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A B S T R A C T   

Assessing geochemical baseline and threshold values of potentially toxic elements at adequate scales is funda-
mental for distinguishing geogenic contamination from anthropogenic pollution in groundwater. This study was 
aimed to estimate the regional threshold values of Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, 
Ag, Cd, Sb, Te, Ba, Hg, Tl, Pb, Bi, and U (elements listed according to atomic numbers) in groundwater, compare 
results to guidelines established for drinking water and the protection of groundwater from contamination, 
investigate the geographical distribution of trace elements, and assess the potential influence of water-rock 
interaction. 

A pre-selection aimed at excluding groundwater samples affected by known anthropogenic activities was 
carefully carried out based on hydrogeochemical characteristics of waters and considering the potential sources 
of contamination. The resulting dataset was comprised of 1227 groundwater sampling sites located in Sardinia 
(Italy). Undetected values were treated using the Regression on Order Statistics method. For elements containing 
>75 % of undetected values and/or a limited number of samples in the dataset (Li, Rb, Sr, Mo, Ag, Te, Tl, Sb, Hg 
and Bi), the threshold values were estimated using either the 95th or 97.7th percentiles. For the other elements 
the mean + 2SD (Standard Deviation), the median + 2MAD (Median Absolute Deviation), and the TIF (Tukey 
Inner Fence) estimators were also calculated. 

Geochemical maps allowed to recognize the threshold value of each element at different scales. Regional 
threshold values of the regulated elements B, Al, V, Cr, Cu and Cd in groundwater were below the Italian and 
World Health Organization drinking water guidelines, whereas Mn and As were above them. Regional threshold 
values estimated with TIF exceeded the drinking water guidelines for Ni, Se, Pb and U. 

Results of this study showed that high concentrations of trace elements in groundwater were primarily 
dependent on the corresponding amount in parent materials with which the groundwater came into contact. 
Physical-chemical parameters and geochemical characteristics may contribute to enhancing concentrations of 
some trace elements in groundwater, e.g. As via reductive dissolution of Fe(III)-Mn(IV) hydroxides/oxides, Pb via 
formation of stable aqueous complexes, and other elements via adsorption onto fine particles with size below 0.4 
μm (i.e. the pore size of filters used). 

Maps drawn on the centered log-ratio (clr) transformation of hydrogeochemical data, following the CoDA 
(Compositional Data Analysis) approach, allowed to pinpoint critical areas to be investigated in more detail. For 
each geological complex, groundwater samples likely representing nearly pristine conditions were identified. The 
monitoring of these representative groundwater samples may help to pinpoint eventual changes in environ-
mental conditions.   
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1. Introduction 

Trace elements naturally occurring at parts per million levels in the 
Upper Continental Crust (Rudnick and Gao, 2014) are generally present 
at parts/sub-parts per billion concentrations in natural waters (Stumm 
and Morgan, 1996). The occurrence of trace elements in groundwater 
can be due either to natural sources, such as dissolution of minerals that 
come into contact with the water, or human activities, such as mining, 
fuel use, ore smelting and improper disposal of industrial and urban 
wastes (Appelo and Postma, 1993). Trace elements such as Mn, Fe, Co, 
Ni, Cu and Zn can be controlled by organic components, being essential 
micronutrients for biota within a defined range of concentrations (Lohan 
and Tagliabue, 2018). However, other elements such as Cr, As, Cd, Sb, 
Hg and Pb are known to be toxic to biota and high concentrations in 
groundwater may pose a threat to human health, as recognized by the 
World Health Organization (WHO, 2017). So, health-based targets 
should be established for the drinking water, as a part of overall water 
and health policy (WHO, 2017). 

In some cases, toxic or harmful elements may occur in groundwater 
at high geogenic (natural) concentrations. It is the case of groundwater 
interacting with unexploited ore deposits and/or specific rock types, 
such as serpentinite (Binda et al., 2018), black shale (Parviainen and 
Loukola-Ruskeeniemi, 2019), and ultramafic rocks (Sahoo et al., 2019; 
Kierczak et al., 2021) that may be enriched in Ni, V, Cr, Cu, Zn and Mn. 
Therefore, it is essential to determine the geochemical baseline level (i.e. 
the actual background) of trace elements in groundwater with the aim to 
distinguish high concentrations due to natural sources (i.e., geogenic 
and biological processes) from contamination due to anthropogenic 
activities, such as urbanization, industrial activities, mining and agri-
cultural practices. The threshold is the upper value of the baseline range 
calculated for each element, and is commonly used as a practical 
reference value to evaluate the good status of groundwater quality 
(Langmuir, 1997; Edmunds et al., 2003). 

The best method of defining the geochemical baseline and the related 
threshold value is a matter of much discussion, and several approaches 
have been proposed (e.g.: Matschullat et al., 2000; Lee and Helsel, 2005; 
Reimann et al., 2005; Nordstrom, 2015; ISPRA, 2018; Reimann et al., 
2018; Parrone et al., 2019; Zanotti et al., 2022). Methods include the 
calculation of percentiles of a given dataset (e.g.: 90th, 95th and 97.7th 
percentiles); the Median + 2 Median Absolute Deviations (MAD), the 
study of inflection points in a cumulative probability plot and the Tukey 
Inner Fence (TIF) estimator calculated as follows: 75th percentile + 1.5 
IQR, where IQR is the interquartile range (75th–25th percentile). 
Because distributions of geochemical data are most often strongly right- 
skewed, in order to achieve a symmetrical (but not necessarily normal) 
data distribution, the correct approach would be to perform calculations 
on the logarithmic transformed data (Allegre and Lewin, 1995; Reimann 
et al., 2018; Gozzi et al., 2020). Moreover, the compositional nature of 
geochemical data is also to be taken into account and should be 
considered in statistical analysis of geochemical data (Buccianti and 
Grunsky, 2014; Boente et al., 2022). 

The concentrations of substances dissolved in groundwater may vary 
considerably in space and time. A high variability in the chemistry of 
groundwater may occur locally, particularly in geological environments 
in which marked variations in lithology occur both laterally and at 
depth. These conditions pose difficulties in establishing the geochemical 
baseline at a variety of scales. It is not possible to recognize and un-
derstand changes in natural systems if the natural baseline range has 
never been documented and mapped (Zoback, 2001). Geochemical 
maps at the continental-scale have been published in the United States 
(Smith et al., 2014), Australia (Gray et al., 2019) and Europe (Reimann 
et al., 2014a,b). These datasets have been used to establish the 
geochemical baseline variation at the continental scale and, in Europe, 
for risk assessment of metals in the environment (e.g., Oorts and Scho-
eters, 2014; Birke et al., 2016). 

In summary, for assessing the impact of contaminants on 

groundwater systems, and eventually establishing regulatory limits, and 
groundwater remediation programs, it is mandatory to know the base-
line concentrations of contaminants at an adequate scale. This study was 
based on data acquired by hydrogeochemical investigations carried out 
in Sardinia (Italy). In this region, many areas are unaffected by diffuse 
anthropogenic pollution that allow to evaluate the present status of 
groundwater quality, possibly close to nearly pristine conditions. 
However, Sardinia hosts widespread mineralization, both mined and not 
exploited, which makes challenge the baseline evaluation of trace 
elements. 

Specific objectives of this study were to: i) assess the regional 
occurrence of trace elements Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, 
As, Se, Rb, Sr, Mo, Ag, Cd, Sb, Te, Ba, Hg, Tl, Pb, Bi, and U in Sardinian 
groundwater; ii) calculate the regional threshold values of trace ele-
ments using different estimators and compare results with guidelines 
established for drinking water and the protection of groundwater; iii) 
draw explorative maps for investigating the geographical distribution of 
trace elements, also considering the compositional data analysis (CoDA) 
approach; and iv) assess the potential influence of rock composition on 
concentrations of trace elements in groundwater. 

2. Study area 

The study area is located in Sardinia (Italy), an island extending 
24,090 km2 in the western Mediterranean Sea. Sardinia hosts 1,672,000 
inhabitants mainly located in few cities (ISTAT, 2011). The average 
altitude is 334 m above sea level (asl). Mountains (19 % of land) with 
maximum elevation of 1834 m asl are mainly located in the eastern part. 
Hills (68 % of land) prevail over flat areas, such as the Campidano Plain 
and the river mouths. Forests (53 % of land), pastures and forages (43 % 
of land) represent semi-natural and poorly-developed rural areas. In-
dustries are mainly located nearby the cost (Fig. 1), with limited influ-
ence on water bodies inland. 

Sardinia is a remnant of continental crust developed during the 
Variscan Orogeny, characterized by a structural complexity due to the 
occurrence of significant geodynamic events from the post-collision 
Permian time up to the Oligocene-Miocene and Pliocene (Carmignani 
et al., 2015). Geological records can be summarized as follows: (a) the 
Paleozoic basement, mostly extending in the eastern part of the island, 
that underwent repeated phases of deformation and metamorphism 
during the Caledonian and Variscan orogenic cycles, and locally 
intruded by calc-alkaline granitic rocks; (b) the Mesozoic carbonate 
sequence that formed the passive margin of Southern Europe; and (c) the 
calc-alkaline volcanic rocks (Tertiary), alkaline basalts (Quaternary), 
and sedimentary cover consisting of shallow-water marine carbonates, 
siliciclastic sediments and continental conglomerates of Tertiary to 
Quaternary age (Carmignani et al., 2015). 

Relevant regional faults (Fig. 1) are: Oligocene-Aquitanian ENE- 
WSW trending left lateral strike-slip faults that displace both granitic- 
metamorphic basement and Mesozoic-Tertiary sedimentary and volca-
nic sequences; middle-late Burdigalian NNW-SSE trending normal faults 
that define an assemblage of half-grabens, known as the Sardinia Rift 
(Funedda et al., 2000); and Plio-Pleistocene N-S trending extensional 
faults along which an anorogenic volcanic phase occurred (Paternoster 
et al., 2017). 

Climatic conditions in Sardinia vary from semi-arid in the plain to 
semi-humid in the mountains. Average high, low and annual tempera-
tures are 8 ◦C, 21 ◦C and 14.5 ◦C, respectively. The average precipitation 
is 764 mm (about 18 billion m3/year) with rainy periods usually 
extending from November to April, but the intensity and length of the 
rainy season varies from year to year, with about 50 to 90 rainy days per 
year; heavy-rain events have been increased in the last decades (Delitala 
et al., 2000). The mean effective infiltration has been estimated at 940 
Mm3/year (RAS, 2006). However, the combined effect of temperature 
and winds on the island causes an inflow loss due to significant evapo-
transpiration. Hydrogeologic complexes with low (<10− 9 m/s) and 
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medium (10− 9–10− 4 m/s) permeability cover about 60 % of the 
Sardinian territory, including Paleozoic granitic and metamorphic 
rocks, and Oligo-Miocene volcanic rocks (Ghiglieri et al., 2014). Water 
circulation in the Paleozoic metamorphic complex mostly occur in the 
upper fractured zones. In the granitic complex, aquifers may be found 
also in the weathered parts, that acquire a porous permeability, and 
dimensions may be limited by the presence of lamprophiric dikes, which 
act as underground barriers (Ghiglieri et al., 2014). Hydrogeologic 
complexes with good (10− 4–10− 2 m/s) and high (>10− 2 m/s) perme-
ability represent about the 18 % of the land, consisting of Mesozoic and 

Cambrian limestone and dolostone, Quaternary alluvia and scoriaceous 
basalts (Ghiglieri et al., 2014). A simplified geological map of Sardinia 
showing the location of relevant mines, mineralized areas (Marcello 
et al., 2008; De Vivo et al., 1998; Palomba et al., 2006), and industrial 
sites is shown in Fig. 1. Sardinia was a relevant mining region in Italy 
and Europe, with Zn–Pb(Ag)–Cu–Ba–Sb exploitation carried out 
intensively since 1880 till 1990. Stratabound deposits are the more 
economic ores in Sardinia. They are often hosted in the Lower Paleozoic 
rocks in southwest Sardinia (Iglesiente-Fluminese, Fig. 1) where 
sphalerite-galena-barite large deposits may occur as massive sulfides 

Fig. 1. Location of the study area and simplified geological map of Sardinia (modified after RAS, 2013) showing main industrial sites, mining districts, mineralized 
areas (De Vivo et al., 1998; Marcello et al., 2008) and relevant industrial mineral deposits (Palomba et al., 2006). 
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and small deposits as Mississippi Valley type (De Vivo et al., 1998; 
Moroni et al., 2019). In central and southeast Sardinia, stratabound 
mineralization consists of scheelite, arsenopyrite, antimonite (Gerrei, 
Fig. 1), and chalcopyrite-sphalerite-galena massive sulfides (Funedda 
et al., 2018). Some skarn deposits are connected to the granite intrusion 
(Naitza et al., 2017). Auriferous mineralization associated with sulfide 
minerals was discovered in Tertiary volcanic rocks, and a gold mine was 
active at Furtei (Fig. 1) in central Sardinia from 1997 to 2003 (Cidu 
et al., 2013, and references therein). Post-Variscan hydrothermal de-
posits with barite, fluorite, galena, antimonite and argentite were 
documented in the Tertenia area (Fig. 1, Lorrai and Mereu, 1999), 
bauxite in the Nurra (Mameli et al., 2007; Mongelli et al., 2021), and 
kaolin, bentonite and zeolite small deposits in several parts of the island 
(Palomba et al., 2006; Mormone and Piochi, 2020). Abandoned mines 
pose serious environmental hazards, due to the weathering of mining- 
related wastes dumped nearby the mines, and the presence of highly 
contaminated groundwater flowing out of adits (Cidu et al., 2009). 

3. Methods 

3.1. Data source 

Records used in this study were derived from several hydro-
geochemical surveys carried out at the University of Cagliari (UNICA, 
Biddau et al., 2017 and reference therein) and from the groundwater 
monitoring program established by the Sardinian Regional Government 
(RAS, 2011). The same sampling protocol and analytical methods were 
used over time, thus results of different surveys were combined in one 
dataset. Hydrogeochemical surveys at UNICA were focused either on 
mine areas for assessing the impact of mining on the water quality, or in 
nearly pristine areas for investigating water-rock interaction processes. 
Sampling density and measured chemical elements were dependent on 
specific objectives established in each survey, therefore, the distribution 
of groundwater samples in the region was not homogeneous. The RAS 
groundwater-monitoring program is a long-term activity aimed to 
identify temporal trends in groundwater quality at the regional scale. 
The RAS monitoring sites included fresh groundwater from relevant 
water bodies, groundwater in areas of environmental relevance (e.g. 
wetlands) and target areas at industrial sites. For this study, analyses 
derived from the RAS surveys carried out in winter and summer in 2016 
were available. Results on physical-chemical parameters, major com-
ponents, nitrogen species and fluoride were published elsewhere (Bid-
dau et al., 2017, and reference therein). 

As an attempt to assess the status of groundwater as close as possible 
to natural conditions, the whole dataset was carefully submitted to a 
pre-selection. The pre-selection criteria were based on the location of 
known anthropogenic activities that may have disturbed the natural 
condition, together with hydrogeochemical features of groundwater 
samples (such as concentrations of major components, nitrogen species 
and phosphate indicating anthropogenic inputs) and field evidences. In 
particular, groundwater located at/downstream of industrial sites, in the 
nitrate vulnerable zone (NVZ) of Arborea (Fig. 1; RAS, 2005), in areas 
affected by past-mining activities, and in coastal areas affected by the 
intrusion of modern seawater due to over-exploitation were excluded. 
Thermal waters characterized by 30 to 75 ◦C temperatures, and deep 
and long circulation time, were excluded. Waters collected at wells with 
unknown construction details, and waters showing calculated charge 
balance (Appelo and Postma, 1993) >5 % were also excluded. The 
dataset resulting from the pre-selection included 1227 sampling sites. 
Physical-chemical parameters and major chemical components have 
been reported elsewhere (Biddau et al., 2017). 

Depending on specific objectives to be achieved in each survey, Li, 
Rb, Sr, Mo, Te, Tl and Bi were only determined at 192 (Te) to 376 (Sr) 
groundwater sampling sites. Elements Be, B, Al, V, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, As, Se, Ag, Cd, Sb, Ba, Hg, Pb, and U were determined at 984 (V) 
to 1227 (B) groundwater sampling sites. Location of sampling sites is 

shown in the geochemical maps that will be presented later. 
On the basis of physical-chemical parameters and chemical compo-

nents, a careful interpretation of the geochemical data, coupled with 
hydrogeological information on the water bodies (RAS, 2011), made it 
possible to identify 9 groups of samples according with the geological 
complex with which the groundwater comes into contact: Quaternary 
sediment, Quaternary basalt, Tertiary sediment, Tertiary andesite, Ter-
tiary ignimbrite, Mesozoic carbonate, Paleozoic granite, Paleozoic 
metamorphic, and Paleozoic carbonate. 

3.2. Analytical protocols and data quality 

The analytical protocol for trace elements can be summarized as 
follows. Spring waters were collected at the first outflow. Well waters 
were collected using a pump, following slow purging. On site, the water 
was filtered (0.4 μm pore size) into pre-cleaned, high-density poly-
ethylene bottles, acidified immediately upon filtration to 1 % (v/v) 
HNO3 supra pure, and stored refrigerated until analyses. Chemical an-
alyses in the RAS groundwater-monitoring program were carried out at 
certified laboratories (RAS, 2011). 

In surveys carried out at UNICA, elements B, Fe, Mn, Co, Cu, Zn, Sr, 
Cd and Ba were determined both by inductively coupled plasma optical 
emission spectrometry (ICP-OES, ARL 3520) and ICP mass spectrometry 
(ICP-MS, PerkinElmer ELAN5000 and ELAN DRC-e). Elements Be, Al, V, 
Cr, Co, Ni, Cu, Se, Ag, Cd, Sb, Ba, Pb, and U were determined by ICP-MS. 
The element Rh, 103 amu and 10 μg/L concentration, was used as in-
ternal standard in ICP-MS analyses. Elements As and Hg were deter-
mined by flow injection online with ICP-MS, hydride and vapor 
generation, respectively (Cidu, 1996). 

For each analytical run, the detection limits (DL) were calculated at 
10 times the standard deviation (SD) of the mean value calculated on 
several analyses of the blank solution, made up of ultrapure water 
MILLI-Q and supra pure HNO3 1 % (v/v). It is worth to recall that the 
dataset for each element used in this study was generated over years. 
Because the DL may vary depending on instrument performance, 
different DL values resulted for each element. 

In order to check potential contamination during sampling and 
analysis, blank solutions using MILLI-Q water were prepared in the field 
(field blank) and processed using the same procedures used for the water 
samples. Concentrations of trace elements in field blanks were either 
below or very close to the DL. Duplicated analyses showed concentration 
differences below 8 %. The standard reference solutions SRM1643d,e 
(supplied by the US National Institute of Standard & Technology, Gai-
thersburg, Maryland) and EnviroMAT ES-L-3 (supplied by SCP Science, 
St. Laurent, Quebec) were used to estimate analytical errors, which 
varied temporally depending on instrument performances. A few results 
showing measured concentrations versus certified values of standard 
reference solutions and the corresponding errors, usually below 10 %, 
are reported in the Supplementary material Table S1 and Table S2. 

With reference to the evaluation of groundwater quality, the guide-
lines established by the WHO (2017) for drinking water and threshold 
values established by Italian legislations for drinking water and for the 
protection of groundwater (GURI, 2006, 2009, 2016) based on the Eu-
ropean legislation (EC, 2006, 2014) were considered. 

3.3. Statistical analysis 

Several data-analysis procedures are available for datasets contain-
ing multiple detection limits (Lee and Helsel, 2005). For this study, 
concentrations below DL were processed as follows: i) for dataset con-
taining undetected values below 5 % of samples, the detection limit was 
substituted with the detection limit itself (elements B, Rb, Sr, Ba, U); ii) 
for dataset containing from 6 % to 75 % of undetected values (elements 
Li, Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Pb), the detection 
limit was substituted using the Regression on Order Statistics method 
(ROS method, Shumway et al., 2002; Lee and Helsel, 2005); and iii) for 
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dataset containing >75 % of undetected values (elements Ag, Sb, Te, Hg, 
Tl, Bi) no substitution was made and the undetected values were dis-
regarded. In general, if the information drawn from the variance- 
covariance matrix structure is sufficiently high, and cases are 
numerous, the method proposed by Martin-Fernandez et al. (2015) 
would be preferable. In our case, significant differences by the appli-
cation of different methods were not observed. 

Summary statistics were calculated after the DL substitution (with 
the exception of elements Ag, Sb, Te, Hg, Tl, and Bi having a large 
number of undetected values) and included the median value, selected 
percentiles, MAD and IQR. Histogram, cumulative probability plot and 
boxplot were used as exploratory data tools (Reimann et al., 2008; 
Filzmoser et al., 2009; Grunsky, 2010; Reimann and de Caritat, 2017; 
Sahoo et al., 2019). 

Compositional data are closed (or constrained) data and it is not 
possible to interpret in a correct way the behavior of a single element 
without considering what occurs to all the others. The bias effect related 
to the compositional nature of geochemical data was taken into account 
for elements B, Al, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Ba, Pb and U (other 
elements were not considered due to a large number of undetected 
concentrations) using the centered log-ratio (clr) transformation 
(Aitchison, 1986) where for the composition x = (x1,x2,…,xD) with D 
components or variables is defined as: 

clr(x) =
(

log
x1

gm(x)
, log

x2

gm(x)
,…, log

xD

gm(x)

)

where gm(x) =
∏D

i=1
x1/D

i is the geometric mean of the row. 

In order to investigate multivariate relationships and potential cor-
relations between chemical elements, the compositional clr-biplot was 
then performed (Daunis-I-Estadella et al., 2006; Pawlowsky-Glahn and 
Buccianti, 2011; Gozzi et al., 2020). The clr-transformation was also 
applied to draw maps of compositional data (hereafter clr-map). When a 
clr-map is adopted it is possible to have a whole framework of the 
variance-covariance structure of the dataset since the transformation 
takes into account, simultaneously, the link among all the elements of 
the composition. Thus, clr-maps represent a relative abundance and 
show whether the measured concentration of each element is high or 
low in relation to the geometric mean of all other elements (Reinmann 
et al., 2012). 

The threshold values were calculated considering different estima-
tors. For the elements containing <75 % of undetected values (Be, B, Al, 
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Ba, Pb and U) the threshold 
values were calculated using: i) mean + 2SD (Standard Deviation), ii) 
median + 2MAD, iii) the TIF estimator, and iv) selected percentiles of the 
distribution (95th and 97.7th). Calculations were performed on the log- 
transformed data, then threshold values were obtained back- 
transforming the results. It should be noted that percentiles of the dis-
tribution are not influenced by the logarithmic transformation. For el-
ements Li, Rb, Sr, and Mo, containing <75 % of undetected values but 
with a limited number of samples in the dataset, the threshold values 
were estimated using the percentiles of the distribution, either 95th or 
97.7th. For elements Ag, Te, Tl, Sb, Hg and Bi, having a limited number 
of samples in the dataset and/or >75 % of undetected values, the 
threshold values were not calculated, but concentration maps were 
drawn. 

Statistical analyses were accomplished with the free language for 
statistical computing R version 3.6 (R Development Core Team, 2013) 
and the package NADA (Nondetects And Data Analysis) was used for the 
ROS method. Also, the free open source CoDaPack software (Comas-Cufí 
and Thió-Henestrosa, 2011) was used to perform the clr-transformation 
of raw data and the clr-biplot. 

The groundwater composition given by B, Al, Mn, Fe, Co, Ni, Cu, Zn, 
Ba and U was used for the searching of the “baseline composition”. The 
robust Mahalanobis distance of each composition from the robust 

barycenter of a homogeneous group of data was determined following 
the approach reported in Verboven and Hubert (2005), after to have 
transformed the data in isometric coordinates (Egozcue et al., 2003). For 
each geological complex with which the groundwater comes into con-
tact the distance-distance plot was obtained displaying robust distance 
(RDi) versus classical Mahalanobis distance (MDi). The horizontal and 
vertical lines in the RDi-MDi plot are drawn at the cut-off value: 
̅̅̅̅̅̅̅̅̅̅̅̅̅

χ2
p,0.975

√

with p number of variables. 
Geochemical concentration maps and clr-maps were drawn using 

ArcGIS 10.2 (ESRI, 2013). 

4. Results 

4.1. Summary statistics 

The summary statistics of concentrations of trace elements is re-
ported in Table 1, together with the drinking water guidelines estab-
lished by the Italian Government and the WHO. Among the analyzed 
elements only Sr showed concentrations above DL in all samples. Ele-
ments Li, B, Cu, Zn, Rb, Ba and U showed <10 % of undetected values; V, 
Mn and Mo undetected concentrations were in the range of 21 to 49 %; 
Be, Al, Cr, Fe, Co, Ni, As, Se, Cd and Pb had 56 % to 72 % of undetected 
values; Ag, Sb, Te, Hg, Tl and Bi showed undetected values ranging from 
86 % to 99 % (Table 1). 

Among the regulated elements, the concentrations of Cr (maximum 
value 14 μg/L) and Ba (maximum value 486 μg/L) in the studied waters 
were always below guidelines (Table 1). The highest value of Cu (1380 
μg/L) occurred in groundwater at one single sampling site; excluding 
that value, the maximum concentration of Cu measured was 116 μg/L, i. 
e. lower than the Italian and WHO guidelines (1000 and 2000 μg/L, 
respectively). Elements B, Al, V, Ni, Sb, Tl and U showed values above 
guidelines in <1.0 % of samples, whereas Mn, Fe, As, Se, Cd, Hg and Pb 
showed a percentage of values above guidelines in the range of 1.0 (Cd) 
to 9.2 % (Mn). 

4.2. Element associations 

The median concentration of Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, 
Zn, As, Se, Rb, Sr, Cd, Ba, Pb and U, i.e. those elements having unde-
tected values below 75 %, grouped by the geological complex with 
which groundwater samples come into contact, are reported in Table 2. 
As compared with regional values, relatively high median concentra-
tions of Zn, Cd, Ba and Pb were observed in groundwater interacting 
with Paleozoic carbonate rocks (Table 2), likely reflecting the occur-
rence of relevant Cd-bearing sphalerite [(Zn,Cd)S], barite [BaSO4] and 
galena [PbS] deposits (Boni et al., 1999), which location is shown in 
Fig. 1. Vanadium and Cr median concentrations were relatively high in 
groundwater interacting with the Quaternary basalt, indicating a lith-
ological control on their concentration in groundwater, which was in 
agreement with literature records (Wright and Belitz, 2010). 

Based on values reported in Table 2, a compositional clr-biplot was 
drawn in order to identify relevant element associations, which may 
indicate specific geochemical processes and/or particular geological 
environments. The resulting compositional biplot is shown in Fig. 2, in 
which the first two components describe about 82 % of the cumulative 
data set variability, thus indicating the presence of a strong variance- 
covariance structure. 

The longest rays from the origin were for Quaternary basalt and 
Paleozoic carbonate (Fig. 2). This indicates that the ratio of concentra-
tion of these components to all others is responsible for most of the 
variability across all samples. The shortest ray from the origin was for 
the Tertiary sediment group, implying that the ratio of concentration of 
these components to all others was less variable. Different geochemical 
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Table 1 
Summary statistics of trace elements, and physical-chemical parameters in Sardinian groundwater and guidelines for drinking water and the protection of groundwater from contamination. DL = detection limit. Min =
minimum value. Max = maximum value. MAD = median absolute deviation. IQR = inter quartile range. n = number of samples. nc = not calculated due to a small number of detected values. ne = not established.  

Element Total >DL <DL <DL Min Max MAD IQR 25th Median 75th 80th 90th 95th 97.7th 99th Guidelines μg/L % above guidelinec 

n n n % μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L Italiana WHOb 

Li  356  332  24  7  <5  840 7.2 15  3.4  7.4  18  21  38  78  150  301 ne ne nc 
Be  1149  506  643  56  <0.01  2.1 0.07 0.2  0.03  0.07  0.2  0.2  0.4  0.6  0.91  1.5 ne ne nc 
B  1227  1212  15  1  <8  1700 44 73  27  51  100  119  184  302  470  921 1000 2400 0.9 
Al  1159  391  768  66  <0.01  5600 0.15 0.8  0.03  0.11  0.84  1.4  8.1  19  62  180 200 ne 0.9 
V  984  776  208  21  <0.04  71 0.89 2  0.5  1  2.5  3.3  6.5  10  15  31 50 ne 0.3 
Cr  1009  383  626  62  <0.2  14 0.3 0.9  0.13  0.28  1  1  2  2.3  3.7  5 50 50 0 
Mn  1212  615  597  49  <0.5  4000 0.88 4.4  0.29  1  4.7  7  31  150  470  1492 50 ne 9.2 
Fe  1200  393  807  67  <3  22,000 1.7 11  2.3  6.7  14  17  40  122  640  2949 200 ne 4 
Co  1216  425  791  65  <0.01  59 0.04 0.09  0.03  0.06  0.11  0.13  0.3  0.71  3  8.1 ne ne nc 
Ni  1174  465  709  60  <0.07  56 0.25 0.9  0.07  0.2  0.93  1  2  3.7  6.3  12 20 70 0.4 
Cu  1152  1042  110  10  <0.2  1380 1.3 2.4  0.55  1.1  3  3.6  7  15  23  34 1000 2000 0 
Zn  1029  966  63  6  <1.0  3200 12 23  2.5  9.2  25  33  76  191  420  772 ne ne nc 
As  1182  396  786  66  <0.1  288 0.32 0.7  0.05  0.24  0.8  1  3  5  20  62 10 10 3.4 
Se  1027  287  740  72  <0.5  89 0.62 1.8  0.2  0.54  2  2  3  4.7  7.8  16 10 40 1.8 
Rb  339  333  6  2  <0.1  183 1.2 4.1  0.41  1  4.5  6.8  14  23  32  52 ne ne nc 
Sr  376  376  0  0  20  14,000 123 197  73  150  270  315  653  1288  2000  3528 ne ne nc 
Mo  320  198  122  38  <0.01  76 0.24 0.5  0.09  0.2  0.59  0.84  2  7.7  16  29 ne ne nc 
Ag  1099  63  1036  94  <0.01  1.3 nc nc  <0.04  <0.04  <0.04  <0.05  <0.1  0.12  0.27  1 ne ne nc 
Cd  1136  262  874  72  <0.01  73 0.004 0.09  0.01  0.04  0.1  0.11  0.2  0.5  1.8  3.1 5 3 1 
Sb  1173  170  1003  86  <0.04  24 nc nc  <0.2  <0.2  <0.2  <0.3  0.6  1.1  2  2.3 5 20 0.7 
Te  192  3  189  98  <0.03  0.5 nc nc  <0.03  <0.06  <0.1  <0.4  <0.4  <0.5  <0.5  0.5 ne ne nc 
Ba  1215  1191  24  2  <1.0  486 30 49  12  29  61  68  98  136  170  210 ne 1300 0 
Hg  1037  108  929  90  <0.1  4.5 nc nc  <0.1  <0.1  <0.1  <0.2  0.4  0.6  0.9  1.8 1 6 1.6 
Tl  323  41  282  87  <0.01  5.9 nc nc  <0.04  <0.05  <0.1  <0.2  0.35  0.4  0.5  0.78 2d ne 0.9 
Pb  1052  406  646  61  <0.04  80 0.08 0.4  0.028  0.1  0.39  0.6  1.1  2.5  7.1  19 10 10 1.8 
Bi  280  3  277  99  <0.01  16 nc nc  <0.04  <0.1  <0.3  <0.3  <0.6  <1.0  <1.0  2 ne ne nc 
U  1171  1123  48  4  <0.01  151 1 1.9  0.22  0.77  2.1  2.6  5.7  11  19  29 ne 30e 0.9   

Parameter Total n Unit Min Max MAD IQR 25th Median 75th 80th 90th 95th 97.7th 99th 
T  1227 ◦C  5.0  29.0  3.0  5.0  15  18  20  21  22  23  25  26 
pH  1227   4.2  9.0  0.49  0.69  6.8  7.1  7.5  7.6  7.8  8.0  8.3  8.5 
Eh  1178 V  0.03  0.77  0.05  0.23  0.16  0.19  0.39  0.43  0.47  0.48  0.49  0.51 
EC  1227 mS/cm  0.10  9.4  0.67  0.99  0.57  0.94  1.6  1.8  2.4  3.2  4.3  5.6  

a GURI, 2006, 2009, 2016. 
b WHO, 2017. 
c Lower guideline value was considered. 
d Provisional guideline value IMH, 2016. 
e Provisional guideline value WHO, 2017. 
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associations of elements with the geological complexes were observed. 
In particular, Zn, Cd and Pb were associated with the Paleozoic car-
bonate group (Fig. 2). Interesting in the biplot is the collinearity be-
tween basalt and granitic rock vectors revealing the presence of a 
subcomposition with a strong one-dimensional variability (Daunis-I- 
Estadella et al., 2006). 

4.3. Regional threshold values 

The threshold values calculated using different methods for Li, Be, B, 
Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Cd, Ba, Pb and U in 
the Sardinian groundwater samples are reported in Table 3, together 
with guidelines established by the Italian Government and the WHO 
reported for comparison. The application of different estimators resulted 
in different threshold values. Threshold values calculated assuming the 

Table 2 
Median concentrations (in μg/L) of trace elements in Sardinian groundwater at regional level and in groundwater grouped by geological complexes. nc = not calculated 
due to a small number of samples.  

Element Regional Quaternary Tertiary Mesozoic Paleozoic 

Sediment Basalt Sediment Andesite Ignimbrite Carbonate Granite Metamorphic Carbonate 

Li  7.4 nc  0.20  30  12  3.4  1.4  7.1  6.9  6.6 
Be  0.07 0.10  0.006  0.10  0.06  0.049  0.015  0.05  0.06  0.02 
B  50 82  32  74  58  44  38  25  21  48 
Al  0.11 0.07  0.002  0.70  0.33  0.38  0.010  1.3  3.6  0.05 
V  1.0 1.3  3.7  1.0  2.9  2.0  0.6  0.7  0.6  0.10 
Cr  0.28 0.20  0.73  0.40  0.36  0.28  0.05  0.12  0.20  0.034 
Mn  1.0 0.4  0.013  1.4  4.0  0.8  0.06  2.0  3.0  1.0 
Fe  6.7 4.0  0.3  13  12  8.1  0.9  11  10  0.55 
Co  0.06 0.04  0.005  0.11  0.10  0.07  0.012  0.020  0.09  0.008 
Ni  0.20 0.10  0.008  0.3  0.9  0.18  0.025  0.34  0.9  0.02 
Cu  1.1 2.0  1.0  1.0  1.0  1.0  1.0  0.7  1.0  1.5 
Zn  9.2 8.9  1.6  7.0  11  8.6  3.6  9.9  21  50 
As  0.24 0.15  0.005  0.6  0.3  1.8  0.022  0.04  0.6  0.011 
Se  0.5 0.4  0.04  1.1  0.60  0.65  0.11  0.2  0.6  0.07 
Rb  1.0 nc  1.9  10  7.6  3.8  0.5  0.4  0.8  1.8 
Sr  150 nc  177  611  334  137  64  105  136  105 
Mo  0.2 nc  0.30  1.1  0.20  0.30  0.14  0.2  0.3  0.06 
Cd  0.04 0.029  0.002  0.09  0.051  0.061  0.006  0.012  0.1  0.11 
Ba  29 49  19  30  18  16  16  12  18  73 
Pb  0.10 0.04  0.003  0.15  0.12  0.080  0.009  0.16  0.11  1.0 
U  0.8 1.0  0.3  1.4  0.4  0.8  0.7  0.9  0.2  0.7  

Fig. 2. Compositional clr-biplot showing the relationship among the median values of selected trace elements in groundwater samples grouped by the geological 
complexes. The principal component analysis was carried out on data reported in Table 2. 
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95th percentile provided the most conservative estimate. Threshold 
values calculated by the 97.7th percentile, the Mean + 2SD and the 
Median + 2MAD were within the same order of magnitude. The TIF 
method usually provided the highest threshold values, generally higher 
than the 97.7th value, except for Mn and Fe that showed many outliers. 

For elements Li, Rb, Sr, and Mo the threshold values corresponding 
to 95th and 97.7th value of distribution, might be assumed as a provi-
sional threshold estimate due to the small number of data available. The 
regional threshold values of the regulated elements B, Al, V, Cr, Cu and 
Cd, whatever the method used, were below the Italian and WHO 
drinking water guidelines. All calculated threshold values for Mn were 
higher than the Italian guideline value of 50 μg/L. Although Mn is not 
suspected of causing direct health effects through its presence in 
drinking water, high concentrations should be considered because may 
result in severe discoloration of water, and frequently may cause oper-
ational problems (WHO, 2017). The regional threshold values of As were 
mostly above the Italian and WHO drinking water guidelines. The 
regional threshold values calculated by TIF for Ni, Se, Pb and U exceeded 
the respective guidelines (Table 3). 

5. Discussion 

Elements As, Cd and Pb are discussed first due to: i) their high 
toxicity to human health; ii) the widespread mineral deposits hosting 
these elements in Sardinia; and iii) detectable concentrations sufficient 
to draw both concentration maps and clr-maps, which are included in 
the main text. Other elements were grouped based on the availability of 
detected concentrations, with maps provided in the Supplementary 
Figs. S1, S2 and S3. 

5.1. As, Cd and Pb 

Elements As, Cd and Pb hosted in sulfide minerals can be dissolved 
under oxidizing conditions. Schematic reactions of arsenopyrite 
[FeAsS], enargite [Cu3AsS4], sphalerite [(Zn,Cd)S] and galena [PbS] 
dissolution are showed in Eqs. 1, 2, 3 and 4, respectively (Plumlee, 1999; 
Dold, 2010; Cidu et al., 2018): 

4FeAsS+ 13O2 + 6H2O→4Fe2+ + 4H2AsO−
4 + 4SO2−

4 + 4H+ (1)  

Cu3AsS4 + 8.75O2 + 2.5H2O→3Cu2+ +AsO3−
4 + 4SO2−

4 + 5H+ (2)  

(
Zn(1− x)Cdx

)
S+ 2O2→(1 − x)Zn2+ + xCd2+ + SO2−

4 (3)  

PbS+ 2O2→Pb2+ + SO2−
4 (4) 

The above reactions are fundamental for understanding the occur-
rence of As, Cd and Pb in the studied groundwater samples. Fig. 3 shows 
the maps of As, Cd and Pb concentrations, with symbol sizes corre-
sponding to the threshold value calculated using different estimators 
based on the log-transformed data. High concentrations of As in 
groundwater (Fig. 3a) were related to the oxidative dissolution of 
arsenopyrite and enargite mineralization hosted in Tertiary volcanic 
rocks, respectively in the north (Osilo; Biddau and Cidu, 2005) and 
central (Furtei; Cidu et al., 2013) Sardinia, and to the diffuse occurrence 
of arsenopyrite in metamorphic rocks in southeast Sardinia (Fig. 1, 
Gerrei; Frau et al., 2012). 

Elevated Cd concentrations in groundwater were observed in south 
Sardinia (Fig. 3b), mostly related to the interaction of water with Cd- 
bearing sphalerite mineralization (Cidu et al., 2009). The Pb map 
(Fig. 3c) showed relatively high concentrations in groundwater draining 
the Iglesiente-Fluminese mining districts that host relevant galena de-
posits (Fig. 1). These finding were in agreement with the geochemical 
associations of Cd and Pb with the Paleozoic carbonate rocks shown in 
the bi-plot (Fig. 2). 

Fig. 4 shows the maps of As, Cd and Pb derived from the clr-data, 
representing the relative abundance of each element with respect to the 
geometric mean of all elements considered. In addition to the areas 
highlighted in the As concentration map (Fig. 3a), the clr-As map 
allowed to identify relatively high concentrations of As also in areas 
where mineral deposits are not documented. In particular, in northern 
Sardinia a relative enrichment of As in groundwater was associated with 
Tertiary andesite and ignimbrite (Fig. 4a) that may host disseminate As- 
bearing sulfide minerals (Simeone et al., 2005). Another As cluster was 
observed in groundwater draining Quaternary sediments (Fig. 4a), close 
to Oristano (location shown in Fig. 1). In this flat area alluvia and 

Table 3 
Threshold values (in μg/L) calculated using different estimators on the back transformed log-data. Drinking water guidelines are reported for comparison. MAD =
median absolute deviation. SD = standard deviation. nc = not calculated due to a small number of samples. ne = not established. Values above the lower guideline are 
reported in bold.  

Element Back transformed ln-data Guidelines 

95th Median + 2MAD 97.7th Mean + 2SD TIF Italiana WHOb 

Li  78 nc  150 nc nc ne ne 
Be  0.6 1.3  0.9 1.0 4.0 ne ne 
B  302 366  470 435 719 1000 2400 
Al  19 13  62 35 126 200 ne 
V  10 11  15 16 28 50 ne 
Cr  2.3 6.1  3.7 4.2 23 50 50 
Mn  150 61  470 181 302 50 ne 
Fe  122 87  640 200 192 200 ne 
Co  0.7 1.0  3.0 1.1 2.0 ne ne 
Ni  3.7 9.3  6.3 7.2 48 20 70 
Cu  15 11  23 20 37 1000 2000 
Zn  191 282  420 350 814 ne ne 
As  5.0 16  20 15 46 10 10 
Se  4.7 10  7.8 10 62 10 40 
Rb  23 nc  32 nc nc ne ne 
Sr  1288 nc  2000 nc nc ne ne 
Mo  7.7 nc  16 nc nc ne ne 
Cd  0.5 0.6  1.8 0.8 1.9 5 3 
Ba  136 313  170 245 691 ne 1300 
Pb  2.5 4.3  7.1 5.3 21 10 10 
U  11 20  19 24 62 ne 30  

a GURI, 2006, 2009, 2016. 
b WHO, 2017. 
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lacustrine sediments are often rich in organic matter that may promote 
reductive dissolution of Fe(III) and Mn(IV) hydroxides/oxides, accord-
ing with the schematic reactions 5 and 6, which in turn would also 
release sorbed As into solution (Frau et al., 2019). 

CH2O+ 4Fe(OH)3 + 7H+→4Fe2+ +HCO−
3 + 10H2O (5)  

CH2O+ 2MnO2 + 3H+→2Mn2+ +HCO−
3 + 2H2O (6) 

The clr-Cd (Fig. 4b) and clr-Pb (Fig. 4c) maps were similar to those 
drawn using concentration values, probably due to the prevalent asso-
ciation of these elements with widespread mineralization of Zn(Cd) and 
Pb in Sardinia, which is in agreement with literature records (Cidu et al., 

Fig. 3. Maps of As (a), Cd (b) and Pb (c) in Sardinian groundwater showing threshold values calculated with different methods based on the log-transformed data. 
The cumulative probability plot, histogram and boxplot are also reported for each element. Red symbols in the maps and cumulative plots indicate concentrations 
above guidelines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2009). A small cluster with relatively high Pb was observed in ground-
water circulating in Mesozoic carbonate rocks in northwest Sardinia 
(Fig. 4c). In such environment, the formation of complexes such as 
aqueous PbCO3

0 is favored, which in turn would allow Pb to remain in 
groundwater due to the stability of this complex (Stumm and Morgan, 
1996) under the near-neutral to slightly alkaline pH in groundwater of 

this area observed in this study and in literature (Da Pelo et al., 2017). 

5.2. B, Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U 

Concentration maps and clr-maps for elements B, Al, Mn, Fe, Co, Ni, 
Cu, Zn, Ba and U, together with the cumulative plot, histogram and 

Fig. 4. Maps of As (a), Cd (b) and Pb (c) in Sardinian groundwater showing ranges of values calculated on the clr-transformed data. Symbol sizes in the maps increase 
as relative concentrations of each element with respect to all other components in groundwater increase. The cumulative probability plot, histogram and boxplot are 
also reported for each element. 
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boxplot, are shown in the Supplementary Fig. S1. 
The regional distributions of B showed high concentrations in 

groundwater interacting with marine-derived sediments of Miocene age 
(Fig. S1a), which is consistent with relatively high B in seawater (Stumm 
and Morgan, 1996). The clr-B map also showed groundwater interacting 
with basalt and andesite to be relatively enriched in B (Fig. S1b), which 
appears consistent with B enrichment in volcanic rocks that underwent 
hydrothermal alteration (Ryan and Langmuir, 1993). 

About 1 % of total groundwater samples had Al concentrations above 
drinking water guidelines. High concentrations of Al were associated 
with pH values ranging from 4.2 to 5.5 observed in groundwater 
draining mineralized areas, such as Osilo and Furtei (Fig. S1c), which is 
consistent with increasing solubility of Al at pH < 6 (Stumm and Mor-
gan, 1996). High concentrations of Al might be also associated with 
particles <0.4 μm in size, to which Al would be sorbed. Relatively high 
concentrations of Al (Fig. S1d) were observed in volcanic, granitic and 
metamorphic rocks, i.e. in silicate environments where Al is a major 
component. 

Concentrations of Mn and Fe above guidelines were observed in 9.2 
% and 4 % of total samples, respectively (Table 1). Maps of Mn (Fig. S1e, 
f) and Fe (Fig. S1g, h) in groundwater showed associations with different 
geological complexes, which appeared to be consistent with the diffused 
Mn and Fe abundance in Sardinian rocks (Sinisi et al., 2012), as well as 
in the Crust (Rudnick and Gao, 2014). The ion Mn2+ is stable under wide 
pH and redox range observed in natural waters (Stumm and Morgan, 
1996), and in our samples (Table 1), which may account for the wide-
spread high concentrations of Mn in the Sardinian groundwater. Also 
considering that Mn guideline was not established by WHO, the Italian 
guideline of 50 μg/L Mn appears probably inadequate for representing 
natural conditions, and establishing the good status of groundwater. 

Relatively high Co (Fig. S1i, j), Ni (Fig. S1k, l) and Cu (Fig. S1m, n) in 
groundwater appeared often unrelated to specific rocks. Occurrence of 
Zn in groundwater (Fig. S1o, p) was often observed in the Iglesiente- 
Fluminese Zn–Pb mine districts (Fig. 1). Relatively high concentra-
tions of Ba were observed in groundwater interacting with kaolin de-
posits (Fig. S1r), which would be consistent with literature records (Dill 
et al., 1995). High concentrations of Ba sometimes occurred in 
groundwater having low sulfate (not shown), highlighting the role of 
barite equilibrium in controlling aqueous Ba concentrations. 

The highest concentrations of U were observed in oxic groundwater 
draining granitic environments (Fig. S1s), as expected considering the U 
content in granite higher than mafic rocks, and the U mobility as ion 
uranyl (UO2

2+) and its complexes under oxic conditions (Campbell et al., 
2015). However, the median value of U in groundwater draining granitic 
rocks was close to the regional value (see Table 2), suggesting that high 
U concentrations in groundwater might derive from interaction with U 
mineralization, such as in SW Sardinia (Fig. 1). 

5.3. Li, Be, V, Cr, Se, Rb, Sr and Mo 

Concentration maps for elements Li, Be, V, Cr, Se, Rb, Sr and Mo in 
Sardinian groundwater, together with the cumulative plot, histogram 
and boxplot, are reported in the Supplementary Fig. S2. Variations in 
concentrations of Li, Rb, Sr and Mo were found dependent on the 
interaction of groundwater with specific rocks. The highest concentra-
tions of Li, Rb and Sr (Fig. S2a, f, g, respectively) were mainly observed 
in groundwater interacting with Tertiary andesite and ignimbrite that 
underwent hydrothermal alteration (Biddau and Cidu, 2005; Mormone 
and Piochi, 2020). Few spots with high Be and Cr occurred in ground-
water draining granitic rocks (Fig. S1b and d, respectively), probably 
due to associated pegmatite. The maps of V and Cr (Fig. S2c, d, 
respectively) showed high concentrations mostly in groundwater 
draining Quaternary basalt, Tertiary andesite and ignimbrite in north-
west Sardinia, which was in agreement with relatively high V and Cr 
contents reported in these rocks (Lustrino et al., 2013). Concentrations 
of Se above guidelines were observed in 1.8 % of total samples (Table 1), 

mostly associated with groundwater draining Quaternary and Tertiary 
sediments (Fig. S1e), for which the Se abundance is unknown. Con-
centrations of Mo (Fig. S2h) above the 97.7th threshold occurred in 
groundwater draining areas hosting known mineralization (e.g. the 
Gerrei district shown in Fig. 1; Cidu et al., 2021). 

5.4. Ag, Sb, Te, Hg, Tl, and Bi 

Concentration maps for these elements, together with the cumulative 
curve and box plot, are reported in the Supplementary Fig. S3. 

Relatively high concentrations of Ag and Sb occurred in areas of 
known mineralization (e.g. Osilo, Iglesiente-Fluminese, Gerrei, Tertenia; 
see Fig. 1 for location). Concentrations above the Italian drinking water 
limit of 5 μg/L Sb were observed in 0.7 % of total samples (Table 1). 
Mercury concentrations above the drinking water limit of 1 μg/L (1.6 % 
of total samples, Table 1) occurred in areas of known mineralization 
(Fig. S3d). Indeed, Hg in the Iglesiente-Fluminese mining district was 
enough abundant to be recovered as byproduct from galena ore (Cidu 
et al., 2001). High concentrations of Hg were also found in groundwater 
in the Campidano Plain, and nearby urban areas (Fig. S3d). Such con-
centrations were apparently unrelated with geogenic processes. There-
fore, these areas should be investigated in more detail to pinpoint 
eventual anthropogenic inputs. Concentrations of Te and Bi above DL 
occurred in 3 groundwater samples only (Fig. S3c, f, respectively). 

Concentrations of Tl were below 0.7 μg/L in 99 % of total samples. 
The 3 samples with Tl concentrations slightly above the Italian guideline 
occurred in groundwater located nearby the mineralized area of Osilo 
and in granitic rocks of southern Sardinia (Fig. S3e). High concentra-
tions of Tl were not related with high concentrations of U. More sam-
pling sites would be required to assess the regional occurrence of Tl 
above the guideline of 2 μg/L. Being a regulated element, we suggest 
that the determination of Tl should be included in the groundwater 
monitoring program established by the Regional and National 
Governments. 

5.5. Groundwater ‘baseline composition’ 

The information obtained with the clr-maps allowed to further 
improve, under CoDA principles, the searching of the ‘baseline compo-
sition’, thus abandoning single elements and considering the funda-
mental links of the chemical species in the composition to which they 
pertain. The composition given by B, Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U 
in groundwater was used for this purpose. An example for groundwater 
samples interacting with the Paleozoic metamorphic rocks is reported in 
Fig. 5. Data located in the upper right quadrant were related to outliers 
or extreme compositions, whereas those located toward the down left 
corner were near to the robust barycenter. In the case of groundwater 
interacting with metamorphic rocks, the most extreme compositions 
were given by groundwater samples located downstream of known 
mineralization, which is consistent with high concentrations of trace 
elements due to the interaction of groundwater with the ore deposits. 
The composition closer to the robust barycenter in Fig. 5 was given by 
the spring sample N45 that was located far away either from known 
mineralization or anthropogenic activities, thus, likely close to nearly 
pristine environmental conditions. 

The application of the analysis to the different geological complexes 
has allowed to identify the composition of groundwater samples closer 
to the compositional barycenter. These samples are listed in Table 4, 
with locations shown in the Supplementary Fig. S4. The Robust Maha-
lanobis distance (RDi) threshold value separating anomalous or extreme 
compositions from the rest of the data for each geological complex is 
also reported in Table 4. The RDi threshold values correspond to the 
horizontal red line in the distance-distance plots drawn for groundwater 
interacting with the different geological complexes, reported in the 
Supplementary Fig. S5. The composition of the groundwater samples 
listed in Table 4, characterized by joint relationships among B, Al, Mn, 
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Fe, Co, Ni, Cu, Zn, Ba and U, might represent the baseline condition of 
groundwater interacting with a specific geological complex. These 
samples could be considered as a reference in groundwater monitoring 
plans at different scales. Perturbations eventually observed in the 
reference groundwater sample under monitoring programs might give 
interesting early warning signals about environmental changes. 

6. Conclusions 

Establishing the actual natural quantification of aqueous compo-
nents is mandatory to identify significant and feasible clean-up goals 

(European Water Framework Directive 2000/60/EC, article 17). The 
application of remediation strategies, simply following compliance 
levels established by current regulations, might lead to ineffective and 
unaffordable targets at sites where specific natural conditions may cause 
geogenic contamination of water systems. Following the assessment of 
contamination status with respect to baseline conditions at contami-
nated sites, remediation actions might be better planned by National and 
Regional Governments. 

In this study, the calculated threshold values of trace elements may 
contribute to assess the quality of Sardinian groundwater. Prior to 
threshold calculations, an accurate pre-selection should be carried out 
before data processing, and samples affected by anthropogenic activities 
should be excluded. To this purpose, hydrogeochemical interpretations 
of data was a valuable tool in highlighting interactions of water with 
solid and gas phases, better predicting relations among elements, and 
recognizing anthropogenic effects. Also, selecting the reliable variables 
to be used on data processing was mandatory. 

Based on geochemical maps, the most conservative threshold cor-
responded with values derived by the 95th percentile estimator. The 
97.7th percentile, the mean + 2SD, the median + 2MAD, and the TIF 
estimators provided higher threshold values that should be considered 
at the local scale. Elements Mn, Fe, Ni, As, Se, Pb and U in groundwater 
showed threshold values above guidelines established for drinking 
water. 

Concentrations of As, Zn, Cd, Sb and Pb above the threshold values 
mainly occurred in groundwater draining areas of known mineralization 
(see Fig. 1), highlighting the relevant role of element abundance in 
parent rocks and sediments with which the groundwater interacts. Ele-
ments Zn, Cd and Pb in groundwater showed a strong association with 
the Paleozoic carbonate formations that host relevant Zn(Cd)–Pb de-
posits. Long time mining in the Iglesiente-Fluminese Zn–Pb districts 
may have enhanced the availability of Zn, Cd and Pb via widespread 

Fig. 5. Robust Mahalanobis distance versus classical distance for groundwater samples interacting with metamorphic rocks for the multivariate dataset given by B, 
Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U. 

Table 4 
Robust Mahalanobis distance (RDi values) from the compositional barycenter of 
the dataset given by B, Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U, with groundwater 
samples listed for geological complexes ranked by age. The column on the right 
reports the RDi threshold values separating outliers or extreme compositions.  

Sample Geological complex RDi 

values 
RDi threshold 
values 

13101PO0028 — well Quaternary 
sediment  

1.85  4.9 
17104PO0004 — well  1.84 
22101SO0001 — 

spring 
Quaternary basalt  1.31  5.1 

23101PO0059 — well Tertiary sediment  1.51  5.1 
27203PO0004 — well Tertiary ignimbrite  1.82  4.2 
31101PO0006 — well Tertiary andesite  1.98  4.85 
34101SO0005 — 

spring 
Mesozoic carbonate  1.29  8.2 

N13 — spring Paleozoic granite  1.83  4.9 
N17 — spring  1.92 
BG1 — well Paleozoic carbonate  1.33  4.9 
37101PO0003 — well  1.59 
N45 — spring Metamorphic rocks  1.92  4.7  
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mining-derived wastes that have exposed larger surfaces to weathering, 
with respect to the surface of unexploited deposits. 

The geochemical characteristics of groundwater showed that high 
concentrations and outliers values of trace elements were mostly asso-
ciated to groundwater interacting with rocks enriched in specific ele-
ments and/or with mineral deposits. In addition to the geogenic 
abundance of trace elements, physical-chemical parameters and 
hydrogeochemical characteristics may contribute in enhancing con-
centrations in groundwater, e.g. via reductive dissolution driven by 
organic matter (As), the formation of stable aqueous complexes (Pb), 
equilibrium with respect to solid phases (Ba), without neglecting the 
role of colloidal and/or very fine particles as potential sorption sites for 
elements such as Al, Mn, Fe and As. 

Both concentration maps and clr-maps are useful to understand the 
processes governing the spatial distribution of trace elements in 
groundwater. Compared with concentration maps, the use of clr-maps 
permitted to constrain the element source, giving a more complete 
picture of the behavior of each element with respect to other compo-
nents in groundwater. The clr-maps were particularly useful to pinpoint 
critical areas to be investigated in more detail. In such areas, ground-
water sampling and analyses should be implemented for better under-
standing ongoing processes and pinpoint potential sources of 
groundwater contamination. In fact, the clr-data spatial distribution 
might reveal decoupling phenomena of some elements with respect to 
the expected geochemical behavior, thus revealing unknown inputs or 
perturbations. 

In this framework, the CoDA processing, able to recognize extreme 
compositions with respect to those closer to the compositional bary-
center, can give a substantial contribution to recognize processes at the 
base of anomalous behavior of trace elements in groundwater, as well as 
more representative, perhaps pristine and/or stable, conditions. 

The methodology adopted in this study appears adequate to distin-
guish effective anthropogenic contamination from natural conditions. 
Therefore, results of this study may help stakeholders to define realistic 
environmental clean-up goals, and consequently planning adequate 
strategies to reduce groundwater contamination at specific areas. The 
peculiarity of Sardinia, where varied mineral occurrences are wide-
spread in the island (Marcello et al., 2008), should be also considered. 
Indeed, a common feature among the considered trace elements was that 
concentrations in groundwater increased depending on the geological 
availability in rocks hosting the water bodies. In addition to the 
geological abundance, specific conditions may play a significant role in 
enhancing the geochemical mobilization and spatial distribution of trace 
elements. As reported in the recent 2022 IPCC report (https://www.ipcc 
.ch/report/ar6/wg2/) climate change is causing substantial damages 
and increasingly irreversible losses in terrestrial freshwater at different 
scales, so that any investigation of the baseline of a Country represents a 
fundamental starting point to evaluate and quantify resilience of eco-
systems and human communities. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gexplo.2022.107104. 
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