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Abstract
A first impression of the geochemistry and quality of European ground water was ob-
tained by using bottled mineral water as a sampling medium. In total, 1785 bottled 
waters were purchased from supermarkets of forty European countries, represent-
ing 1247 wells/drill holes/springs at 884 locations. All bottled waters were analysed 
for 72 parameters at the laboratories of the Federal Institute for Geosciences and 
Natural Resources (BGR) in Germany.
The European geochemical maps give a first impression of the natural variation in 
ground water at the continental scale.  The majority of European bottled waters are 
classified as of Ca-HCO3 type, because of the widespread carbonate lithologies, but 
there is considerable variation from Na-HCO3 type related to granitic rocks to Na-Cl 
type associated with deep saline brines.  Since, the dominating lithology in Hellas 
comprises limestone, dolomitic limestone, marble, and mafic-ultramafic rocks (ophi-
olites), the dominant major ions in Hellenic bottled waters are Ca2+, Mg2+, CO3

2- 
and HCO3-, and are, thus, classified in the Ca2+-Mg2+-HCO3- hydrochemical facies.  
The source aquifers of Hellenic bottled water are apparently continuously replen-
ished by fresh water.
Chromium, V and U are discussed, because of their importance in Hellenic ground 
water. In Europe, the former is clearly related to ophiolites, whereas V indicates the 
presence of recent volcanism and basaltic rocks, and U is associated with granitic 
intrusions and Bunter (central England) and Keuper (central Europe) sandstone of 
early and late Triassic, respectively.  It can, therefore, be concluded that geology is 
one of the key factors influencing the observed element concentrations for a signifi-
cant number of elements.
Keywords: Ground water geochemistry, bottled water, ionic ratios, hydrochemical 
classification, Europe, Hellas
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Περίληψη 
Στην Ευρώπη είναι κατεγραμμένες πάνω από 1.900 μάρκες εμφιαλωμένων «με-
ταλλικών νερών», η  προέλευση των οποίων είναι από υπόγειους υδροφορείς.  Η 
αγορά των εμφιαλωμένων νερών αναπτύσσεται με γοργούς ρυθμούς ως η κύρια 
παροχή πόσιμου νερού για το γενικό πληθυσμό σε μεγάλα τμήματα της Ευρω-
παϊκής ηπείρου.  Συνεπώς, θεωρήθηκε ότι η ανάλυσή τους μπορεί να αποτελέσει 
μιά φθηνή δυνατότητα, πρώτης προσέγγισης, της χημικής σύστασης των υπόγει-
ων υδάτων των Ευρωπαϊκών χωρών. Αναγκαία πληροφορήση που συμπληρώνει τα 
αποτελέσματα του Γεωχημικού Άτλαντα της Ευρώπης, ο οποίος περιλαμβάνει ίζη-
μα ρέματος, πλημμυρικό ίζημα, έδαφος (επιφανείας & βάθους) και ποτάμιο νερό   
[http://www.gtk.fi/publ/foregsatlas/]. Για τη μελέτη αυτή αγοράσθηκαν 1.785 εμφι-
αλωμένα νερά από όλες τις Ευρωπαϊκές χώρες, τα οποία αντιπροσωπεύουν 1.247 
πηγάδια / πηγές / γεωτρήσεις από 884 θέσεις.
Τα δείγματα των εμφιαλωμένων νερών αναλύθηκαν στο εργαστήριο του Ομοσπον-
διακού Ινστιτούτου Γεωεπιστημών και Φυσικών Πόρων της Γερμανίας για 72 χημι-
κά στοιχεία και παραμέτρους, ήτοι (i) με ICP-MS για Ag, Al, As, B, Ba, Be, Bi, Cd, 
Ca, Ce, Co, Cr, Cs, Cu, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, I, K, La, Li, Lu, Mg, Mn, 
Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, 
V, W, Y, Yb, Zn, Zr, (ii) με ICP-AES για Ba, Ca, K, Mg, Mn, Na, Sr, P, Si, (iii) με IC για 
Br-, Cl-, F-, NO2-, NO3-, SO4

2-, (iv) με AFS για Hg, (v) φωτομετρικά για NH4
+, (v) πο-

τενσιομετρικά το pH, (vi) με αγωγιμόμετρο η ηλεκτρική αγωγιμότητα (EC), και (vii) 
με τιτλοδότηση η ολική αλκαλικότητα (HCO3-).  Ακολουθήθηκε ένα πολύ αυστηρό 
πρόγραμμα ποιοτικού ελέγχου για να διασφαλισθεί η υψηλών προδιαγραφών αξι-
οπιστία των αποτελεσμάτων.
Πολλές διεργασίες επηρεάζουν το υδρογεωχημικό αποτύπωμα του υπόγειου νε-
ρού.  Σημαντικοί παράγοντες είναι η χημική σύσταση του βρόχινου νερού, το κλίμα, 
τα φυτά και οι διεργασίες που λαμβάνουν χώρα στους εδαφικούς ορίζοντες, οι αλ-
ληλεπιδράσεις ορυκτών-νερού, ο χρόνος παραμονής του νερού, η ορυκτολογία και 
η χημική σύσταση του υδροφορέα (και η ύπαρξη ρύπανσης).  Με βάση τα αποτε-
λέσματα που προέκυψαν φαίνεται, ότι η γεωλογία είναι ο βασικός παράγοντας που 
ελέγχει τη συγκέντρωση και τη γεωγραφική κατανομή των περισσότερων χημικών 
στοιχείων στα δείγματα του εμφιαλωμένου νερού, για παράδειγμα οι υψηλές τιμές 
(α) του Cr σχετίζονται σαφώς με οφιόλιθους, (β) του V υποδηλώνουν την παρουσία 
πρόσφατης ηφαιστειακής δραστηριότητας και βασαλτικά πετρώματα και (γ) του U 
σχετίζονται με γρανιτικές διεισδύσεις και ψαμμίτες στην κεντρική Αγγλία και την 
κεντρική Ευρώπη.  Ωστόσο, η γνώση της γεωλογίας και μόνο είναι ανεπαρκής για 
την πρόβλεψη της υδρογεωχημείας του εμφιαλωμένου νερού.
Μια βασική παρατήρηση, είναι ότι η φυσική μεταβολή της χημικής σύσταση των 
εμφιαλωμένων νερών είναι τεράστια, συνήθως κατά τρεις έως τέσσερεις και για 
ορισμένα στοιχεία έως και επτά τάξεις μεγέθους.  Αυτή η διακύμανση μπορεί να 
αντανακλά, μεταξύ άλλων παραγόντων, το χρόνο παραμονής του υπόγειου νερού 
στον υδροφορέα και την ανάμειξή του με βαθειά υφάλμυρα νερά.  Οι συγκεντρώ-
σεις ορισμένων στοιχείων στο εμφιαλωμένο νερό δεν είναι αντιπροσωπευτικές των 
τυπικών, γλυκών υπόγειων νερών μικρού βάθους, αλλά παρουσιάζουν ασυνήθιστα 
υψηλές τιμές, οι οποίες είναι χαρακτηριστικές των «μεταλλικών νερών» βαθέων 
υδροφορέων.  Παράδειγμα αποτελούν τα στοιχεία Β, Be, Br, Cs, F, Ge, Li, Rb, Te 
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και Zr. Ένα πολύ μικρό ποσοστό των αναλυμένων δειγμάτων των εμφιαλωμένων 
νερών (σε γενικές γραμμές <1%) παρουσιάζουν συγκεντρώσεις κάποιων χημικών 
στοιχείων που υπερβαίνουν τις μέγιστες επιτρεπόμενες τιμές για τα «μεταλλικά 
νερά», όπως καθορίζονται από τις Οδηγίες της Ευρωπαϊκής Επιτροπής. Έχει, επί-
σης, διαπιστωθεί ότι τα υλικά κατασκευής των φιαλών μπορεί να ασκούν κάποια 
επίδραση στη χημική σύσταση του εμφιαλωμένου νερού. Για παράδειγμα, η έκπλυ-
ση του Sb από το υλικό της πλαστικής φιάλης είναι τόσο μεγάλη, ώστε τα αποτελέ-
σματα των εμφιαλωμένων νερών δεν μπορούν να χρησιμοποιηθούν ως ένδειξη της 
φυσικής συγκέντρωσής του στα υπόγεια ύδατα.
Τέλος, ένα συμπέρασμα που προκύπτει από την εν λόγω μελέτη είναι ότι τα εμφι-
αλωμένα νερά μπορεί να χρησιμοποιηθούν για την απόκτηση μιάς πρώτης εικόνας 
της γεωχημείας των υπόγειων υδάτων της Ευρώπης. Ο Γεωχημικός Άτλαντας εί-
ναι διαθέσιμος από τον ιστότοπο: http://www.schweizerbart.de/publications/detail/
artno/001201002
Λέξεις κλειδιά: Γεωχημεία υπόγειων υδάτων, εμφιαλωμένα νερά, ιοντικοί λόγοι, 
υδροχημική ταξινόμηση, Ευρώπη, Ελλάδα.

1. Introduction
The EuroGeoSurveys Geochemistry Ex-
pert Group is dedicated to provide high 
quality databases on the geochemistry 
of earth materials with which humans 
are in direct contact with to decision 
makers, geoscientists, researchers and 
the public alike.
The Geochemical Atlas of Europe pro-
vided the first harmonised pan-Europe-
an multi-determinand databases on re-
sidual soil (top- and sub-soil), humus, 
stream and floodplain sediments, and 
stream water (Salminen et al., 2005, De 
Vos et al., 2006). Ground water, although 
very important was, however, missing 
from this database. The main reason is 
that to collect systematically representa-
tive ground water samples at the Euro-
pean scale is not an easy task, and may 
be prohibitively expensive if performed 
at a high sample density.
It was against this background that the 
EuroGeoSurveys Geochemistry Expert 
Group put forward a novel idea that 
“ground water” samples can be readily 
bought from supermarkets throughout 
Europe as bottled mineral water, and 

used as a first proxy for ground water 
geochemistry and quality at the Europe-
an scale.  Though the idea was met with 
some scepticism to begin with, it was fi-
nally decided that it was worth testing, 
because it provided a cost-effective ap-
proach.  The results of this project are 
presented in a geochemical atlas (Rei-
mann and Birke, 2010), and in a special 
issue of the Journal of Geochemical Ex-
ploration (Birke et al., 2010a), as well as 
in other publications (Birke et al., 2010b, 
Reimann et al., 2010a, b; De Vivo et al., 
2010; Lima et al., 2010 – see below). 
Hellas is a country with a diverse geol-
ogy and climate. There are areas bless-
ed with water and others that are not 
(Kanellopoulou, 2002; Maheras, 2004; 
Mimikou, 2005; Hatzianastassiou, 2008; 
Livada, 2008). Climatic change is, in 
fact, affecting Hellas to a variable de-
gree. This has been observed quite ev-
idently in the bottled water industry, 
where natural spring water is used for 
bottling. Up to now two bottling compa-
nies have closed down, the first in Thra-
ce in north-east Hellas, and the second 
in south Peloponnese.  
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The reason in both cases was the re-
duced capacity of the natural spring.  It 
is here very relevant to quote Benjamin 
Franklin (1706-1790) “We will only know 
the worth of water when the well is dry”. 
However, ground water resources are 
still available in areas of Hellas with a 
comparatively high rainfall, especially 
in western part of Hellas, and western 
and central Crete (>1800 mm; Vassilia-
des, 2010). Hence, because of the in-
crease demand for bottled water, new 
companies have started operations in 
these areas.
The length of the Hellenic coastline is 
13,780 km, and most of it is due to the 
6,000 islands and islets.  Many of the 
inhabited islands do not have good 
quality potable water supply, and the 
islanders rely on bottled water for drink-
ing and cooking, e.g., Aegina, some of 
the Cyclades and Dodecanese Islands, 
Zakinthos, an Ionian Sea island, etc.  
There are also some areas on main-
land Hellas that resort to bottled wa-
ter, because of the poor quality of their 
ground water resources, e.g., Argholid-
ha (north-east Peloponnese) and Thes-
saly (eastern central Hellas), because 
of high nitrates, and some parts of Elia 
Prefecture (north-west Peloponnese) 
due to elevated concentrations of iron 
and manganese.  
The consumption of bottled water in 
Hellas was 380 million litres in 1998, it 
reached 627 million litres in 2003, and 
in 2005 was up to 1 billion litres.  It ap-
pears that the consumption of bottled 
water increases by about 10-12% per 
year. On average, the consumption 
was 45 litres/person in 1998 and by 
2009 it reached over 100 litres/person.  
The greatest consumption is, of course, 
during the summer period with the in-
flux of hundreds of thousands of tour-
ists.

To set up a bottled water industry a 
permit is required from the Health De-
partment of the Prefecture for table wa-
ter, whereas for mineral water from the 
Ministry of Health. Hence, the difficulty 
of finding out all bottled water brands 
available on the Hellenic market, since 
some of them are very local. The Min-
eral Water Organisation lists 31 Hellen-
ic brands (http://www.mineralwaters.
org/). Whereas, in accordance with Ar-
ticle 1 of Directive 2009/54/EC of the 
European Parliament and of the Coun-
cil of 18 June 2009 on “the exploitation 
and marketing of natural mineral wa-
ters” (EU, 2009), there are only 38 natu-
ral mineral waters recognised officially 
by Hellas (Tab. 1). Nevertheless, there 
are more brands on the market, and a 
conservative estimate is about 65 bot-
tled water companies are operating in 
different parts of the country.  
It is stressed at the outset that it was nev-
er the intention of this project to assess 
the quality of bottled water, since for such 
an assessment many more parameters 
should have been analysed, and specifi-
cally organic compounds and microbio-
logical components (refer to Fotiou and 
Kolovos, 2004). Also, a separation of Nat-
ural Mineral Water from Natural Bottled 
Drinking Water (often called Table Water) 
should have been made, because each 
has to comply with a different legislation, 
i.e., EU Directive 2003/40/EC (EU 2003) 
and EU Directive 1998/83/EC (EU 1998), 
respectively. However, since readers 
may be interested in the quality of Hel-
lenic bottled water, it can be safely stated 
that the concentrations of determined in-
organic parameters are below the recom-
mended statutory guideline values. The 
analytical data of this study are included 
on the CD-rom accompanying the atlas 
of the “Geochemistry of European Bot-
tled Water” (Reimann and Birke, 2010).
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2. Geotronic Zones of Hellas
The lithology of Hellas is comprised from 
sediments and igneous rocks of Tethys 
that are grouped into geotectonic zones, 
consisting of rocks which have a simi-
lar development, and representing a 
unified geomorphological entity (Fig. 1); 
the Tethyan mafic-ultramafic ophiolitic 
rocks, and other intrusive-extrusive igne-
ous rocks, as well as the Upper Tertiary 
intermontane molasse deposits are pre-
sented as different entities on the map. 
The Rhodope Massif is an exception, 
because it did exist before the opening 

of the Tethys Sea, and palaeogeograph-
ically belongs to the European craton. 
Almost all geotectonic zones end with 
flysch, which consists of a rhythmic se-
quence of sandstone, marl, clay, and 
more rarely conglomerate or limestone. 
The general features of the geotectonic 
zones of Hellas are concisely described 
in Tab. 2, together with the bottled water 
samples falling in each zone, and Fig. 
1 shows their geographical distribution 
and location of bottled water industries 
of Tab. 1. Tertiary and Recent sediments 
are not presented on Fig. 1.

Tab. 1. Hellenic bottled waters analysed in this study. The star (*) denotes natural bottled mineral water listed in  
Directive 2009/54/EC (EU, 2009). The others are classified as Table water. In brackets are given bottled waters 
from the same location, but marketed under a different brand name (see Fig. 1 for their location)
Πίν. 1. Ελληνικά εμφιαλωμένα νερά που αναλύθηκαν σε αυτή τη μελέτη. Ο αστερίσκος (*) υποδηλώνει 
φυσικό εμφιαλωμένο μεταλλικό νερό σύμφωνα με την Οδηγία 2009/54/ΕΚ (ΕΕ, 2009).Τα υπόλοιπα 
αναφέρονται ως Επιτραπέζια νερά. Σε παρένθεση δίνονται τα εμφιαλωμένα νερά από την ίδια θέση τα 
οποία διατίθενται στο εμπόριο με διαφορετική εμπορική ονομασία (βλ. Εικ. 1 για τη θέση τους)
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3. Materials and Methods
3.1. Sampling
Instructions were sent to all members 
of the EuroGeoSurveys Geochemistry 
Expert Group, as well as to friends and 
colleagues travelling to European coun-
tries, to purchase from supermarkets 
as many different bottled mineral water 
brands as possible.  In case the same 
bottled water was available with and 
without gas, both varieties were pur-
chased.  If bottled water was marketed 
in different bottle types (e.g., glass and 
PET), or in bottles of different colour all 
varieties were bought whenever possi-

ble. The sampling period started in No-
vember 2007 and ended in April 2008.  
The total number of bottles purchased 
in Europe, and subsequently analysed, 
was 1785 from 884 locations. Where-
as, in Hellas a total of 61 still bottled wa-
ters were purchased from supermarkets, 
representing 41 different locations (Tabs 
1 and 2, Fig. 1); 57 bottled waters were 
in soft polyethylene terephthalate (PET) 
and four in clear glass bottles; eight PET 
bottles were duplicates, purchased from 
different Hellenic supermarkets, and an-
other eight were from the same location, 
but marketed under a different brand 

Fig. 1. Geotectonic zones of Hellas and the approximate sites of bottled water installations (geotecton-
ic zones modified from Bornovas and Rondogianni-Tsiambaou, 1983. Layers digitised by E. Vassiliades,  
Institute of Geology and Mineral Exploration, Division of Geochemistry and Environment).
Εικ. 1. Γεωτεκτονικές ζώνες της Ελλάδας και οι θέσεις, κατά προσέγγιση,  των εγκαταστάσεων του 
εμφιαλωμένου νερού (οι γεωτεκτονικές ζώνες όπως τροποποιήθηκαν από τους Bornovas and Rondogianni-
Tsiambaou, 1983. Η ψηφιοποίηση των στρωμάτων έγινε από τον Vassiliades E., 2010, Ινστιτούτο Γεωλογικών 
και Μεταλλευτικών Ερευνών, Διεύθυνση Γεωχημείας και Περιβάλλοντος).
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name. Apart from the duplicate bottles 
that were used for quality control pur-
poses, three different brands of water for 
injection were purchased, and used as 
blanks.  
All bottled water samples were sent to 
the Federal Institute for Geosciences 
and Natural Resources (BGR) in Germa-
ny, where they were kept refrigerated un-
til their analysis. Before shipping, the an-
alytical results recorded on bottle labels 
were transferred to an Excel worksheet 
together with other pertinent information.

3.2. Analysis
The bottled water samples were analysed 

at the chemical laboratory of the Federal 
Institute for Geosciences and Natural Re-
sources (BGR) in Berlin. Details of sam-
ple preparation and the extensive analyti-
cal programme are reported by Reimann 
and Birke (2010) and Birke et al. (2010b).  
Thus, only an outline of the analytical meth-
ods employed is provided below:

• Inductively coupled plasma atomic 
quadrupole mass spectrometry (ICP-
QMS): Ag, Al, As, B, Ba, Be, Bi, Cd, Ca, 
Ce, Co, Cr, Cs, Cu, Er, Eu, Fe, Ga, Gd, 
Ge, Hf, Hg, Ho, I, K, La, Li, Lu, Mg, Mn, 
Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, 
Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, 
Tm, U, V, W, Y, Yb, Zn, Zr;
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Tab. 2. Geotectonic zones of Hellas, their major lithology and mineralisation.  The bottled water samples 
are placed in the relevant geotectonic zones.  The formations begin from bottom to top, and the geotec-
tonic zones are described from west to east (see Fig. 1)
Πίν. 2. Γεωτεκτονικές ζώνες της Ελλάδας με βάση τη λιθολογία και την ορυκτολογική τους σύσταση. 
Τα δείγματα εμφιαλωμένου νερού τοποθετούνται στις σχετικές γεωτεκτονικές ζώνες. Οι σχηματισμοί 
ξεκινούν από κάτω προς τα πάνω, και οι γεωτεκτονικές ζώνες περιγράφονται από τα δυτικά προς τα 
ανατολικά (βλ. Εικ. 1).

• Inductively coupled plasma atomic 
emission spectrometry (ICP-AES):  Ba, 
Ca, K, Mg, Mn, Na, Sr, P, Si;

• Ion Chromatography (IC):  Br-, Cl-, F-, 
NO2

-, NO3-, SO4
2-;

• Atomic fluorescence spectroscopy 
(AFS):  Hg;

• Titration:  total alkalinity - HCO3-; 
• Photometric:  NH4

+;
• Potentiometric: pH, and  
• Conductometric: Electrical Conductiv-

ity (EC).

3.2.1. Detection limit
The instrument detection limit (IDL) was 
estimated at 3 times the standard devi-

ation of sample blank determinations.  
The reported detection limit (RDL) was 
calculated at 10 times the standard de-
viation of sample blanks.  The conserva-
tive RDL was used as the cut-off value for 
all statistical graphics and tables, as well 
as for producing the distribution maps 
(Tab. 3). The duplicate analyses were 
also used to estimate the practical de-
tection limit and precision (see Reimann 
and Birke, 2010; Birke et al., 2010b).

3.2.2. Quality control
A very strict quality control programme 
was installed and reported by Reimann 
and Birke (2010) and Birke et al. (2010b).  
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Below a concise outline is given:
(1) Analysis of international reference 

samples to document the true-
ness of analytical results, i.e., the riv-
er water reference material SLRS-
4 from the National Research 
Council Canada, and the low level 
fortified standards for trace elements  
TM-26.3, TM-27.2, TM-28.2 and TM-
28.3 from the National Water Research 
Institu-te of Canada;

(2) Frequent analysis of an in-house pro-
ject  standard (MinWas) to check the 
accuracy of determined parameters;

(3) Frequent analysis of blank samples to 
detect any contamination issues, and 
to derive reliable detection limits;

(4) Frequent analysis of sample dupli-
cates to determine precision of meas-
urements;

(5) Comparison of analytical results of this 
study with those recorded on bottle la-
bels;

(6) Determination of a few parameters 

by two methods (Ba, Ca, K, Mg, Mn, 
Na, Sr) by ICP-QMS and ICP-AES, 
and Hg by ICP-QMS and AFS, and

(7) Buying a new bottle and re-analys-
ing the bottled water with unusually 
high results for important parameters 
whenever possible.

A general problem of analysing so many 
elements, as in this study, is that there 
are no suitable reference materials to 
cover all elements, e.g., Hg, Ho, I, Lu, 
Nb, Nd, Pr, Sc, Sm, Ta, Tb, Te, Th, Tm, 
W, Y, Yb and Zr.
The Canadian standards (SLRS-4, TM-
26.3, TM-27.2, TM-28.2 and TM-28.3) 
have the advantage of covering different 
concentration ranges for a number of el-
ements, and were used to identify ele-
ments that presented problems at low 
concentrations (e.g., Hf, Nb, Sn, Ta and 
W), but delivered reliable results at high-
er values (i.e., over ten times the detec-
tion limit).
Overall, certified values, and the gener-

Tab. 3. General statistics of European and Hellenic bottled water results, reported detection limit (RDL) 
and precision at the 95% confidence level (P95%).  Superscript notation:  (a) depends on total dissolved 
solids; (b) insufficient values above detection limit to estimate reliably the precision; other notation: EC – 
electrical conductivity, tAlk – total alkalinity, TDS – total dissolved solids.
Πίν. 3. Γενικά στατιστικά στοιχεία της των Ευρωπαϊκών και Ελληνικών αποτελεασμάτων εμφιαλωμένου 
νερού τα οποία ανέφερουν όριο ανίχνευσης (RDL) και ακρίβεια 95% του δείκτη αξιοπιστίας (P95%). 
Εκθετική σημείωση: (α) εξάρτηση από τα συνολικά διαλυμένα στερεά (β) ανεπαρκή τιμές πάνω από το 
όριο ανίχνευσης για να εκτιμηθεί αξιόπιστα η ακρίβεια. Άλλη σημείωση: EC – ηλεκτρική αγωγιμότητα, 
tALK –  ολική αλκαλικότητα, TDS – συνολικά διαλυμένα στερεά. 
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ated project results, are well in agree-
ment for most elements. Since, there 
exist a number of elements that are not 
covered by any standards, this draw-
back was covered by evaluating reliabil-
ity of results with respect to blank values 
and coefficient of variation.

3.3. Influence of bottle materials  
and carbonatisation
3.3.1. Bottle material leaching
Many studies have demonstrated that 
water samples can be severely contami-
nated by the material of storage bottles 
(Lloyd and Heathcote, 1985; Hall, 1998; 
Reimann et al., 2007), and often extreme 
cleansing procedures are suggested 
for sample bottles (Ross, 1984), and/or 
the use of very expensive special plastic 
bottles is strongly recommended for wa-
ter sampling for ultra-trace element anal-
ysis.  For bottled water, a large variety 
of different containers are on the market 
(e.g., glass, hard PET, soft PET, alumin-
ium cans, tetrapacs).  Bottle materials 
have in addition different colours (clear, 
light and dark green, blue and brown 
are the most common colours).  It must, 

thus, be expected that each bottle type 
will have different properties and leach-
ing characteristics, and will influence the 
stored water quality in some way. There 
is considerable documentation that due 
to the low concentrations of most ele-
ments in natural water, water sampling 
and analysis are required to be per-
formed with great care in order to avoid 
contamination of water samples during 
sampling, storage, or analysis (Nriagu et 
al., 1993).
Glass bottles are known to leach Pb 
and Zr to the stored water (Misund et 
al., 1999). More recently, Shotyk et al. 
(2006), Shotyk and Krachler (2007a, b), 
Westerhoff et al. (2008), Keresztes et al. 
(2009) and Krachler and Shotyk (2009) 
have demonstrated that leaching of ele-
ments from bottle materials to stored wa-
ter does clearly occur. For example, with 
respect to PET bottles Sb was identified 
as the main problematic element, where-
as for glass leaching Pb (and some ad-
ditional elements, see below) has been 
shown to be considerable in relation to 
natural concentrations of these elements 
in bottled water (Fig. 2).

Fig. 2. Boxplot comparison of the same 131 mineral water brands sold in both glass and PET bot-
tles. Leaching of Pb from glass and of Sb from PET is clearly indicated. Analytical results in μg/L  
(from Reimann and Birke, 2010, Fig. 22, p.48).
Εικ. 2. Διαγράμματα σύγκρισης των ίδιων 131 αντιπροσωπειών  μεταλλικών νερών που πωλούνται σε 
γυάλινα και πλαστικά. Εμφανώς αναφέρεται η έκπλυση του Pb από το γυαλί και του Sb από το πλαστικό. 
Αναλυτικά αποτελέσματα σε μg/L (Reimann και Birke, 2010, εικ. 22., σ.48).
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Because it was practically impossible to 
buy only water in a certain bottle mate-
rial and colour, it was necessary to test 
the influence of different bottle mate-
rials and colours on element concen-
trations observed in stored water (Rei-
mann and Birke, 2010; Reimann et al., 
2010a;2010b). The leaching test was 
carried out on 126 bottles filled with high 
purity water (18.2 MegaΩ/cm), and ele-
ment concentrations were measured af-
ter 1, 2, 3, 4, 5, 15, 30, 56, 80 and 150 
days. The leaching tests were performed 
at two different pH values (3.5 and 6.5), 
and results were directly compared to 
actual element concentrations in bottled 
water.  The bottle leaching results are 
summarised below:
• In relation to natural variation observed 

for the various elements in bottled wa-
ter, leaching from bottle materials to 
stored water is a minor problem at a 
pH of 6.5.  At a pH of 3.5 it becomes, 
however, a serious problem for quite 
a number of elements (e.g., glass bot-
tles:  Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, 
Co, Cr, Cs, Cu, Ga, Hf, I, K, La, Li, Mg, 
Mn, Mo, Na, Nb, Ni, Pb, Rb, Sb, Se, 
Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Zn; 
soft PET:  Ag, Dy, Er, Fe, Gd, Ge, Ho, 
Lu, Nd, Pr, Sm, Tb, Tm, V, Y, Yb, Zr) 
(Reimann et al., 2010a)

• PET bottles contaminate the water with 
Sb to an extent where all measured 
values cannot any longer be used to 
investigate natural Sb concentration 
in the water.

• Glass bottles contaminate stored wa-
ter with a considerably longer list of 
elements:  Ce, Pb, Al, Zr, Ti, Hf, Th, 
La, Pr, Fe, Zn, Nd, Sn, Cr, Tb, Ag, Er, 
Gd, Bi, Sm, Y, Lu, Yb, Tm, Nb and Cu; 
some glass bottles also leach Sb.

• Green glass bottles leach more Cr (Fe, 
Zr) to stored water than clear glass 
bottles and, in general, dark coloured 

bottles (brown, green, blue, inde-
pendent of material) leach more than 
clear bottles.

For the purposes of the published ge-
ochemical atlas (Reimann and Birke, 
2010), the following conclusions were 
reached: 
(1) Bottled water cannot be used to es-

tablish the natural concentration 
range and variation of Sb, since re-
sults from PET bottles were preferen-
tially used for mapping.

(2) Ce, Cr, Pb and Al concentrations ob-
served in bottled water can be seri-
ously influenced by glass bottles.

(3) The majority of elements can be 
used to produce geochemical maps 
that are not seriously influenced by 
contamination from bottle materials.

3.3.2. Carbonatisation effects
Naturally carbonated waters do occur, 
but carbon dioxide is also added arti-
ficially to many still waters to obtain a 
sparkling “mineral water” variety. The 
content of most solutes in water should 
not be affected.  However, for geochem-
ical mapping, it was important to check 
the magnitude of any effects on the ob-
served water chemistry for all param-
eters determined, because for com-
pleteness of coverage results of still and 
carbonated water were combined at 
sites where still water samples were not 
available.
The major effects of adding CO2 to bot-
tled water is on pH and alkalinity.  In to-
tal, 131 samples were obtained, where 
the same water was sold in a still and 
in a sparkling variant (Reimann and 
Birke, 2010). This subset of samples al-
lowed the direct comparison of analyti-
cal results. The pH of carbonated bot-
tled water is considerably lower than its 
corresponding still water (Fig. 3). The 
leaching tests have shown that a lower 
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pH will increase leaching of elements 
from the bottle material to the stored wa-
ter (Reimann et al., 2010a). 
A difference of 2 pH units in the median 
of still and carbonated water is indeed 
substantial.
Phosphorus shows a much lower medi-
an in still than carbonated water, which 
is an unexpected result. The only two el-
ements that otherwise indicate higher 
concentrations in carbonated water are 
Pb and Th (Reimann and Birke, 2010; 
Reimann et al., 2010a).
Both elements had been identified as 
problematic in relation to leaching from 
glass bottles, and most carbonated wa-
ters are sold in glass bottles. No other el-
ement is in fact affected. It was conclud-
ed that the pH of carbonated water may 
not be low enough to substantially in-
crease leaching from the bottle material.  
However, whenever possible, still water 
was preferred over carbonated water for 
plotting geochemical maps.

3.4. Data preparation and treatment
Since, in many cases, several brands of 
bottled water come from the same lo-
cality, it was decided to reduce the data 
set to “one bottle per site” for presenta-
tion in the geochemical atlas (Reimann 
and Birke, 2010). European Union regu-
lations require that a bona fi de mineral 
water must have a single well dedicat-
ed to a given brand. Thus, at many min-
eral water bottling plants, it is common 
practice to have several wells, each one 
dedicated to a specific “brand” name. 
There will often be some real and signif-
icant hydrochemical variation between 
these different “brand” wells, even at a 
single site.  Hence, by reducing the data 
set from 1247 to 884 samples, i.e., “one 
bottle per site”, some degree of actu-
al within site hydrochemical variation is 
discarded.
Due to the results of the bottle leaching 
test (Reimann and Birke, 2010; Reimann 
et al., 2010a, b), and the comparison be-

Fig. 3. Boxplot comparison of pH and Sb concentration in carbonated (C) and still (S) waters, for the 
same 131 pairs of bottled mineral water that are marketed both in still and carbonated variants. While pH is 
strongly affected, an effect on the Sb concentration is hardly discernible and statistically insignificant.  Ana-
lytical results of Sb in μg/L, and pH in units (from Reimann and Birke, 2010, Fig. 24, p.50).
Εικ. 3. Διαγράμματα σύγκρισης  του pH και της συγκέντρωσης Sb σε ανθρακούχα (C) και φυσικά (S) 
νερά, για τα ίδια 131 ζεύγη εμφιαλωμένων μεταλλικών νερών που διατίθενται στο εμπόριο σε φυσικές 
να ανθρακούχες ποικιλίες. Ενώ το ρΗ επηρεάζεται σε μεγάλο βαθμό, μια επίδραση στη συγκέντρωση 
Sb είναι δυσδιάκριτη και στατιστικά ασήμαντη. Αναλυτικά αποτελέσματα του Sb σε μg/L, και του ρΗ σε 
μονάδες (Reimann και Birke, 2010, Εικ. 24., σελ.50).
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tween carbonated and non-carbonated 
water, a list of priorities was established 
for which bottle to choose as being rep-
resentative for a site:
(1) non-carbonated (still water) was pre-

ferred over carbonated water;
(2) clear PET-bottles were preferred 

against all other bottle materials and 
colours, and

(3) samples sold in glass bottles were 
only left in the data set when no other 
bottle type was available.

The above procedure resulted in a final 
data set containing 884 samples that 
was used for the extraction of statistical 
parameters, and construction of graphs, 
plots and distribution maps (Reimann 
and Birke, 2010). Values below detec-
tion limit were set to half the detection 
limit for all graphics, including distribu-
tion maps and statistical calculations.  
Exploratory data analysis techniques 
were used for statistical analysis (Tukey, 
1977). All graphics and statistical calcu-
lations were prepared in R (Reimann et 
al., 2008; CRAN, 2012). Analytical results 
expressed in mg/L (or μg/L) are com-
positional data (Aitchison, 1986; 2003), 
and the calculation of mean or standard 
deviation does not make sense for such 
data (Filzmoser et al., 2009).
Mapping ground water geochemical 
data is plagued by many problems. The 
distribution of sample locations is usu-
ally very uneven, with large gaps on the 
maps where no samples could be taken 
– this is an undesirable situation in terms 
of obtaining a good impression of the re-
gional distribution of investigated param-
eters (Reimann, 2005). It is, for example, 
not possible to produce smoothed col-
our surface maps from such data sets; 
even to plot readable point source maps 
is a challenge.  Because the distribution 
of anomalously “high” values in Europe 
is probably the most interesting aspect 

of the published geochemical atlas (Re-
imann and Birke, 2010), the ‘variable-
size dot’ or ‘growing dot’ technique, as 
originally suggested by Bjørklund and 
Gustavsson (1987), was used for pro-
ducing all distribution maps. The tech-
nique, together with its advantages and 
disadvantages, is discussed in detail by 
Reimann et al. (2008). The variable-size 
dots grow exponentially according to el-
ement concentration between the 15th 
and 99th percentile (Gustavsson et al., 
1997; Reimann et al., 2008).

4. Results
4.2. European results
The results of European ground water 
geochemistry (Tab. 3), using bottled wa-
ter as a sampling medium, are described 
in the published geochemical atlas (Rei-
mann and Birke, 2010), in a special is-
sue of the Journal of Exploration Geo-
chemistry (Birke et al., 2010a), and other 
publications (Birke et al., 2010b, c, d; Bi-
tyukova and Petersell, 2010; Bodiš et al., 
2010; Brenčič and Vreča, 2010; Brenčič 
et al., 2010; Cicchella et al., 2010; Dem-
etriades, 2010a, b; 2012, De Vivo et al., 
2010; Dinelli et al., 2010; Dotsika et al., 
2010; Frengstad et al., 2010; Fugedi et 
al., 2010; Lourenço et al., 2010; Lima et 
al., 2010; Peh et al., 2010; Reimann et 
al., 2010a, b; Petrović et al., 2010, 2011, 
2012). Here, only some key results are 
presented in relation to Hellenic ground 
water geochemistry (Demetriades, 
2010a).

4.3. Hellenic results
4.3.1. General geochemistry of 
source aquifers of Hellenic bottled 
water
The general statistics of parameters de-
termined on Hellenic bottled water sam-
ples (n=41) are tabulated in Tab. 3 to-
gether with the corresponding European 
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ones. Overall, most parameters vary by 
up to four orders of magnitude, and a 
few up to five.
The pH of Hellenic bottled water sam-
ples varies from 7.08 to 9.2, with a me-
dian of 7.9. Hence, bottled water ranges 
from near-neutral to moderately alkaline.
Total dissolved solids (TDS) in bottled 
water vary from 113 to 570 mg/L, with 
a median of 285 mg/L. Thus, Hellenic 
bottled waters belong to the low (50-250 
mg/L) to moderate (250-800 mg/L) min-
eral content waters. Since, bottled water 
with TDS<570 mg/L is classified as fresh 
water, according to Hem (1970), and it 
may be assumed that the residence time 
of ground water, and distance travelled, 
are comparatively short.
Electrical conductivity (EC) varies from 
177 to 891 μS/cm, with a median of 434 
μS/cm. These values are within the nor-
mal range for ground water, and bot-
tled waters are, thus, classified as light 
(<400 μS/cm) to moderately heavy 
(<900 μS/cm).
Total hardness varies from 95.3 to 
411 mg/L, with a median of 285 mg/L.  
Hence, the Hellenic bottled waters, ac-
cording to Hem (1970), belong to the 
moderately hard (61-120 mg/L) to the 
very hard (>180 mg/L) varieties. This 
is understandable because of the wide-
spread occurrence of limestone, marble 
and dolomite (Tab. 2).
Total alkalinity varies from 112 to 472 
mg HCO3-/L, with a median of 235 mg 
HCO3-/L. The comparatively low alkalini-
ty probably reflects the hydrochemicallly 
immature nature of bottled water sourc-
es, and also shallow aquifers.
Concentration ratios, expressed in 
meq/L, of a certain ion in relation to an-
other take values that are related to (a) 
the aquifer host rocks, or (b) the rocks 
through which the water passes, or (c) 
the degree of replenishment of ground 

water, or (d) its mixing with sea water, 
etc. (Mandel and Shiftan 1981, Kallerghis 
2000, Soulios 2006). Below are present-
ed various ionic relationships (Notation: 
after the bottled water brand name and 
the separation hyphen, the sample num-
ber is given, and in brackets the value of 
the ratio).
(a) Mg2+/Ca2+ ratios denote that the 

source water of bottled water is de-
rived from Mg rich rocks or calcium 
carbonate lithologies:-
➢ Mg2+/Ca2+ >0.9 – aquifers with sili-

cate rich rocks rich in Mg; aquifers 
associated with ophiolite forma-
tions usually have Mg/Ca >1.0: 
Loutraki Karadanis Provis-28 
(39.0), Loutraki Hydria-27 (38.7), 
Samarina-9 (12.9), Loutraki Ivi-
29 (12.8), Iris Loutraki-30 (12.1), 
Loutraki-26 (11.9), Drossia-49 
(6.41), Aqua Vita-7 (5.71), and Hy-
dor Sourotis-31 (1.96); all of these 
bottled waters are associated with 
mafic-ultramafic rocks, or ophi-
olitic detritus in sediments.

➢ Mg2+/Ca2+ = 0.7-0.9 – aquifers 
in dolomitic rocks: Drosoula-10 
(0.81), Zaro’s-17 (0.8), Sama-
ria-14 (0.79), Rizitiko-18 (0.77), 
Gortys-16 (0.77), and Rouva’s-13 
(0.73);

➢ Mg2+/Ca2+ = 0.5-0.7 – aquifers in 
limestone or carbonate litholo-
gies:  Mythical-12 (0.69), and Ioli-
4 (0.59).

The Mg2+/Ca2+ ratio distribution map 
shows that the above relationships do 
hold (Fig. 4). 
(b) Na+/Cl- ratios are associated with 

salinisation and generally sea water 
intrusion, or with aquifers in which 
there are remnants of marine salts, or 
ground water passing through rocks 
containing evaporitic salts:-
➢ Na+/Cl- >1.0 – aquifers in alkaline 
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Fig. 4. Distribution of Mg2+/Ca2+ ratios in Hellenic bottled water samples (see also Fig. 1 and Tab. 1 for 
sample location numbers and brand names, respectively).
Εικ. 4. Κατανομή των αναλογιών Mg2 +/Ca2 + αναλογίες σε Ελληνικά εμφιαλωμένα δείγματα νερού (βλ. 
επίσης Εικ. 1 και  Πίν. 1 για τη θέση του δείγματος και την επωνυμία, αντίστοιχα).

or metamorphic rocks, exchange 
of Ca2+ and Mg2+ by Na+, and also 
aquifers in flysch or water perco-
lating through flysch, which is en-
riched in Na+: Beles-46 (3.82), 
Klinos-47 (2.04), Hyas-45 (1.85), 
Velouhi-36 (1.82), Aqua Vita-7 
(1.76), Drosoula-10 (1.74), Vitsi-48 
(1.63), Avra-6 (1.61), Zefiros-40 
(1.45), Seli-37 (1.42), Tzoumer-
ka-35 (1.41), Ioli-4 (1.36), Pigi Pai-
kou-38 (1.35), Pindos-8 (1.25), Hy-
dor Sourotis-31 (1.22), Κrinos-39 
(1.11), Evdoro-34 (1.09), Athos-33 

(1.08), and Samarina-9 (1.0);
➢ Na+/Cl- = 0.876±10% (i.e., 0.78-

0.96) – normal ground water:  
Kimi-21 (0.9), Gortys-16 (0.88), 
Drossia-49 (0.86), Mythical-12 
(0.84), Dikti-20 (0.82), Rouva’s-13 
(0.81), Samaria-14 (0.81), Kor-
pi-3 (0.81), Zagori-2 (0.8), Nera 
Kritis-11 (0.79); Krini-19 (0.79), 
Zaro’s-17 (0.78), and Rizitiko-18 
(0.78);

➢ Na+/Cl- <0.78 – denotes probable 
pollution of the aquifer by sea wa-
ter intrusion or dissolution of rem-
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nant salts within the sedimenta-
ry formations; the latter holds in 
this case, since isotopic studies of 
bottled water did not indicate any 
sea water intrusion in the bottled 
water source aquifers (E. Dotsika, 
person. commun., 2010):  Lout-
raki Hydria-27 (0.74), Lyttos-15 
(0.73), Sariza-5 (0.73), Iris Lout-
raki-30 (0.73), Loutraki Karadanis 
Provis-28 (0.7), Loutraki-26 (0.65), 
Loutraki Ivi-29 (0.65), Vikos-1 
(0.63), and Eviva-22 (0.44).

(c) Na+/K+ ratios are related to whether 
the source water is affected by sea or 
rain water, or is derived from an area 
of ground water recharge:-
➢ Na+/K+ = 50-70 – bottled water 

source at the down dip of the aq-
uifer due to adsorption of Na: Nera 
Kritis-11 (59.1), Samaria-14 (57), 
Zaro’s-17 (57), and Rizitiko-18 
(57);

➢ Na+/K+ ≈47 – sea water: Sariza-5 
(47); in this case the source wa-
ter is associated with mica-schist, 
which is known to have elevated 
concentrations of Cl, Na and K;

➢ Na+/K+ = 15-25 – bottled water 
source in an area of ground wa-
ter recharge: Hydor Sourotis-31 
(25.8), Gortys-16 (25.8), Sama-
rina-9 (23.8), Evdoro-34 (19.7), 
Aqua Vita-7 (18), Ioli-4 (17.6), Kor-
pi-3 (16.7), Drossia-49 (16.2), and 
Velouhi-36 (14.5);

➢ Na+/K+ = <10 – rain water: Seli-
37 (9.64), Drosoula-10 (8.84), 
Beles-46 (8.79), Zagori-2 (8.5), 
Eviva-22 (7.82), Tzoumerka-35 
(5.67), Pigi Paikou-38 (5.1), Klin-
os-47 (4.54), and Hyas-45 (2.48); 
these bottled waters are situated 
in areas with a comparatively high 
annual rainfall. 

(d) Cl-/SO4
2- ratios are associated with 

salinisation and occurrence of resid-
ual salts in the aquifers:-
➢ Cl-/SO4

2- = 5-10 – chloride rich wa-
ter: Loutraki Ivi-29 (9.89), Loutraki 
Karadanis Provis-28 (7.03), Lout-
raki Hydria-27 (7.01), Loutraki-26 
(6.97), Iris Loutraki-30 (6.95), and 
Sariza-5 (5.13);

➢ Cl-/SO4
2- = 1-5 – water rich in chlo-

ride and sulphate: Eviva-22 (4.83), 
Zaro’s-17 (4.29), Rizitiko-18 
(4.27), Nera Kritis-11 (4.05), Sa-
maria-14 (4.02), Lyttos-15 (3.83), 
Aqua Vita-7 (3.05), Rouva’s-13 
(2.68), Mythical-12 (2.68), Hy-
dor Sourotis-31 (2.59), Evdoro-34 
(2.42), Korpi-3 (2.32), Krini-19 
(1.48), Dikti-20 (1.33), Athos-33 
(1.2), Pindos-8 (1.13), Vikos-1 
(1.12), and Gortys-16 (1.06); the 
sulphate may be derived from 
the dissolution of gypsum or an-
hydrite, e.g., Hydor Sourotis is in 
the Anthemous Basin, where an-
hydrite occurs (Lambrakis and 
Kallergis 2005);

➢ Cl-/SO4
2- = 0.2-1.0 – water rich in 

sulphate-chloride: Ioli-4 (0.89), 
Samarina-9 (0.89)

➢ Avra-6 (0.76), Velouhi-36 (0.73), 
Klinos-47 (0.71), Drossia-49 
(0.62), Tzoumerka-35 (0.56), 
Κrinos-39 (0.55), Kimi-21 (0.54), 
Hyas-45 (0.54), Zagori-2 (0.51), 
Zefiros-40 (0.48), Beles-46 (0.47), 
Pigi Paikou-38 (0.29), Vitsi-48 
(0.25), and Drosoula-10 (0.22);  

➢ Cl-/SO4
2- <0.2 – water rich in sul-

phate: Seli-37 (0.11); the sulphate 
in this case may be derived from 
the oxidation of sulphide miner-
als, since the aquifer is compara-
tively shallow and dissolved oxy-
gen is most likely available. 

(e) (Ca2++Mg2+)/(K++Na+) ratios:-
➢ (Ca2++Mg2+)/(K++Na+) >1.0 – aq-
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uifer with a continuous recharge:  
all bottled waters are in this cate-
gory with ratio values varying from 
62.87 to 1.69, i.e., Samarina-9 
(62.9), Pigi Paikou-38 (60.4), Seli-
37 (52.3), Drossia-49 (47), Vikos-1 
(45.6), Zagori-2 (42), Eviva-22 
(38.8), Tzoumerka-35 (37.3), Klin-
os-47 (27.2), Velouhi-36 (26), Dro-
soula-10 (25.6), Korpi-3 (23), Be-
les-46 (22.2), Ioli-4 (16.4), Hyas-45 
(16.3), Pindos-8 (16.1), Loutraki 
Karadanis Provis-28 (13.6), Lout-
raki Hydria-27 (13), Evdoro-34 
(12.8), Zefiros-40 (11.2), Lout-
raki-26 (10.2), Iris Loutraki-30 
(9.28), Vitsi-48 (8.89), Avra-6 
(8.85), Samaria-14 (8.82), Loutra-
ki Ivi-29 (8.75), Κrinos-39 (8.69), 
Rizitiko-18 (8.53), Zaro’s-17 
(8.24), Kimi-21 (7.64), Rouva’s-13 
(7.41), Mythical-12 (7.37), Hy-
dor Sourotis-31 (7.31), Nera Kri-
tis-11 (6.35), Lyttos-15 (6.17), Dik-
ti-20 (6.1), Krini-19 (6), Gortys-16 
(5.07), Athos-33 (4.96), Sariza-5 
(2.11), Aqua Vita-7 (1.69).  The or-
der from high to lower (Ca+Mg)/
(K+Na) ratios almost follows the 
trend from areas of higher to low-
er annual rainfall.

(f) Cl-/Br- ratios are associated with mix-
ing of fresh water with sea water, or 
with water in evaporitic formations 
or percolating through sedimentary 
rocks containing evaporitic salts:-
➢ Cl-/Br- ≈500-4000 – such ratios de-

note water in contact with evap-
orites or water passing through 
sedimentary rocks containing dis-
seminated evaporitic salts, and 
halite dissolution.  All bottled wa-
ters are in this category with val-
ues varying from 4620 to 609, i.e., 
Zefiros-40 (4620), Seli-37 (2765), 
Pindos-8 (2633), Evdoro-34 

(2160), Eviva-22 (1998), Klinos-47 
(1818), Vikos-1 (1278), Hyas-45 
(1271), Aqua Vita-7 (1219), Ioli-4 
(1215), Korpi-3 (1111), Velouhi-36 
(1082), Κrinos-39 (1060), Sari-
za-5 (1054), Hydor Sourotis-31 
(1043), Avra-6 (1043), Nera Kri-
tis-11 (1035), Lyttos-15 (1019), 
Zagori-2 (964), Samaria-14 (962), 
Kimi-21 (943), Beles-46 (939), 
Athos-33 (933), Vitsi-48 (902), 
Loutraki Ivi-29 (883), Gortys-16 
(878), Rizitiko-18 (856), Zaro’s-17 
(850), Krini-19 (842), Iris Loutra-
ki-30 (838), Loutraki Karadanis 
Provis-28 (835), Dikti-20 (835), 
Loutraki-26 (835), Tzoumerka-35 
(819), Pigi Paikou-38 (774), Lout-
raki Hydria-27 (737), Mythical-12 
(687), Rouva’s-13 (661), Dros-
sia-49 (640), Drosoula-10 (611), 
Samarina-9 (609).  It is noted that 
the Cl-/Br- ratio for sea and fresh 
water is approximately 300, and 
for syngenetic water <300.

TDS, total alkalinity and the (Ca2++Mg2+)/
(K++Na+) ratios all suggest that the 
source aquifers of Hellenic bottled water 
are shallow, and continuously replen-
ished by fresh water.  This observation 
is verified by the Na+/K+ ratios, most of 
which have values of <50.
Bottled water samples have Cl-/∑anion 
ratios varying from 0.01 to 0.43. Since, 
Cl-/∑anion ratios are <0.8, bottled water 
ground water sources are not seriously 
affected by dissolution of halite or other 
evaporitic minerals, and sites near the 
coast are apparently not affected by sea 
water intrusion. According to Hounslow 
(1995) ground water derived from hal-
ite dissolution would have a Na+/(Na+ + 
Cl-) ratio of approximately equal to 0.5, 
i.e., Na+ ≈ Cl-. The Na+/(Na+ + Cl-) ra-
tios vary from 0.30 to 0.79, suggesting 
that some of the bottled water sources 
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do derive their salinity mainly from the 
dissolution of halite or evaporitic miner-
als within sedimentary formations, i.e., 
those with values ≥0.5, e.g., Beles-46 
(0.79), Klinos-47 (0.67), Hyas-45 (0.65), 
Velouhi-36 (0.65), Aqua Vita-7 (0.64), 
Drosoula-10 (0.63), Vitsi-48 (0.62), Avra-
6 (0.62), Zefiros-40 (0.59), Seli-37 (0.59), 
Tzoumerka-35 (0.59), Ioli-4 (0.58), Pigi 
Paikou-38 (0.57), Pindos-8 (0.56), Hy-
dor Sourotis-31 (0.55), Κrinos-39 (0.53), 
Evdoro-34 (0.52), Athos-3 (0.52), Sama-
rina-9 (0.5), Kimi-21 (0.47), Gortys-16 
(0.47), Drossia-49 (0.46) and Mythical-12 
(0.46).  The Cl-/Br- ratios support the as-

sumption that bottled water sources are 
not affected by sea water intrusion, and 
their salinity is derived from the dissolu-
tion of halite or evaporitic minerals with-
in the sedimentary sequence.
Evidence of ion exchange is provid-
ed by the (Na+ - Cl-) versus (Ca2+ + 
Mg2+ - SO4

2- - HCO3-) diagram – Fig. 5 
(Jankowski et al., 1998; Kortasi, 2006). 
The Hellenic bottled water samples plot 
approximately along a line with a slope 
of -1.13, suggesting that some ion ex-
change is taking place, as it has been 
already noted in the description of Na+/
Cl- ratios.

Fig. 5. Bivariate plot of (Na+ - Cl-) versus (Ca2+ + Mg2+ - HCO3- - SO4
2-), Hellenic bottled water samples (for 

displayed sample numbers refer to Fig. 1 and Tab. 1).
Εικ. 5. Διάγραμμα δύο μεταβλητών (Na+ - Cl-) ως προς (Ca2+ + Mg2+ - HCO3- - SO4

2-), Ελληνικά εμφιαλωμένα 
δείγματα νερού (οι αριθμοί των δειγμάτων αναφέρονται στην Εικ. 1 και Πίν. 1).
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Fig. 6. Durov diagram for the European bottled water data set (N = 884). The diagram is based  
on milliequivalent fractions of the major cations and anions. The dot size is related to total dissolved  
solutes (on the basis of electrical conductivity). Note that for plotting the Durov diagram only Na  
and not Na+K was used (from Reimann and Birke, 2010, Fig. 7, p.16).
Εικ. 6. Διάγραμμα Durov για τα Ευρωπαϊκά αρχεία δεδομένων εμφιαλωμένου νερού (Ν = 884). Το 
διάγραμμα βασίζεται στα χιλιοστοϊσοδύναμα κλάσματα των μεγάλων κατιόντων και ανιόντων. Το 
μέγεθος κουκίδας σχετίζεται με τις συνολικά διαλυμένες ουσίες (με βάση την ηλεκτρική αγωγιμότητα). 
Σημειώνεται ότι για τη δημιουργία του διαγράμματος Durov χρησιμοποιήθηκεμόνο Na και όχι Na+K (Rei-
mann και Birke, 2010, Εικ. 7, σελ. 16).

4.4. Major ion geochemistry: Europe
Each ground water has a somewhat 
unique hydrochemical fingerprint that 
reflects the balance of all the various 
processes during its evolution, its resi-
dence time in the aquifer, the mineralo-
gy of rocks and sediments that it comes 
into contact with, and so on. It is pos-
sible to plot major cations and anions 
as milliequivalent proportions on a so-
called Durov diagram (Fig. 6). The ma-
jor cations [Na+(+ K+), Mg2+, Ca2+] are 
plotted on the top triangle, while the 
major anions (Cl–, SO4

2– and alkalinity 

or HCO3-) are plotted on the left trian-
gle. The points are then projected onto 
a square central fiel d. On this diagram, 
dilute, newly recharged waters, which 
may still possess a weak signature of 
marine salts in coastal areas, would plot 
as small dots (i.e., low electrical conduc-
tivity) in the lower right field – they would 
be termed as a “low ionic strength Na–
Cl” water type. More “normal” ground 
waters, albeit still of relatively low miner-
alisation, of Ca–HCO3 type, derived from 
calcite hydrolysis (equation 1), plot in 
the top left.
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More evolved granitic ground waters, 
characterised by prolonged aluminosil-
icate weathering, may be of Na–HCO3 
type (equation 2), and plot at the top 
right. Deep saline brines would most 
likely be of Na–Cl composition and plot 
as large-diameter dots (high electrical 
conductivity) near the bottom right of 
the diagram.
The Durov diagram shows the large va-
riety of water types that are sold as bot-
tled water in Europe, and describe the 
major ion geochemistry of ground wa-
ter. The majority of samples fall, howev-
er, into the calcium bicarbonate 
corner of the diagram (Fig. 6).

4.5. Major ion geochemistry:  
Hellas
Instead of using the Piper and 
expanded Durov diagrams (Pip-
er, 1944; Durov, 1948; Lloyd, 
1965), the Chadha diagram was 
utilised (Fig. 7) for the Hellenic 
data, which is their modified ver-
sion and it is much simpler to 
plot (Chadha, 1999; Belkiri et al., 
2010). The difference is that the 
two equilateral triangles are omit-
ted. However, for a more detailed 
study, one trilinear cations and 
two anions predominance dia-
grams, as well as a number of bi-
plots have been plotted.
According to Chadha’s diagram 
(Fig. 7), the majority of bottled 

waters belong to Group 5, the Ca-Mg-
HCO3 hydrochemical facies; one sam-
ple (no. 5 - Sariza) belongs to Group 1, 
where it means that alkaline earths (Ca2+ 
+ Mg2+) exceed the alkali metals (Na+ + 
K+), and one sample (no. 7 – Aqua Vita) 
is in the transition zone between Group 
5 and Group 3, where weak acidic ani-
ons (CO3- + HCO3-) exceed strong acidic 
cations (Cl-+SO4

2-). The Chadha diagram 
gives, in fact, a summary version of the 
geochemical characteristics of bottled 
water sources, described in detail by ion-
ic ratios.

Fig. 7. Geochemical classification and hydrochemical pro-
cesses of ground water depicted by bottled water, Hellas (af-
ter Chadha, 1999, Fig. 3, p.434; for displayed sample num-
bers refer to Fig. 1 and Tab. 1).
Εικ. 7. Γεωχημική ταξινόμηση και υδροχημικές διαδικασίες 
των υπόγειων υδάτων όπως απεικονίζονται από εμφια-
λωμένα νερά, Ελλάς (σύμφωνα με Chadha, 1999, Εικ. 3, 
p.434. Οι αριθμοί των δειγμάτων αναφέρονται στην Εικ. 1 
και Πίν. 1).
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The trilinear cations predominance dia-
gram shows that the majority of bottled 
water samples are dominated by Ca, 
and are, thus, classified as ‘calcium-rich’ 
water types (Fig. 8). The predominance 
of Ca is understandable, because of the 
widespread occurrence of calcium or  
calcium releasing lithologies in Hel-
las, e.g., karstic limestone, mafic-ul-
tramafic sequences (ophiolites), but 
also sedimentary rocks rich in calcium. 
Some bottled waters fall in the ‘magne-
sium-rich’ field, and these are associ-
ated with mafic-ultramafic rocks (ophi-
olites) and dolomitic limestone, i.e., 
weathering of Mg-rich minerals, such 
as olivine and pyroxene (Samarina-9), 
sediments containing a large propor-

tion of ophiolitic detritus (Loutraki-26, 
Loutraki Hydria-27, Loutraki Karadanis 
Provis-28, Loutraki Ivi-29, Iris Loutra-
ki-30), and dolomitised marble and 
ophiolites (Drossia-49), limestone and 
conglomerate with ophiolitic detritus 
(Hydor Sourotis-31), and limestone and 
ophiolitic rocks (Aqua Vita-7). Sample 5 
(Sariza) from Andros Island falls in the 
mixed zone and is enriched in Na, pre-
sumably derived from the dissolution of 
albite (NaAlSi3O8) occurring in the mica 
schist; a plausible explanation for sam-
ples 16 (Gortys) and 17 (Zaro’s) from 
Crete Island is the derivation of Mg from 
dolomitised limestone, and Na from the 
dissolution of sodium-rich minerals in 
the flysch.

Fig. 8. Trilinear predominance diagram for the cations [Calcium-Magnesium-(Sodium+Potassium)]  
in Hellenic bottled water (for displayed sample numbers refer to Fig. 1 and Tab. 1).
Εικ. 8. Τρισδιάστατο διάγραμμα επικράτησης  κατιόντων [ασβέστιο-Μαγνήσιο-(Νάτριο + Κάλιο)]σε 
Ελληνικά εμφιαλωμένα νερά (οι αριθμοί των δειγμάτων αναφέρονται στην Εικ. 1 και Πίν. 1).
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The two anions predominance diagrams 
[HCO3- - SO4

2- - (Cl- + NO3-)] (Figure 9a) 
and [Cl- - SO4

2- - (CO3
2- + HCO3-)] (Fig. 

9b), provide additional information of the 
controls on ground water geochemistry, 
and an understanding of water-rock in-
teractions that are dominant in Hellenic 
aquifers. The majority of Hellenic bottled 
waters fall in the field of ‘bicarbonate-
rich’ and ‘carbonate-bicarbonate rich’ 
waters (Figs 9a and 9b), suggesting 
dissolution of carbonate bearing min-
erals from the weathering of mafic-ul-
tramafic rocks (ophiolites), limestone, 
marble, and sediments rich in carbon-
ates. On both diagrams sample 5 (Sari-
za) from Andros Island falls in the mixed 
zone, possibly suggesting interaction 
of ground water with the mica-schist, 
which is known to have elevated con-
centrations of Cl, Na and K; see also di-
agrams of Na+/Cl- versus Cl- (Fig. 10a) 
and Na+ versus Cl- (Fig. 10b).
The Na+ versus Cl- biplot shows that the 
bottled water samples plot very close to 
the 1:1 Na:Cl sea water – rainwater mix-
ing line, with a slight dominance of Na 

(Fig. 10b). 
This perhaps suggests an increase of the 
ground water’s weathering capacity due 
to the probable presence of high CO2 
concentrations that favour the solubility 
of alkaline elements from siliceous rocks 
(Ellis and Mahon, 1977; Lambrakis and 
Kallerghis, 2005). In such a case, there 
may be remobilisation of sodium from 
Na-bearing silicate rocks, thus causing 
an increase in the Na+:Cl- ratio above the 
sea water – rainwater mixing line (Figs 
10a and 10b). Samples 5 (Sariza) and 
7 (Aqua Vita) have elevated Na and Cl 
concentrations, and because they are 
situated on islands, and near the coast, 
they may be ascribed to a marine influ-
ence. However, their isotopic composi-
tion does not support such an explana-
tion (E. Dotsika, pers. commun., 2010), 
and are attributed to geogenic sources.  
In addition, Sariza-5 is associated with 
mica-schist, which is known to have el-
evated concentrations of Cl, Na and K, 
whereas Aqua Vita-7 most likely picks up 
Na+ and Cl- ions from remnant salts with-
in the marine sediments.

Fig. 9. Trilinear predominance diagram for the anions in Hellenic bottled water: (a) Bicarbonate-Sulphate-
(Chloride+Nitrate) and (b) Chlorides-Sulphates-Carbonates (for displayed sample numbers refer to Fig. 1 
and Tab. 1).
Εικ. 9. Τρισδιάστατο διάγραμμα επικράτησης  ανιόντων σε Ελληνικά εμφιαλωμένα νερά: (α) Όξινα-Θειικά-
(χλωριούχα + νιτρικά) και (β) Χλωριούχα-Θειικά-Ανθρακικά  (οι αριθμοί των δειγμάτων αναφέρονται στην 
Εικ. 1 και Πίν. 1).



Bulletin of the Geological Society of Greece, vol. XLVI, 39-80

62 63

Other interesting ion biplots are:
(a) Ca2+ versus Cl- (Fig. 11a): the major-

ity of bottled water samples fall in the 
Ca2+ field, except Sariza-5 (Andros 
I.), Aqua Vita-7 (Rhodes I.), Loutra-
ki-26, Loutraki Hydria-27, Loutraki 
Karadanis Provis-28, Loutraki Ivi-29, 
Iris Loutraki-30, which have elevated 
Cl- concentrations that may be due 
to meteoric input, but also geogenic 
sources;

(b) Mg2+ versus Cl- (Fig. 11b): the ma-
jority of bottled water samples fall in 
the Mg2+ field, because of water-rock 
interactions with dolomitic limestone, 
and ophiolites or ophiolitic detritus 
in sediments; sample numbers Sari-
za-5 (Andros I.), Krini-19 and Dikti-20 
(Crete I.), Korpi-3, and Vikos-1 fall in 
the Cl- field, suggesting dissolution 
of chloride-rich minerals from mica 
schist in the case of Sariza-5, and 
sediments; for the last two samples 
evaporites may play a role;

(c) B3+ versus Cl- (Fig. 11c): all bottled 
water samples fall in the boron field, 
a feature attributed to intensified wa-
ter-rock interactions (Lambrakis and 
Kallergis, 2005);

(d) NO3- versus Cl- (Fig. 11d): the ma-
jority of bottled water samples fall 
in the elevated NO3- concentrations 
field, indicating the participation of 
fresh surface water in the replenish-
ment of aquifers.  Gortys-16 (Crete I.) 
and Kimi-21 (Euboea I.) have the low-
est NO3- levels. As has already been 
pointed out in the discussion of the 
Na+/Cl- and Na+/(Na+ + Cl-) ratios, 
elevated Cl- concentrations may be 
due to dissolution of halite or evapo-
ritic minerals from marine sediments.

Biplots of cations also show interesting 
features, e.g.,
(i) Na+ versus K+ (Fig. 12a): all bottle wa-
ter samples fall in the Na field, and apart 
from sample 45 (Hyas), they are below 
the sea water–rainwater mixing line; this 
feature indicates that the bottled water’s 
ground water source is richer in Na than 
K, and
(ii)  (Na+ + K+) versus (Ca2+ + Mg2+) 
(Figure 12b): all bottled water samples 
fall in the (Ca2+ + Mg2+) field, suggesting 
that these two cations are the most im-
portant in Hellenic ground waters, since 
the dominant rock types are Ca and Mg 
rich, as has already been mentioned.

Fig. 10. Logarithmic plots of relationships between concentration of chemical species: (a) Na+/Cl- versus 
Cl-; (b) Cl- vs. Na+ (for displayed sample numbers refer to Fig. 1 and Tab. 1).
Εικ. 10. Λογαριθμικά διαγράμματα των σχέσεων μεταξύ της συγκέντρωσης των χημικών στοιχείων: (α) 
Na+/Cl- προς Cl-, (β) Cl- προς Na+ (οι αριθμοί των δειγμάτων αναφέρονται στο Εικ. 1 και Πίν. 1).
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Fig. 11. Logarithmic plots of relationships between concentration of chemical species:  (a) Ca2+ vs. Cl-; 
(b) Mg2+ vs. Cl-; (c) B3+ vs. Cl-; (d) NO3- vs. Cl- (for displayed sample numbers refer to Fig. 1 and Tab. 1).
Εικ. 11. Λογαριθμικά διαγράμματα των σχέσεων μεταξύ της συγκέντρωσης των χημικών στοιχείων: (α) 
Ca2+ προς Cl- (β) Mg2+ προς Cl- (γ) B3+ προς Cl- (δ) NO3- προς Cl- (οι αριθμοί των δειγμάτων αναφέρονται 
στο εικ. 1 και Πίν. 1).

Fig. 12. Logarithmic plots of relationships between concentration of chemical species:  (a) Na+ vs. K+ and 
(b) (Na+ + K+) vs. (Ca2+ + Mg2+) (for displayed sample numbers refer to Fig. 1 and Tab. 1).
Λογαριθμικά διαγράμματα των σχέσεων μεταξύ της συγκέντρωσης των χημικών στοιχείων: (α) Na+ προς 
K+ και (β) (Na+ + Κ+) προς (Ca2+ + Mg2+)(οι αριθμοί των δειγμάτων αναφέρονται στο εικ. 1 και Πίν. 1).



Bulletin of the Geological Society of Greece, vol. XLVI, 39-80

64 65

4.5.1. Gypsum solubility and related 
plots: Hellas
Gypsum (CaSO4.2H2O) and anhydrite 
(CaSO4) occur as primary minerals in 
evaporite formations, and as secondary 
minerals in other sedimentary sequenc-
es, especially in the Paxos and Axios ge-
otectonic zones (Fig. 1), but also in the 
Tertiary sedimentary formations.  Since, 
gypsum could be an important control 
on the solubility of Ca2+ and SO4

2-, and 
may limit concentrations of these ions 
in solution, the gypsum saturation in-
dex diagram was plotted (Fig. 13). All 
bottled water samples fall in the under-
saturated field with respect to the gyp-
sum equilibrium line. This condition may 

be explained by other controls on the 
concentration of Ca2+ and SO4

2- in solu-
tion, which include insufficient sources 
of these elements from aquifer litholo-
gies, or the occurrence of lower solubil-
ity minerals, which limit the concentra-
tion of either ion in solution, such as 
calcite (Ander et al., 2006) that occurs in 
the Hellenic lithologies.  
Since, the bottled water samples are un-
dersaturated with respect to gypsum, it 
appears that this mineral phase is not 
expected to be an important control on 
concentrations of Ca2+ and SO4

2- in the 
source rocks of these waters, or the for-
mations through which ground water 
passes.

Fig. 13. Comparison of the Hellenic bottled water data with the gypsum saturation index (for displayed 
sample numbers refer to Fig. 1 and Tab. 1).
Εικ. 13. Σύγκριση των δεδομένων για τα Ελληνικά εμφιαλωμένα νερά με το δείκτη κορεσμού του γύψου 
(οι αριθμοί των δειγμάτων αναφέρονται στο εικ. 1 και Πίν. 1).
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This observation is further supported by 
the ratio plots of SO4

2-/Ca2+ versus Mg2+/
Ca2+ (Fig. 14a), and SO4

2- versus Ca2+ 
(Fig. 14b), which show that all Hellenic 
bottled water samples fall in the Ca2+ and 
Mg2+/Ca2+ fields, respectively. 

4.6. Trace element geochemistry:  
Europe and Hellas
Three trace elements were selected for 
discussion, chromium, vanadium and ura-
nium, because they are significant to the 
geology of Hellas and are affecting the 
chemical composition of ground water.

4.6.1. Chromium distribution: Europe
Chromium in European bottled water 
varies from <0.2 to 27.2 μg/L (n=884), 
with a median of <0.2 μg/L (Table 3; 
Reimann and Birke 2010), and in Eu-
ropean surface water, Cr has a wider 
range from <0.01 to 43 μg/L (n=806), 
and its median is slightly higher at 0.38 
μg/L (Salminen et al., 2005).  Whereas, 
Cr in Hellenic bottled water varies from 
<0.2 to 32.9 μg/L (n=41), with a medi-
an 0.627 μg/L, and the Hellenic surface 

water has a narrower range from 0.24 
to 6.37 μg/L (n=27), and a slightly low-
er median at 0.57 μg/L (Salminen et al., 
2005); the reason for the difference be-
tween the maximum value of European 
and Hellenic bottled water suites is be-
cause of the inclusion of samples that 
were excluded from the European data-
base.
The main pattern on the European Cr 
distribution map is an extensive anom-
aly in SE-Europe (Albania, Hellas) (Fig. 
15). Northern Europe shows general-
ly slightly lower Cr-levels in bottled wa-
ter. Geology, and especially the oc-
currence of mafic and ultramafic rocks 
(such as ophiolites), is very important 
for the distribution of Cr in the surface 
environment. Over 2000 mg/kg Cr occur 
in rocks and soils associated with the 
presence of ultramafic rocks. It is, thus, 
perhaps not surprising that the main 
anomaly on the distribution map is lo-
cated in SE-Europe, with its abundance 
of ophiolites in Albania and Hellas. Note 
also the high value in Cyprus, with its fa-
mous Troodos ophiolite complex. 

Fig. 14. Logarithmic plots of relationships between concentration of chemical species:  (a) SO4
2-/Ca2+ vs. 

Mg2+/Ca2+) and (b) SO4
2- vs. Ca2+ (for displayed sample numbers refer to Fig. 1 and Tab. 1).

Λογαριθμικά διαγράμματα των σχέσεων μεταξύ της συγκέντρωσης των χημικών στοιχείων: (α) SO4
2-/

Ca2+ προς Mg2+/Ca2+) και (β) SO4
2- vs. Ca2+ (οι αριθμοί των δειγμάτων αναφέρονται στο Εικ. 1 και Πίν. 1).
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Many enhanced Cr values are observed 
in Germany, where the use of glass bot-
tles is widespread. One can speculate 
whether leaching of Cr from the glass 
bottles could lead to somewhat en-
hanced German Cr concentrations.  
The six highest Cr values (up to 27.2 
μg/L), however, are all reported from 
Hellas and are related to the occur-
rence of ultramafic rocks or to ultramaf-
ic detritus in sediments, i.e., Drossia-49 
(32.9 μg/L), Ydor Sourotis-31 (27.2 
μg/L), Iris Loutraki-30 (23.6 μg/L), Lout-
raki-26 (22.4 μg/L), Loutraki Karadanis 
Provis-28 (20.1 μg/L), Loutraki Hydria-27 
(19.6 μg/L), Loutraki Ivi-29 (17.8 μg/L) 
(see Fig. 16).

Bottle material leaching test has shown 
that glass bottles (especially green 
glass) can leach significant amounts of 
Cr (up to 0.2 μg/L – 2 μg/L at pH 3.5) to 
the stored water.The Hellenic samples 
were all in PET bottles.
The European Union limit for chromium 
in drinking and mineral water is 50 μg/L 
(Tab. 2; EC Directive 2003/40/EC).  
Even the maximum concentration found 
in Hellenic bottled water (32.9 μg/L) is 
well below this limit.

4.6.2. Vanadium distribution
Vanadium in European bottled water 
varies from <0.1 to 48.9 μg/L (n=884), 
with a median of 0.17 μg/L (Tab. 3; Rei-

Fig. 15. Distribution of chromium (Cr) in European bottled water samples (from Reimann and Birke, 2010, 
p.99).
Εικ. 15. Κατανομή του χρωμίου (Cr) σε  δείγματα Ευρωπαϊκών εμφιαλωμένων νερών (Reimann and Birke 
2010, σελ. 99).
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mann and Birke, 2010), and in Europe-
an surface water V has a narrower range 
from <0.05 to 19.5 μg/L (n=807), and 
its median is slightly higher at 0.46 μg/L 
(Salminen et al., 2005).  Whereas, V in 
Hellenic bottled water varies from 0.147 
to 7.45 μg/L (n=41), with a median 0.676 
μg/L, and in Hellenic surface water it has 
a slightly wider range from 0.17 to 12.40 
μg/L (n=27), with an approximately sim-
ilar median 0.70 μg/L V (Salminen et al., 
2005).

On the V distribution map (Fig. 17), all 
the active volcanic areas in Europe are 
clearly marked by anomalies (e.g., Ice-
land, Canary Islands, Cyprus, Italy). In 
France, a V anomaly coincides with the 
Massif Central, possibly linked to vol-
canic lithologies. In North Ireland, the in-
fluence of the Palaeogene basalt is vis-
ible. The highest vanadium value (48.9 
μg/L) was reported from an Italian bot-
tled water and is linked to the alkaline 
volcanic province.

Fig. 16. Distribution of chromium (Cr) in Hellenic bottled water samples (see also Fig. 1 and Tab. 1 for sam-
ple location numbers and brand names, respectively).
Εικ. 16. Κατανομή του χρωμίου (Cr) σε  δείγματα Ελληνικών εμφιαλωμένων νερών (οι αριθμοί των 
δειγμάτων αναφέρονται στο εικ. 1 και Πίν. 1).
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Fig. 18. Distribution of vanadium (V) in Hellenic bottled water samples (see also Fig. 1 and Tab. 1 for sam-
ple location numbers and brand names, respectively).
Εικ. 18. Κατανομή του βανάδιου (V) σε  δείγματα Ελληνικών εμφιαλωμένων νερών (οι αριθμοί των 
δειγμάτων αναφέρονται στο εικ. 1 και Πίν. 1).

Fig. 17. Distribution of vanadium (V) in European bottled water samples (from Reimann and Birke 2010, 
p.189).
Εικ. 17. Κατανομή του βανάδιου (V) σε  δείγματα Ευρωπαϊκών εμφιαλωμένων νερών (Reimann and Birke 
2010, σελ. 189).
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In Hellas, the elevated V values in the 
bottled waters of Ydor Sourotis-31 at 
7.45 μg/L (Central Macedonia north-
ern Hellas), Ioli-4 at 2.72 μg/L (Fthiotid-
ha, central Hellas), Pindos-8 at 2.48 μg/L 
(Grevena, Western Macedonia), and 
Drossia-49 at 1.94 μg/L (Edessa, West-
ern Macedonia) are all associated direct-
ly or indirectly with ophiolites (Fig. 17).
Bottle material leaching can have an im-
pact on the observed V concentrations 
of water sold in both, glass and PET bot-
tles (up to 0.06 μg/L). At low pH bottle 
leaching is increased (up to 0.08 μg/L V).
No drinking water standard is defined for 
V by the European Union. Bosnia and 
Herzegovina, Croatia and F.Y.R.O.M. 
have set a limit of 5 μg/L V for drink-
ing water, and Serbia 1 μg/L, whereas 
Ukraine has defined a limit of 100 μg/L V 
(Reimann and Birke, 2010).
Although vanadium can be biological-
ly active, and is an essential nutrient for 
several micro-organisms and animals, 
its role in the human body is unclear and 
remains controversial.

4.6.3. Uranium distribution
Uranium in European bottled water varies 
from <0.001 to 229 μg/L (n=884), with a 
median of 0.228 μg/L (Table 3; Reimann 
and Birke 2010), and in European sur-
face water, U has a narrower range from 
<0.002 to 21.4 μg/L (n=807), but a slight-
ly higher median of 0.32 μg/L (Salminen 
et al., 2005).  
According to Hem (1992), a typical con-
centration of U in surface water has been 
estimated to be in the range of 0.1 - 10 
μg/L. Uranium in Hellenic bottle water var-
ies from <0.001 to 10 μg/L (n=41), with 
a median of 0.307 μg/L (Salminen et al., 
2005), and the Hellenic surface water has 
a wider range from 0.08 to 20.50 (n=27), 
with a slightly higher median at 0.41 μg/L.
The U distribution map in bottled water is 

rather noisy (Fig. 19). The median levels 
in southern Europe are enhanced when 
compared to northern Europe.  
A similar trend exists in European surface 
water (Salminen et al., 2005).  High val-
ues can often be traced to wells in granitic 
bedrock (e.g., Sardinia, Sweden, Finland) 
or to wells in sandstone (Bunter and Ke-
uper in central England and central Eu-
rope, respectively). The constructed his-
togram and density trace (see Reimann 
and Birke, 2010) suggest that many sam-
ples at the higher end of the distribution 
(above 1 μg/L U) were diluted and that the 
map may, thus, not necessarily represent 
the natural U distribution in ground wa-
ter. The highest value (229 μg/L) was ob-
served in a bottled water from the Czech 
Republic. There are, however, reports on 
single water wells delivering water with 
considerably higher U values (2 mg/L 
from a well in Norway– see Reimann et 
al., 1996, and 14 mg/L from Finland – see 
Asikainen and Kahlos, 1979).
The four highest U values in Hellenic bot-
tled water are Vitsi-48 (10 μg/L), Beles-46 
(2.8 μg/L), Drosoula-10 (1.5 μg/L) and 
Athos or Iro-33 (1.47 μg/L) are near to 
granitic masses (Fig. 20).
Bottle material leaching can have a mi-
nor influence on the U distribution ob-
served in water sold in glass bottles, 
especially at a low pH, where the maxi-
mum value leaching from a glass bottle 
was 0.1 μg/L. However, even from soft 
PET bottles up to 0.06 μg/L U was ob-
served leaching.
A drinking water standard for U is under 
discussion in the European Union: cur-
rently, a limit of 15 μg/L U appears prob-
able. The U.S. Environmental Protection 
Agency has defined a drinking water lim-
it of 30 μg/L.  In Germany, an upper limit 
of 2 μg/L U has been defined for bottled 
water used to prepare baby food and 10 
μg/L for drinking water.  
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Fig. 19. Distribution of uranium (U) in European bottled water samples (from Reimann and Birke, 2010, 
p.187).
Εικ. 19. Κατανομή του ουρανίου (U) σε  δείγματα Ευρωπαϊκών εμφιαλωμένων νερών (Reimann and Birke 
2010, σελ. 189).

Fig. 20. Distribution of uranium (U) in Hellenic bottled water samples 962 (see also Fig. 1 and Tab. 1 for 
sample location numbers and brand names, respectively).
Εικ. 20. Κατανομή του ουρανίου (U) σε  962 δείγματα Ελληνικών εμφιαλωμένων νερών (οι αριθμοί των 
δειγμάτων αναφέρονται στο εικ. 1 και Πίν. 1).
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Russia has defined a limit of 1.8 μg/L U 
for mineral water (see Appendix A in Rei-
mann and Birke, 2010).  Seven samples 
of the European bottled water data set 
returned values above 30 μg/L, twelve 
samples exceed 15 μg/L and 107 sam-
ples are above 2 μg/L.

5. Discussion and Conclusions
Geology is one of the key factors influ-
encing the observed European and, of 
course, Hellenic, element concentra-
tions in bottled water samples for a sig-
nificant number of elements. Examples 
include the high values of Cr, clearly re-
lated to mafic-ultramafic rocks (ophi-
olites), V indicates the presence of re-
cent and active volcanism in Europe 
and ophiolites in Hellas, U is associated 
with granitic intrusions and Keuper and 
Bunter sandstone, and Mg/Ca ratios are 
associated with ophiolites, dolomite and 
dolomitic limestone in Hellas.
The processes contributing to the con-
centration of major ions in ground water 
depend on carbonate dissolution and 
precipitation, cation exchange, concen-
tration of evaporitic salts disseminated 
throughout marine deposited sedimen-
tary rocks, and in some cases to dis-
solution of aluminosilicate minerals. Al-
though gypsum and anhydrite occur in 
many parts of Hellas, the bottled wa-
ter samples are undersaturated with re-
spect to gypsum and, therefore, it is not 
considered to be an important control 
on the concentrations of Ca2+ and SO4

2- 
in the aquifer source rocks of these wa-
ters, or the formations through which 
ground water passes.
The Hellenic bottled water samples are 
classified in the Ca2+-Mg2+-HCO3- hy-
drochemical facies of the Chadha dia-
gram (Chadha, 1999), and this is due 
to the lithology, which is dominated by 
dolomitic limestone, limestone, marble, 

and mafic-ultramafic rocks (ophiolites).  
Similarly, the dominant cations and ani-
ons are respectively (Ca2+ + Mg2+) and 
(HCO3- and CO3

2-). 
The source aquifers of Hellenic bottled 
water are apparently continuously re-
plenished by fresh water.  A conclusion, 
which is supported by TDS, alkalinity, 
(Ca2+ + Mg2+)/(K+ + Na+) and Na+/K+ 
ratios, and the NO3- versus Cl- biplot.
The Cl-/Br- ratios, together with Cl-

/∑anion ratios, and Na+/(Na+ + Cl-) ra-
tios support isotopic data (E. Dotsika, 
person. commun., 2010) that the source 
aquifers of Hellenic bottled water are not 
affected by sea water intrusion, even at 
sites near the coast.  The concentrations 
of Na+ and Cl- ions mainly originate from 
the dissolution of evaporitic salts within 
the aquifer host rocks, or from the rock 
formations through which ground water 
percolates.  Water-rock interactions are 
supported by the (Na+ - Cl-) versus (Ca2+ 
+ Mg2+ - SO4

2- - HCO3-) and B3+ versus 
Cl- biplots.
Finally, the chemical composition of 
source aquifers of the studied bottled wa-
ter samples appears to be comparative-
ly stable over time, since there is in fact a 
good correlation between the results of 
this study and those displayed on bot-
tle labels going back to 1998 (Demetria-
des, 2010a; Reimann and Birke, 2010). 
Stable chemistry of source aquifers is, in 
fact, a requirement in the Natural Miner-
al Waters Directive (EU, 2009; Annex I, 
I.3, p.51), i.e., “The composition, temper-
ature and other essential characteristics 
of natural mineral water shall remain sta-
ble within the limits of natural fluctuation; 
in particular, they shall not be affected by 
possible variations in the rate of flow”.
The data presented in the published 
geochemical atlas (Reimann and Birke 
2010) can, therefore, be used to gain a 
first impression of the natural variation 
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of analysed elements in ground water 
at a European scale. Natural variation 
is enormous, usually spanning three to 
four and, occasionally, up to seven or-
ders of magnitude.
Several elements, where no potable 
water standards are defined in Europe, 
show surprisingly high concentrations 
in bottled water. In terms of health ef-
fects, more attention at both ends of the 
concentration range (deficiency as well 
as toxicity) may be required for quite a 
number of elements.
For some elements the reported con-
centrations can be influenced by bottle 
material. However, only for Sb was bot-
tle leaching, in comparison to its natural 
concentrations in water, so serious that 
the results could not be used to plot a 
distribution map or taken to represent 
its natural concentration and variation in 
Europe. In general, glass bottles leach 
more elements to the stored water than 
PET bottles. However, all values, ob-
served during the leaching tests, were 
well below all maximum admissible con-
centrations (MAC), as defined for drink-
ing water in Europe, and it can, thus, be 
tentatively concluded that bottle leach-
ing is unlikely to represent a health risk.  
The bottle leaching test demonstrated 
that there exist bottles that do not leach 
any of the indicated elements to the 
stored water.
In terms of water standards, the major-
ity of samples fulfil the requirements of 
the European Union legislation for min-
eral (and drinking) water.  For some ele-
ments, a few bottled water samples ex-
ceed the potable water standards, e.g., 
the maximum values observed for Al, 
As, Ba, F–, Mn, Ni, NO2-, NO3-, Se and U. 
It must be noted that the maximum ad-
missible concentration for F– in bottled 
mineral water is set very high (5 mg/L 
instead of the 1.5 mg/L valid for drink-

ing water) in order to avoid too many 
compliance failures, i.e., about 5% of all 
mineral water samples report F– con-
centrations above 1.5 mg/L. This statu-
tory practice is questionable in view of 
bottled water increasingly replacing tap 
water as general drinking water.  With 
very few exceptions (Al, As, B, Ba, Fe, 
Mn, Ni, and Se – Demetriades 2010a), 
all values reported in the study of Euro-
pean ground water geochemistry, using 
bottled water as sampling medium are, 
however, well below the MAC values as 
defined by European legislation.
It can be concluded that the idea of 
using bottled water as a first proxy for 
ground water geochemistry and quali-
ty at the European scale was not as ab-
surd as it might, at first glance, have ap-
peared.  Despite all potential problems, 
it has been shown that natural variation 
in ground water quality is much larger 
than the impact of any secondary con-
sideration. Thus, on most element dis-
tribution maps, the importance of geol-
ogy and other natural processes on the 
chemical composition of ground water is 
clearly visible.
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