to water-rock interaction although higher concentrations
were detected in sparkling waters compared to natural ones, asking
again for contributions due the artificial addition of CO; and to the
processes related to the storage-injection system.

The comparison between the whole compositions of the two data-
sets with the corresponding Maximum Allowed Concentrations (MAC)
performed by using the robust Mahalanobis distance pointed out that
there is for TW and BW a considerable distance from the respective
thresholds testifying the good quality of the resource. Moreover, as
reported in this work and as evidenced by Varde et al. (2018, 2019), the
hazard quotient (HQ) is very low so that Hg concentrations in Calabrian
BW should not cause any adverse health effects.

On the whole, the data set realized in this work as well as the
considerations about the interpretation of the experimental results re-
present a fundamental base to develop monitoring plans in time and
space with the aim to check for the maintenance of quality standards.
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Supplementary material

S1. clr-transformation

The clr real coordinates (equation 1) are obtained by dividing the D components of each composition

1
by the geometric mean g(x) = ([, ;)P of the parts and then taking the natural logarithm
(Aitchison 1986):

2 log

X2 2N
PSL g(x),...,log (D)

clr(x) = [lo g e

S2. Comparison between data sets
Since the databases analyzed by Dinelli et al. (201), display a large spread of concentration values
that span several orders of magnitude a “magnitude of spreading” (equation 2) was calculated defined

as:

Magnitude of spreading = wzzr,,; ()

where BW stands for bottled mineral water group and 7W stands for tap water group. Using this
mathematical expression, values > 1 indicate that the specific element has a larger spread in the

mineral water data set and values < 1 indicate that the spread is larger in the tap water data set.
83. Comparison of the data set values with Maximum Allowed Concentrations

Tamasi and Cini (2004) proposed a metal index MI also used in Varrica et al. (2013). The metal index

MI (equation 3) is based on the largest possible number of trace metals and was defined as:

—yM _ G
MI =3, 3)



where C is the concentration of each element in solution, 7 is the i sample and MAC the Maximum
Allowed Concentration. Waters with M/ values exceeding 1 are beyond a warning threshold requiring

more attention.



Table 1Sa. Physico-chemical parameters and concentrations of major chemical components in the tap and bottled mineral waters from the Calabria Region. HCO; ™ represents alkalinity in mg HCO, L. TW: Tap water, BW: Bottled mineral water (1, still - 2, sparkling).

D type pH EC Ca®* Mg** K" Na* NH, cr S0,* HCO; F NOy PO Si0, Total Hardeness
pS em™ mg L' mg L' mg L mg L mg L mg L' mg L' mg L' mg L' mg L' mg L' mg L' mg L'
TWO1 Tap Water 743 332 444 149 0,7 32 <0.05 4.6 258 186,1 0,5 12 <0.5 45 17,2
TWO02 Tap Water 7.46 115 6,1 1.8 11 11,2 0,12 112 53 32,0 0,1 1.0 <05 11,1 23
TWO03 Tap Water 7.66 170 19,1 4.8 13 6,7 <0.05 5.5 5.2 85.4 0,1 31 <05 21,7 6.7
TWO04 Tap Water 7.88 346 46,2 15,6 0,5 35 <0.05 43 29,2 184.6 0,5 L1 <05 4.5 17.9
TWO0S Tap Water 7.44 486 63.7 24,9 0.8 4,7 <0.05 7.0 254 2944 0,2 3,6 <05 59 26,2
TWO06 Tap Water 7.90 177 18,8 5.6 1.6 5,9 <0.05 3.0 10,4 824 <0.1 0,2 <05 222 7.0
TWO07 Tap Water 7.81 384 45,6 144 1.8 14,6 <0.05 13,7 21,0 2014 0,2 23 <0.5 11,1 17.3
TWO08 Tap Water 6,82 1020 164,1 15,0 13,9 35,0 <0.05 40,8 108,1 4653 0,2 44 <0.5 19.8 47,1
TWO09 Tap Water 7,21 567 38,9 212 37 52,0 <0.05 343 37.6 2212 0,7 33,2 <0.5 26,7 18,4
TWI10 Tap Water 7,96 168 18,7 4.9 12 5.8 <0.05 7,2 4,0 83,9 0,1 1.8 <0.5 20,0 6,7
TWI1 Tap Water 7,62 186 233 5.6 12 5,1 <0.05 42 44 99,2 0.1 0.9 <0.5 19.3 8.1
TWI2 Tap Water 6,55 120 9,5 28 1,0 74 <0.05 8.2 45 488 0,1 1.7 <0.5 149 35
TW13 Tap Water 6,50 109 35 29 13 9.4 <0.05 10,4 5.6 183 0,1 8,2 <0.5 18,2 2.1
TW14 Tap Water 7.18 588 65.1 8.6 4.1 437 <0.05 48,5 427 2212 0,5 52 <05 208 19.8
TW15 Tap Water 7.35 151 11,9 45 L5 9.8 <0.05 8.5 5.6 64,1 0.2 0,5 <05 18,7 4.8
TW16 Tap Water 7.41 353 40,0 8,5 1.6 14,6 <0.05 16.2 113 148.0 0,1 13,2 <05 24,0 13.5
TW17 Tap Water 7.56 133 12,9 34 L1 6,0 <0.05 4.9 34 54,9 0,1 11 <05 19.4 4.6
TWI8 Tap Water 6,57 433 34,0 15,7 2,1 26,6 <0.05 28,2 374 1144 0,2 331 <05 26,8 15,0
TWI19 Tap Water 7.41 184 173 4.5 14 9,9 <0.05 112 7.6 79.3 0,1 1,7 <0.5 243 6.2
TW20 Tap Water 7,79 546 55,5 13,0 03 412 <0.05 49.4 8.3 2349 <0.1 35 <0.5 34 19.2
™21 Tap Water 7,55 503 54,9 30,1 0,9 73 <0.05 9,9 248 2929 0,4 2,6 <0.5 74 26,1
T™W22 Tap Water 7,60 169 18,1 4,7 1,1 6.8 <0.05 5.7 45 80,9 0,1 39 <0.5 23,5 6,5
T™W23 Tap Water 7,29 1570 62,5 27,7 73 2125 <0.05 3983 99,1 125,1 03 11,9 <0.5 12,9 27,0
TW24 Tap Water 7,82 332 44,1 14,8 04 3,0 <0.05 4,1 25,2 178,5 03 1,0 <05 44 17,1
TW25 Tap Water 7.50 261 19.6 9.8 1.7 18,1 <0.05 15,9 29,0 87.0 0.4 47 <0.5 177 8.9
TW26 Tap Water 7.70 227 18,9 9.6 24 8.8 <0.05 9,7 10,4 1053 0,1 25 <05 19.4 8.7
T™W27 Tap Water 7.11 429 50,3 9,0 37 26,1 <0.05 19.7 342 187.6 0,5 4.6 <05 19.7 16,3
TW28 Tap Water 7.54 222 239 7.5 1.4 83 0,06 7.9 8.3 106.8 0,2 1,9 <05 12,9 9.1
TW29 Tap Water 6,90 191 19.2 2,9 1.9 113 <0.05 10,7 15.8 62,5 03 2,7 <05 16,3 6.0
TW30 Tap Water 7.46 315 412 133 1.0 34 0,06 5.3 38 1892 0,1 L9 <05 4.4 15.8
TW31 Tap Water 7.60 124 6.4 1.9 12 118 0,14 12,2 53 32,0 0,1 1,1 <0.5 11,6 24
BWO1-1 Bottled Mineral Water 7,71 185 13,5 6.3 14 11,0 <0.05 10,7 153 62,5 0,1 03 <0.5 234 6.0
BWO01-2 Bottled Mineral Water 7,74 138 8.2 38 L1 11,2 <0.05 19,6 3,6 488 0,1 33 <0.5 27,2 3,6
BWO02 Bottled Mineral Water 7,57 444 44 4,6 0,6 13,5 <0.05 7,2 7,2 473 0,4 25 <0.5 20,4 3,0
BWO03 Bottled Mineral Water 6,23 98 52,2 14,1 1.8 15,2 0,35 223 37,2 192,2 0,1 8,9 <05 36,7 18,9
BWO04 Bottled Mineral Water 7,13 140 35 13 0,7 14 0,08 8.3 42 30,5 0,1 1,0 <0.5 3.6 1.4
BW05-1 Bottled Mineral Water 7.28 160 15,1 5.0 13 6,5 <0.05 6.0 8.8 67.1 0,1 23 <0.5 222 5.8
BW05-2 Bottled Mineral Water 7.41 130 15,1 47 13 6.5 <0.05 5.8 8.8 71,7 0,1 2,1 <05 12,0 5.7
BW06-1 Bottled Mineral Water 6,24 144 7.0 2,0 12 16,6 <0.05 9.6 49 442 0,1 11,0 <05 423 2,6
BW06-2 Bottled Mineral Water 6,28 1253 6.9 17 13 16,5 <0.05 9.2 5.0 412 0,1 11,1 <05 29.8 24
BWO7 Bottled Mineral Water 7.87 475 44,1 18,5 2,1 243 <0.05 27,1 23,0 2181 03 29 <05 24,1 18,6
BW08-1 Bottled Mineral Water 6,63 101 5.5 12 0.6 9.2 <0.05 9,0 4.6 25,9 0,1 0,1 <05 26,2 19
BW08-2 Bottled Mineral Water 6,57 82 6.2 L1 0,7 8.8 <0.05 8.0 4,6 27,5 0,1 22 <0.5 25,0 2,0
BW09 Bottled Mineral Water 7.39 264 17,5 9.8 1.6 154 <0.05 15,7 9,9 100,7 <0.1 53 <0.5 42 8.4
BW10-1 Bottled Mineral Water 7,71 401 41,1 12,9 1.8 18,4 <0.05 224 29,0 155,6 0,2 74 <0.5 23,1 15,6
BW10-2 Bottled Mineral Water 7,75 384 44,0 17,9 2,2 245 <0.05 26,0 22,6 219,7 03 42 <0.5 13,1 18,4
BWI11 Bottled Mineral Water 7,51 371 53,7 11,7 0,6 3.2 <0.05 45 45 2212 <0.1 0,9 <0.5 5.1 18,2
BWI2 Bottled Mineral Water 7,04 127 43 47 0,6 13,7 <0.05 53 5.5 64,1 03 1.4 <0.5 19.4 3.0
BW13-1 Bottled Mineral Water 6,67 69 1.4 15 0,7 5.7 <0.05 9,0 43 9.2 0,1 0,8 <0.5 34 1.0
BW13-2 Bottled Mineral Water 6,67 52 1.4 15 0.8 5.6 <0.05 8.7 43 11,0 0.4 0.8 <05 8.1 0.9
BW14-1 Bottled Mineral Water 7.58 435 52,0 14,1 1.8 153 <0.05 223 37,0 186,1 0,1 8.9 <05 20,1 18.8
BW14-2 Bottled Mineral Water 7.84 352 52.2 13.5 1.8 15.5 <0.05 214 35.8 186.1 0.1 7.7 <05 21.0 18.6




Table 1Sb. Concentrations of trace chemical components in the tap and bottled mineral waters fiom the Calabria Region. TW: Tap water, BW: Bottled mineral water (1, still - 2, sparkling)

D type L Be B Al v cr Mn Co Ni Cu Zn St Se Rb Mo U As Ca Ba Fe

' pel'  pgl'  pgl'  pgl'  pgl’  pgl pel! el pe ! gL' pgl' gl pgl’!  pgl! pgl! pel'  pgl'  pgl! gL’

Tap Water 019 <003 <1156 <073  O0Il <014 020 <059 086 152 8790 912 <049 <077 128 305 <099 001 2385 620

Tap Water 075 <003 <1156 117 092 <004 1043 <059 027 332 3345 3605 <049 177 063 014 <099 001 609 3002

Tap Water 072 <003 <1156 334 165 038 096 <059 057 518 15300 616 252 <077 049 028 <099 005 644 1819

Tap Water 030 <003 <1156 <073 020 028 0.8 <059 093 279 10200 1001 <049 <077 L1331 <099 003 2479 1528

Tap Water 024 <003 <1156 <073 LI19 021 08 <059 230 1140 2530 354 <049 <077 465 1,90 <099 002 1909 489

Tap Water 071 <003 <1156 183 055 <014 022 <050 058 167 124 752 245 <077 057 023 <099 002 904 1,69

Tap Water 324 <003 2736 <073 050 <014 <017 <059 097 741 671 <049 <077 137 1,03 <099 001 41,04 1024

Tap Water 1075 <003 764 <073 042 017 9956 <059 357 131 <091 388 303 230 52l 183 002 4561 290

Tap Water 210 <003 606 741 039 021 071 <059 125 338 22,69 323178 177 237 <099 002 7281 1194
Tap Water 047 <003 <1156 077 100 018 <007 <059 042 065 <091 238 <077 034 014 <099 002 957 <082 028
Tap Water 098 <003 <1156 <073 059 <014 <017 <059 051 <023 <091 499 242 <077 036 075 <099 004 878 <082 066
Tap Water 276 <003 <1156 429 051 019 660 <059 149 7875 3495 4136 265 135 033 010 L6l 006 822 1502 122
Tap Water 123 <003 1204 908 <010 <0.14 446 <059 2,60 1433 3963 4241 256 174 <026 00l 159 007 784 1005 096
Tap Water 542 <003 118 <073 087 021 028 <059 131 1670 2400 1998 379 <077 107 173 166 001 551 <082 099
Tap Water 692 <003 <1156 610 213 <014 08 <050 021 106 <091 273 <077 424 696 105 002 405 1293 Ll4
Tap Water 239 <003 1949 1372 168 076 309 <059 15T 1707 4932 280 <077 <026 022 <099 005 1154 3964 110
Tap Water 033 <003 <1156 371 075 020 043 <059 049 206 1498 220 <077 054 011 <099 005 444 1749 068
Tap Water 392 <003 3044 <073 047  L10  287 <059 130 897 2255 3.59 91 <026 0,03 <099 001 1321 958 042
Tap Water 043 <003 1298 747 135 024 036 <059 036 519 3LI2 242 <077 030 004 <099 003 951 930 067
Tap Water 017 <003 <1156 689 IS0 079 039 <059  L19 145 <091 236 155 LI0 068 <099 002 639 515 148
Tap Water 058 <003 <1156 <073 231 058 <017 <059 317 488 3397 482 104 6474 698 241 017 4884 <082 088
Tap Water 090 <003 <1156 <073 154 020 <017 <059 045 121 1942 <049 <077 037 009 <099 001 530 1327 075
Tap Water 377 <003 872 <073 074 032 <017 <059 152 1095 2098 474 <077 152 343 144 004 3856 1028 092
Tap Water 027 <003 <1156 287 013 <014 <017 <059 085 246 6620 259 <077 130 307 <099 001 2288 <082 047
Tap Water 205 <003 1935 117 033 029 233 <059 130 1877 7020 282 081 081 050 <099 002 1928 151 0.51
Tap Water 067 <003 1161 1555 358 1,05 <007 <059 060 175 <091 256 189 053 022 123 001 347 1488 039
Tap Water 184 <003 4109 <073 153 016 <007 <059 101 432 411 <049 <077 070 08I <099 001 910 452 070
Tap Water 249 <003 <1156 2811 LIl <014 163 <059 068 4182 10,69 233 <077 200 297 302002 500 4377 179
Tap Water 257 <003 1354 116 045 <014 323 <059 054 684 7270 <049 105 051 028 122 001 1272 13 091
Tap Water 040 <003 <1156 094 074 035 <017 <059 110 544 <091 259 084 185 107 119 001 1353 <082 051
Tap Water 068 <003 <1156 631 092 <004 492 <050 035 726 4021 256 223 076 014 <099 001 567 700 557
Bottled Mineral Water 0,44 <0.03 <1156 <073 841 <04 <017 <059 040 030 <091 <049 184 214 028 <099 001 070 137 <0.09
Botled Mineral Water 020 <0.03 <1156 <073 541 7,62 <0.17 <059 052 7.1 1,52 <049 <077 <026 001 <099 001 227 185  <0.09
Bottled Mineral Water 5,11 <0.03 <1156 <073 122 <014 205 <059 <015 055 <091 <049 <077 281 338 <099 001 277 205 016
Botled Mineral Water ~ 7.73  <0.03 2263 <073 213 324 048 <059 091 <023 <091 091 <077 <026 063 191 <0004 2554 472 012
Botlled Mineral Water 2,73 <0.03 <1156 <073 029 <014 <017 <059 <015 226 <091 <049 <077 <026 003 <099 <0004 398 142 06
Botled Mineral Water 092 <0.03 <1156 <073 129 021 <017 <059 023 071 <091 <049 <077 075 006 <099 001 693 161  <0.09
Botled Mineral Water 092 <0.03 <1156 <073 486 1307 <07 <059 052 811 216 <049 <077 083 006 <099 001 68 247 010
Botled Mineral Water 9.5 030 <1156 <073 027 014 <017 <059 023 140 <091 <049 138 <026 005 <099 001 284 397 037
Botlled Mineral Water 827 028 <1156 <073 023 <014 071 <059 030 231 <091 <049 <077 <026 0,02 <099 001 275 137 091
Botiled Mineral Water 11,03 <0.03 4249 <073 030 020 <017 <059 084 06l <091 <049 220 037 010 136 <0004 1909 320 014
Botlled Mineral Water 2,13 <0.03 <1156 <073 012 <014 <017 <059 <015 LI5S <091 <049 <077 <026 002 <099 001 283 209 <009
Botiled Mineral Water 1,61 <0.03 <1156 <073 092 286  <0.7 <059 <005 179 166 <049 <077 <026 001 <099 001 301 172 013
Botlled Mineral Water 072 <0.03 <1156 <073 58 023 <017 <059 118 060 <091 144 <049 <077 054 008 <099 001 1381 276 014
Botlled Mineral Water ~ 7.63  <0.03 2546 <073  LI2 067 <017 <059 116 184 187 736 <049 101 <026 026 159 007 2143 486 0.10
Bottled Mineral Water 11,29 <0.03 4330 <073 206 685 108 <059 106 629 184 1028 <049 202 038 010 156 001 1961 347 011
Bottled Mineral Water 028 <003 <1156 <073 062 028 <017 <059 136 102 <091 710 <049 120 172 154 <099 001 1795 261 0I5
Bottled Mineral Water <003 <1156 <073 135 <014 209 <059 <015 098 <091 2544 <049 <077 302 432 <099 001 277 175 <009
Bottled Mineral Water <003 <1156 1105 <000 <004 336 <059 172 105 2127 1304 <049 171 <026 001 <099 005 734 045 040
Bottled Mineral Water <003 <1156 2405 059 205 334 <059 195 597 2360 1296 <049 095 <026 001 <099 005 778 101 032
Bottled Mineral Water <003 2388 <073 202 303 058 <059 127 194 205 669 069 117 <026 059 179 009 2600 583 012
Bottled Mineral Water <003 2118 <073 194 308 059 <059 101 162 111 660 086 <077 <026 0.1 182 <0.004 2504 506 0.1
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Fig. 1S. Box-plot comparison of Hgr concentration in tap waters and bottled mineral waters.
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e 244 bottled waters corresponding to
136 Italian springs were analysed.

e 86% of the Italian bottled waters
analysed were at concentration
above the calculated LOQ.

e Daily and weekly intake of Hg from
Italian bottled water were estimated
for three population groups.
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ABSTRACT

Mercury (Hg) is a widespread, highly toxic persistent pollutant with adverse health effects on humans. So
far, concentrations below the method detection limit have always been reported by studies on the
concentration of mercury in bottled water when determined using instrumental analytical methods.
These are often very expensive and are unaffordable for many laboratories. In this work, a less expensive
method based on cold vapour atomic fluorescence spectrometry has been employed to determine total
mercury (Hgr) concentrations in bottled natural mineral waters. In all, 255 waters representing 164
different typologies were analysed. They came from 136 springs located in 18 Italian regions. In all
samples, Hgr concentrations were found in the range of sub-nanogram to a few nanograms per litre, well
below the National and European regulatory limit (1 pgL™'). Differences in Hgr concentrations were
related not only to the environmental characteristics of the springs but also to the extent and impact of
human activities. Higher concentrations were found in waters coming from regions with former mining
and/or natural thermal and volcanic activity. These data allowed us to estimate the mercury intake by
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Daily intake
Risk assessment

population (adults, children and toddlers) from drinkable mineral waters consumption. The mean
mercury daily intake was found to be remarkably lower, not only than the provisional tolerable value

Italy (1 pg L1 according to European and Italian legislation) but also than the estimated provisional tolerable
weekly intake (PTWI) value (4pgkg™! body weight) recommended by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA).

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The bottled water industry is growing and is steadily becoming
an important economic and public health factor. The estimated
global consumption of bottled water in 2005 was around 165
billion litres, which means an annual per capita consumption of
25—26 L(Cicchella et al., 2010; Naddeo et al., 2008). Italy is both one
of the largest producers (over 13 billion L per year) and consumers
of bottled water in the world, with a consumption of 208 L per
capita per year (Beverfood, 2016). Several market surveys show
that, in an era characterized by a heavy chemical pollution, con-
sumers still consider bottled water pure, pristine and a symbolic of
good health (Allen et al., 1989; D'Ascenzo et al., 1997; Dinelli et al.,
2012; Falahee and MacRae, 1995; Saad et al., 1998; Versari et al.,
2002). However, only major element concentrations are reported
on water labels, whereas trace elements and other potentially
harmful substances that can be naturally present in water sources
are ignored (2009/54/EC, 2009). Since the severity of adverse
health effects are time- and dose-dependent, this may raise con-
cerns due to the high consumption rates of mineral waters (Pokras,
2005). World Health Organization (WHO) guidelines for drinking
water derive from internationally agreed procedures for health risk
assessment (Graham, 1999; WHO - World Health Organization,
2011). These should in principle be used by national authorities
as a basis for establishing their own water quality standards. Both
the European and Italian legislations (98/83/EC, 1998) and (D.Lgs.
(Legislative Decree) 2/2/2001, 2001) provide detailed quality con-
trol criteria for potentially harmful contaminants in water intended
for human consumption, but, bottled waters are not subjected to
the comprehensive analyses as tap water (2003/40/EC, 2003;
Ministerial Decree, D.M. 29/12/2003, 2003). This opens the ques-
tion of whether bottled waters should be more strictly regulated,
with additional and more detailed information on the label
(Hussain et al., 1997). Among potential contaminants, heavy metals
are highly relevant to water quality. Their concentration depends
on many factors, including the source, typology, storage and
transportation conditions as well as (possible) release from the
packaging bottles. Mercury is one of the more harmful and unde-
sirable contaminants (Eisler, 2004), since in the aquatic environ-
ment inorganic mercury may be transformed by biological and
chemical and/or abiotic processes to the more toxic, organo-
metallic methylmercury form, making Hg contamination a world-
wide concern (Morel et al., 1998). One of the routes of exposure to
Hg for humans is drinking water (Clifton, 2007). There is a
considerable body of experimental evidence on the toxic effects
due to exposure to various types of mercury compounds during
short- (acute) or prolonged-term (chronic) incidents (Ratcliffe et al.,
1996). Hg has no beneficial biological function, and its presence in
living organisms is associated with various degenerative diseases
(Bhan and Sarkar, 2005; Valko et al., 2005). Previous studies indi-
cated that Hg induces adverse effects on the central nervous system
of foetuses, children and adults (Ask et al., 2002; Snyder, 1971).
Moreover, mercury exposure, even at low doses, results in signifi-
cant renal and liver toxicity (Dieguez-Acuna et al., 2004), fertility

decrease (Ernst and Lauritsen, 1991; Harada, 1968), immune system
alterations (Soleo et al., 1997) and damage to the cardiovascular
system (Sgrensen et al., 1999). To ensure the safety of consumers,
the European Directive 98/83/EC translated nationally into a leg-
islative decree (D.Lgs. 31/2001 (Legislative Decree), 2001) on the
quality of drinking water sets a maximum level of mercury in water
of 1ugL~! (or 1 ppb). This limit has been also adopted by the Di-
rectives 2003/40/EC for mineral water (D.M. 29/12/2003
(Ministerial Decree), 2003). For comparison, a number of national
and international standards for mercury in drinking water are listed
in Table 1. To satisfy the low detection limit required to quantita-
tively determine Hg in drinking water, specific methods and suit-
able instrumentations are required. Different analytical techniques
have been used for mercury determination in environmental
matrices and other media at low concentrations, including the flow
injection mercury system (FIMS) - cold vapour atomic absorption
spectrometry (CV-AAS) (Pourreza and Ghanemi, 2009; Rivaro et al.,
2007), cold vapour atomic fluorescence spectrometry (CV-AFS)
(Bloom and Fitzgerald, 1988; Fitzgerald and Gill, 1979; Geng et al.,
2008; Gill and Fitzgerald, 1987; Wu et al.,, 2006; Yu and Yan,
2004) as well as flow injection analysis systems coupled to
atomic fluorescence spectrometry (FIA-AFS) (Leopold et al., 2009).
Other common instruments include inductively coupled plasma
atomic emission spectrometry (ICP-AES) and electrothermal atomic
absorption spectrometry (ET-AAS) (Arpadjan et al., 1997), ICP op-
tical emission spectrometry (OES) and ICP mass spectrometry (MS)
(Cairns et al., 2008; de Wauilloud et al., 2002; Minnich et al., 2008;
Passariello et al, 1996) and thermal desorption (TD) gas
chromatography—mass spectrometry (GC-MS) (Ito et al., 2009).
Various pre-treatment, pre-concentration and detection proced-
ures have been applied for mercury speciation analysis in natural
waters (Leopold et al., 2010). ICP-MS with isotope dilution (ID) and
cold vapour generation has a high sensitivity, high selectivity, and
high sample throughput, however, the cost of such instrumentation
and the isotopic standards may still be prohibitive to many labo-
ratories (Mann et al, 2003). As an alternative, CV-AFS is less
expensive, and it has been used extensively to determine mercury

Table 1
Comparison of the national and international standards for Hg in mineral waters and
drinking waters.

Italian Standards for Mineral Waters (I-BW) and Drinking Water (I-DW)
pg L'

I-BW 1.0 Ministerial Decree D.M. 29/12/2003

I-DW 1.0 Legislative Decree D.Lgs. 31/2001

European Standards for Mineral Waters (EU-BW) and Drinking Water (E-DW)
EU-MW 1.0 EU Directive 2003/40/EC

EU-DW 1.0 EU Directive 1998/83/EC

International Standards for Mineral Waters (BW) and Drinking Waters
Chinese BW 1.0 Ministry of Environmental Protection (MEP) GB 2762-2012
Chinese DW 1.0 Ministry of Environmental Protection (MEP) GB 5749-2006
Canadian BW 1.0 Health Canada. Food and Drug Regulations

Canadian DW 1.0 Australian Drinking Water Guidelines

US-EPABW 2.0 Safe Drinking Water Act (SDWA), 40 CFR 141.62
US-EPADW 2.0 Food and Drug Administration (FDA). 21 CFR 103.35

WHO 6,0 WHO 2005, WHO/SDE/WSH/05.08/10
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due to its low interferences, high sensitivity and relatively low
sample consumption (Knox et al., 1995; Zi et al., 2009). In Europe,
water brands are recognized by the EU Commission (OJEC, 1996;
OJEC, 2010). The list of natural mineral waters is regularly updated
and can change year to year. From 2010 to 2014, more than 400
Italian brands were registered by the EU (Ciotoli and Guerra, 2016).
Despite the large number of brands on the Italian market, eight
companies account for about 71.5% of production (Beverfood, 2016;
Bono and Boni, 2001). The remaining fraction of the market is made
of small companies with local plants and distribution. The aim of
this study is to investigate with very sensitive analytical methods
the total mercury (Hgr) concentrations in Italian bottled waters to
understand if a relationships exists between the presence of mer-
cury, the physico-chemical parameters of waters, and the lithology
of the aquifer. In addition, these data will be useful in evaluating the
potential mercury daily intake from bottled drinking water.

2. Geological and hydrogeological setting

The geology of Italy is characterized by the presence of three
major orogenic belts: the Alps, the Apennines and the Calabria-
Peloritani Arc (CPA). From a geological point of view, there are
significant differences among these three belts. A Pre-Alpine
basement crops out essentially in Sardinia, Calabria and locally in
the Alps. It is composed of metamorphosed sedimentary succes-
sions and Caledonian and Variscan magmatic rocks. Post-Variscan
deposits consist mainly of sedimentary successions of Permian to
Cretaceous age, which record the evolution of the passive margins
developed around the Tethyan Ocean, with abundant carbonate
deposits in both areas (Sardinia and Calabria). The metamorphic
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and crystalline Alpine and Hercynian rocks outcropping in Calabria
constitute the so called “Calabrian basement Complex”. Carbonate
mesozoic rocks occur in small tectonic windows below them.
Eocene, Oligocene and Lower Miocene terrigenous sequences
outcrop as remnants along the over thrust contacts between these
basement units, and as tectonic wedges along major high-angle
fault zones. Italy is also characterized by four main magmatic epi-
sodes, spanning in time from the Permian to recent times, which
were related to different geodynamic settings. The most significant
are the Permian volcanic episodes, in the Southern Alps, the
Eocene—Oligocene rhyolitic—trachitic and basaltic episodes in the
Southern Alps; the Tertiary calk-alkaline magmatism (Oligoce-
ne—Miocene) in Sardinia and the Plio-Quaternary volcanism in
Sardinia, Central and Southern Italy and in Sicily (Beccaluva et al.,
2004; Peccerillo, 2005). In this framework, the most important
water resources are associated with the alluvial and Mesozoic
(limestone and dolomitic limestone) successions characterizing the
Alpine, Apennine and CPA areas (Civita, 2008). Volcanic areas mark
out isolated groundwater resources, predominantly stored in the
pyroclastic deposits. Local water resources are found in siliciclastic
and flysch complexes (Civita, 2008). Other important hydrological
complexes are associated with the carbonate sedimentary succes-
sions of the tertiary age. Although the hydrological complexes
related to magmatic (plutonic) or metamorphic rocks outcropping
in the Western and Central Alps, in Calabria, in north-eastern Sicily
and in Sardinia, are less important from an extensional viewpoint,
they can produce several high-quality springs and, as reported by
Apollaro (Apollaro et al., 2016) and Vespasiano (Vespasiano, 2015;
Vespasiano et al., 2015b, 2015a, 2014) they may be the site of
important deep thermal systems.
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Fig. 1. Schematic hydrogeological map modified after Lithological Map of Italy (1:1.000.000) produced by the Servizio Geologico d'ltalia, Istituto Superiore per la Protezione e la
Ricerca Ambientale (ISPRA) where are reported the Italian mineral waters source locations. More sources were represented by the same dot.
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Summary of Hg concentration and other parameters for Italian bottled mineral waters considered in the study.
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Sample ID Hg (ng L") Classification Mineral content Zone Packaging Bottle colour
ITAOO1-1 0.32 Non carbonated Low Central Italy PET Colourless
ITA001-2 0.16 Carbonated Low Central Italy PET Coloured (blue)
ITA001-3 0.42 Carbonated Low Central Italy PET Coloured (green)
ITA002-3 0.37 Carbonated Low Central Italy PET Coloured (green)
ITA003-1 0.20 Non carbonated Low Central Italy PET Colourless
ITA003-3 0.20 Carbonated Low Central Italy PET Coloured (green)
ITA004-1 0.83 Non carbonated Low Central Italy PET Coloured (blue)
ITA004-2 0.27 Carbonated Low Central Italy PET Coloured (blue)
ITA004-3 0.27 Carbonated Low Central Italy PET Coloured (blue)
ITA005-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA006-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA007-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA008-1 0.19 Non carbonated Low Southern Italy PET Colourless
ITA009-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA009-4 0.22 Carbonated Low Southern Italy PET Coloured (blue)
ITA010-2 0.71 Carbonated Intermediate Southern Italy PET Coloured (blue)
ITA010-4 0.09 Carbonated Intermediate Southern Italy PET Coloured (green)
ITAO11-1 0.23 Non carbonated Low Southern Italy PET Colourless
ITAO012-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITAO12-4 0.09 Carbonated Intermediate Southern Italy PET Coloured (pink)
ITAO12-4 0.13 Carbonated High Southern Italy PET Coloured (green)
ITA013-1 0.30 Non carbonated Low Southern Italy PET Colourless
ITA014-1 0.28 Non carbonated Low Southern Italy PET Colourless
ITA014-3 0.30 Carbonated Low Southern Italy PET Colourless
ITAO15-1 0.15 Non carbonated Low Southern Italy PET Colourless
ITA016-4 <0.09 Carbonated Intermediate Southern Italy PET Coloured (green)
ITAO17-4 <0.09 Carbonated High Southern Italy PET Coloured (green)
ITAO18-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA018-2 <0.09 Carbonated Low Southern Italy PET Colourless
ITA019-1 0.16 Non carbonated Low Southern Italy PET Colourless
ITA020-1 0.12 Non carbonated Low Southern Italy PET Colourless
ITA021-1 0.16 Non carbonated Low Southern Italy PET Colourless
ITA022-1 <0.09 Non carbonated Low Southern Italy PET Coloured (blue)
ITA022-2 0.10 Carbonated Low Southern Italy PET Coloured (blue)
ITA023-1 0.37 Non carbonated Low Southern Italy PET Colourless
ITA023-2 0.91 Carbonated Low Southern Italy PET Colourless
ITA024-1 0.14 Non carbonated Low Southern Italy PET Colourless
ITA025-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA025-2 0.13 Carbonated Low Southern Italy PET Colourless
ITA026-1 0.14 Non carbonated Low Southern Italy PET Colourless
ITA027-1 0.10 Non carbonated Low Southern Italy PET Colourless
ITA027-2 0.11 Carbonated Low Southern Italy PET Coloured (blue)
ITA028-1 <0.09 Non carbonated Low Southern Italy PET Coloured (blue)
ITA029-1 0.40 Non carbonated Very low Southern Italy PET Coloured (blue)
ITA029-2 0.32 Carbonated Very low Southern Italy PET Coloured (blue)
ITA030-1 0.12 Non carbonated Low Southern Italy PET Colourless
ITA030-2 0.11 Carbonated Low Southern Italy PET Colourless
ITA031-1 0.23 Non carbonated Intermediate Southern Italy PET Colourless
ITA031-2 0.32 Carbonated Intermediate Southern Italy PET Colourless
ITA032-1 0.36 Non carbonated Intermediate Southern Italy PET Colourless
ITA032-3 0.30 Carbonated Intermediate Southern Italy PET Colourless
ITA033-4 1.24 Carbonated Intermediate Southern Italy PET Coloured (green)
ITA034-1 0.15 Non carbonated Low Southern Italy PET Colourless
ITA035-3 0.44 Carbonated Low Southern Italy PET Coloured (green)
ITA036-4 0.21 Carbonated Intermediate Southern Italy PET Coloured (green)
ITA037-1 0.18 Non carbonated Low Southern Italy PET Colourless
ITA037-2 0.23 Carbonated Low Southern Italy Glass Coloured (green)
ITA038-1 0.49 Non carbonated Low Southern Italy PET Coloured (green)
ITA039-1 0.11 Non carbonated Low Southern Italy Glass Coloured (green)
ITA040-1 0.44 Non carbonated Low Southern Italy PET Colourless
ITA040-2 0.43 Carbonated Intermediate Southern Italy PET Colourless
ITA041-4 0.30 Carbonated Intermediate Southern Italy PET Coloured (green)
ITA042-1 0.29 Non carbonated Low Southern Italy PET Colourless
ITA042-2 0.20 Carbonated Low Southern Italy PET Colourless
ITA043-1 0.36 Non carbonated Low Southern Italy PET Colourless
ITA043-3 0.36 Carbonated Low Southern Italy PET Colourless
ITA044-1 0.20 Non carbonated Low Northern Italy PET Colourless
ITA044-2 0.15 Carbonated Low Northern Italy PET Coloured (blue)
ITA044-3 0.26 Carbonated Low Northern Italy PET Colourless
ITA045-1 <0.09 Non carbonated Low Northern Italy PET Colourless
ITA046-1 0.58 Non carbonated Intermediate Northern Italy Glass Colourless
ITA046-2 0.35 Carbonated Intermediate Northern Italy Glass Colourless
ITA047-1 0.30 Non carbonated Low Northern Italy PET Colourless

(continued on next page)
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Sample ID Hg (ngL™!) Classification Mineral content Zone Packaging Bottle colour
ITA048-1 0.41 Non carbonated Low Northern Italy PET Colourless
ITA048-2 0.39 Carbonated Low Northern Italy PET Colourless
ITA049-1 0.26 Non carbonated Low Northern Italy PET Colourless
ITA050-1 0.26 Non carbonated Low Northern Italy PET Colourless
ITA051-2 0.27 Carbonated Low Northern Italy PET Coloured (blue)
ITA052-4 0.44 Carbonated Intermediate Central Italy PET Coloured (green)
ITA053-4 0.89 Carbonated Intermediate Central Italy PET Coloured (green)
ITA054-2 0.27 Carbonated Intermediate Central Italy PET Coloured (green)
ITA054-4 0.21 Carbonated Intermediate Central Italy PET Coloured (green)
ITA055-1 0.44 Non carbonated Low Central Italy PET Coloured (blue)
ITA055-3 0.38 Carbonated Low Central Italy PET Coloured (blue)
ITA056-1 0.44 Non carbonated Intermediate Central Italy PET Coloured (green)
ITA056-2 0.18 Carbonated Intermediate Central Italy PET Coloured (green)
ITA056-4 <0.09 Carbonated Intermediate Central Italy PET Coloured (green)
ITA057-1 0.19 Non carbonated Low Central Italy PET Colourless
ITA057-3 0.14 Carbonated Low Central Italy PET Colourless
ITA058-1 <0.09 Non carbonated Low Central Italy Glass Coloured (green)
ITA058-3 0.21 Carbonated Low Central Italy Glass Coloured (green)
ITA059-4 0.86 Carbonated Intermediate Central Italy PET Coloured (green)
ITA060-4 0.27 Carbonated Intermediate Central Italy PET Colourless
ITAO61-4 0.58 Carbonated Intermediate Central Italy PET Colourless
ITA062-1 0.15 Non carbonated Low Northern Italy PET Colourless
ITA063-1 0.25 Non carbonated Intermediate Northern Italy Glass Colourless
ITA064-1 0.23 Non carbonated Low Northern Italy PET Colourless
ITA064-2 0.26 Carbonated Low Northern Italy PET Colourless
ITA065-1 0.59 Non carbonated Low Northern Italy Glass Colourless
ITA065-2 0.40 Carbonated Low Northern Italy Glass Colourless
ITA066-2 0.18 Carbonated Low Northern Italy PET Colourless
ITA067-1 0.55 Non carbonated High Northern Italy PET Colourless
ITA068-1 0.52 Non carbonated Low Northern Italy PET Colourless
ITA069-1 0.16 Non carbonated Low Northern Italy PET Colourless
ITA069-2 0.39 Carbonated Low Northern Italy PET Coloured (blue)
ITA069-3 0.32 Carbonated Low Northern Italy PET Coloured (blue)
ITA070-1 0.12 Non carbonated Low Northern Italy PET Colourless
ITA070-2 0.13 Carbonated Low Northern Italy PET Colourless
ITA070-3 0.19 Carbonated Low Northern Italy PET Colourless
ITA071-1 0.39 Non carbonated Very low Northern Italy PET Colourless
ITA072-1 0.22 Non carbonated Low Northern Italy PET Colourless
ITA072-2 0.13 Carbonated Low Northern Italy PET Colourless
ITA073-1 0.30 Non carbonated Low Northern Italy PET Colourless
ITA074-1 0.14 Non carbonated Low Northern Italy Glass Colourless
ITA074-2 0.13 Carbonated Low Northern Italy Glass Colourless
ITA075-2 0.23 Carbonated Intermediate Northern Italy PET Coloured (green)
ITA076-1 0.33 Non carbonated Low Northern Italy PET Colourless
ITA076-2 0.45 Carbonated Low Northern Italy PET Colourless
ITA077-1 <0.09 Non carbonated Low Northern Italy PET Coloured (blue)
ITA078-1 0.24 Non carbonated Low Central Italy PET Colourless
ITA078-3 0.25 Carbonated Low Central Italy PET Coloured (green)
ITA079-1 0.35 Non carbonated Low Central Italy PET Colourless
ITA080-1 0.26 Non carbonated Low Central Italy PET Colourless
ITA080-3 0.21 Carbonated Low Central Italy PET Coloured (green)
ITA081-1 0.34 Non carbonated Low Central Italy PET Colourless
ITA082-3 0.25 Carbonated Low Central Italy PET Coloured (blue)
ITA083-1 0.33 Non carbonated Low Central Italy PET Colourless
ITA083-3 0.17 Carbonated Low Central Italy PET Colourless
ITA084-3 0.26 Carbonated Low Central Italy PET Coloured (blue)
ITA085-1 0.21 Non carbonated Low Southern Italy PET Coloured (blue)
ITA085-2 0.20 Carbonated Low Southern Italy PET Coloured (green)
ITA086-1 0.21 Non carbonated Low Southern Italy PET Colourless
ITA087-1 0.15 Non carbonated Very low Northern Italy PET Colourless
ITA088-1 0.23 Non carbonated Very low Northern Italy Glass Colourless
ITA088-2 0.25 Carbonated Very low Northern Italy Glass Colourless
ITA089-1 <0.09 Non carbonated Low Northern Italy PET Colourless
ITA089-2 0.21 Carbonated Very low Northern Italy PET Colourless
ITA090-1 0.26 Non carbonated Very low Northern Italy PET Colourless
ITA090-2 0.27 Carbonated Very low Northern Italy PET Colourless
ITA091-1 0.37 Non carbonated Low Northern Italy PET Colourless
ITA092-1 0.14 Non carbonated Very low Northern Italy PET Colourless
ITA092-2 0.18 Carbonated Very low Northern Italy PET Colourless
ITA093-1 0.79 Non carbonated Very low Northern Italy PET Colourless
ITA094-1 0.19 Non carbonated Very low Northern Italy PET Coloured (blue)
ITA095-1 <0.09 Non carbonated Very low Northern Italy PET Colourless
ITA096-1 <0.09 Non carbonated Very low Northern Italy PET Colourless
ITA096-2 <0.09 Carbonated Very low Northern Italy PET Colourless
ITA097-1 0.36 Non carbonated Very low Northern Italy PET Colourless
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Table 2 (continued )

Sample ID Hg (ng L") Classification Mineral content Zone Packaging Bottle colour
ITA097-2 0.91 Carbonated Very low Northern Italy PET Colourless
ITA098-1 0.25 Non carbonated Very low Northern Italy PET Colourless
ITA099-1 0.24 Non carbonated Very low Northern Italy PET Colourless
ITA099-1 0.11 Non carbonated Very low Northern Italy PET Colourless
ITA099-2 0.28 Carbonated Very low Northern Italy PET Colourless
ITA099-3 0.19 Carbonated Very low Northern Italy PET Colourless
ITA100-1 0.38 Non carbonated Very low Northern Italy PET Colourless
ITA100-2 0.21 Carbonated Very low Northern Italy PET Colourless
ITA101-1 0.46 Non carbonated Low Southern Italy PET Colourless
ITA102-1 0.17 Non carbonated Low Southern Italy PET Colourless
ITA103-1 0.97 Non carbonated Low Southern Italy PET Colourless
ITA104-1 0.26 Non carbonated Low Southern Italy PET Colourless
ITA105-1 0.30 Non carbonated Low Southern Italy PET Colourless
ITA106-1 0.48 Non carbonated Low Southern Italy PET Colourless
ITA107-1 0.30 Non carbonated Low Southern Italy PET Colourless
ITA108-1 0.44 Non carbonated High Southern Italy PET Coloured (blue)
ITA109-2 0.82 Carbonated Intermediate Southern Italy PET Coloured (green)
ITA110-1 0.19 Non carbonated Low Southern Italy PET Colourless
ITA111-1 0.20 Non carbonated Low Southern Italy PET Coloured (green)
ITA112-1 0.13 Non carbonated Low Southern Italy PET Colourless
ITA113-1 0.22 Non carbonated Low Southern Italy PET Colourless
ITA114-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA115-3 <0.09 Carbonated Intermediate Southern Italy PET Colourless
ITA116-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA117-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA118-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA118-2 <0.09 Carbonated Low Southern Italy PET Colourless
ITA119-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA120-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA121-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA122-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA123-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA124-1 <0.09 Non carbonated Low Southern Italy PET Colourless
ITA125-1 0.29 Non carbonated Very low Northern Italy Glass Colourless
ITA125-2 0.35 Carbonated Very low Northern Italy Glass Colourless
ITA126-1 0.10 Non carbonated High Central Italy Glass Colourless
ITA127-1 5.39 Non carbonated Very low Central Italy Glass Coloured (green)
ITA128-1 0.28 Non carbonated Low Central Italy PET Colourless
ITA128-2 0.48 Carbonated Low Central Italy PET Colourless
ITA129-1 0.14 Non carbonated Low Central Italy PET Colourless
ITA129-2 0.16 Carbonated Low Central Italy PET Colourless
ITA129-3 0.33 Carbonated Low Central Italy PET Coloured (green)
ITA130-1 0.37 Non carbonated Low Central Italy PET Colourless
ITA130-2 0.17 Carbonated Low Central Italy PET Colourless
ITA131-3 0.30 Carbonated Low Central Italy Glass Colourless
ITA132-1 0.29 Non carbonated Low Central Italy PET Colourless
ITA132-2 0.22 Carbonated Low Central Italy PET Colourless
ITA133-1 0.09 Non carbonated Low Central Italy PET Colourless
ITA134-1 0.35 Non carbonated Intermediate Central Italy PET Colourless
ITA134-2 0.32 Carbonated Intermediate Central Italy PET Colourless
ITA135-1 1.74 Non carbonated Low Central Italy Glass Coloured (green)
ITA136-1 <0.09 Non carbonated Low Central Italy PET Colourless
ITA137-1 0.16 Non carbonated Intermediate Central Italy PET Coloured (green)
ITA138-1 0.35 Non carbonated Intermediate Central Italy PET Coloured (green)
ITA139-1 0.24 Non carbonated Low Central Italy PET Colourless
ITA140-4 0.22 Carbonated Low Central Italy PET Coloured (green)
ITA141-1 0.20 Non carbonated Low Central Italy PET Colourless
ITA141-2 0.40 Carbonated Low Central Italy PET Colourless
ITA142-2 0.15 Carbonated Low Central Italy PET Coloured (blue)
ITA143-2 0.26 Carbonated Low Central Italy PET Coloured (blue)
ITA144-1 0.09 Non carbonated Low Central Italy PET Colourless
ITA145-1 <0.09 Non carbonated Low Central Italy PET Colourless
ITA145-2 0.60 Carbonated Low Central Italy PET Coloured (blue)
ITA146-1 0.47 Non carbonated Low Central Italy PET Colourless
ITA147-1 0.51 Non carbonated Low Central Italy PET Colourless
ITA147-2 0.19 Carbonated Low Central Italy PET Colourless
ITA148-1 0.23 Non carbonated Low Central Italy PET Colourless
ITA148-2 0.20 Carbonated Low Central Italy PET Colourless
ITA149-1 0.27 Non carbonated Low Central Italy PET Colourless
ITA149-2 0.45 Carbonated Low Central Italy PET Colourless
ITA150-4 0.91 Carbonated Intermediate Central Italy PET Coloured (green)
ITA151-1 0.32 Non carbonated Low Central Italy PET Colourless
ITA152-1 0.24 Non carbonated Low Central Italy PET Colourless
ITA153-1 0.34 Non carbonated Low Central Italy PET Coloured (green)
ITA153-2 0.11 Carbonated Low Central Italy PET Coloured (red)

(continued on next page)
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Table 2 (continued )

Sample ID Hg (ng L") Classification Mineral content Zone Packaging Bottle colour
ITA153-2 0.38 Carbonated Low Central Italy PET Coloured (red)
ITA153-3 0.15 Carbonated Low Central Italy PET Coloured (blue)
ITA154-1 0.27 Non carbonated Low Central Italy PET Colourless
ITA154-3 0.26 Carbonated Low Central Italy PET Colourless
ITA155-1 0.38 Non carbonated Intermediate Central Italy PET Coloured (green)
ITA156-1 0.42 Non carbonated Low Central Italy PET Colourless
ITA156-3 0.35 Carbonated Low Central Italy PET Colourless
ITA157-1 0.37 Non carbonated Low Central Italy PET Colourless
ITA157-2 0.28 Carbonated Low Central Italy PET Colourless
ITA158-1 0.31 Non carbonated Low Central Italy PET Colourless
ITA158-3 0.21 Carbonated Low Central Italy PET Colourless
ITA159-2 0.31 Carbonated Low Northern Italy PET Colourless
ITA160-2 0.28 Carbonated Low Northern Italy PET Coloured (blue)
ITA161-1 0.21 Non carbonated Low Northern Italy PET Colourless
ITA162-1 0.14 Non carbonated Low Northern Italy Glass Colourless
ITA162-2 <0.09 Carbonated Low Northern Italy PET Colourless
ITA163-1 0.20 Non carbonated Low Northern Italy PET Colourless
ITA163-2 0.31 Carbonated Low Northern Italy PET Coloured (blue)
ITA163-3 0.25 Carbonated Low Northern Italy PET Coloured (green)
ITA164-1 0.22 Non carbonated Low Northern Italy PET Colourless
ITA164-2 0.19 Carbonated Low Northern Italy PET Coloured (green)

National and European regulatory limit of Hg in natural mineral bottled water set at 1 ugL~"
Note: the last no. of the sample code indicates water typology: 1-still. 2-sparkling. 3-lightly sparkling. 4-naturally sparkling.

3. Materials and methods
3.1. Sample collection

Between January 2014 and March 2016, 244 bottles of water
(mineral, springs and drinking) available on the Italian market were
purchased in randomly selected shops from all over Italy. These
bottled waters represent 164 brands of water and correspond to
136 springs located in 55 provinces from 18 out of the 20 Italian
regions (Fig. 1). In addition, for comparison, 11 bottled waters from
5 brands from other European countries (Denmark, France,
Slovenia and Spain) were analysed (see Table S1). For a given brand
different water types were analysed; the total number of 255 bot-
tles of water (244 from Italy and 11 from other European Country)
consisted of 144 bottled mineral waters (still/not carbonated), 19
with a natural content of carbon dioxide (CO,) notated as naturally
sparkling, and 92 with artificially added CO,, split between 63
sparkling and 29 lightly sparkling waters.

The bottled water samples collected in this study had two
different container types, glass with a metal screw cap with a thin
polyethylene (PE) film (21 samples) or polyethylene terephthalate
(PET) packaging with a PE screw cap (234 samples). The colour of
the bottle containers varied as follows: 78 containers were col-
oured (32 blue-bluish, 43 green-greenish and 3 red-reddish) and
177 were colourless.

Based on the dry residue content, the samples were classified as
very low (28 samples), low (177 samples) and intermediate mineral
content (34 samples). Only 5 brands had a concentration of total
dissolved solids of up to 1500 mgL~". A list of samples based on
their main chemical compositional parameters (carbonated, min-
eral content) is reported in Table 2. The geographical coordinates
and elevation of springs of all analysed samples are summarized in
Table S2.

3.2. Labware, chemicals and reagents

Ultrapure deionized water (Millipore, Milli-Q, 18 MQ cm, Bur-
lington, MA, USA) was used to rinse all containers, to prepare blank
solutions, calibration standards and to dilute concentrated re-
agents. Laboratory plasticware used (Nalgene, Thermo Scientific,
Waltham, (MA), USA) and metal-free tubes (VWR, Radnor, PA, USA)

were of either fluorinated polyethylene (FPE) or polypropylene (PP)
with high-density polyethylene (HDPE) caps. An alkaline detergent
(Micro-90, Sigma-Aldrich Inc., Saint Louis, MO, USA) diluted in
deionized water was used to clean the plasticware. Subsequently,
all laboratory containers were then filled completely to the neck
with a 3.5% (v/v) nitric acid solution (HNOs, 67-69%, supra-pure
quality, SpA, Romil, Cambridge, UK) and were immersed in a hot
bath for 6 h at 65 °C. After rinsing a bromine monochloride (BrCl)
1% (v/v) solution was used to completely fill the bottles and tubes
for 24 h. Between each step, bottles, tubes and caps were rinsed five
times with ultrapure deionized water. Hydrochloric acid (HCI, 33-
36%, ultra-pure quality, UpA, Romil, Cambridge, UK) was diluted to
0.5% (v/v) to stabilize samples before analysis. Tin (II) chloride
(SnCl,e2H,0), hydroxylammonium chloride (NH,OHeHCl) and BrCl
solutions were prepared from high purity quality reagents (ACS,
ISO, Reag. Ph Eur grade, Emsure, Merck KGaA, Darmstadt, Ger-
many). Nitrogen (N3) and argon (Ar) gases at ultra-high purity
(UHP) (Grade 5.0, 99.9990%, Rivoira, Milan, Italy) were further
purified using a gold-coated sand/bead trap to remove Hg before
purging the reagent solutions and use as a carrier gas during
sample analysis.

3.3. Analytical methods

Upon arrival in the laboratory, each bottled water was recorded,
placed in a plastic zip-lock type bag and stored in a dark environ-
ment in the clean laboratory at room temperature (20 °C) to avoid
contaminations as well as any temperature or light effects
(Rahmanian et al., 2015). Once in the laboratory, water samples
were analysed within less than two weeks. Unlike previous authors
(Allen et al., 1989) the outer surfaces of the bottled samples were
not washed. Mineral waters with carbon dioxide (natural or added)
were treated following the same procedure for still waters. To
reduce the blank levels, all handling procedures were carried out
whilst wearing PP gloves, a clean lab coat and blue PP over shoes
(Bertoldi et al., 2011). For each analysis, a 50 g aliquot of water from
a newly opened bottle was transferred into a new 50 ml acid pre-
cleaned PP tube, and HCl UpA was immediately added to final
concentration of 0.5% (v/v) with the aim of minimizing Hg vola-
tilization. All Hg forms were transformed to divalent Hg?>* by
adding BrCl to a final concentration of 0.5% (v/v), 24-48 h before
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analysis. To homogenize the sample and allow digestion at room
temperature, each PP tube was sealed and agitated, the persistence
of the yellow colour of the solution was checked to ensure a BrCl
excess. One hour before analysis, NH,OHeHCl, (0.2% v/v solution)
was added to reduce any BrCl excess and destroy free halogens.
Oxidized divalent mercury (Hg?t) was reduced to elemental mer-
cury (Hg?) using SnCl,e2H,0 and purged from the sample in a gas-
liquid separator with an Hg-free argon streams. From there it was
concentrated onto a dual gold-coated bead traps, where Hg® was
amalgamated in two stages, first onto a “sample” and then onto
“analytical” traps (Gill and Fitzgerald, 1987). The elemental mercury
was then thermally desorbed from the gold traps and carried to the
cell for CV-AFS detection. After each single step, samples were
stored in a refrigerator and kept at 4 °C until analysis (Tvermoes
et al., 2014). Total mercury concentrations in mineral waters were
measured by dual gold amalgamation cold vapour atomic fluores-
cence spectrometry (CV-AFS) using a Tekran Series 2600 system
equipped with pump unit and autosampler (Tekran Corporation
Inc., Toronto, (ON), Canada) according to the main procedures
outlined in the U.S. EPA Method 1631 version E (US-EPA, 2002) and
the European standard (European Committee for Standardization,
2010; ISO 17852, 2006). All water samples were analysed in
duplicate, and replicate analysis of each sample was expressed as
averaged value.

3.4. Quality assurance and quality control

Two different mercury stock standard solutions SRMs, (standard
reference material) for ICP and for AAS, 1000 mgL~! Hg in 12% ni-
tric acid (TraceCERT, Sigma-Aldrich Inc., Saint Louis, MO, USA), were
diluted to the required concentrations to prepare the standards for
the calibration curve and the initial and ongoing recovery solutions
(IPR, OPR), matrix spikes and duplicates (MS, MSD) respectively.
Standard and reference solutions were analysed following the same
procedures used for water samples. The method gave a linear
response in the range of 0.1-100 ng Hg L~ with an R? value higher
than 0.9998, the average recovery ranged between 96 and 117%.
Quality assurance and quality control (QA/QC) processes for Hg
analyses were performed by using replicates, laboratory reagent
blanks, IPR and OPR standards, and MS/MSD solutions. The mean
values of the laboratory blanks measured at each analytical run
(0.04ngL~", RSD <20% n=7) were subtracted from the sample
values to determine the sample mercury concentration. The
method limit of detection (LOD) was calculated as the blank value
plus three times the standard deviation of the 7 replicates of the
blank solutions as suggested by US-EPA 2003. The method LOD and
quantitation limits (LOQ) were estimated to be 0.03 and 0.09 ng Hg
L~ respectively. Such analytical performances are in good agree-
ment with those indicated in U.S. EPA Method 1631E and are
comparable to those reported in recent studies (Sprovieri et al.,
2017). The IPR and OPR solutions (about 5ngL™') analysed prior

Table 3
Total mercury concentrations in Recovery Solutions and Matrix Spikes.

sample analysis and subsequently after every 12 samples and gave
an average recovery of 101% and 89%, respectively. These values
were within the quality control acceptance criteria for method
performance in the U.S. EPA Method 1631E (IPR: 79—121% and
OPR: 77—123%). Blank and matrix spiked solutions at different
concentration levels were analysed. The results are reported in
Table 3. Three Certified Reference Materials (CRMs) for Hg in water,
BCR- 579 and ERM- CA615, obtained from the Institute for Refer-
ence Materials and Measurements of the European Joint Research
Centre (IRMM-JRC) and ORMS-5 produced by the National Research
Council of Canada (NRCC), were analysed for quality control pur-
poses, to verify the accuracy and precision of method and to detect
possible matrix interferences (Ricci et al., 2016, 2012). Recoveries
for the CRMs measured during the analytical run ranged between
78 and 115% as can be seen in Table 4. The Relative Standard De-
viations (%RSD) calculated from replicates of the lowest calibration
standard as well as for the IPR and OPR, and for spiked BCR-579
solutions were within 10% and thus well below 21%, the limit
value as indicated in U.S. EPA Method 1631E (Quality Control
Acceptance Criteria for Performance Tests), showing that the
method precision was sactisfactory. Fruitful participation in a global
inter-laboratory-comparison-exercises (Brooks Rand Inc., Seattle
(WA), USA) for Hg in freshwater samples corroborated the high
quality of the analytical data presented here (Sprovieri et al., 2017;
Varde et al., 2014).

3.5. Statistical analysis

Results for Hg are reported in the text both as median and mean
values. Median values were used to compare different samples
because they are less affected by outliers. Mean values were used to
report replicates of the same sample (see Table 2). Pearson corre-
lation coefficients were calculated to examine the possible rela-
tionship between Hg concentration and other parameters present
on the labels of the bottled water samples (see Table 5). In calcu-
lations, Hg concentrations below LOQ were set equal to 0.09 ng L.
Pearson's correlation and Principal Component Analysis (PCA) were
applied to Hg and another 16 parameters reported on bottle labels
(T, pH, EC, TDS, CO,, Na*, K*, Ca®*, Mg?*, HCO3, Cl-, NO3, SO% ~, F~,
SiO, spring elevation). One-way ANOVA and Kruskal-Wallis

Table 4
Total mercury concentrations in Certified Reference Materials (CRMs).
CRM Certified value +95% Found + SD
confidence interval [UoM]
BCR® - 579 (Coastal 1.9+0.5 [ng kg ] 91.94+0.20
seawater)
ORMS - 5 (Elevated 262+13[pgg '] b27.44 +3.81
mercury in river water)
ERM® - CA615 (Groundwater) 37+4[ugL ] €39.10+3.84

Number of replicates in =62.°n=8. ‘n=4

Solutions n. of replicates Quantity of Hg added Quantity of Hg found Recovery (%)?
IPR (Initial Precision Recovery) [n=10] 5.00 5.05 ng L' 101.0

OPR (Ongoing Precision Recovery) [n=20] 5.48 4.89 ngL! 89.2

Matrix Spike

Ultra Pure Water [n=6] 1.05 1.04 ngL! 99.0

Natural Mineral Water® [n=6] 1.12 1.09 ng L' 97.3
Rainwater” [n=6] 2.90 2.79 ngL! 96.2
Seawater” [n=6] 3.40 341 ngL! 100.3

2 100 x [(Found-base)/added].

b Base value of real samples has been not reported but subtracted from found value.
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Summary of Pearson correlation matrix for mercury and parameters considered in this study.

g (ng T (°C) pH EC TDS (mg CO, (mg Na* (mg K (mg Ca®*

Mg+ HCO3 Cl~ (mg SO~ NO3 F~ (mg SiO, (mg Altitude

L (20°C) (20°C) L™ L L LY  (mgL!) (mgL') (mgL') L (mgL!) (mgL )L L as.l. (m)
Hg (ng 1.00
LY
T (°C) —0.06 1.00
pH (20°C) —0.34 —0.48 1.00
EC(20°C) 0.02 0.66 -0.48 1.00
TDS (mg —0.01 064 -046 098 1.00
L
CO,(mg 0.04 047 -0.72 071 0.64 1.00
L
Na*(mg 0.19 032 -024 071 065 0.52 1.00
L
K*(mg 007 041 -053 059 051 0.86 0.72 1.00
L
Ca’*(mg -0.11 053 -045 079 083 0.53 0.16 0.16  1.00
LY
Mg?>* (mg —0.18 0.68 -0.34 081 087 041 0.25 0.18  0.89 1.00
LY
HCO3 (mg 0.11 037 -0.41 088 083 0.74 0.83 066 058 0.49 1.00
L
Cl-(mg 0.18 051 -026 069 0.60 0.48 0.93 067 012 0.26 0.73 1.00
L
S03 (mg -0.17 0.60 -036 0.71 0.80 0.34 0.10 0.08 091 0.97 0.37 008  1.00
L
NO3 (mg 0.15 —0.02 -0.16 —0.08 —0.12 0.04 -002 010 -017 -004 -012 009 -0.11 1.00
LY
F (mg -012 072 -061 079 083 0.67 0.26 046 085 0.90 0.49 026  0.90 -001 1.00
LY
Si0, (mg 0.04 039 -0.72 025 020 0.78 0.05 067 023 0.17 0.19 009 0.6 0.35 052  1.00
L
Altitude 000 —0.66 029 -034 -027 -036 -024 -034 -019 -021 -030 -040 -011 -013 —026 -032 1.00
a.s.l. (m)

ANOVA were used to investigate possible differences in Hg con-
centration between bottled water samples based on their origin,
mineral content, and typology, as well as any differences from due
to container type (material and colour). A p value <0.05 was
considered as being statistically significant. Graphical and statisti-
cal analyses were performed using Statistica 8 software (2008).

4. Results and discussion
4.1. Physico-chemical parameters

Mineral waters showed different physico-chemical character-
istics and composition in terms of major and trace elements. In
general, the chemical content of bottled water is determined by the
lithological composition of the reservoir rocks. Similar types of
rock, however, may lead to different types of mineral water. Indeed,
the chemical content depends on the amount of mineralizing
agents, such as CO,, redox conditions and complexants (Anke et al.,
2009; Birke et al., 2010; Merkel and Planer-Friedrich, 2005; Siegel,
2002; Voigt, 1972). Physico-chemical features were obtained from
the bottled water labels. In general, the examined mineral waters
showed a mean temperature of 13.04 °C (min 3.20 °C, max 33.30 °C,
median 12.35°C), a mean pH of 7.18 (min 5.28, max 8.40, median
7.31) and a mean electrical conductivity (EC) of 497.67 uScm™!
(min 15.20, max 3630.00, median 399.00).

4.2. Water classification

The water chemistry of bottled waters was initially examined by
means of: (a) triangular plots involving major cations and anions
expressed as in equivalent units (Fig. 2), as suggested by Zaporozec
(1972); (b) correlation graphs of Ca**+Mg?* vs. Na*+K*, where
iso-salinity lines have been drawn for reference (see Fig. 3); and,

finally, (c) chloride plots (Fig. 4). Some samples were not reported
on these graphs due absence of data on their labels. Fig. 2 shows
that: (i) roughly 130 mineral water samples belong to the Ca—HCO3
chemical type. The exceptions are: 5 samples showing Na—Cl
composition, 14 samples with Na—HCO3 composition and 3 sam-
ples with Ca—SO4 composition. Mineral waters showed Total Ionic
Salinity (TIS) within the range of 0.28-105 meq L™/, as indicated by
the correlation plot Ca®>*+Mg?* vs. Na*+K* (Fig. 3). Most of sam-
ples (132) fell below the iso-salinity line of 20 meq L' and only 4
samples were characterized by TIS values higher than 40 meq L™,
probably due to deep thermal conditions and a long residence time
of the water in the reservoirs. Chloride plots (Fig. 4) were useful for
appraising mixing and other processes occurring in the aquifers,
such as calcite precipitation and water-rock interactions. Each di-
agram was characterized by the presence of the hypothetical
dilution line created by starting from the composition of sea water
(Nordstrom et al., 1979). The CI~ vs. Na* plot (Fig. 4a) shows that
most of samples fell in proximity to, or slightly above, the sea water
dilution line, indicating a negligible water-rock interaction. In
particular, Na—Cl waters are on the seawater dilution line, and their
low salinity, allows them to be considered as immature waters and
representative of the rainwater component. Some samples (6) fell
slightly above the dilution line suggesting minor water rock in-
teractions with Na-enriched phases, like Albite. Likewise, a ClI™ vs.
K™ plot (Fig. 4b) underlined that most of waters fell close to the sea
water dilution line reinforcing the predominance of the rainwater
component. In some cases, there were samples above the dilution
line suggesting a prolonged water-rock interaction with K-enriched
phases, like K-Feldspar, volcanic and evaporitic deposits, etc.
Furthermore, all samples showed Ca®*, Mg+ and SO3~ enrichment
(Fig. 4c, d and 4e) probably from water-rock interactions with
calcite, dolomite and/or Mg-enriched minerals as biotite and
olivine. The SOZ~ probably derives from the dissolution of minerals
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Fig. 3. Correlation diagram of Na*+K* vs. Ca?*+Mg?* showing mineral water sam-
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like pyrite (oxidative dissolution) and gypsum (Fig. 5). In addition,
the set of results summarized in the Pearson correlation table
(Table 5) were graphically highlighted by a principal component
analysis (PCA) reported in Fig. 6. The first two principal components
account for 65.40% of the total data variability. There are very high
correlations between groups of system variables (eg Ca®*+Mg?*,
Nat+K", Cl7, CO,+HCO3, EC+TDS). The variables of the second
quadrant (K™, Na*, CI~, CO,, HCO3, SiO) are positively correlated to
the two variables (Hg, NO3) that characterize the second axis. The
variables of the third quadrant (Ca®*+Mg?*, Na*4+K*, ClI-,
CO,+HCO3, EC+TDS) are positively linked to each other and show a
slightly negative correlation with those of the second axis (Hg,
NO3). The SiO, variable is not related to the parameters of the
second quadrant, while Fluoride (F~) is positively tied to the third
quadrant variables (excluding temperature) while having a

negative relationship with second quadrant variables (excluding
silica). In the 4th quadrant, pH and altitude have a weak positive
relationship. In conclusion, by considering both the Pearson cor-
relation table and PCA there are not any statistically significant
relationships between total mercury concentration and the other
considered parameters. However, a weakly positive correlation
between Hg and NO3, and (at least qualitatively) an inverse rela-
tionship between Hg and pH is suggested (Mann et al., 2003). The
increasing Hg concentration with decreasing pH could be due to a
prolonged interaction with Hg-bearing metal-sulfides that can
induce pH decreases (Fig. 6), as suggested in previous studies
(Boszke et al., 2002; Mann et al., 2003).

4.3. Mercury concentration in bottled waters

4.3.1. Sampling size

A total of 244 different bottled waters from Italy and 11 from
other EU Countries were analysed to determine their Hg concen-
tration. Three (or more) bottled waters were analysed for each
water typology to check inter- and intra-sample variability, these
were found to be lower than 5% and 1%, respectively. Hgt was found
at concentration above the LOD in 209 of 244 Italian bottled waters
(86% of total). Results on mercury concentrations are summarized
in Fig. 7 (Boxplot comparison of Hg concentrations), while all pa-
rameters reported on the bottle label (i.e. pH, EC, TDS etc.) are re-
ported in Table S3. Total mercury was found at ultra trace levels in
Italian bottled waters. Concentrations indeed ranged from <0.09 to
5.39ngL~!, with a mean of 0.33+0.41 ngL~!; the median was
0.26 ng L~ Preliminary results on Hgr in Italian mineral natural
waters were presented for bottled waters from Calabria and Cam-
pania (Varde et al., 2015; Varde et al.,, 2017). For 11 bottled waters
from other EU countries, mercury was in the concentration range of
0.12-0.36 ng L~ with a mean of 0.22 + 0.07 ng L !; and median of
0.22ngL~! (Fig. 7a). Thirty-eight bottle waters out of 255 (corre-
sponding to 15%) had mercury concentrations below the LOQ; in
152 samples, mercury was in the range between < 0.09-0.26 ng L~!
(59.61%), while 100 bottle samples had Hgr between 0.27 and
0.97 ngL~! (39%). Only for three different italian brands (1.8%), had
Hgr values as high as 1.0 ng L~ L. Of these, two were from Tuscany,
and the other from Campania. To evaluate differences in mercury
concentrations in bottled waters considered in this study, samples
were subdivided on the basis of (in parenthesis number of sam-
ples): i) national origin either Italy (244) or EU (11); ii) typology:
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still (144), sparkling (63), lightly sparkling (29) and naturally
sparkling (19); iii) mineral content: very low (28), low (184), in-
termediate (35) and high (7); iv) geographical zone: southern,
central, northern and, finally, (v) region by region (see Table 2 and
S1). Mean values of Hgt were not statistically different between the
different categories in which the samples were divided. Indeed, for
non carbonated and carbonated waters (Fig. 7b) values of
031+0.21ngL" and 0.35+0.53ng L~' were obtained, respec-
tively; for still, sparkling, naturally sparkling and lightly sparkling
waters, the following values were found: 0.35+0.53ngL”},
0.30+0.19ngL"!, 044+0.36ngL~! and 027+0.08ngL! (see
Fig. 7c); for waters with different mineral content, Hgr was
051+103ngL™!, 028+019ngl™!, 042+028ngL! and
0.31+0.22ngL~! (see Fig. 7d). Analogous conclusions can be

drawn for waters coming from different geographical zones such as
southern, central, northern Italy (see Fig. 7e and f). A possible
explanation for such low Hgr concentrations in Italian mineral
water can be found in light of the geological structure of the
aquifers, the occurrence and amount of organic matter and clay
fractions (Sposito, 1989), and the texture and pH of the soil, which
altogether contribute to a low mobility for Hg, so it stays strongly
adsorbed onto particle surfaces (Rézanski et al., 2016). To conclude
this paragraph, in Fig. 8a, the elevation (m) vs. Hgr (ng L~1) plot is
reported. Mean and median concentrations of Hg were reported for
each altitude class. Four altitude classes have been grouped at
around 500 m altitude intervals. Although, the correlation is not
statistically significant, the qualitative decrease of Hgr with
increasing altitude could be due to evaporative effects and/or
prolonged water rock interaction, which for low-altitude areas is
evidenced by the higher concentration of mobile elements such as
chloride (see Fig. 8b) (Boszke et al., 2002).

4.3.2. Tuscany and Campania anomalies

The highest Hgr values were found for ITA127-1 and ITA135-1
samples (5.39ngL~! and 1.74ng L' respectively). In both cases,
they were still waters from springs located in the North-West of
Tuscany (see Fig. 7c and f). A possible explanation can be found in
past Tuscan mining activities (Levigliani, Tuscany). Mercury has
been extracted in the past from the metamorphic basement (Her-
cynian basement) outcropping in the area and made up by phyl-
lites, quartzites, calcschists, metalimestones, dolostones, graphitic
shales and metavolcanic rocks. Local lithology and former mining
activities for extraction and processing of Cinnabar (HgS) influ-
enced Hg concentrations in groundwater system located in a large
area of southern Tuscany close to Mt. Amiata as confirmed by recent
studies (Vaselli et al., 2015). In a previous paper, bottled water
samples from Tuscany had shown several different elements and
ions above the Italian law thresholds which was explained by the
authors as due to the presence of thermal sources (Naddeo et al.,
2008). In addition, the water sample (naturally sparkling) from
Roccamonfina, a volcanic aquifer in the province of Caserta, Cam-
pania, had a concentration of 1.24ngL~! (see Fig. 7e and f). This
result is in agreement with that reported by (Bagnato et al., 2009).

4.3.3. Packaging material and preservation influence on Hg
measurements in environmental samples

The use, preparation and storage of appropriate material con-
tainers for sampling environmental matrices for mercury has been
evaluated in previous works. Contamination and losses of mercury
have been reported for seawater samples, stored in PE bottles, due
to the passage of gaseous Hg from ambient air to the sample or vice
versa through the walls of the container (Bothner and Robertson,
1975). Hg contamination of water samples treated and preserved
in different containers (of both glass and polymeric materials) has
been verified even with different laboratory handling techniques
using different oxidizing reagents (Cragin, 1979). In one study, the
influence of containers materials (HDPE, PP, FEP and PFA) and acid
treatment on the concentrations of 62 elements in water was
investigated. Among all the metals considered, mercury (II) was
recognized as having the characteristic of adsorbing on the bottle
surface. Between the different types of polymeric materials used,
and whether a pre and after washing-treatment had been carried
out, the Hg concentration measured did not show any noticeable
discrepancies (Reimann et al., 1999). To preserve the samples, and
avoid blank problems we have used pre acid-cleaned on FEP con-
tainers with acidification of the samples with low Hg HCI (0.5% v/v)
and the subsequent treatment with BrCl (Parker and Bloom, 2005).
Under these conditions both Teflon and glass containers have been
demonstrated to preserve aqueous samples containing Hg at ppt
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concentrations for up to at least 1 year. Comparison of Hgr levels in
Italian bottled waters packaged either in glass (21) or in PET (234)
are shown on box plot in Fig. 7g. As it can be seen, Hgr median
values between different containers (glass 0.62 +1.21 ng L™, PET
0.30+0.18 ngL~!) were not statistically significant. As previously
mentioned, differences in a few outlier values are probably not
attributable to different container materials. In addition, the colour
of both type of containers, glass and PET, was evaluated. The bottle
colour (coloured and not coloured) had no influence on the con-
centration of Hgt in the two groups (Fig. 7h), such as reported in a
previous study where authors described results on leaching of sixty
chemicals, included Hg, for both coloured/non-coloured in both
glass and PET bottles used as containers of natural mineral waters
(Reimann et al., 2012).

5. Estimation of risk of human exposure to Hg from bottled
waters

The major source of human exposure to mercury is through
food, such as in fish and shellfish, as methyl mercury. Inorganic
mercury Hg?* is considered the main form of Hg in drinking water,
in the absence of anthropogenic contamination. Only under
particular conditions can it be transformed into more toxic organic
compounds (Baldi, 1997; Ullrich et al., 2001). In 2005, the WHO
estimated an average daily intake of 1 ug Hg from water, assuming a
concentration of 0.5pugL~" in drinking water. This resulted in a
guideline value of 6 pgL~! of Hg in water, to keep the TDI (total
daily intake) for a 60 kg adult, drinking 2 L of water a day, below 10%
of the total TDI from food (2ugkg™') (WHO - World Health
Organization, 2005). Considering that the average intake of total
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Table 6

Daily (Dr) and estimated weekly intake (EWI) and hazard quotient (HQ) for Hg calculated from bottled water concentrations for adults, children and toddlers.

Calculated from bottled water concentrations (this work)

From literature values for fish?, or fish and shellfish®

Group of population Dr EWI HQ © EWI? EWI > © EWI > ¢
Adults 1.10E-05 7.70E-05 3.66E-05 0.45—-1.35 0.8—3.2 nd. — 4.6
Children 4.80E-05 3.36E-04 1.60E-04 n.a. 1.3-5.5 n.d. — 8.0
Toddlers 7.30E-05 5.11E-04 2.43E-04 n.a. n.a. n.a.

Dr and EWI were expressed as pg kg~! (Bw) d~'; pg kg~ (Bw) w™! respectively.

n.d. = not detected; n.a. = not available.
2 Jinadasa et al. (2014).
b Spada et al. (2012).
€ Hgy from fish.
4 Hgr from shellfish.
¢ HQ<1 suggests no health risk effect for a healthy exposed population; HQ > 1 indicates an increasing probability for the occurrence of harmful effects in the exposed population; HQ =1 is the safe level limit value.

mercury assumed through food is in the range 2-20 ugd~! with
only 10% of the TDI allocated to drinking water, in 2011 the Com-
mittee has decided to set a provisional tolerable weekly intake
(PTWI) for inorganic mercury of 4 ugkg~! of body weight (Bw)
lowering the previous value (5ugkg~! d~1) fixed in 1972 by the
Joint FAO/WHO Expert Committee on Food Additives (JECFA).
Assuming that we only have inorganic mercury in drinking water,
as per the indications by WHO (FAO et al., 2011; WHO - World
Health Organization, 2011, 2008, 2005) and total mercury data
obtained in this study, can be used to estimate the mercury intake
from the consumption of bottled water in Italy. Following the
approach proposed by previous authors (Ayedun et al., 2015;
Batayneh, 2010), the Hg dose was calculated as follows using
equation (1).

Dy X CHg
Dy — (M
where:

Dr is the calculated dose taken, from water (ug kg=! d~1), Dw
represents the average volume of bottled water consumed every
day (L d™ 1), Cpg is the average concentration of mercury (pg L)
and Bw represents the average body weight (kg). Considering that
an adult has an average weight of 60 kg and 2 L daily water con-
sumption, one gets a value of:

Dr (adults) = 1.10E-05 pg kg~ (Bw) d~!

However, children take 70—75% of their total liquid consump-
tion from water and products prepared from drinking water, but
mercury has the same limit values for adults and children/infants in
agreement with the WHO (WHO, 2011), making them the sub-
population most sensitive to chemical contaminants (Balbus and
Lang, 2001). On the Italian market 38 out of the 244 samples
were sold as bottled water intended for consumption by infants.
The mean Hg value in these was found to be 0.48 ng L, so the Hg
dose taken by children and toddlers was estimated by considering
only these samples. Using equation (1), the following data were
obtained for a child with an average weight of 10 kg with 1 L of daily
water consumption, and for toddlers (infants) with an average
weight of 5 kg with a water consumption of 0.75 L:

Dr (children) = 4.80E-05 pg kg ~! (Bw) d~!
Dr (toddlers) = 7.3 E-05 pg kg ~! (Bw) d~!

So, despite drinking waters suggested for consumption by in-
fants and children, and in lower quantities than adults, the daily

mean consumption of Hg from bottled water follows the trend:
toddlers (infants) > children > adults.

For comparison, these values can be converted into an EWI
(Estimated Weekly Intake) by multiplying by 7 the Dt values. The
calculated results are reported in Table 6. In addition, a risk
assessment can be performed by a comparative analysis between a
reference dose (RfD) and the mean daily exposure to mercury (D)
by calculating a hazard quotient (HQ) for the three age groups ac-
cording to the following formula (equation (2)):

_Dbr
-

where RfD is the reference dose for HgCl,, which has an established
value of 3.00E-04 mg kg~! d~! (US-EPA, 1995). The HQ values ob-
tained for adults, children and toddlers (infants) are reported in
Table 6. The values found are several orders of magnitude under the
value obtained if the reference dose is consumed, resulting in an HQ
value of 1 and is indicative of the maximum concentration with an
acceptable risk. The quantification of these HQs related to the
average intake of mercury from bottled water should be useful
when evaluating the total mercury exposure from food, so a mer-
cury hazard index (HI) can be calculated for the entire population of
Italy. These findings highlight the fact that the assumption of Hg
from natural mineral water bottled in Italy is orders of magnitude
lower than the Hgt consumed from fish and seafood (Jinadasa et al.,
2014; Spada et al., 2012), reported for comparison in Table 6. Our
results obtained for both Hg concentrations in bottled waters on a
national (Italian) scale and and the calculated daily dose of Hg
taken by different groups of the Italian population confirmed that
the mean mercury daily intake was widely lower than the provi-
sional tolerable daily intake suggested by the JEFCA. Along with the
EWI data and HQ data, this suggest that there is little or no risk for
mercury consumption from Italian bottled waters at the present
time.

HQ (2)

6. Overview and conclusions

Hg is one of the more toxic hazardous trace elements and it is
ubiquitous in the environment. Therefore, measuring Hg levels on a
national scale in environmental matrices is very relevant. This is
confirmed by the priorities established in the Minamata Conven-
tion which proposed controls on it's use in artisanal mining and
industry, with the aim of reducing Hg release into the environment.
This should protect human health as well as the environment. To
date, for Hg, there are no systematic or comprehensive studies on
its occurrence in natural mineral waters. Therefore, it was not
possible to estimate mercury intake with drinking water (see
Studies on bottled mineral waters in literature in Supplemenary
Information). The bottled waters considered in our study showed
quantities of mercury at ultra-trace levels from 0.09 to 5.39ng L.
Despite considerable variability in the water sources, a low
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variability of the Hg amount between water typologies (mineral
content, carbonated and not carbonated samples), regional origins
and packaging materials, suggests that the aquifers from which
groundwater is drawn and bottled are not in general affected by
anthropogenic contamination. However, we found a few brands
from Tuscany and Campania with higher concentration of Hg
compared to the mean and median values of all the other water
samples. We ascribe this to the geological structure of the aquifer
and thermal and volcanic activity as well as former metal extraction
activities from mines. The data collected in this work on Hg con-
centrations in Italian bottled waters provides information missing
from previous studies and confirms what was already known about
Hg in bottled water, and generally in aquifers exploited for the
potable water supply in Italy (ARPAV - Agenzia Regionale per la
Prevenzione e Protezione Ambientale del Veneto, 2013). This
hopefully will improve our understanding of the processes and
mechanisms related to mobilisation of toxic elements. Our
analytical results demonstrate a natural (geogenic) presence of this
potentially harmful element at a very low level, which implies good
water quality and a safe geological environment with respect to Hg
contamination. Being one thousand times below the maximum
allowable concentration (MAC) of EU and Italian legislation
(1 pg L~1), mercury concentrations in Italian natural mineral waters
should not cause for any adverse health effects as evidenced by the
daily and weekly intake values found in this study resulting in very
low HQ (hazard quotient) results.
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Studies on bottled mineral waters in the literature

Over the past few decades several studies have focused their research on considering the chemical
composition of bottled waters, by looking at the macro elements, the presence of potentially toxic
trace elements, contamination from undesirable organic and inorganic substances, emerging
contaminants and other unregulated substances (Al-Saleh and Al-Doush, 1998; Al Fraij et al., 1999;
Ericson et al., 2008; Le Coadou et al., 2017; Leivadara et al., 2008; Liu and Mou, 2003; Mohebali
and Jahromi, 2013; Nawrocki et al., 2002; Page et al., 1993; Rahmanian et al., 2015; Saleh et al.,
2008, 2001; Serddio and Nogueira, 2006; Signorile et al., 2007; Todorovic et al., 2013; Tombesi
and Freije, 2002; Varrica et al., 2013; Wu et al., 2010). Some studies were carried out and suggest
revision of safe bottled water guidelines (Cidu et al., 2011), other studies focus on the recognition
of the role of water-rock interactions on mineral water composition (Al-Mudhaf and Abu-Shady,
2012; Dinelli et al., 2012). However, despite differences in various parameters, and looking at to
guideline limits for both bottled and tap waters, researchers have provided their opinion on water
quality, and generally conclude that there are many reasons to prefer the consumption of tap water
over mineral water. In the absence of nutritional and health issues, tap water should be preferred,
because could be a key factor in reducing the environmental impact of bottled water consumption
(due to plastic production and transport of bottles). The Tracing Food commodities in Europe
(TRACE) project funded by the European Commission focused on an overview of 39 compositional
parameters for 571 mineral bottled waters marketed in 23 European countries. The main objective
was to evaluate whether the constituent levels reported on the label corresponded with those found,
and to check for parameters with no set limit values. A chemical data set for 23 elements, for some
major cations and harmful trace metals have been reported for 132 bottled waters from 28 countries
all over the world, to assess the concentrations of elements that are not yet regulated. In both of
these two specific cases, mercury was not considered (Bertoldi et al., 2011; Krachler and Shotyk,
2009). During the European investigation EuroGeoSurvey Geochemical Expert Group Project
(Reimann, 2010; Reimann and Birke, 2010), researchers carried out chemical analysis of macro and
micro elements in a total of 1785 bottled mineral waters with the aim of assessing the amount and
natural variations of these elements in groundwater on a national and European scale (38 countries).
Physico-chemical and lithology data from the countries where the bottles were purchased, such as
Germany (Birke et al., 2010a), Greece (Demetriades, 2010), Estonia (Bityukova and Petersell,
2010), Croatia (Peh et al., 2010), Hungary (Fugedi et al., 2010), Italy (Dinelli et al., 2010), allowed
authors to evaluate, among many aspects, the influence of geology as a key factor in the variability
of macro and micro elemental levels measured, and the impact of packaging on some parameters,

considering that some of these elements were not yet regulated by legislation. Papers published by
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this not-for-profit organization, representing 38 nations in Europe, means it is possible to compare
the concentrations of elements and ions present in bottled and tap water and highlights that some
parameters (such as nitrates, nitrites, fluoride, Na, As, Mn, Ni, Ba) in a small number of samples
were present at levels at which health problems may arise (Dinelli et al., 2012). Many studies to
assess concentration the levels of major and trace elements and organic compounds in bottled
waters have been conducted in Europe, such as that by Misund (Misund et al., 1999) 66 elements in
56 brands from European countries, by Rosborg (Rosborg et al., 2005) 46 metals and ions in 33
brands found on the Swedish market, as well as by Barroso (Barroso et al., 2009) 11 trace elements
in 10 brands of mineral and spring waters (with flavors and aromas) from supermarkets in Portugal.
In the USA, Ikem (Ikem et al., 2002) performed analyses for 38 parameters in 25 brands purchased
in three cities in Alabama, Saleh (Saleh et al., 2008) looked for 37 analytes between major cations
and anions, trace elements, trihalomethanes, and physical and microbiological analysis in 35 brands
collected in Texas. Sullivan (Sullivan and Leavey, 2011) studied 17 heavy metals from 6 sources of
bottled waters sold in California (USA). In Italy, chemical and toxicological evaluations were
performed for 37 parameters in 40 mineral water samples from different companies (Signorile et
al., 2007), for 52 parameters in 371 brands (Naddeo et al., 2008) and, Cicchella (Cicchella et al.,
2010) determined 71 chemical and chemical-physical parameters in 158 brands whilst Cidu (Cidu et
al., 2011) studied 57 inorganic parameters in 37 brands of bottled water and 15 samples of tap
water. Dinelli (Dinelli et al., 2010) determined 69 elements and ions in 178 brands and finally
Varrica (Varrica et al., 2013) analysed 16 brands and 10 tap waters for 32 major and trace inorganic
components. However, as can be seen in Table S4, few authors reported mercury concentrations in
bottled waters. In Europe, throughout the EuroGeoSurvey Geochemical Expert Group Project,
mercury was one of the trace elements evaluated. For this project Hg analyses were carried out in
the linear range between 0.1 ng L' + 100 ug L' by Atomic Fluorescence Spectroscopy (AFS) on
more than 1700 bottled waters purchased from 38 European countries, but Hg was always below the
lower reporting limit of 5 ng L™! in all the samples (Birke et al., 2010b). Of these 1785 waters, 908
bottled waters were bought in Germany (Birke et al., 2010a), 186 in Italy (Cicchella et al., 2010), 61
in Greece (Demetriades, 2010), and for 5 brands from Estonia (Bityukova and Petersell, 2010)
where Hg was determined by ICP-MS with reported concentrations of < 0.02 pg L for all the
samples tested. In a different study hydride generation atomic absorption spectrometry (HG-AAS)
allowed the quantification of Hg in 39 water samples (10 brands) from Portugal in a range from
0.06 to 0.8 ng L' (Barroso et al., 2009). In 56 European samples mainly found on the Norwegian
market, Hg was found in the range between LOQ < 0.005 to 0.26 pg L' (Misund et al., 1999), with

a reported mean value 0.015 pg L', whereas 33 brands found on the Swedish market showed
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mercury ranging from the detection limit of 0.02 pug L™ to 0.434 mg L', with a median value of 2
ug L' (Rosborg et al., 2005) both using ICP-MS as the detection technique. On samples
corresponding to 32 brands taken in the Houston area of Texas (USA), the mercury content in
bottled water was found between 0.16 - 0.86 pg L' and was detected using Graphite Furnace
Atomic Absorption Spectroscopy (GF — AAS), after oxidation with KMnO4 and SnCl> as a
reducing agent (Saleh et al., 2008). Using CV-AAS on 18 bottled mineral waters from six different
sources in a study conducted in California (USA), Hg was found to be below the reported analytical
method detection limit (RDL) of 0.025 pg L' (Sullivan and Leavey, 2011), while in 25 brands
retrieved from three cities in Alabama, Hg analysed by ICP-OES were in the range < 0.01 - 79 g
L' (Ikem et al., 2002). Out of from 35 purchased in Illinois and Pennsylvania, Hg resulted higher
than 0.1 pg L' (DL) in 11 samples with the range of 0.3 - 1.2 pg L™ (Allen et al., 1989). For two
foreign brands, Perrier and Radenska, that we have also considered in our study, Allen reported Hg
concentrations exceeding the WHO, Canadian and European standards but not the 2.0 pg L' US
regulation. The Italian brands Crodo Liesel, Ferrarelle, San Benedetto and San Pellegrino had
mercury with concentrations < 0.1 ug L' (DL). Mann and coauthors employed ID CV-ICP-MS
technique to determine mercury levels (range 0.11 - 2.32 ng L") in 17 bottles from 7 different
countries, demonstrating the capability of this system to detect trace mercury in mineral water and
other environmental samples such as river water, seawater, and wet precipitation (e.g. ice and snow)
(Mann et al., 2003). Two papers published by the same author investigated both physical and
chemical parameters in 130 and 139 brands respectively of mineral waters in Turkey (Giler, 2007a,
2007b). Reporting mean mercury concentrations of 0.8 ug L™ for spring waters, 0.5 ug L™ for
mineral and tap waters and a range between 0.05 to 1.0 ug L for still waters (average value 0.85
ug L. In the second paper a mean value of 1 pg L is found for sparkling waters. Three different
brands of commercial bottled waters sold in Egypt (Dakhlia governorate) were analysed by AAS for
some heavy metals and Hg levels, they found a mean concentration of 0.16 pg L™ (El-Harouny et
al., 2009) whereas five brands retailed in the Egyptian market had mercury levels below 30 ng L!
(Saleh et al., 2001). Trace element determinations were carried out on 93 brands of bottled waters
from stores located within Kuwait, but many samples came from different countries. In this
comparison study between tap and bottled waters, using I[CP-MS instrumentation, Hg was found in
bottled waters with a mean value of 0.47 ug L' similar to the 0.42 ug L' value registered as the
mean value for all local tap waters (Al-Mudhaf and Abu-Shady, 2012). The presence of Hg was
evaluated in tap (range 10 - 20 ng L') and mineral waters (mean value 10 ng L! ) in Malaysia
(State of Perak) (Rahmanian et al., 2015). Measurements of macro and micro elements were

conducted on 18 brands of bottled waters and for comparison, tap and well waters from different
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places in Tehran, Iran. Mercury analyses were performed using HG-AAS and were found to be
always lower than 1 ug L' below the limits set by the WHO, US-EPA and Iranian (6 pug L)
standards (Mohebali and Jahromi, 2013). Five heavy metals were determined by the authors
(Hadiani et al., 2015) in 128 waters samples (42 different brands), Hg measured by HG-AAS was
found to have a mean of 0.5 ug L' in mineral and tap water and 0.6 pg L™ in well waters. As
mentioned above only a few studies found bottled water mercury concentrations in excess of the
levels set by environmental regulation bodies (see Table 1 in the main text) (Allen et al., 1989;
Ikem et al., 2002), and therefore could potentially harm human health. However, numerous samples
had mercury concentrations in the range between the detection limit of the analytical technique
employed and 1 ug L. Recent studies have demonstrated that specific Hg determination techniques
such as AFS and HG-AAS have greater sensitivity and hence are able to quantify this toxic metal
within a concentration range of a few part per trillion on a routine basis. Table S4 shows selected

publications where Hg measurements were reported.
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Table S1. List of the bottled mineral waters from Italy (*) and other countries (*). In bold the region/country name and the corresponding

abbreviations used in Fig. 1.

Name Tipologies Name Tipologies
Abruzzo (ABR)* Emilia-Romagna (EMR)?*
Fonte Valle Reale Lightly Sparkling, Still, Auchan Lightly Sparkling, Sparkling, Still

Ginevra-Fonte Primavera

Guizza

Primavera

Apulia (APU)*
Amata

Ginevra

Vivissima
Basilicata (BAS)*
Alisea

Fonte Itala
Gaudianello
Leggera

Lilia Calcica Felicia

Lilia Giovane

Lilia Magnesiaca Toka

Monticchio B.
Ninfa

San Benedetto dal Parco Del

Pollino
Sveva

Toka

Calabria (CAL)*
Calabria

Fabrizia

Fleri

Fonte del Principe Mongiana

Fontenoce
Leo

Limpida
Mangiatorella
Moschetta
Olimpica
Serricella

Sorbello

Vitasana
Campania (CAL)*
Don Carlo

Don Carlo Cristalia
Ferrarelle

Fiordacqua

Sparkling
Lightly Sparkling

Lightly Sparkling, Still

Lightly Sparkling, Still,
Sparkling

Still
Still
Still

Still

Naturally Sparkling, Still
Naturally Sparkling, Sparkling
Still

Naturally Sparkling

Still

Naturally Sparkling
Still

Lightly Sparkling, Still
Still

Naturally Sparkling

Naturally Sparkling

Sparkling, Still
Still
Still
Still
Sparkling, Still
Sparkling, Still
Still
Sparkling, Still
Still
Sparkling, Still
Still
Sparkling, Still

Sparkling, Still

Sparkling, Still
Lightly Sparkling, Still
Naturally Sparkling
Still

Col-Fabrizia Varanina
Galvanina

Monte Cimone

Friuli-Venezia Giulia (FVG)*
Dolomia

Goccia di Carnia

Goccia di Carnia-Despar
Pradis

Lazio (LAZ)

Acqua di Nepi
Blues-Fonte Vivia
Claudia

Cottorella

Egeria

Filette
Fiuggi
Fonte Vivia

Santa Maria alle Capannelle-Blu

Santa Maria alle Capannelle-
Rossa

Lombardy (LOM)®
Blues-Fonte Sant' Antonio

Boario
Bracca
Chiarella
Flavia

Fonte Essenziale
Fonte Tavina
Levissima
Maniva
Neha

Neve

Pineta

San Carlo Spinone

San Pellegrino
Sant'Antonio
Vitasnella
Marche (MAR)*
Blues-Gaia-Genca

Fonte Elisa

Still
Sparkling, Still
Still

Sparkling, Still
Still

Still

Sparkling

Naturally Sparkling

Naturally Sparkling

Naturally Sparkling, Sparkling
Lightly Sparkling, Still

Naturally Sparkling, Sparkling,
Still
Lightly Sparkling, Still

Lightly Sparkling, Still
Naturally Sparkling
Naturally Sparkling

Naturally Sparkling

Still

Still

Sparkling, Still

Sparkling, Still

Sparkling

Still

Still

Lightly Sparkling, Sparkling, Still
Lightly Sparkling, Sparkling, Still
Still

Sparkling, Still

Still

Sparkling, Still

Sparkling

Sparkling, Still

Still

Lightly Sparkling, Still
Still



Name Tipologies Name Tipologies

Fonte Ofelia Classic Lightly Sparkling Frasassi Lightly Sparkling, Still
Lete Naturally Sparkling Gaia Still

Natia Sparkling, Still Nerea Lightly Sparkling
Ofelia Still Santa Croce Lightly Sparkling, Still
Prata Still Tinnea Lightly Sparkling
Saguaro Sparkling, Still Molise (MOL)*

Santagata Naturally Sparkling Molisia Sparkling, Still

Santo Stefano Sparkling, Still Sepinia Still

Sorgesana Pratella Lightly Sparkling, Still

Piedmont (PIE)* Tuscany (TUS)?

Blues-Rebruant Still Acqua Santa di Chianciano Still

Bolle Stille Sparkling, Still Amorosa Still

Cime Bianche-Carrefour

Columbus Mugniva
Crodo Lisiel

Eva

Fonte Delle Alpi-Crai
Lauretana

Mia-Valle Stura

Panorama Montoso-Pam

San Bernardo

Santa Barbara Bolle Stille di

Lurisia
Sant'Anna di Vinadio

Sant'Anna Rebruant
Sparea

Sardinia (SAR)*
Altura

Altura-Sisa
Boschetta

Levia

Pura

Quercetta

San Giorgio

San Martino
Santa Lucia
Siete Fuentes
Smeraldina
Sicily (SIC)*
Cavagrande
Fontalba
Fonte Gerasia
Milicia
Rocca Bianca

Roverella

Sparkling, Still
Sparkling, Still
Still
Sparkling, Still
Still
Still
Still
Sparkling, Still
Sparkling, Still
Still

Lightly Sparkling, Still

Sparkling, Still
Sparkling, Still

Still
Still
Still
Still
Still
Still
Still

Still
Sparkling
Still
Still

Still
Still
Still
Lightly Sparkling
Still
Still

Fonte de' Medici-Aretina
Fonte De' Medici-Despar
Ilaria

Maxim's

Monteverde

Panna

Perla

San Carlo

Silva

Tesorino

Tesorino As Roma
Tosca

Uliveto

Verna

Umbria (UMB)*
Amerino
Blues-Amerino
Clivia

Conad

Fabia

Fabia Antiche Sorgenti Umbre-
Coop
Fonte Aura

Fonte Santa Chiara
Grazia

Lieve

Misia

Rocchetta

Rocchetta Brio-Blu
Rocchetta Brio-Rossa
Rugiada

Sangemini

Sorgente Angelica Nocera Umbra

Sparkling, Still

Lightly Sparkling, Sparkling, Still
Sparkling, Still

Lightly Sparkling

Sparkling, Still

Still

Sparkling, Still

Still

Still

Still

Still

Still

Naturally Sparkling
Sparkling, Still

Sparkling
Sparkling

Still

Sparkling, Still
Still

Sparkling, Still

Sparkling, Still
Sparkling, Still
Naturally Sparkling
Still

Still

Still

Lightly Sparkling, Sparkling
Sparkling

Lightly Sparkling, Still
Still

Lightly Sparkling, Still
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Name

Tipologies

Name

Tipologies

Sabrinella
Santa Maria
Serenella

Sorsy

Vera S. Rosalia
Vitabella
Vivizia

Trentino-South Tyrol (TST)?*
Surgiva

Sparkling, Still
Still
Still
Still
Still
Still
Still

Sparkling, Still

Sorgente Angelica-Coop
Viva Gubbio

Veneto (VEN)?*

Alisea

Dolomiti Valli del Pasubio
Norda

Recoaro

San Benedetto

Vera in Bosco

Sparkling, Still
Lightly Sparkling, Still

Sparkling

Sparkling

Still

Sparkling, Still

Lightly Sparkling, Sparkling, Still
Sparkling, Still

Name (Country)* Tipologies Name (Country) Tipologies

Tiger / Denmark (DK) Lightly Sparkling, Still Evian (FR) Still

Donat Mg (SI) Sparkling La Versoie-Carrefour (FR) Still

Radenska (SI) Still Perrier (FR) Naturally Sparkling
Font Vella (ES) Still Petillante (FR) Sparkling

Veri (ES) Still Roche Des Ecrins (FR) Still

N.B. *ISO 3166 code for the name of each foreign country.
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Table S2. Sample code, geographical coordinates (decimal degrees) and elevation spring (m a.s.l.).

Sample ID Lat Lon E Sample ID Lat Lon E Sample ID Lat Lon E

ITAO01-1  42.1756 13.8214 300 ITA055-1  42.3895 12.8620 480 ITA109-2  40.4478 88572 350
ITA001-2  42.1756 13.8214 300 ITA055-3  42.3895 12.8620 480 ITA110-1  40.1782  8.6656 620
ITA001-3  42.1756 13.8214 300 ITA056-1  41.8538 12.5317 20 ITA111-1  40.8986  9.1511 650
ITA002-3  42.1756 13.8214 254 ITA056-2  41.8538 12.5317 20 ITA112-1  37.5745 14.9360 400
ITA003-1  42.1756 13.8214 300 ITA056-4  43.7277  4.2448 20 ITA113-1  37.9897 15.0133 1200
ITA003-3  42.1756 13.8214 300 ITA057-1  41.7921 13.3185 900 ITA114-1  38.0284 15.4108 450
ITA004-1  42.1697 13.8276 254 ITA057-3  41.7921 13.3185 900 ITA115-3  38.0196 13.5852 120
ITA004-2  42.1697 13.8276 254 ITA058-1  41.7912 13.2214 590 ITA116-1  38.1365 15.1683 450
ITA004-3  42.1697 13.8276 254 ITA058-3  41.7912 13.2214 590 ITA117-1  36.8036 14.8010 350
ITA005-1  40.9768 16.8879 300 ITA059-4  40.9508 15.5876 36 ITA118-1  38.0196 13.5852 120
ITA006-1  40.9768 16.8879 300 ITA060-4  41.8541 12.5431 45 ITA118-2  38.0196 13.5852 120
ITA007-1  40.9768 16.8879 390 ITAO61-4  41.8538 12.5317 30 ITA119-1  36.8036 14.8010 350
ITA008-1  40.9508 15.5876 650 ITA062-1  45.7066  9.0381 313 ITA120-1  38.0196 13.5852 120
ITA009-1  40.8915 15.6605 450 ITA063-1  45.8937 10.1877 217 ITA121-1  38.0284 15.4108 450
ITA009-4  40.8939 15.6698 450 ITA064-1  45.8086  9.6838 440 ITA122-1  37.6139 13.5200 1000
ITA010-2  40.9508 15.5876 640 ITA064-2  45.1420  9.6838 440 ITA123-1  38.0196 13.5852 120
ITA010-4  40.9530 15.5607 640 ITA065-1  46.0478  9.2283 760 ITA124-1  38.0196 13.5852 120
ITAO11-1  40.9508 15.5876 720 ITA065-2  46.0478  9.2283 760 ITA125-1  46.1615 10.7544 1134
ITAO012-1  40.8939 15.6698 505 ITA066-2  45.8086  9.6838 400 ITA125-2  46.1615 10.7544 1134
ITA012-4  40.9530 15.5607 395 ITA067-1  45.8937 10.1877 225 ITA126-1  43.0423 11.8166 500
ITA012-4  42.0667 123015 450 ITA068-1  45.5978 10.5155 70 ITA127-1  44.0512 10.1640 600
ITA013-1  40.9508 15.5876 720 ITA069-1  46.4447 10.3596 1848 ITAI128-1 433308 11.7346 450
ITA014-1  40.9508 15.5876 720 ITA069-2  46.4447 10.3596 1848 ITAI128-2 433308 11.7346 450
ITA014-3  40.9508 15.5876 720 ITA069-3  46.4447 10.3596 1848 ITAI129-1 433308 11.7346 450
ITAO015-1  39.9732 16.0844 430 ITA070-1  45.8306 10.4514 800 ITA129-2 433308 11.7346 450
ITAO16-4 422429 123469 491 ITA070-2  45.8306 10.4542 800 ITA129-3 433308 11.7346 450
ITAO17-4 422429 123469 450 ITA070-3  45.8306 10.4542 800 ITA130-1  43.9071 10.4234 95

ITA018-1  38.8091 16.4003 750 ITA071-1 459790  9.4467 600 ITA130-2  43.9071 10.4234 95

ITA018-2  38.8091 16.4003 750 ITA072-1  45.7066  9.0381 313 ITA131-3  43.1502 11.0696 1200
ITA019-1  38.4892 16.2827 1000 ITA072-2  45.7066  9.0381 313 ITA132-1  44.0547 10.9080 900
ITA020-1  38.9297 16.3446 74 ITA073-1  45.8786  9.9281 700 ITA132-2  44.0547 10.9080 900
ITA021-1  38.5147 16.3044 1000 ITA074-1 457620 9.9167 400 ITA133-1  44.0652 11.2888 600
ITA022-1  39.1569 16.4806 1238 1ITA074-2 457620 9.9167 400 ITA134-1 433308 11.7346 330
ITA022-2  39.1569 16.4806 1238 ITA075-2  45.8220  9.6746 358 ITA134-2 433308 11.7346 330
ITA023-1  39.0439 16.4526 1000 ITA076-1  45.7066  9.0381 313 ITA135-1  44.0410 10.1559 300
ITA023-2  39.0439 16.4526 1000 ITA076-2  45.7066  9.0381 313 ITA136-1  44.0547 10.9080 980
ITA024-1  38.9637 16.3873 74 ITA077-1  45.8937 10.1877 217 ITA137-1  43.6481  10.7625 98



Sample ID Lat Lon E Sample ID Lat Lon E Sample ID Lat Lon E

ITA025-1  38.4852 16.3780 1200 ITA078-1 43.4184 129322 550 ITA138-1  43.6481 10.7625 98

ITA025-2  38.4852 163780 1200 ITA078-3  43.4184 129322 550 ITA139-1  43.6977 11.9348 960
ITA026-1  38.8091 16.4003 750 ITA079-1  43.4184 129322 240 ITA140-4  42.2429  12.3469 12

ITA027-1  38.9637 16.3873 300 ITA080-1  43.4184 129322 322 ITA141-1  43.6977 11.9348 960
ITA027-2  38.9637 16.3873 300 ITA080-3  43.4184 129322 322 ITA141-2  43.6977 11.9348 960
ITA028-1  38.4892 16.2827 1000 ITAO081-1  43.4184 129322 322 ITA142-2  42.7006 12.5456 390
ITA029-1  39.0395 16.3467 1000 ITA082-3  42.9002 13.1440 780 ITA143-2  42.7006 12.5456 390
ITA029-2  39.0395 16.3467 1000 ITA083-1  41.9380 13.4155 800 ITA144-1  43.4027 12.6683 700
ITA030-1  38.9297 16.3446 74 ITA083-3  41.9380 13.4155 800 ITA145-1  43.1004 12.7665 500
ITA030-2  38.9297 16.3446 74 ITA084-3 429431 13.3340 700 ITA145-2  43.1004 12.7665 500
ITAO031-1  40.6358 152325 250 ITA085-1  41.5855 14.4623 850 ITA146-1  42.6356 12.5476 330
ITA031-2  40.6358 152325 250 ITA085-2  41.5855 14.4623 850 ITA147-1  42.6356 12.5476 330
ITA032-1  40.6358 152325 250 ITA086-1  41.4167 14.6462 900 ITA147-2  42.6356 12.5476 330
ITA032-3  40.6358 152325 250 ITA087-1  44.2993  7.1485 1950 ITAI148-1 42.6356 12.5476 350
ITA033-4  43.6890 10.5283 350 ITA088-1  44.2939  7.6965 1460 ITA148-2  42.6356 12.5476 350
ITA034-1  40.2809 15.6908 650 ITA088-2  44.2939  7.6965 1460 ITAI149-1 43.0669 12.6683 700
ITA035-3  40.6358  15.2325 85 ITA089-1 442993  7.1485 1380 ITA149-2  43.4027 12.6683 700
ITA036-4  40.8939 15.6698 300 ITA089-2 442993  7.1485 1380 ITAI150-4 40.8915 15.6605 525
ITA037-1 412552 14.1245 350 ITA090-1  44.8044  7.2417 505 ITA151-1 433522 12.5782 500
ITA037-2  41.2552 14.1245 350 ITA090-2  44.8044  7.2417 505 ITA152-1 42.8096 129142 351

ITA038-1  40.6358 15.2325 85 ITA091-1  46.2098  8.3192 510 ITA153-1 432131 12.7825 312
ITA039-1  41.4087 14.1877 300 ITA092-1  44.6823 72785 1820 ITAI153-2 432131 127825 312
ITA040-1  40.6358  15.2325 85 ITA092-2  44.6823 72785 2042 ITAI153-2 432131 127825 312
ITA040-2  40.6358 152325 250 ITA093-1  44.8044 72417 1100 ITAI153-3 432131 127825 312
ITAO41-4  42.6356 12.5476 98 ITA094-1 455627 7.9489 1050 ITAI54-1 433522 125782 522
ITA042-1  40.2809 15.6908 650 ITA095-1 442993  7.1485 910 ITA154-3 433522 12.5782 522
ITA0O42-2  40.2809 15.6908 650 ITA096-1  44.8044 72417 1240 ITAIS5-1  42.6356 12.5476 380
ITA043-1  41.4087 14.1877 160 ITA096-2  44.8044 72417 1240 ITAIS6-1  43.1004 12.7665 605
ITA043-3  41.4087 14.1877 160 ITA097-1 442006 8.0179 1300 ITAI156-3 43.1004 12.7665 605
ITA044-1 445668 9.6224 1495 ITA097-2  44.2006 8.0179 1300 ITAI157-1 43.1004 12.7665 500
ITA044-2 445668 9.6224 1495 ITA098-1  44.2939  7.6965 1460 ITA157-2 43.1004 12.7665 500
ITA044-3 445668 9.6224 1495 1TA099-1 44.2993  7.1485 1950 ITAI158-1 42.8096 129142 450
ITA045-1  44.7555 10.0386 225 ITA099-1 442993  7.1485 1503 ITAI58-3 42.8096 129142 450
ITA046-1  44.0319 12.5353 380 ITA099-2 442993  7.1485 1950 ITA159-2 45.7437 11.2411 721

ITA046-2  44.0319 12.5353 380 ITA099-3 442993  7.1485 1503 ITA160-2 457437 11.2411 650
ITA047-1  44.1649 10.7931 935 ITA100-1  44.8044  7.2417 600 ITAl61-1 457437 11.2411 1935
ITA048-1 462739 124569 833 ITA100-2  44.8044  7.2417 600 ITA162-1  45.7054 11.2318 880
ITA048-2  46.2739 124569 833 ITA101-1  40.8971  9.0627 536 ITA162-2  45.7054 11.2318 880
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Sample ID Lat Lon E Sample ID Lat Lon E Sample ID Lat Lon E
ITA049-1  46.5839 12.7792 1370 ITA102-1  40.8971  9.0627 536 ITA163-1 455802 12.1081 20
ITA050-1  46.5839 12.7792 1370  ITA103-1  39.2453  8.7662 154 ITA163-2  45.5802  12.1081 20
ITAO051-2  46.2528 12.8826 650 ITA104-1  39.2453 87662 400 ITA163-3  45.5802 12.1081 20
ITA052-4  41.4087 14.1877 227 ITA105-1  39.2453 87662 400 ITA164-1  45.6057 11.8024 60
ITA053-4  41.2552 14.1245 36 ITA106-1  39.2453  8.7662 154 ITA164-2  45.6057 11.8024 60
ITA054-2  42.0667 123015 140 ITA107-1  39.2453 87662 400

ITA054-4  41.2552 14.1245 140 ITA108-1  40.6866  8.6728 270

Note: the last no. of the sample code indicates water typology: 1-still. 2-sparkling. 3-lightly sparkling. 4-naturally sparkling
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308 Table S3. Physico-chemical parameters and major ions reported on the label in Italian bottled waters.
SampleID T (°C) pH EC TDs_l coz_l Na*_gmg K* Smg Caz*_l Mg“_l HCO?I' Cr _(lmg sof:l NO;'_l F (_xlng Sioz_l
(20°C) (20°C)  (mgL”) (mgL7) L% L% (mgL™) (mgL™) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA001-1 11.4 7.26 468 290 6 2.6 1.0 83.1 16.2 310.0 3.6 18.6 4.0 n.a. 3.6
ITA001-2 114 7.26 468 290 6 2.6 1.0 83.1 16.2 310.0 3.6 18.6 4.0 n.a. 3.6
ITA00L-3 114 7.26 468 290 6 2.6 1.0 83.1 162 3100 3.6 18.6 4.0 n.a. 2.6
ITA002-3 12.4 7.19 492 313 6 42 1.0 87.5 18.9 327.0 6.1 247 3.0 n.a. 4.1
ITA003-1 11.4 7.26 468 290 6 2.6 1.0 83.1 16.2 310.0 3.6 18.6 4.0 n.a. 3.6
ITA003-3 11.4 7.26 468 290 6 2.6 1.0 83.1 16.2 310.0 3.6 18.6 4.0 n.a. 3.6
ITA004-1 12.4 7.19 492 313 6 42 1.0 87.5 18.9 327.0 6.1 247 3.0 n.a. 4.1
ITA004-2 12.4 7.19 492 313 6 42 1.0 87.5 18.9 327.0 6.1 247 3.0 n.a. 4.1
ITA004-3 12.4 7.19 492 313 6 42 1.0 87.5 18.9 327.0 6.1 247 3.0 n.a. 4.1
ITA005-1 16.1 7.08 750 470 51 21.0 3.5 112.0 43.0 480.0 30.0 8.0 n.a. 0.2 18.0
ITA006-1 16.1 n.a. 730 465 52 18.9 3.5 112.0 44.0 480.0 232 8.2 n.a. 0.2 17.4
ITA007-1 16.1 7.08 750 470 51 21.0 3.5 112.0 43.0 480.0 30.0 8.0 n.a. 0.2 18.0
ITA008-1 14.7 8.1 426 274 5 1.0 1.2 55.8 29.2 253.0 1.1 n.a. 3.7 0.1 7.5
ITA009-1 16.0 6 630 478 1289 n.a. n.a. 50.4 17.0 366.0 28.4 30.0 n.a. n.a. n.a.
ITA009-4 16.1 n.a. 625 394 n.a. n.a. n.a. 50.5 17.1 298.9 17.7 22.0 n.a. n.a. n.a.
ITA010-2 16.1 5.8 1520 1140 2890 133.0 52.0 158.0 59.0 989.0 39.0 122.0 3.0 n.a. 110.0
ITA010-4 16.1 5.8 1520 1140 2890 133.0 52.0 158.0 59.0 989.0 39.0 122.0 3.0 n.a. 110.0

ITAO11-1 n.a. n.a. 510 416 n.a. n.a. 32.0 46.0 14.0 306.0 26.0 14.0 4.0 n.a. 105.0



SampleID T (°C) pH EC TDs_1 Coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA012-1 15.8 6.65 420 341 125 n.a 26.9 315 9.4 254.0 n.a n.a 7.0 1.1 n.a
ITA012-4 15.5 6.12 2680 2068 2185 n.a. 89.9 216.0 54.3 1585.0 n.a. 280.0 n.a. 0.8 n.a
ITA012-4 19.1 5.9 1654 1288 2100 n.a 47.8 167.0 n.a. 1061.0 n.a 186.0 n.a 0.5 n.a
ITA013-1 n.a n.a 510 416 n.a. 45.0 32.0 46.0 14.0 306.0 26.0 14.0 4.0 0.5 105.0
ITA014-1 n.a n.a 510 416 n.a. n.a. 32.0 46.0 14.0 306.0 26.0 14.0 4.0 n.a 105.0
ITA014-3 n.a n.a 510 416 n.a. n.a. 32.0 46.0 14.0 306.0 26.0 14.0 4.0 n.a 105.0
ITAO015-1 9.5 7.72 335 230 n.a. 3.4 0.6 51.4 13.8 218.0 4.9 52 1.0 n.a 24
ITAO16-4 18.8 6.25 1854 1356 1900 n.a 52.0 241.0 39.9 1280.0 n.a. n.a. 3.0 1.0 n.a
ITA017-4 15.5 6.12 2680 2068 2185 n.a. 89.9 n.a 54.3 1585.0 n.a. 280.0 n.a. 0.8 n.a
ITA018-1 12.0 7.7 138 122 2 9.8 1.7 12.4 6.0 79.3 12.5 11.0 1.0 0.1 272
ITA018-2 12.0 7.7 138 122 2 9.8 1.7 124 6.0 79.3 12.5 11.0 1.0 0.1 272
ITA019-1 11.7 6.7 125 78 18 13.0 0.7 52 29 36.6 8.2 9.6 8.0 n.a 23.5
ITA020-1 17.4 7.84 352 266 4 12.3 2.7 52.0 14.3 201.0 20.1 33.0 7.5 0.1 12.0
ITA021-1 11.6 6.25 72 72 15 11.1 0.6 3.6 1.2 27.8 7.9 3.7 1.0 0.2 n.a
ITA022-1 8.1 7.41 130 105 2 6.0 1.7 154 5.5 94.5 7.4 9.3 22 0.2 12.0
ITA022-2 8.1 7.41 130 105 2 6.0 1.7 15.4 5.5 94.5 7.4 9.3 22 0.2 12.0
ITA023-1 12.0 6.28 125 110 21 13.6 1.0 6.6 22 42.7 9.9 5.6 11.2 0.2 29.8
ITA023-2 12.0 6.28 125 110 21 13.6 1.0 6.6 22 42.7 9.9 5.6 11.2 0.2 29.8
ITA024-1 18.5 7.94 384 275 4 18.0 2.6 452 18.5 225.0 244 224 22 0.3 13.1



SampleID T (°C) pH EC TDs_1 Coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA025-1 9.1 6.05 88 69 18 9.5 0.7 6.6 1.5 30.2 10.3 4.6 0.1 0.1 n.a
ITA025-2 9.1 6.05 88 69 18 9.5 0.7 6.6 1.5 30.2 10.3 4.6 0.1 0.1 n.a
ITA026-1 12.1 7.15 240 166 12 13.5 1.9 24.6 10.6 134.0 159 9.0 6.6 0.1 18.0
ITA027-1 18.5 7.94 384 275 4 18.0 2.6 452 18.5 225.0 244 224 22 0.3 13.1
ITA027-2 18.5 7.94 384 275 4 18.0 2.6 452 18.5 225.0 244 224 22 0.3 13.1
ITA028-1 11.6 6.6 100 70 16 13.0 0.2 3.6 4.6 42.7 39 4.9 2.7 n.a 26.4
ITA029-1 9.5 5.28 52 40 9 6.4 n.a 2.5 1.3 n.a n.a. n.a. 0.9 n.a n.a
1TA029-2 9.5 5.28 52 40 9 6.4 n.a 2.5 1.3 n.a n.a. n.a. 0.9 n.a n.a
ITA030-1 n.a 7.84 352 266 4 12.3 2.7 52.0 14.3 201.3 20.1 33.0 7.5 0.1 12.0
ITA030-2 17.4 7.84 352 266 4 12.3 2.7 52.0 14.3 201.3 20.1 33.0 7.5 0.1 12.0
ITA031-1 13.6 6.6 1084 757 164 23.0 2.7 187.1 17.0 708.0 29.0 14.0 3.8 n.a n.a
ITA031-2 13.6 6.6 1084 757 164 23.0 2.7 187.1 17.0 708.0 29.0 14.0 3.8 n.a n.a
ITA032-1 13.6 6.6 1084 757 164 23.0 2.7 187.1 17.0 708.0 29.0 14.0 3.8 n.a n.a
ITA032-3 13.6 6.6 1084 757 164 23.0 2.7 187.1 17.0 708.0 29.0 14.0 3.8 n.a n.a
ITA033-4 n.a. 6.1 1800 1290 2350 50.0 50.0 360.0 20.0 1342.0 20.0 4.0 5.0 1.1 85.0
ITA034-1 10.5 7.5 339 226 30 32 1.0 59.1 14.5 253.4 6.0 33 5.6 0.1 53
ITA035-3 14.7 n.a 593 378 18 39.0 2.5 94.0 10.0 379.0 22.0 14.0 n.a n.a 14.0
ITA036-4 n.a. 6.2 1260 850 1990 5.0 1.9 305.0 14.1 1005.2 9.8 n.a. 43 0.3 12.0
ITA037-1 n.a 6.5 360 290 170 29.0 29.0 32.0 4.0 183.0 16.0 4.0 9.5 1.0 83.0



SampleID T (°C) pH EC TDs_1 Coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA037-2 n.a 6.5 360 290 170 29.0 29.0 32.0 4.0 183.0 16.0 4.0 9.5 1.0 83.0
ITA038-1 14.7 7.16 593 378 18 39.0 2.5 94.0 10.0 379.0 22.0 14.0 n.a n.a 14.0
ITA039-1 n.a 7.1 705 442 35 3.9 1.2 152.0 132 470.0 6.1 n.a 3.5 0.2 7.0
ITA040-1 14.3 7.26 619 409 n.a. 35.0 1.7 77.0 114 342.0 27.0 13.8 0.5 n.a 15.4
ITA040-2 13.7 7.9 986 638 n.a. 19.0 4.2 187.0 31.0 716.0 23.0 12.0 2.8 n.a 9.4
ITA041-4 n.a 6 1380 1035 2150 49.0 37.0 280.0 21.0 1128.0 18.0 5.0 4.0 1.0 84.0
ITA042-1 10.5 7.5 339 226 30 32 1.0 59.1 14.5 253.4 6.0 33 5.6 0.1 53
ITA042-2 10.5 7.5 339 226 30 32 1.0 59.1 14.5 2534 6.0 33 5.6 0.1 53
ITA043-1 n.a 7.1 465 270 14 3.5 0.9 92.0 11.5 320.0 5.7 n.a. 3.7 0.1 5.0
ITA043-3 n.a 7.1 465 270 14 3.5 0.9 92.0 11.5 320.0 5.7 n.a. 3.7 0.1 5.0
ITA044-1 8.5 7.9 274 170 6 2.3 0.4 54.8 4.7 179.0 29 8.4 2.5 0.0 5.6
ITA044-2 8.5 7.9 274 170 6 2.3 0.4 54.8 4.7 179.0 29 8.4 2.5 0.0 5.6
ITA044-3 8.5 7.9 274 170 6 2.3 0.4 54.8 4.7 179.0 29 8.4 2.5 0.0 5.6
ITA045-1 n.a 7.5 386 245 8 22.1 n.a n.a n.a n.a n.a. n.a. n.a n.a n.a
ITA046-1 14.6 7.12 855 550 52 342 1.9 128.7 233 4222 35.0 68.6 n.a n.a n.a
ITA046-2 14.6 7.12 855 550 52 342 1.9 128.7 233 4222 35.0 68.6 n.a n.a n.a
ITA047-1 7.0 7.5 185 120 3 2.1 0.7 32.0 5.5 115.3 2.5 11.0 1.0 n.a n.a
ITA048-1 7.7 8.1 200 108 2 0.2 n.a 26.4 14.7 140.0 n.a. 2.1 1.8 0.0 0.9
ITA048-2 7.7 8.1 200 108 2 0.2 n.a 26.4 14.7 140.0 n.a. 2.1 1.8 0.0 0.9



Sample ID T (°C) pH EC TDS CO, Na*(mg K'(mg Ca* Mg* HCO5 CI' (mg SO NOy F (mg SiO,

(20°C) (20°C)  (mgL") (mgL™) LY LY (mgL") (mgL') (mgL") LY (mgL") (mgL™") LY (mgL™)
ITA049-1 6.3 8.4 118 78 1 1.0 0.2 19.6 4.1 76.0 n.a. 3.0 2.0 n.a. n.a.
ITA050-1 6.3 8.4 118 78 1 1.0 0.2 19.6 4.1 76.0 n.a. 3.0 2.0 n.a. n.a.
ITAO051-2 12.5 7.8 270 168 7 0.5 n.a. 353 19.4 n.a. n.a. n.a. 4.0 n.a. n.a.
ITA052-4 n.a. 5.5 785 576 2380 29.9 425 77.5 284 415 18.8 372 12 1.4 78.0
ITA053-4 n.a. 5.5 767 592 2215 30.2 53.4 77.2 29.0 481.0 15.8 36.3 8.0 1.4 108.0
ITA054-2 219 6 939 536 1120 56.0 67.0 86.0 17.0 405.0 51.0 36.0 8.0 1.0 94.0
ITA054-4 21.9 6 939 536 1120 56.0 67.0 86.0 17.0 405.0 51.0 36.0 8.0 1.0 94.0
ITA055-1 153 7.43 466 291 34 5.4 0.5 101.5 39 318.0 9.8 5.8 0.3 0.1 6.7
ITA055-3 124 7.18 474 296 34 5.1 0.7 104.2 3.0 316.4 12.1 7.3 0.7 0.1 6.8
ITA056-1 19.0 5.8 940 650 740 41.5 63.0 86.5 24.0 n.a. n.a. n.a. 36.0 1.5 80.0
ITA056-2 19.0 5.8 940 650 740 41.5 63.0 86.5 24.0 n.a. n.a. n.a. 36.0 1.5 80.0
ITA056-4 19.0 5.8 940 650 740 41.5 63.0 86.5 24.0 n.a. n.a. n.a. 36.0 1.5 80.0
ITA057-1 n.a. 8.25 321 209 35 3.6 n.a. 78.0 1.2 241.0 n.a. 5.0 0.3 n.a. n.a.
ITA057-3 n.a. 8.25 321 209 35 3.6 n.a. 78.0 1.2 241.0 n.a. 5.0 0.3 n.a. n.a.
ITA058-1 n.a. 7.6 187 145 10 6.3 7.0 21.0 7.5 98.0 7.1 2.0 1.2 n.a. 48.0
ITA058-3 n.a. 7.6 187 145 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
ITA059-4 n.a. 5.58 870 615 2274 30.3 48.0 81.0 29.8 468.0 245 38.6 8.0 1.4 79.0
ITA060-4 18.4 6.15 804 564 468 36.1 533 85.3 222 483.0 n.a. n.a. 30.0 n.a. n.a.

ITAO061-4 18.4 6.15 804 564 468 36.1 533 853 222 483.0 n.a. n.a. 30.0 n.a. n.a.



SampleID T (°C) pH EC TDs_1 coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C)  (20°C) (mgL") (mgL’) LY LY (mgL") (mgL’) (mgL") LY (mgL7) (mgL?) LY (mg L)
ITA062-1 15.7 7.9 202 131 3 4.4 0.6 33.1 53 133.0 1.2 1.5 3.7 n.a 15.8
ITA063-1 n.a 7.3 748 586 26 5.0 1.4 123.0 40.0 307.0 4.0 225.0 7.0 0.3 10.0
ITA064-1 12.3 7.8 480 294 12 1.0 n.a 66.7 33.2 342.0 1.4 20.1 5.0 n.a n.a
ITA064-2 12.3 7.8 480 294 12 1.0 n.a 66.7 33.2 342.0 1.4 20.1 5.0 n.a n.a
ITA065-1 10.7 7.6 310 205 9 0.9 0.2 41.6 23.0 234.0 0.7 6.4 6.1 n.a 3.5
ITA065-2 10.7 7.6 310 205 9 0.9 0.2 41.6 23.0 234.0 0.7 6.4 6.1 n.a 3.5
ITA066-2 n.a 8 416 262 7 0.5 n.a 61.6 25.8 287.0 0.7 249 1.7 n.a n.a
ITA067-1 n.a 7 2270 2500 44 8.0 n.a 600.0 82.0 298.0 n.a. 1565.0 n.a. n.a n.a
ITA068-1 n.a 7.8 541 348 12 18.1 1.9 74.0 26.7 367.0 n.a. n.a. 2.6 0.1 n.a
ITA069-1 4.8 7.9 118 80 3 1.9 1.7 19.9 1.9 57.0 n.a. 15.8 1.5 0.2 5.6
ITA069-2 4.8 7.9 118 80 3 1.9 1.7 19.9 1.9 57.0 n.a. 15.8 1.5 0.2 5.6
ITA069-3 5.0 n.a 119 80 n.a 1.9 1.6 20.4 1.8 57.4 n.a. 16.1 1.5 0.2 5.4
ITA070-1 8.9 8 138 98 2 2.5 0.8 232 3.5 83.0 2.8 8.0 3.9 0.1 n.a
ITA070-2 8.9 8 138 98 2 2.5 0.8 23.2 3.5 83.0 2.8 8.0 3.9 0.1 n.a
ITA070-3 8.9 8 138 98 2 2.5 0.8 232 3.5 83.0 2.8 8.0 3.9 0.1 n.a
ITA071-1 8.0 8.1 63 46 1 2.2 0.6 7.9 1.5 33.0 0.6 6.0 32 n.a 6.0
ITA072-1 14.8 7.9 201 130 3 43 0.5 32.6 5.2 132.0 1.3 1.8 3.7 n.a 16.3
ITA072-2 14.8 7.9 201 130 3 43 0.5 32.6 5.2 132.0 1.3 1.8 3.7 n.a 16.3
ITA073-1 n.a 8.2 320 200 4 0.4 n.a 523 16.3 235.0 0.5 3.5 53 n.a n.a



SampleID T (°C) pH EC TDs_1 coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA074-1 14.1 7.5 605 405 20 7.6 0.6 100.1 28.8 375.0 7.0 n.a 6.2 0.3 10.5
ITA074-2 14.1 7.5 605 405 20 7.6 0.6 100.1 28.8 375.0 7.0 n.a. 6.2 0.3 10.5
ITA075-2 222 n.a 1125 915 n.a 333 22 174.0 51.4 245.0 52.0 430.0 2.6 n.a 7.1
ITA076-1 15.7 7.9 202 131 3 4.4 0.6 33.1 5.3 133.0 1.2 1.5 3.7 n.a 15.8
ITA076-2 15.7 7.9 202 131 3 44 0.6 33.1 53 133.0 1.2 1.5 3.7 n.a 15.8
ITA077-1 n.a 7.5 584 400 26 3.3 1.4 86.0 32.0 314.0 3.6 93.0 4.6 0.3 9.2
ITA078-1 n.a 7.53 472 307 13 16.8 1.7 923 3.0 279.0 19.5 n.a. 4.7 n.a 10.0
ITA078-3 n.a 7.53 472 307 13 16.8 1.7 923 3.0 279.0 19.5 n.a. 4.7 n.a 10.0
ITA079-1 n.a 7.39 469 300 19 10.0 1.7 96.0 3.0 280.0 18.5 n.a. 6.0 n.a 10.0
ITA080-1 n.a 7.39 518 332 20 18.4 22 98.2 3.8 309.0 20.0 n.a. 3.7 n.a 11.3
ITA080-3 n.a 7.39 518 332 20 18.4 22 98.2 3.8 309.0 20.0 n.a. 3.7 n.a 11.3
ITA081-1 n.a 7.53 472 307 13 16.8 1.7 923 3.0 279.0 19.5 n.a. 4.7 n.a 10.0
ITA082-3 8.2 7.6 257 160 7 1.6 0.4 57.8 0.7 172.8 43 24 1.5 n.a 6.4
ITA083-1 7.0 7.7 290 180 20 1.5 0.2 58.0 7.0 n.a n.a. 1.8 1.1 0.2 2.0
ITA083-3 7.0 7.7 290 180 20 1.5 0.2 58.0 7.0 n.a n.a 1.8 1.1 0.2 2.0
ITA084-3 9.2 7.46 324 207 12 3.3 0.8 65.8 5.6 212.8 5.1 11.6 23 0.1 n.a
ITA085-1 n.a 7.3 368 234 n.a 5.0 1.0 75.0 6.0 249.0 n.a 6.0 2.0 n.a n.a
ITA085-2 n.a 7.4 367 229 n.a. 5.0 1.0 72.0 5.0 248.0 n.a. 6.0 2.0 n.a n.a
ITA086-1 9.8 7.1 399 245 13 4.0 0.9 71.0 5.0 188.0 n.a. n.a. 1.5 0.1 8.8



SampleID T (°C) pH EC TDs_1 Coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA087-1 6.4 6.9 25 22 2 1.8 0.2 2.8 0.5 9.5 0.2 3.6 1.0 n.a 73
ITA088-1 15.0 6.6 32 35 10 2.6 0.9 n.a 0.4 18.0 n.a. n.a. n.a n.a 14.4
ITA088-2 15.0 6.6 32 35 10 2.6 0.9 n.a 0.4 18.0 n.a n.a n.a n.a 14.4
ITA089-1 6.4 7.3 81 50 3 1.8 0.5 12.9 1.2 38.0 n.a. 8.8 0.8 n.a 5.1
ITA089-2 6.8 7.3 73 48 3 1.4 0.5 12.8 1.2 38.0 n.a. 7.5 0.4 n.a 5.1
ITA090-1 7.9 7 21 24 1 1.3 0.5 24 0.5 6.2 0.6 n.a. 2.5 0.2 9.3
ITA090-2 7.9 7 21 24 1 1.3 0.5 2.4 0.5 6.2 0.6 n.a. 2.5 0.2 9.3
ITA091-1 10.1 7.7 328 228 3 5.4 2.8 57.2 72 110.0 3.0 86.5 34 0.1 7.7
ITA092-1 54 6.9 71 47 3 0.3 0.3 10.2 4.0 48.8 0.2 1.7 2.5 n.a 2.8
ITA092-2 32 7.6 76 48 4 0.3 0.3 10.2 44 52.0 0.2 1.8 23 n.a 2.5
ITA093-1 7.4 6.7 21 17 2 1.3 0.6 n.a 0.3 n.a n.a. 2.1 1.9 n.a n.a
ITA094-1 9.1 6.3 15 14 4 1.0 0.2 1.5 0.4 5.0 0.4 1.2 23 n.a 4.5
ITA095-1 n.a n.a n.a 47 n.a 1.4 n.a n.a n.a n.a n.a n.a n.a n.a n.a
ITA096-1 7.0 7.1 25 23 1 1.3 0.6 29 0.5 n.a 0.2 3.8 2.1 0.2 7.0
ITA096-2 7.0 7.1 25 23 1 1.3 0.6 2.9 0.5 n.a 0.2 3.8 2.1 0.2 7.0
ITA097-1 n.a 7 48 35 6 0.8 0.4 9.1 0.6 27.9 0.8 2.6 1.4 n.a 42
ITA097-2 n.a 7 48 35 6 0.8 0.4 9.1 0.6 27.9 0.8 2.6 1.4 n.a 4.2
ITA098-1 n.a 6.6 32 35 10 2.6 n.a n.a n.a n.a n.a. n.a. n.a n.a n.a
ITA099-1 5.7 7.4 69 43 2 1.2 n.a 12.0 n.a 29.0 n.a. n.a. 0.8 n.a 3.7



SampleID T (°C) pH EC TDs_1 Coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA099-1 6.4 6.9 254 22.0 2 1.5 n.a 2.9 n.a 10 n.a n.a 0.81 n.a n.a
ITA099-2 6.4 6.9 24.5 23.8 2.5 1.7 n.a 24 n.a 7.5 n.a. 3.8 1.1 n.a 9
ITA099-3 5.7 7.4 69 43 2 1.2 n.a 12.0 n.a 29.0 n.a n.a 0.8 n.a 3.7
ITA100-1 9.4 6.8 27 20 1 1.8 0.5 n.a 0.5 n.a 0.6 4.0 n.a n.a n.a
ITA100-2 9.4 6.8 27 20 1 1.8 0.5 n.a 0.5 n.a 0.6 4.0 n.a n.a n.a
ITA101-1 20.5 6.9 361 231 11 35.0 2.1 19.4 5.0 58.0 63.5 42 0.8 0.3 6.3
ITA102-1 20.5 6.9 361 231 11 35.0 2.1 19.4 5.0 58.0 63.5 4.2 0.8 0.3 6.3
ITA103-1 23.0 7.4 674 332 21 53.1 2.0 434 17.6 2232 63.4 n.a. 0.7 0.2 20.6
ITA104-1 21.5 7.3 479 282 20 442 1.8 28.8 17.1 163.1 62.4 n.a. 0.3 0.4 28.1
ITA105-1 22.0 7.2 494 296 24 51.1 2.0 26.3 15.2 160.5 61.0 n.a. 0.6 0.5 333
ITA106-1 28.0 7.4 674 332 21 53.1 2.0 434 17.6 223.2 63.4 n.a. 0.7 0.2 20.6
ITA107-1 24.0 6.9 497 278 50 43.5 1.8 28.2 17.4 166.1 58.1 n.a. 0.5 0.1 26.5
ITA108-1 22.0 6.6 3630 3082 1118 780.0 91.0 180.0 54.0 2092.9 285.0 237.5 0.8 0.9 13.9
ITA109-2 18.0 6.45 1842 1380 1434 295.0 n.a n.a 70.0 1354.5 n.a. n.a. 0.2 1.9 18.4
ITA110-1 13.0 7.6 167 130 2 28.5 1.2 6.0 4.0 339 28.3 20.7 6.2 0.2 21.7
ITA111-1 15.0 6.14 205 133 21 22.5 1.1 7.7 3.0 229 n.a. 5.8 n.a 0.2 10.9
ITA112-1 13.0 7.01 283 215 3 35.0 7.1 8.3 7.2 n.a 26.8 34.0 n.a 0.3 n.a
ITA113-1 12.3 6.83 212 152 15 114 n.a 25.6 7.7 89.1 14.9 n.a. 0.6 0.2 n.a
ITA114-1 13.1 7.56 242 168 7 14.5 2.0 29.5 52 78.6 17.4 36.7 1.0 0.4 n.a



SampleID T (°C) pH EC TDs_1 Coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA115-3 16.5 7.61 937 611 21 84.5 2.8 76.1 n.a. 213.0 n.a. 36.1 n.a 0.2 n.a
ITA116-1 14.1 7.34 246 163 9 13.1 1.9 26.5 9.8 103.1 n.a. 18.9 5.0 0.7 n.a
ITA117-1 19.7 7.06 513 383 n.a 16.8 2.3 88.8 6.1 274.6 32.7 8.1 n.a 0.2 n.a
ITA118-1 18.9 7.31 553 362 29 29.1 1.9 64.6 27.6 302.0 41.8 n.a. n.a n.a n.a
ITA118-2 18.9 7.31 553 362 29 29.1 1.9 64.6 27.6 302.0 41.8 n.a. n.a n.a n.a
ITA119-1 19.7 7.06 513 383 n.a. 16.8 2.3 88.8 6.1 274.6 32.7 8.1 n.a 0.2 n.a
ITA120-1 n.a 6.7 251 146 n.a. n.a. n.a n.a n.a 47.0 n.a. n.a. n.a n.a n.a
ITA121-1 13.9 7.48 251 173 8 16.1 1.7 30.2 5.6 82.4 18.2 38.8 0.9 0.5 n.a
ITA122-1 15.2 7.64 424 265 8 7.2 0.9 60.8 20.0 256.0 14.2 14.9 2.0 0.6 8.1
ITA123-1 n.a 6.7 251 146 n.a. n.a. n.a n.a n.a 47.0 n.a. n.a. n.a n.a n.a
ITA124-1 n.a 6.7 251 146 n.a. n.a. n.a n.a n.a 47 n.a. n.a. n.a n.a n.a
ITA125-1 6.8 6.7 44 36 4 1.7 n.a 6.7 n.a 24.0 n.a. n.a. 4.7 n.a n.a
ITA125-2 6.8 6.7 44 36 4 1.7 n.a 6.7 n.a 24.0 n.a n.a 4.7 n.a n.a
ITA126-1 333 6.1 3430 3465 689 27.0 6.2 702.0 185.0 860.0 24.0 1889.0 1.2 2.8 34.0
ITA127-1 9.8 5.6 43 28 14 4.7 0.1 0.7 0.9 7.3 6.9 0.5 4.2 n.a 3.8
ITA128-1 19.0 7.4 509 311 16 28.0 1.2 40.0 17.0 175.0 43.0 26.0 0.2 0.1 9.9
ITA128-2 19.0 7.4 509 311 16 28.0 1.2 40.0 17.0 175.0 43.0 26.0 0.2 0.1 9.9
ITA129-1 19.0 7.4 509 311 16 28.0 1.2 40.0 17.0 175.0 43.0 26.0 0.2 0.1 9.9
ITA129-2 19.0 7.4 509 311 16 28.0 1.2 40.0 17.0 175.0 43.0 26.0 0.2 0.1 9.9



SampleID T (°C) pH EC TDs_1 coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C)  (20°C) (mgL") (mgL’) LY LY (mgL") (mgL’) (mgL") LY (mgL7) (mgL?) LY (mg L)
1TA129-3 19.0 7.4 509 311 16 28.0 1.2 40.0 17.0 175.0 43.0 26.0 0.2 0.1 9.9
ITA130-1 16.3 7.4 399 248 8 11.2 1.0 68.5 53 211.0 17.3 11.4 11.5 n.a 10.5
ITA130-2 16.3 7.4 399 248 8 11.2 1.0 68.5 53 211.0 17.3 114 11.5 n.a 10.5
ITA131-3 5.9 7 115 79 6 3.1 0.5 19.0 1.6 58.6 53 5.9 4.1 n.a 2.2
ITA132-1 11.6 8 282 190 4 8.9 1.0 39.7 12.0 160.0 4.8 29.5 1.6 n.a 10.1
ITA132-2 11.6 8 282 190 4 8.9 1.0 39.7 12.0 160.0 4.8 29.5 1.6 n.a 10.1
ITA133-1 10.3 8 222 141 4 6.7 0.9 32.0 6.4 103.0 9.0 22.7 2.9 n.a 7.1
ITA134-1 18.5 7.5 1079 620 32 118.0 3.0 68.0 35.0 388.0 115.0 64.0 13.0 0.2 11.0
ITA134-2 18.5 7.5 1079 620 32 118.0 3.0 68.0 35.0 388.0 115.0 64.0 13.0 0.2 11.0
ITA135-1 13.4 5.7 76 58 29 9.0 0.4 2.4 2.8 12.2 13.5 2.5 9.6 n.a 9.2
ITA136-1 11.3 8 2 156 3 4.8 0.6 31.1 11.7 112.0 5.0 36.7 0.6 n.a 9.2
ITA137-1 14.0 7.3 940 635 34 43.0 1.9 131.0 28.0 351.0 39.0 181.0 n.a. 0.1 16.0
ITA138-1 14.0 7.3 940 635 34 43.0 1.9 131.0 28.0 351.0 39.0 181.0 n.a. 0.1 16.0
ITA139-1 11.0 7.3 240 157 8 6.2 0.9 39.0 5.8 135.0 7.1 18.9 0.7 0.1 8.4
ITA140-4 n.a 5.8 1122 180 1404 73.1 7.3 172.0 26.2 574.0 81.1 102.0 7.2 1.0 8.3
ITA141-1 11.0 7.3 240 157 8 6.2 0.9 39.0 5.8 135.0 7.1 18.9 0.7 0.1 8.4
ITA141-2 11.0 7.3 240 157 8 6.2 0.9 39.0 5.8 135.0 7.1 18.9 0.7 0.1 8.4
ITA142-2 9.8 7.27 721 498 70 13.8 1.7 162.0 8.6 444.0 17.2 n.a. 43 n.a 16.6
ITA143-2 14.9 7.27 721 498 70 13.8 1.7 162.0 8.6 444.0 17.2 n.a. 43 n.a 16.6



SampleID T (°C) pH EC TDs_1 coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C)  (20°C) (mgL") (mgL’) LY LY (mgL") (mgL’) (mgL") LY (mgL7) (mgL?) LY (mg L)
ITA144-1 n.a 7.54 546 388 13 224 1.9 90.0 15.9 235.0 26.8 87.6 2.2 0.2 6.7
ITA145-1 11.9 7.38 335 222 36 32 0.5 75.2 1.2 231.0 6.8 2.6 2.6 n.a 10.1
ITA145-2 11.2 7.29 352 231 38 33 0.6 75.4 1.9 226.0 7.1 2.8 2.5 n.a n.a
ITA146-1 12.1 7.05 714 460 81 17.4 1.6 146.0 6.8 427.0 n.a. 46.4 7.2 n.a n.a
ITA147-1 12.1 7.05 714 460 81 17.4 1.6 146.0 6.8 427.0 n.a. 46.4 7.2 n.a n.a
ITA147-2 12.1 7.05 714 460 81 17.4 1.6 146.0 6.8 427.0 n.a 46.4 7.2 n.a 12.4
ITA148-1 14.4 7.17 627 465 83 10.8 1.7 138.0 6.0 379.0 15.8 36.1 14.4 n.a 11.8
ITA148-2 n.a 7.17 627 465 83 10.8 1.7 138.0 6.0 379.0 15.8 36.1 14.4 n.a 11.8
ITA149-1 n.a 7.54 546 388 13 224 1.9 90.0 15.9 235.0 26.8 87.6 2.2 0.2 6.7
ITA149-2 n.a 7.54 546 388 13 224 1.9 90.0 15.9 235.0 26.8 87.6 2.2 0.2 6.7
ITA150-4 16.5 6.2 1661 1195 1749 13.3 2.4 461.0 5.5 1245.0 n.a. n.a. 8.1 n.a n.a
ITA151-1 n.a 7.57 454 291 12 18.9 2.5 60.9 17.1 245.0 9.9 54.3 n.a 1.2 9.8
ITA152-1 n.a 7.67 331 226 8 34 0.9 76.6 4.1 201.0 6.1 22.8 1.8 n.a 7.3
ITA153-1 n.a 7.55 282 178 8 4.5 0.5 57.7 33 181.6 7.5 7.7 1.4 0.1 5.1
ITA153-2 n.a 7.56 276 174 8 4.1 0.4 57.4 3.2 182.1 6.8 6.8 1.1 0.1 4.2
ITA153-2 n.a 7.55 282 178 8 4.5 0.5 57.7 33 181.6 7.5 7.7 1.4 0.1 5.1
ITA153-3 n.a 7.55 282 178 8 4.5 0.5 57.7 33 181.6 7.5 7.7 1.4 0.1 5.1
ITA154-1 n.a 7.5 462 284 14 16.8 1.7 63.3 209 254.0 11.1 50.1 0.7 0.9 11.2
ITA154-3 n.a 7.5 462 284 14 16.8 1.7 63.3 209 254.0 11.1 50.1 0.7 0.9 11.2
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SampleID T (°C) pH EC TDs_1 Coz_1 Na*_gmg K* Smg Caz*_1 Mg“_1 HCO?I' Cr _(lmg sof:1 NO;'_1 F (_xlng Sioz_1
(20°C) (20°C)  (mgL”) (mgL™) L9 L) (mgL™) (mgL”) (mgL™) L) (mgL7) (mgL™) L) (mg L)
ITA155-1 11.0 6.19 1365 932 870 19.5 3.4 326.0 154 1155.0 17.3 69.3 0.8 0.3 335
ITA156-1 10.3 7.42 415 265 34 3.0 n.a 93.6 1.8 261.0 6.4 22 8.8 n.a 10.5
ITA156-3 10.3 7.42 415 265 34 3.0 n.a 93.6 1.8 261.0 6.4 22 8.8 n.a 10.5
ITA157-1 10.3 7.42 415 265 34 3.0 n.a 93.6 1.8 261.0 6.4 22 8.8 n.a 10.5
ITA157-2 10.3 7.42 415 265 34 3.0 n.a 93.6 1.8 261.0 6.4 22 8.8 n.a 10.5
ITA158-1 n.a 7.58 417 288 12 29 1.0 89.4 10.5 231.0 42 53.2 24 0.2 7.7
ITA158-3 n.a 7.58 417 288 12 2.9 1.0 89.4 10.5 231.0 4.2 53.2 24 0.2 7.7
ITA159-2 n.a n.a 510 416 n.a. n.a. 32.0 46.0 n.a 306.0 26.0 14.0 4.0 n.a 105.0
ITA160-2 9.6 8.1 166 105 2 1.1 0.9 222 8.2 88.0 0.5 19.3 1.8 0.1 7.0
ITA161-1 8.5 8.1 233 141 3 1.3 0.6 30.2 15.7 158.0 1.3 8.7 3.3 0.1 6.8
ITA162-1 11.1 7.9 238 154 4 1.0 0.2 344 15.5 160.0 0.7 16.1 3.8 n.a 1.7
ITA162-2 11.1 7.9 238 154 4 1.0 0.2 34.4 15.5 160.0 0.7 16.1 3.8 n.a 1.7
ITA163-1 15.1 7.52 420 265 8 6.0 0.9 50.3 30.8 313.0 22 3.7 9.0 n.a 12.0
ITA163-2 15.1 7.52 420 265 8 6.0 0.9 50.3 30.8 313.0 22 3.7 9.0 n.a 12.0
ITA163-3 15.1 7.52 420 265 8 6.0 0.9 50.3 30.8 313.0 22 3.7 9.0 n.a 12.0
ITA164-1 n.a 7.9 251 162 4 2.1 0.5 36.3 12.7 150.0 2.3 18.9 4.4 n.a n.a
ITA164-2 n.a. n.a 251 162 n.a 2.1 0.5 36.3 12.7 150.0 2.3 18.9 44 n.a n.a

Note: n.a. = not available



Table S4. Mercury concentrations (ug L) found in bottled mineral waters in previous studies

No. Brands LOD pg L' Min Max Analytical Technique Country References

37 0.1 0.1 1.2 AAS *World Allen et al. (1989)

56 0.005 <0.005 0.26 ICP-MS "EU Misund et al. (1999)

5 0.02 0.01 0.03 HG-ICP-MS Egypt Saleh et al. (2001)

25 0.50 0.50 79 ICP-OES USA Ikem et al. (2002)

7 0.00001 0.0001 0.00232 ID-CV-ICP-MS ¢World Mann et al. (2003)

33 0.02 0.02 0.43 ICP-MS Sweden Rosborg et al. (2005)
35 0.02 0.16 0.86 ICP-MS USA Saleh et al. (2008)

39 0.02 0.06 0.8 AAS Portugal Barroso et al. (2009)
158 <0.005 <0.005 <0.005 AFS Italy Cicchella et al. (2010)

5 0.001 <0.02 <0.02 ICP-MS Estonia Bityukova et al. (2010)
93 0.02 0.47 0.47 ICP-MS Kuwait Al-Mudhaf et al. (2010)

18 <1.0 <1.0 <1.0 AAS Iran Mohebali et al. (2010)
42 0.1 0.47 0.5 HG-AAS Iran Hadiani et al. (2010)
502 0.0001 <0.005 <0.005 AFS Germany Birke. Rauch et al. (2010)
1247 0.0001 <0.005 <0.005 AFS 4EU Birke. Reimann et al. (2010)
174 < 0.00009 < 0.00009 0.00539 CV-AFS ¢ Italy Present study

10 countries, ® 15 countries, ¢ 7 countries, ¢40 countries, ©5 countries



Chemosphere 197 (2018) 306—317

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

journal homepage: www.elsevier.com/locate/chemosphere

Feedback mechanisms between snow and atmospheric mercury:
Results and observations from field campaigns on the Antarctic
plateau

Check for
updates

Andrea Spolaor **, Hélene Angot ™!, Marco Roman ?, Aurélien Dommergue °,
Claudio Scarchilli ¢, Massimiliano Varde ¢, Massimo Del Guasta 9, Xanthi Pedeli €,
Cristiano Varin €, Francesca Sprovieri f Olivier Magand b Michel Legrand b

Carlo Barbante * ¢, Warren R.L. Cairns

2 CNR-Institute for the Dynamics of Environmental Processes (IDPA), 30172, Venice-Mestre, Italy

b Univ. Grenoble Alpes, CNRS, IRD, Grenoble INP, Institut des Géosciences de I'Environnement (IGE), 38000, Grenoble, France

€ ENEA, C.R. Casaccia, 00123, Roma, Italy

d CNR-National Institute of Optics (INO), 50019, Sesto Fiorentino, Italy

€ Department of Environmental Sciences, Informatics and Statistics, University Ca’ Foscari of Venice, 30172, Venice -Mestre, Italy
f CNR-Institute of Atmospheric Pollution Research (IIA), Division of Rende, 87036, Rende, Italy
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e Three sampling summer campaigns
from 2013 to 2015.

e Daily and hourly mercury and halo-
gens concentration in surface snow.
e Inverse relationship between mer-

cury in snow and atmosphere.
e Fast decreasing rate after snow fall
events.
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surface snow mercury and atmospheric concentrations has been detected suggesting a mutual dynamic
exchange between these two environments.
Mercury concentrations were also compared with the Br concentrations in surface and deeper snow,

results suggest that Br could have an active role in Hg deposition, particularly when air masses are from

coastal areas.

This research presents new information on the presence of Hg in surface and deeper snow layers,
improving our understanding of atmospheric Hg deposition to the snow surface and the possible role of
re-emission on the atmospheric Hg concentration.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The Antarctic Plateau snowpack has been identified as a sink
and source of atmospheric mercury.

A pioneering study, conducted at Dome C in 2013, highlighted
the roles of photochemical reactions, the oxidative capacity of the
boundary layer, and the dynamics of chemical exchanges of Hg at
the air—snow interface (Angot et al., 2016c).

The Antarctic continent is considered a natural laboratory for
environmental studies. Its distance from the main anthropogenic
sources makes Antarctica one of the best locations for experiments
to understand chemical and physical processes, especially those
that define features of the biogeochemical cycles of anthropogen-
ically and naturally emitted elements. Antarctica is isolated by the
circumpolar vortex from the rest of the troposphere meaning that
only long lived contaminants such as Hg(0) can reach the plateau
(Dommergue et al., 2010). Understanding the role of Antarctica and
the Antarctic Plateau (AP) (altitude >2500m a.s.l.) in the global
mercury cycle is crucial since the Antarctic Plateau and its snow-
pack are considered both a sink and a source of atmospheric mer-
cury (Angot et al., 2016b).

Mercury (Hg) is an element with a known toxicity and it is
present in the environment in several different chemical forms.
Mercury is reactive in the environment and undergoes photo-
chemical reactions that change its speciation and chemical
behaviour.

Continuous measurements of atmospheric Hg in Antarctica are
scarce (Angot et al., 2016a). A few years ago, long-term atmospheric
Hg measurements started at the near-coastal Norwegian Station
Troll (TRS) (Pfaffhuber et al., 2012). In the framework of the Global
Mercury Observation System (GMOS) project (Sprovieri et al., 2016,
2017), Hg measurements in air and wet deposition were initiated in
2012, including in the 40 ground-based monitoring sites of this
network, the French coastal station Dumont D'Urville (DDU) (Angot
et al.,, 2016b) and at the Italo-French station Concordia at Dome C
(DC) on the Antarctic Plateau (Angot et al., 2016c¢).

On the Plateau, where the snowpack is perennial and very
distant from coastal influences; the local atmospheric conditions
are very different from those observed at coastal sites where most
of the measurements have been made up to now. Observations
already made on the Antarctic Plateau suggest that deposition of
mercury in the snowpack occurs in summer, resulting in levels of
total Hg in the surface snow of up to 200 of pg g~! (Han et al., 2014;
Angot et al., 2016¢). After the dark and more stable winter condi-
tions, Hg(0) concentrations on the Antarctic Plateau become highly
variable during the sunlit period due to photochemical processes.
Occasionally, and less intensively than at coastal sites, Atmospheric
Mercury Depletion Events (AMDEs) associated with coastal air
masses enriched in halogen radicals can be observed in the spring
(Angot et al., 2016¢). Spring increases in gas phase Br have been
detected at DC (Legrand et al., 2016b) suggesting that during this
period, emissions from sea ice might reach the Antarctic plateau

and interact with Hg. Mercury in the atmosphere is present in its
gaseous elemental form (Hg(0), GEM) or as particulate (Hg(p))/
gaseous (reactive gaseous mercury (RGM) or gaseous oxidized
mercury (GOM)) divalent mercury (Hg(Il)) that can undergo wet
and dry deposition (Schroeder et al., 1998).

Mercury in its oxidized form can be deposited onto the snow-
pack, altering Hg concentrations in the upper snow strata. Once
present in the snowpack, Hg is very labile, it can be reduced back to
Hg(0) and can undergo dynamic exchange with the atmosphere
above (Steffen et al., 2002). Photochemical reactions are important
in alterin