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Abstract 14 

Assessing baseline and threshold values of potentially toxic elements at adequate scales is fundamental for 15 

distinguishing geogenic contamination from anthropogenic pollution in groundwater. This study was aimed 16 

to estimate the regional threshold values of Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, 17 

Ag, Cd, Sb, Te, Ba, Hg, Tl, Pb, Bi, U in groundwater, compare results to guidelines established for drinking 18 

water and the protection of groundwater from contamination, investigate the geographical distribution of 19 

trace elements, and assess the potential influence of rocks with which groundwater interacts. 20 

A pre-selection aimed at excluding groundwater samples affected by known anthropogenic activities was 21 

carefully carried out based on hydrogeochemical characteristics of waters and considering the potential 22 

sources of contamination. The resulting dataset was comprised of 1239 groundwater sampling sites located 23 

in Sardinia (Italy). Undetected values were treated using the Regression on Order Statistics method. For 24 

elements containing more than 75 % of undetected values and/or a limited number of samples in the dataset 25 

(Li, Rb, Sr, Mo, Ag, Te, Tl, Sb, Hg and Bi), the threshold values were estimated using either the 95th or 26 

97.7th percentiles. For the other elements the mean+2SD (Standard Deviation), the median+2MAD (Median 27 

Absolute Deviation), and the TIF (Tukey Inner Fence) estimators were also calculated. 28 

In general, the 95th threshold value of the trace element in groundwater was adequate when referring to the 29 

regional scale, whereas other estimators might be more appropriate at the local scale. Regional threshold 30 

values of the regulated elements B, Al, V, Cr, Cu and Cd in groundwater were below the Italian and World 31 

Health Organization drinking water guidelines, whereas Mn and As were above them. Regional threshold 32 

values estimated with TIF exceeded the drinking water guidelines for Ni, Se, Pb and U.  33 

Maps of As, Sb, Cd, Pb and U showed concentrations above regional threshold values mainly corresponding 34 

with groundwater interacting with geological complexes hosting known mineral deposits, either mined or 35 

unexploited. 36 

Results of this study showed that high concentrations of trace elements in groundwater were primarily 37 

dependent on the corresponding amount in parent materials with which the groundwater came into contact. 38 

Physical-chemical parameters and geochemical characteristics may contribute to enhancing concentrations of 39 

some trace elements in groundwater, e.g. As via reductive dissolution of Fe(III)-Mn(IV) hydroxides/oxides, 40 

Pb via formation of stable aqueous complexes, and other elements via adsorption onto fine particles with size 41 

below 0.4 µm (i.e. the pore size of filters used). Maps drawn on the centered log-ratio (clr) transformation of 42 

hydrogeochemical data, following the CoDA (Compositional Data Analysis) approach, gave additional 43 

information useful to pinpoint critical areas to be investigated in more detail. For each geological complex, 44 

groundwater samples likely representing nearly pristine conditions were identified. The monitoring of these 45 

representative groundwater samples may help to pinpoint eventual changes in environmental conditions.  46 
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1. Introduction 53 

Trace elements naturally occurring at parts per million levels in the Upper Continental Crust (Rudnick and 54 

Gao, 2014) are generally present at parts/sub-parts per billion concentrations in natural waters. The 55 

occurrence of trace elements in groundwater can be due either to natural sources, such as dissolution of 56 

minerals that come into contact with the water, or human activities, such as mining, fuel use, ore smelting 57 

and improper disposal of industrial and urban wastes (Appelo and Postma, 1993). Trace elements such as 58 

Mn, Fe, Co, Ni, Cu and Zn are essential micronutrients for biota within a defined range of concentrations 59 

(Lohan and Tagliabue, 2018). However, other elements such as Cr, As, Cd, Sb, Hg and Pb are known to be 60 

toxic to biota and high concentrations in groundwater may pose a threat to human health, as recognized by 61 

the World Health Organization (WHO, 2017). So, health-based targets should be established for the drinking 62 

water, as a part of overall water and health policy (WHO, 2017). 63 

In some cases, several toxic or harmful elements may occur in groundwater at high geogenic (natural) 64 

concentrations. It is the case of groundwater interacting with unexploited ore deposits and/or specific rock 65 

types, such as serpentinite (Binda et al., 2018), black shale (Parviainen and Loukola-Ruskeeniemi, 2019), 66 

and ultramafic rocks (Sahoo et al., 2019; Kierczak et al., 2021) that may be enriched in Ni, V, Cr, Cu, Zn and 67 

Mn. Therefore, it is essential to determine the geochemical baseline level (i.e. the actual background) of trace 68 

elements in groundwater with the aim to distinguish high concentrations due to natural sources (i.e., 69 

geogenic and biological processes) from contamination due to anthropogenic activities, such as urbanization, 70 

industrial activities, mining and agricultural practices. The threshold value (i.e. the upper limit of the natural 71 

background) is commonly used as a practical reference value to evaluate the good status of groundwater 72 

quality (Langmuir, 1997; Edmunds et al., 2003). 73 

The best method of defining the geochemical background and the related threshold value is a matter of much 74 

discussion, and several approaches have been proposed (e.g.: Matschullat et al., 2000; Reimann et al., 2005; 75 

ISPRA, 2018; Reimann et al., 2018; Parrone et al., 2019; Zanotti et al., 2022). Methods include the 76 

calculation of percentiles of a given dataset (e.g.: 90th, 95th and 97.7th percentile); the Median±2 Median 77 

Absolute Deviations (MAD), the study of inflection points in a cumulative probability plot and the Tukey 78 

Inner Fence (TIF) estimator calculated as follows: 75th percentile + 1.5 IQR, where IQR is the interquartile 79 

range (75th - 25th percentile). Because distributions of geochemical data are most often strongly right-skewed, 80 

in order to achieve a symmetrical (but not necessarily normal) data distribution, the correct approach would 81 

be to perform calculations on the logarithmic transformed data (Allegre and Lewin, 1995; Reimann et al., 82 

2018; Gozzi et al., 2020). Moreover, the compositional nature of geochemical data is also to be taken into 83 

account and should be considered in statistical analysis of geochemical data (Buccianti and Grunsky, 2014; 84 

Boente et al., 2022). 85 

The concentrations of substances dissolved in groundwater may vary considerably in space and time. A high 86 

variability in the chemistry of groundwater may occur locally, particularly in geological environments in 87 

which marked variations in lithology occur both laterally and at depth. These conditions pose difficulties in 88 

establishing the geochemical background at a variety of scales. It is not possible to recognize and understand 89 

changes in natural systems if the natural background range has never been documented and mapped (Zoback, 90 

2001). Geochemical maps at the continental-scale have been published in the United States (Smith et al., 91 

2014) and Europe (Reimann et al., 2014a, 2014b). These datasets have been used to establish the 92 

geochemical background variation at the continental scale and, in Europe, for risk assessment of metals in 93 

the environment (e.g., Oorts and Schoeters, 2014; Birke et al., 2016). 94 

In summary, for assessing the impact of contaminants on groundwater systems, and eventually establishing 95 

regulatory limits, and groundwater remediation programs, it is mandatory to know the baseline 96 

concentrations of contaminants at an adequate scale. This study was based on data acquired by 97 

hydrogeochemical investigations carried out in Sardinia (Italy). In this region, many areas are unaffected by 98 

diffuse anthropogenic pollution that allow to evaluate the present status of groundwater quality, possibly 99 

close to nearly pristine conditions. However, Sardinia hosts widespread mineralization, both mined and not 100 

exploited, which makes challenge the baseline evaluation of trace elements. 101 

Specific objectives of this study were to: i) assess the regional occurrence of trace elements Li, Be, B, Al, V, 102 

Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Ag, Cd, Sb, Te, Ba, Hg, Tl, Pb, Bi, U (elements listed 103 

according to atomic numbers) in Sardinian groundwater; ii) calculate the regional threshold values of trace 104 

elements using different estimators and compare results with guidelines established for drinking water and 105 

the protection of groundwater; iii) draw explorative maps for investigating the geographical distribution of 106 

trace elements, also considering the compositional data analysis (CoDA) approach; iv) assess the potential 107 

influence of rock composition on concentrations of trace elements in groundwater.  108 
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 109 

2. Study area 110 

The study area is located in Sardinia (Italy), an island extending 24,090 km2 in the western Mediterranean 111 

Sea. Sardinia hosts 1,672,000 inhabitants mainly located in few cities (ISTAT, 2011). The average altitude is 112 

334 m above sea level (asl). Mountains (19% of land) with maximum elevation of 1834 m asl are mainly 113 

located in the eastern part. Hills (68% of land) prevail over flat areas, such as the Campidano Plain and the 114 

river mouths. Forests (53% of land), pastures and forages (43% of land) represent semi-natural and poorly-115 

developed rural areas. Industries are mainly located nearby the cost (Fig. 1), with limited influence on water 116 

bodies inland.  117 

Climatic conditions in Sardinia vary from semi-arid in the plain to semi-humid in the mountains. Mean 118 

temperatures range from 5 °C in winter to 25 °C in summer. The mean precipitation is in the range of 500 to 119 

1100 mm per year, with about 50 to 90 rainy days per year; heavy-rain events have been increased in the last 120 

decades.  121 

A simplified lithological map of Sardinia showing the location of relevant mines, mineralized areas 122 

(Marcello et al., 2008; De Vivo et al., 1998; Palomba et al., 2006), and industrial sites is shown in Figure 1. 123 

Sardinian geological records can be summarized as follows (Carmignani et al., 2015): (a) the Paleozoic 124 

basement, mostly extending in the eastern part of the island, that underwent repeated phases of deformation 125 

and metamorphism during the Caledonian and Hercynian orogenic cycles, and locally intruded by calc-126 

alkaline granitic rocks; (b) the Mesozoic carbonate sequence that formed the passive margin of Southern 127 

Europe; (c) the calc-alkaline volcanic rocks (Tertiary), alkaline basalts (Quaternary), and sedimentary cover 128 

consisting of shallow-water marine carbonates, siliciclastic sediments and continental conglomerates 129 

(Tertiary to Quaternary). 130 

Sardinia was a relevant mining region in Italy and Europe, with Zn-Pb(Ag)-Cu-Ba-Sb exploitation carried 131 

out intensively since 1880 till 1990. Stratabound deposits are the more economic ores in Sardinia. They are 132 

often hosted in the Lower Paleozoic rocks in southwest Sardinia (Iglesiente-Fluminese, Fig. 1) where 133 

sphalerite-galena-barite deposits may occur as massive sulfides and partly as Mississippi Valley type (De 134 

Vivo et al., 1998; Moroni et al, 2019). In central and southeast Sardinia, stratabound mineralization consists 135 

of scheelite, arsenopyrite, antimonite (Gerrei, Fig. 1), and chalcopyrite-sphalerite-galena massive sulfides 136 

(Funedda et al., 2018). Some skarn deposits are connected to the granite intrusion (Naitza et al., 2017). 137 

Auriferous mineralization associated with sulfide minerals was discovered in Tertiary volcanic rocks, and a 138 

gold mine was active at Furtei (Fig. 1) in central Sardinia from 1997 to 2003 (Cidu et al., 2013, and 139 

references therein). Post-Hercynian hydrothermal deposits with barite, fluorite, galena, antimonite and 140 

argentite were documented in the Tertenia area (Fig. 1., Lorrai and Mereu, 1999), bauxite in the Nurra 141 

(Mameli et al., 2007; Mongelli et al., 2021), and kaolin, bentonite and zeolite deposits in several parts of the 142 

island (Palomba et al., 2006; Mormone and Piochi, 2020).  143 

Actually, the abandoned mines pose serious environmental hazards, particularly due to the weathering of 144 

mining-related wastes dumped nearby the mines, and the presence of highly contaminated groundwater 145 

flowing out of adits.  146 

 147 

3. Methods 148 

3.1 Data source 149 

The dataset used in this study was derived from several hydrogeochemical surveys carried out at the 150 

University of Cagliari (UNICA, Biddau et al., 2017 and reference therein) and from the groundwater 151 

monitoring program established by the Sardinian Regional Government (RAS, 2011). Hydrogeochemical 152 

surveys at UNICA were focused either on mine areas for assessing the impact of mining on the water quality, 153 

or in nearly pristine areas for investigating water-rock interaction processes. Sampling density and measured 154 

chemical elements were dependent on specific objectives established in each survey, therefore, the 155 

distribution of groundwater samples in the region was not homogeneous. The RAS groundwater-monitoring 156 

program is a long-term activity aimed to identify temporal trends in groundwater quality at the regional 157 

scale. The RAS monitoring sites included fresh groundwater from relevant water bodies, groundwater in 158 

areas of environmental relevance (e.g. wetlands) and target areas at industrial sites. For this study, analyses 159 

derived from the RAS surveys carried out in winter and summer in 2016 were available. Results on physical-160 

chemical parameters, major components, nitrogen species and fluoride were published elsewhere (Biddau et 161 

al., 2017, and reference therein).  162 

As an attempt to assess the status of groundwater as close as possible to natural conditions, the whole dataset 163 

was carefully submitted to a pre-selection aimed at excluding any sample affected by known anthropogenic 164 
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inputs. Hydrogeochemical features of groundwater samples were carefully considered in the pre-selection. 165 

The Piper diagrams and binary plots comprising concentrations of major and trace components, together with 166 

concentrations of nitrogen species and phosphate, were useful for recognizing anthropogenic contamination. 167 

On the basis of pre-selection results, groundwater located at/downstream of industrial sites, in the nitrate 168 

vulnerable zone (NVZ) of Arborea (Fig. 1; RAS, 2005), in areas affected by past-mining activities, and in 169 

coastal areas affected by the intrusion of modern seawater due to over-exploitation were excluded. Thermal 170 

waters, waters collected at wells with unknown construction details, and waters showing calculated charge 171 

balance errors > 10 % were also excluded. The dataset resulting from the pre-selection included 1239 172 

sampling sites. Physical-chemical parameters and major chemical components have been reported elsewhere 173 

(Biddau et al., 2017), thus are not discussed in this paper. 174 

Depending on specific objectives to be achieved in each survey, Li, Rb, Sr, Mo, Te, Tl and Bi were only 175 

determined at 192 (Te) to 376 (Sr) groundwater sampling sites. Elements Be, B, Al, V, Cr, Mn, Fe, Co, Ni, 176 

Cu, Zn, As, Se, Ag, Cd, Sb, Ba, Hg, Pb, and U were determined at 984 (V) to 1227 (B) groundwater 177 

sampling sites. Location of sampling sites is shown in the geochemical maps that will be presented later. 178 

On the basis of physical-chemical parameters and chemical components, a careful interpretation of the 179 

geochemical data, coupled with hydrogeological information, made it possible to identify 9 groups of 180 

samples according with the geological complex with which the groundwater comes into contact: Quaternary 181 

sediment, Quaternary basalt, Tertiary sediment, Tertiary andesite, Tertiary ignimbrite, Mesozoic carbonate, 182 

Paleozoic granite, Paleozoic metamorphic, and Paleozoic carbonate. 183 

 184 

3.2 Analytical protocols and data quality 185 

The analytical protocol for trace elements can be summarized as follows. On site, the water was filtered (0.4 186 

μm pore size) into pre-cleaned, high-density polyethylene bottles, acidified immediately upon filtration to 187 

1% (v/v) HNO3 supra pure, and stored refrigerated until analyses. Chemical analyses in the RAS 188 

groundwater-monitoring program were carried out at certified laboratories (RAS, 2011).  189 

In surveys carried out at UNICA, elements B, Fe, Mn, Co, Cu, Zn, Sr, Cd and Ba were determined both by 190 

inductively coupled plasma optical emission spectrometry (ICP-OES, ARL 3520) and ICP mass 191 

spectrometry (ICP-MS, PerkinElmer ELAN5000 and ELAN DRC-e). Elements Be, Al, V, Cr, Co, Ni, Cu, 192 

Se, Ag, Cd, Sb, Ba, Pb, and U were determined by ICP-MS. The element Rh, 103 atomic mass unit and 10 193 

µg/L concentration, was used as internal standard in ICP-MS analyses. Elements As and Hg were determined 194 

by flow injection online with ICP-MS, hydride and vapor generation, respectively (Cidu, 1996).  195 

For each analytical run, the detection limits (DL) were calculated at 10 times the standard deviation (SD) of 196 

the mean value calculated on several analyses of the blank solution, made up of ultrapure water MILLI-Q 197 

and supra pure HNO3 1 % (v/v). It is worth to recall that the dataset for each element used in this study was 198 

generated over years. Because the DL may vary depending on instrument performance, different DL values 199 

resulted for each element. 200 

In order to check potential contamination during sampling and analysis, blank solutions using MILLI-Q 201 

water were prepared in the field (field blank) and processed using the same procedures used for the water 202 

samples. Concentrations of trace elements in field blanks were either below or very close to the DL. The 203 

standard reference solutions SRM1643d,e (supplied by the US National Institute of Standard & Technology, 204 

Gaithersburg, Maryland) and EnviroMAT ES-L-3 (supplied by SCP Science, St. Laurent, Quebec) were used 205 

to estimate analytical errors, which varied temporally depending on instrument performances. A few results 206 

showing measured concentrations versus certified values of standard reference solutions and the 207 

corresponding errors are reported in the Supplementary material (SM Table 1 and SM Table 2). Errors were 208 

usually below 10 %; in some cases errors reached a maximum of 14 %. 209 

With reference to the evaluation of groundwater quality, the guidelines established by the WHO (2017) for 210 

drinking water and threshold values established by Italian legislations for drinking water and for the 211 

protection of groundwater (GURI, 2006; 2009; 2016) were considered. It is worth remembering that the 212 

Italian legislation incorporates the European legislation concerning the protection of groundwater against 213 

pollution and deterioration (EC, 2006; 2014). 214 

 215 

3.3 Statistical analysis 216 

Several data-analysis procedures are available for datasets containing multiple detection limits (Lee and 217 

Helsel, 2005). For this study, concentrations below DL were processed as follows: i) for dataset containing 218 

undetected values below 5 % of samples, the detection limit was substituted with the detection limit itself 219 

(elements B, Rb, Sr, Ba, U); ii) for dataset containing from 6 % to 75 % of undetected values (elements Li, 220 
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Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Pb), the detection limit was substituted using the 221 

Regression on Order Statistics method (ROS method, Shumway et al., 2002; Lee and Helsel, 2005); iii) for 222 

dataset containing more than 75% of undetected values (elements Ag, Sb, Te, Hg, Tl, Bi) no substitution was 223 

made and the undetected values were disregarded. In general, if the information drawn from the variance-224 

covariance matrix structure is sufficiently high, and cases are numerous, the method proposed by Martin-225 

Fernandez et al. (2015) would be preferable. In our case, significant differences by the application of 226 

different methods were not observed. 227 

Summary statistics were calculated after the DL substitution (with the exception of elements Ag, Sb, Te, Hg, 228 

Tl, Bi having a large number of undetected values) and included the median value, selected percentiles, 229 

MAD and IQR. Histogram, cumulative probability plot and boxplot were used as exploratory data tools 230 

(Reimann et al., 2008; Filzmoser et al., 2009; Grunsky, 2010; Reimann and de Caritat, 2017; Sahoo et al., 231 

2019). 232 

The bias effect related to the compositional nature of geochemical data was taken into account for elements 233 

B, Al, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Ba, Pb and U (other elements were not considered due to a large 234 

number of undetected concentrations) using the centered log-ratio (clr) transformation (Aitchison, 1986) 235 

where for the composition 𝐱 = (𝑥1, 𝑥2, … , 𝑥𝐷) with D components or variables is defined as: 236 

 237 

𝑐𝑙𝑟(𝐱) =  (𝑙𝑜𝑔
𝑥1

𝑔𝑚(𝐱)
, 𝑙𝑜𝑔

𝑥2

𝑔𝑚(𝐱)
 , … , 𝑙𝑜𝑔

𝑥𝐷

𝑔𝑚(𝐱)
 ) 238 

 239 

where 𝑔𝑚(𝐱) = ∏ 𝑥𝑖
1 𝐷⁄𝐷

𝑖=1  is the geometric mean of the row. 240 

 241 

In order to investigate multivariate relationships and potential correlations between chemical elements, the 242 

compositional clr- biplot was then performed (Daunis-I-Estadella et al., 2006; Pawlowsky-Glahn and 243 

Buccianti, 2011; Gozzi et al., 2020).  244 

The threshold values were calculated considering different estimators. For the elements containing less than 245 

75 % of undetected values (Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Ba, Pb and U) the 246 

threshold values were calculated using: i) mean+2SD (Standard Deviation), ii) median+2MAD, iii) the TIF 247 

estimator, and iv) selected percentiles of the distribution (95th and 97.7th). Calculations were performed on 248 

the log-transformed data, then threshold values were obtained back-transforming the results. It should be 249 

noted that percentiles of the distribution are not influenced by the logarithmic transformation. For elements 250 

Li, Rb, Sr, Mo, containing less than 75 % of undetected values but with a limited number of samples in the 251 

dataset, the threshold values were estimated using the percentiles of the distribution, either 95th or 97.7th. For 252 

elements Ag, Te, Tl, Sb, Hg and Bi, having a limited number of samples in the dataset and/or more than 75 253 

% of undetected values, the threshold values were not calculated, but a distribution map was drawn. 254 

Statistical analyses were accomplished with the free language for statistical computing R version 3.6 (R 255 

Development Core Team, 2013) and the package NADA (Nondetects And Data Analysis) was used for the 256 

ROS method. Also, the free open source CoDaPack software (Comas-Cufí and Thió-Henestrosa, 2011) was 257 

used to perform the clr- transformation of raw data and the clr- biplot.  258 

The groundwater composition given by B, Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U was used for the searching 259 

of the “baseline composition”. The robust Mahalanobis distance of each composition from the robust 260 

barycenter of a homogeneous group of data was determined following the approach reported in Verboven 261 

and Hubert (2005), after to have transformed the data in isometric coordinates (Egozcue et al., 2003). For 262 

each geological complex with which the groundwater comes into contact the distance-distance plot was 263 

obtained displaying robust distance (RDi) versus classical Mahalanobis distance (MDi). The horizontal and 264 

vertical lines in the RDi - MDi plot are drawn at the cut-off value: 265 

 266 

√𝜒𝑝,0.975
2  267 

 268 

with p number of variables.  269 

Geochemical maps were drawn using ArcGIS 10.2 (ESRI, 2013). 270 

 271 

4. Results 272 

4.1 Summary statistics 273 
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The summary statistics of concentrations of trace elements is reported in Table 1, together with the drinking 274 

water guidelines established by the Italian Government and the WHO. Among the analyzed elements only Sr 275 

showed concentrations above DL in all samples. Elements Li, B, Cu, Zn, Rb, Ba and U showed less than 10 276 

% of undetected values; V, Mn and Mo undetected concentrations were in the range of 21 to 49 %; Be, Al, 277 

Cr, Fe, Co, Ni, As, Se, Cd and Pb had 56 % to 72 % of undetected values; Ag, Sb, Te, Hg, Tl and Bi showed 278 

undetected values ranging from 86 % to 99 % (Table 1). 279 

Among the regulated elements, the concentrations of Cr (maximum value 14 µg/L) and Ba (maximum value 280 

486 µg/L) in the studied waters were always below guidelines (Table 1). The highest value of Cu (1380 281 

µg/L) occurred in groundwater at one single sampling site; excluding that value, the maximum concentration 282 

of Cu measured was 116 µg/L, i.e. lower than the Italian and WHO guidelines (1000 and 2000 µg/L, 283 

respectively). Elements B, Al, V, Ni, Sb, Tl and U showed values above guidelines in <1.0 % of samples, 284 

whereas Mn, Fe, As, Se, Cd, Hg and Pb showed a percentage of values above guidelines in the range of 1.0 285 

(Cd) to 9.2 % (Mn). 286 

 287 

4.2 Element associations 288 

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, 289 

i.e. those elements having undetected values below 75 %, grouped by the geological complex with which 290 

groundwater samples come into contact, are reported in Table 2. As compared with regional values, 291 

relatively high median concentrations of Zn, Cd, Ba and Pb were observed in groundwater interacting with 292 

Paleozoic carbonate rocks (Table 2), likely reflecting the occurrence of relevant Cd-bearing sphalerite 293 

[(Zn,Cd)S], barite [BaSO4] and galena [PbS] deposits (Boni et al., 1999), which location is shown in Figure 294 

1. Vanadium and Cr median concentrations were relatively high in groundwater interacting with the 295 

Quaternary basalt, indicating a lithological control on their concentration in groundwater, which was in 296 

agreement with literature records (Wright and Belitz, 2010).  297 

Based on values reported in Table 2, a compositional clr- biplot was drawn in order to identify relevant 298 

element associations, which may indicate specific geochemical processes and/or particular geological 299 

environments. The resulting compositional biplot is shown in Figure 2, in which the first two components 300 

describe about 82 % of the cumulative data set variability, thus indicating the presence of a strong variance-301 

covariance structure. 302 

The longest rays from the origin were for Quaternary basalt and Paleozoic carbonate (Fig. 2). This indicates 303 

that the ratio of concentration of these components to all others is responsible for most of the variability 304 

across all samples. The shortest ray from the origin was for the Tertiary sediment group, implying that the 305 

ratio of concentration of these components to all others was less variable. Different geochemical associations 306 

of elements with the geological complexes were observed. In particular, Zn, Cd and Pb were associated with 307 

the Paleozoic carbonate group (Fig. 2), confirming the interaction of groundwater with the diffused ore 308 

deposits hosted in these rocks in the Iglesiente-Fluminese Zn-Pb mine district (Fig.1). The relative 309 

concentration in groundwater and the geochemical associations of elements showed in Figure 2 indicate that 310 

the median concentration of each element in groundwater was mostly influenced by the interaction of water 311 

with specific lithological compositions and/or by the presence of mineralization, highlighting a relevant role 312 

of the geological availability on the concentration of trace elements in groundwater. Interesting in the biplot 313 

is also the collinearity between basalt and granitic rock vectors revealing the presence of a subcomposition 314 

with a strong one-dimensional variability (Daunis-I-Estadella et al., 2006). 315 

 316 

4.2 Regional threshold values 317 

The threshold values calculated using different methods for Li, Be, B, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, 318 

Se, Rb, Sr, Mo, Cd, Ba, Pb and U in the Sardinian groundwater samples are reported in Table 3, together 319 

with guidelines established by the Italian Government and the WHO reported for comparison. The 320 

application of different estimators resulted in different threshold values. Threshold values calculated 321 

assuming the 95th percentile provided the most conservative estimate. Threshold values calculated by the 322 

97.7th percentile, the Mean+2SD and the Median+2MAD were within the same order of magnitude. The TIF 323 

method usually provided the highest threshold values, generally higher than the 97.7th value, except for Mn 324 

and Fe that showed many outliers.  325 

For elements Li, Rb, Sr, and Mo the threshold values corresponding to 95th and 97.7th value of distribution, 326 

might be assumed as a provisional threshold estimate due to the small number of data available. The regional 327 

threshold values of the regulated elements B, Al, V, Cr, Cu and Cd, whatever the method used, were below 328 

the Italian and WHO drinking water guidelines. All calculated threshold values for Mn were higher than the 329 
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Italian guideline value of 50 µg/L. Although Mn is not suspected of causing direct health effects through its 330 

presence in drinking water, high concentrations should be considered because may result in severe 331 

discoloration of water, and frequently may cause operational problems (WHO, 2017). The regional threshold 332 

values of As were mostly above the Italian and WHO drinking water guidelines. The regional threshold 333 

values calculated by TIF for Ni, Se, Pb and U exceeded the respective guidelines (Table 3). 334 

 335 

4.3 Explorative maps 336 

Here, the As, Cd and Pb maps are discussed first due to the toxicity of these elements to human health and 337 

their relevance in the protection of groundwater against pollution and deterioration. Maps for others elements 338 

are provided in the supplementary material (SM Figures 1, 2 and 3) and will be discussed later.  339 

Figure 3 shows the maps of As, Cd and Pb concentrations, with symbol sizes corresponding to the threshold 340 

value calculated using different estimators based on the log-transformed data. The highest concentrations 341 

were usually associated to areas of known mineralization (see Fig. 1).  342 

High concentrations of As in groundwater (Fig. 3a) were related to the oxidative dissolution of arsenopyrite 343 

[FeAsS] and enargite [Cu3AsS4] in Tertiary volcanic rocks, respectively in the north (Osilo; Biddau and 344 

Cidu, 2005) and central (Furtei; Cidu et al., 2013) Sardinia, and to the diffuse occurrence of arsenopyrite in 345 

metamorphic rocks in southeast Sardinia (Fig. 1, Gerrei; Frau et al., 2012). 346 

Elevated Cd concentrations in groundwater samples were mostly observed in south Sardinia (Fig. 3b), 347 

mostly related to the interaction of water with sphalerite mineralization. The Pb map (Fig. 3c) showed 348 

relatively high concentrations in groundwater draining the Iglesiente-Fluminese mining districts that host 349 

relevant galena deposits (Fig. 1). 350 

Figure 4 shows the maps of As, Cd and Pb derived from the clr- data. The clr- map does not express direct 351 

information about the concentration of the investigated element at each point in the land. Instead, it 352 

represents a relative abundance of each element with respect to the geometric mean of all elements 353 

considered. In addition to the areas highlighted in the As concentration map (Fig. 3a), the clr- As map 354 

allowed to distinguish other areas with relative As-enrichment, specifically, in northern Sardinia and close to 355 

Oristano (Fig. 4a). Small differences were observed when comparing the concentrations map of Cd (Fig. 3b) 356 

and Pb (Fig. 3c) with the clr- maps of Cd (Fig. 4b) and Pb (Fig. 4c).  357 

The maps for elements Li, Be, V, Cr, Se, Rb, Sr and Mo in Sardinian groundwater are reported in the SM 358 

Figure 1, together with the cumulative plot, histogram and boxplot.  359 

Threshold values for Li, Rb, Sr and Mo, determined in a small number of groundwater samples, were 360 

calculated using the 95th and 97.7th percentiles. The highest concentrations of Li, Rb and Sr (SM Figures 1a, 361 

f, g, respectively) were mainly observed in groundwater interacting with Tertiary andesite and ignimbrite 362 

that underwent hydrothermal alteration (Biddau and Cidu, 2005). Concentrations of Mo (SM Figure 1h) 363 

above the 97.7th threshold occurred in groundwater draining areas hosting known mineralization (e.g. the 364 

Gerrei district shown in Fig. 1; Cidu et al., 2021).  365 

Elements Be, V, Cr and Se were determined in a large number of groundwater samples, thus threshold values 366 

were calculated using all estimators. The maps of Be, V, Cr and Se (SM Figures 1b, c, d, e, respectively) 367 

showed relatively high concentrations mostly in groundwater draining Tertiary and Quaternary environments 368 

in western Sardinia. Few spots with high Be and Cr occurred in groundwater draining granitic rocks (SM 369 

Figures 1b, d), probably due to associated pegmatite.  370 

The concentration maps and clr- maps for elements B, Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U, are shown in 371 

the SM Figure 2, together with the cumulative plot, histogram and boxplot.  372 

The regional distributions of B showed high concentrations in groundwater interacting with marine-derived 373 

sediments of Miocene age (SM Figure 2a). The clr- B map also showed groundwater interacting with basalt 374 

and andesite to be relatively enriched in B (SM Figure 2b).  375 

High concentrations of Al were mostly observed in volcanic, granitic and metamorphic rocks, i.e. in silicate 376 

environments (SM Figure 2c).  377 

Relatively high occurrences of Mn (SM Figure 2e, f), Fe (SM Figure 2g, h), Co (SM Figure 2i, j), Ni (SM 378 

Figure 2k, l), Cu (SM Figure 2m, n), Zn (SM Figure 2o, p) and Ba (SM Figure 2q, r) in groundwater 379 

appeared unrelated to specific rocks, although high concentrations associated with mineralized areas were 380 

recognized (Sinisi et al., 2012). Groundwater samples interacting with Quaternary basalt and Tertiary 381 

andesite were relatively enriched in Ba (SM Figure 2r).  382 

Concentrations of U above the WHO guideline were mainly observed in groundwater draining granitic rocks 383 

(SM Figure 2s). 384 
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Concentration maps for elements Ag, Sb, Te, Hg, Tl, and Bi, showing a high number of undetected values 385 

(94, 86, 98, 90, 87 and 99 %, respectively, Table 1), are reported in the SM Figure 3, together with the 386 

cumulative curve and box plot. Concentrations of these elements above DL were observed in groundwater 387 

draining known mineralized areas. Concentrations of Ag (SM Figure 3a), Sb (SM Figure 3b) and Hg (SM 388 

Figure 3d) above DL were only measured in 63, 170 and 108 groundwater samples, respectively, i.e. ≤ 14 % 389 

of total samples analyzed. Detected concentrations of these elements corresponded to groundwater draining 390 

mineralized areas (Fig. 1), both mined (Iglesiente-Fluminese, Gerrei) and not exploited (Osilo, Tertenia). 391 

Concentrations of Hg above the drinking water guideline were also observed in groundwater draining 392 

Quaternary sediments in southern Sardinia (SM Figure 3d). 393 

Concentrations of Te, Tl, and Bi above DL occurred in very few groundwater samples located in mineralized 394 

areas (SM Figures 3c, e, f, respectively).  395 

 396 

5. Discussion  397 

In general, the 95th and the Median+2MAD estimators of each trace element most likely represent the 398 

threshold value at the regional scale. Threshold values calculated by other estimators might be more 399 

appropriate at the local scale. It is worth mentioning that classical concentration maps are useful for many 400 

practical applications and the clr- maps can deliver additional information in some, though not all, cases 401 

(Reinmann et al., 2012). 402 

Among the regulated elements in drinking water, As, Cd and Pb have high environmental relevance. The 403 

regional threshold in Sardinian groundwater may range from 5 to 16 µg/L As, 0.5 to 0.6 µg/L Cd, and 2.5 to 404 

4.3 µg/L Pb (95th and median+2MAD in Table 3). Concentrations of these elements above the regional 405 

threshold values mainly occurred in groundwater draining areas of known mineralization, highlighting the 406 

relevant role of element abundances in rocks and sediments with which the groundwater interacts. Moreover, 407 

most of As, Cd and Pb are hosted in sulfide minerals that can be easily dissolved when they come in contact 408 

with water and oxygen. Schematic reactions of [FeAsS], [Cu3AsS4], [(Zn,Cd)S] and [PbS] dissolution are 409 

showed in equations 1, 2, 3 and 4, respectively (Plumlee, 1999; Dold, 2010; Cidu et al., 2018): 410 

 411 

4𝐹𝑒𝐴𝑠𝑆 + 13𝑂2 + 6𝐻2𝑂 → 4𝐹𝑒2+ + 4𝐻2𝐴𝑠𝑂4
− + 4𝑆𝑂4

2− + 4𝐻+     (1) 412 

 413 

𝐶𝑢3𝐴𝑠𝑆4 + 8.75𝑂2 + 2.5𝐻2𝑂 → 3𝐶𝑢2+ + 𝐴𝑠𝑂4
3− + 4𝑆𝑂4

2− + 5𝐻+     (2) 414 

 415 

(𝑍𝑛(1−𝑥)𝐶𝑑𝑥)𝑆 + 2𝑂2 → (1 − 𝑥)𝑍𝑛2+ + 𝑥𝐶𝑑2+ + 𝑆𝑂4
2−       (3)  416 

 417 

𝑃𝑏𝑆 + 2𝑂2 → 𝑃𝑏2+ + 𝑆𝑂4
2−           (4)  418 

 419 

The clr- As map allowed to identify relatively high concentrations of As also in areas where mineral deposits 420 

are not documented. In particular, in northern Sardinia a relative enrichment of As in groundwater was 421 

associated with Tertiary andesite and ignimbrite (Fig. 4a) that may host disseminate As-bearing sulfide 422 

minerals (Simeone et al., 2005). Another As cluster was observed close to Oristano in the Quaternary 423 

sediment group (Fig. 4a). In this flat area alluvia and lacustrine sediments are often rich in organic matter 424 

that may promote reductive dissolution of Fe(III) and Mn(IV) hydroxides/oxides according with schematic 425 

reactions 5 and 6, which in turn would also release sorbed As into solution (Frau et al., 2019). 426 

 427 

𝐶𝐻2𝑂 + 4𝐹𝑒(𝑂𝐻)3 + 7𝐻+ → 4𝐹𝑒2+ + 𝐻𝐶𝑂3
− + 10𝐻2𝑂      (5) 428 

 429 

𝐶𝐻2𝑂 + 2𝑀𝑛𝑂2 + 3𝐻+ → 2𝑀𝑛2+ + 𝐻𝐶𝑂3
− + 2𝐻2𝑂       (6) 430 

 431 

This interpretation would be in agreement with a relative enrichment of Mn observed in the same area (SM 432 

Figure 2e, f).  433 

The clr- Cd (Fig. 4b) and Pb (Fig. 4c) maps were similar to those drawn using concentration values, probably 434 

due to the prevalent association of these elements with widespread mineralization of Zn(Cd) and Pb in 435 

Sardinia, which is in agreement with literature results (Cidu et al., 2009). 436 

A small cluster with relatively high Pb was observed in the northwest Sardinia (Fig. 4c) in groundwater 437 

circulating in Mesozoic carbonate. In such environment, the formation of aqueous complexes such as 438 

PbCO3
0 is favored, which in turn would allow Pb to remain in groundwater due to the stability of this 439 
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complex (Stumm and Morgan, 1996) under the near-neutral to slightly alkaline pH in groundwater of this 440 

area observed in this study and in literature (Da Pelo et al., 2017). 441 

The regulated elements Sb, Hg and Tl showed a high number of undetected values. Notwithstanding this 442 

critical aspect, regional threshold values might range from 1.1 to 2.0 µg/L Sb, from 0.6 to 0.9 µg/L Hg, and 443 

from 0.4 to 0.5 µg/L Tl (95th and 97.7th in Table 1). Antimony concentrations above the regional threshold 444 

occurred in areas of known mineralization (e.g. Osilo, Iglesiente-Fluminese, Gerrei; see Fig. 1 for location). 445 

Concentrations above the Italian drinking water limit of 5 µg/L Sb were observed in 0.7 % of total samples 446 

(Table 1). Mercury concentrations above the drinking water limit of 1 µg/L (1.6 % of total samples, Table 1) 447 

occurred in areas of known mineralization (SM Figure 3d). Indeed, in the Iglesiente-Fluminese mining 448 

district Hg was enough abundant to be recovered as byproduct from galena ore (Cidu et al, 2001). High 449 

concentrations of Hg were also found in groundwater in the Campidano Plain and nearby urban areas. Such 450 

concentrations were apparently unrelated with geogenic processes. Therefore, these areas should be 451 

investigated in more detail to pinpoint eventual anthropogenic contamination. Concentrations of Tl were 452 

below 0.7 µg/L in 99 % of total samples. The three samples with Tl concentrations slightly above the Italian 453 

guideline occurred in groundwater located nearby the mineralized area of Osilo and in granitic rocks of 454 

southern Sardinia (SM Figure 3e). In this case, more sampling sites would be required to assess the regional 455 

occurrence of Tl above the guideline of 2 µg/L. Being a regulated element, we suggest that the determination 456 

of Tl should be included in the groundwater monitoring programs established by the Regional and National 457 

Governments. 458 

Elements B, Al, V, Cr, Mn, Fe, Ni, Cu, Se, Ba and U are also regulated in drinking water. Groundwater 459 

samples with relatively high concentrations of B were mainly associated with marine-derived sediments and 460 

with volcanic rocks. These findings appear consistent with relatively high B in seawater, and in volcanic 461 

rocks that underwent hydrothermal alteration (Ryan and Langmuir, 1993). Relatively high concentrations of 462 

Al were mostly observed in volcanic, granitic and metamorphic rocks, i.e. in silicate environments where Al 463 

is a major component. About 1 % of total groundwater samples had Al concentrations above guidelines, 464 

sometimes associated with low pH, which is consistent with increasing solubility of Al at pH < 6 (Stumm 465 

and Morgan, 1996). High concentrations of Al might be also associated with particles < 0.4 µm in size, to 466 

which Al would be sorbed. 467 

Elements V and Cr (SM Figures 1c, d, respectively) showed relatively high concentrations mostly in 468 

groundwater draining Quaternary basalt, Tertiary andesite and ignimbrite in northwest Sardinia, which was 469 

in agreement with relatively high V and Cr contents reported in these rocks (Lustrino et al., 2013). 470 

Elements Mn, Fe, Ni and Cu in groundwater often occurred in areas of known mineralization. 471 

Concentrations of Mn and Fe above guidelines were observed in 9.2 % and 4 % of total samples, 472 

respectively (Table 1). Relatively high Mn and Fe occurrences were associated with different geological 473 

complexes (SM Figure 3e, f), which appeared to be consistent with the diffused Mn and Fe abundance in 474 

crustal rocks (Rudnick and Gao, 2014). As compared to aqueous Fe, the ion Mn2+ is stable under a wide pH 475 

and redox range in natural waters (Stumm and Morgan, 1996), which may account for the widespread high 476 

concentrations of Mn in the Sardinian groundwater. These observations, also considering that a Mn guideline 477 

was not established by WHO, pose a question on the Italian guideline of 50 µg/L Mn, a concentration 478 

probably inadequate for representing natural conditions, and establishing the good status of groundwater. 479 

Concentrations of Se above guidelines were observed in 1.8 % of total samples (Table 1), mostly associated 480 

with groundwater draining Quaternary and Tertiary sediments (SM Figure 1e), for which the Se abundance is 481 

unknown. 482 

Relatively high concentrations of Ba occurred in groundwater interacting with kaolin deposits (SM Figure 483 

2r), which would be consistent with literature records (Dill et al., 1995). High concentrations of Ba 484 

sometimes occurred in groundwater having low sulfate (not shown), highlighting the role of barite 485 

equilibrium in controlling aqueous Ba concentrations. 486 

The highest concentrations of U were observed in groundwater draining granitic environments (SM Figure 487 

2s, t), as expected considering the U content in granite higher than mafic rocks, and the U mobility as ion 488 

uranyl (UO2
2+) and its complexes under oxic conditions (Campbell et al., 2015). 489 

Elements Li, Be, Co, Zn, Rb, Sr, Mo are not regulated in drinking water. Variations in concentrations were 490 

found dependent on the interaction of water with specific rocks (Li, Be, Rb, Sr usually enhanced in Tertiary 491 

formations; Mormone and Piochi, 2020) and/or with mineral deposits (Co, Zn, Mo; see Fig. 1).  492 

In summary, different estimators were used to calculate regional threshold values of trace elements in 493 

groundwater. The most conservative estimate at the regional scale was the assumption of the 95th percentile. 494 

Other estimators usually provided higher threshold values that should be considered at the local scale. 495 
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Elements Mn, Fe, Ni, As, Se, Pb and U in groundwater showed threshold values, calculated by one or more 496 

estimators, above guidelines established for drinking water. The geochemical characteristics of groundwater 497 

and regional distribution maps showed that high concentrations and outliers values of these elements were 498 

mostly associated to groundwater interacting with rocks enriched in specific elements and/or with mineral 499 

deposits. In addition to the geogenic abundance of trace elements, physical-chemical parameters and 500 

geochemical characteristics may contribute in enhancing concentrations in groundwater, e.g. via reductive 501 

dissolution driven by organic matter (As), the formation of stable aqueous complexes (Pb), equilibrium with 502 

respect to solid phases (Ba), without neglecting the role of colloidal/ very fine particles as potential sorption 503 

sites for elements such as Al, Mn, Fe and As. 504 

Both maps, i.e. concentration and clr-, are needed to understand the processes governing the spatial 505 

distribution of trace elements in groundwater. The use of clr- maps, compared with the classical ones, 506 

permitted to constrain the element source, giving a more complete picture of the behavior of each element 507 

with respect to the other components in groundwater. In particular, the clr- maps were useful to pinpoint 508 

critical areas to be investigated in more detail. In such areas, groundwater sampling and analyses should be 509 

implemented for understanding ongoing processes and pinpoint potential sources of groundwater 510 

contamination. In these conditions the clr- data spatial distribution might reveal, in fact, decoupling 511 

phenomena of some elements respect to the expected geochemical behavior, thus revealing unknown inputs 512 

or perturbations. 513 

The interesting results obtained with the clr- maps allowed us to further improve, under CoDA principles, 514 

the searching of the baseline composition, thus abandoning single elements and considering the fundamental 515 

links of the chemical species in the composition to which they pertain. The composition given by B, Al, Mn, 516 

Fe, Co, Ni, Cu, Zn, Ba and U was used for this purpose. An example is reported in Figure 5 for groundwater 517 

interacting with the Paleozoic metamorphic rocks. Data located in the upper right quadrant were related to 518 

outliers or extreme compositions, whereas those located toward the down left corner were near to the robust 519 

barycenter. In the case of groundwater interacting with metamorphic rocks the most extreme compositions 520 

were given by groundwater samples located downstream of known mineralization, which is consistent with 521 

high concentrations of trace elements due to the interaction of groundwater with the ore deposits. The 522 

composition closer to the robust barycenter in Figure 5 was given by the spring sample N45 that was located 523 

far away either from mineralization or anthropogenic activities, thus close to nearly pristine environmental 524 

conditions. 525 

The application of the analysis to the different geological complexes has allowed to identify the composition 526 

of groundwater samples closer to the compositional barycenter. These samples are listed in Table 4, with 527 

locations shown in the SM Figure 4. The Robust Mahalanobis distance (RDi) threshold value separating 528 

anomalous or extreme compositions from the rest of the data for each geological complex is also reported in 529 

Table 4. The RDi threshold values correspond to the horizontal red line in the distance-distance plots drawn 530 

for groundwater interacting with the different geological complexes, reported in the Supplementary Material 531 

(SM Figure 5). 532 

The composition of the groundwater samples listed in Table 4, characterized by joint relationships among B, 533 

Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U, could be considered as a reference in groundwater monitoring plans at 534 

different scales. In fact, these compositions might represent the baseline condition of groundwater interacting 535 

with a specific geological complex, and the answer to perturbation of the reference groundwater sample 536 

might give interesting early warning signals about environmental changes. 537 

 538 

6. Conclusions 539 

Establishing the actual natural quantification of aqueous components is mandatory to identify significant and 540 

feasible clean-up goals (European Water Framework Directive 2000/60/EC, article 17). The application of 541 

remediation strategies, simply following compliance levels established by current regulations, might lead to 542 

ineffective and unaffordable targets at sites where specific natural conditions may cause geogenic 543 

contamination of water systems. Following the assessment of contamination status with respect to baseline 544 

conditions at contaminated sites, remediation actions might be better planned by National and Regional 545 

Governments. 546 

Results of this study indicate the need of excluding those samples surely affected by anthropogenic activity 547 

when assessing baseline conditions in groundwater, i.e. an accurate pre-selection should be carried out before 548 

data processing. To this purpose hydrogeochemical interpretations of data was a valuable tool in highlighting 549 

interactions of water with solid and gas phases, better predicting relations among elements, and recognize 550 

anthropogenic effects. Also, selecting the reliable variables to be used on data processing was mandatory. In 551 
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this framework, the methodology proposed under CoDA able to recognize extreme or outlier compositions 552 

with respect to those closer to the compositional barycenter can give a substantial contribution to recognize 553 

processes at the base of anomalous behavior of trace elements, as well as more representative, perhaps 554 

pristine/stable, conditions. 555 

The methodology adopted in this study appears adequate to distinguish effective anthropogenic 556 

contamination from natural conditions. Therefore, results of this study may help stakeholders to define 557 

realistic environmental clean-up goals, and consequently planning adequate strategies to reduce groundwater 558 

contamination at specific areas. The peculiarity of Sardinia where varied mineral occurrences are widespread 559 

in the island (Marcello et al., 2008) should be also considered. Indeed, a common feature among the 560 

considered trace elements was that concentrations in groundwater increased depending on the geological 561 

availability in rocks hosting the water bodies. In addition to the geological abundance, specific conditions 562 

may play a significant role in enhancing the geochemical mobilization and spatial distribution of trace 563 

elements.  564 

As reported in the recent 2022 IPCC report (https://www.ipcc.ch/report/ar6/wg2/) climate change is causing 565 

substantial damages and increasingly irreversible losses in terrestrial freshwater at different scales, so that 566 

any investigation of the baseline of a Country represents a fundamental starting point to evaluate and 567 

quantify resilience of ecosystems and human communities. 568 
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Captions 784 

 785 
Figure 1. Location of the study area and simplified lithological map of Sardinia (modified after RAS, 2013) showing 786 
main industrial sites, mining districts, mineralized areas (De Vivo et al., 1998; Marcello et al., 2008) and relevant 787 
industrial mineral deposits (Palomba et al., 2006). 788 

Figure 2. Compositional clr- biplot showing the relationship among the median values of selected trace elements in 789 
groundwater samples grouped by the geological complexes. The principal component analysis was carried out on data 790 
reported in Table 2. 791 

Figure 3. Maps of As (a), Cd (b) and Pb (c) in Sardinian groundwater showing threshold values calculated with different 792 
methods based on the log-transformed data. The cumulative probability plot, histogram and boxplot are also reported 793 
for each element. Red symbols in the maps and cumulative plots indicate concentrations above guidelines. 794 

Figure 4. Maps of As (a), Cd (b) and Pb (c) in Sardinian groundwater showing ranges of values calculated on the clr-795 
transformed data. Symbol sizes in the maps increase as relative concentrations of each element with respect to all other 796 
components in groundwater increase. The cumulative probability plot, histogram and boxplot are also reported for each 797 
element. 798 

Figure 5. Robust Mahalanobis distance versus classical distance for groundwater samples interacting with metamorphic 799 
rocks for the multivariate dataset given by B, Al, Mn, Fe, Co, Ni, Cu, Zn, Ba and U. 800 

 801 

Table 1. Summary statistics of trace elements in Sardinian groundwater and guidelines for drinking water and the 802 
protection of groundwater from contamination. DL = detection limit. Min = minimum value. Max = maximum value. 803 
MAD = median absolute deviation. IQR = inter quartile range. n = number of samples. nc = not calculated due to a 804 
small number of detected values. ne = not established. 805 

Table 2. Median concentrations (in µg/L) of trace elements in Sardinian groundwater at regional level and in 806 
groundwater grouped by geological complexes. nc = not calculated due to a small number of samples. 807 

Table 3. Threshold values (in µg/L) calculated using different estimators on the back transformed log-data. Drinking 808 
water guidelines are reported for comparison. MAD = median absolute deviation. SD = standard deviation. nc = not 809 
calculated due to a small number of samples. ne = not established. Values above the lower guideline are reported in 810 
bold. 811 

Table 4. Robust Mahalanobis distance (RDi values) from the compositional barycenter of the dataset given by B, Al, 812 
Mn, Fe, Co, Ni, Cu, Zn, Ba and U, with groundwater samples listed for geological complexes ranked by age. The 813 
column on the right reports the RDi threshold values separating oultiers or extreme compositions. 814 

 815 

Supplementary material. SM Table 1. Concentrations of elements determined by ICP-OES (ARL 3520) and ICP-MS 816 
(PerkinElmer ELAN5000) in the standard solution SRM1643d. SD = standard deviation; Δ % = percent difference 817 
between the measured value and the certificate value in the standard solution. 818 

Supplementary material. SM Table 2. Concentrations of elements determined ICP-MS (PerkinElmer ELAN DRC-e) in 819 
the certified solutions SRM1643e and EnviroMat EP-L-3. SD = standard deviation; Δ % = percent difference between 820 
the measured value and the certificate value in the standard solution; nr = not reported. 821 

Supplementary material. SM Figure 1. Maps for elements Li (a), Be (b), V (c), Cr (d), Se (e), Rb (f), Sr (g) and Mo (h) 822 
in Sardinian groundwater, cumulative plot, histogram and boxplot. Threshold values were calculated using different 823 
estimators based on log-transformed data. n = number of samples considered in calculations. Concentrations above 824 
guidelines are shown with red symbols. 825 

Supplementary material. SM Figure 2. Maps for the elements B (a), Al (c), Mn (e), Fe (g), Co (i), Ni (k), Cu (m), Zn 826 
(o), Ba (q) and U (s) in Sardinian groundwater, cumulative plot, histogram and boxplot. Threshold values were 827 
calculated using different estimators based on log-transformed data. n = number of samples considered in calculations. 828 
Concentrations above guidelines are shown with red symbols. The maps of B (b), Al (d), Mn (f), Fe (h), Co (j), Ni (l), 829 
Cu (n), Zn (p), Ba (r) and U (t) show ranges of values calculated on the clr- data, with symbol sizes increasing as the 830 
relative concentration of each element with respect to all other components in groundwater increases. 831 

Supplementary material. SM Figure 3. Maps showing raw concentrations (µg/L) of Ag (a), Sb (b), Te (c), Hg (d), Tl (e) 832 
and Bi (f) in Sardinian groundwater, together with the cumulative plot of total samples and the box plot of samples 833 
having concentrations above DL. The threshold values for these elements were not calculated due to a high number of 834 
undetected values. Classes of symbols in the Ag, Sb, Hg and Tl maps are based on the corresponding boxplot. n = 835 
number of samples considered. Concentrations of Sb, Hg and Tl above guidelines are shown with red symbols. 836 



17 
 

Supplementary material. SM Figure 4. Simplified lithological map of Sardinia showing the location of groundwater 837 
samples listed in Table 4. 838 

Supplementary material. SM Figure 5. Robust Mahalanobis distance versus classical distance for groundwater samples 839 
interacting with different geological complexes for the multivariate dataset given by B, Al, Mn, Fe, Co, Ni, Cu, Zn, Ba 840 
and U. 841 
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Figure 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 
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Figure 4. Maps of As (a), Cd (b) and Pb (c) in Sardinian groundwater showing ranges of values calculated on 
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Figure 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 1. Summary statistics of trace elements 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 

guideline c   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 Italian a WHO b 

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 0.20 0.20 0.40 0.60 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 0.50 1.0 2.5 3.3 6.5 10 15 31 50 ne 0.3 

Cr 1009 383 626 62 <0.2 14 0.30 0.9 0.13 0.28 1.0 1.0 2.0 2.3 3.7 5.0 50 50 0 

Mn 1212 615 597 49 <0.5 4000 0.88 4.4 0.29 1.0 4.7 7.0 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 4.0 

Co 1216 425 791 65 <0.01 59 0.04 0.09 0.03 0.06 0.11 0.13 0.30 0.71 3.0 8.1 ne ne nc 

Ni 1174 465 709 60 <0.07 56 0.25 0.9 0.07 0.20 0.93 1.0 2.0 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 3.0 3.6 7.0 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 0.80 1.0 3.0 5.0 20 62 10 10 3.4 

Se 1027 287 740 72 <0.5 89 0.62 1.8 0.20 0.54 2.0 2.0 3.0 4.7 7.8 16 10 40 1.8 

Rb 339 333 6 2 <0.1 183 1.2 4.1 0.41 1.0 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 0.20 0.59 0.84 2.0 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 1.0 ne ne nc 

Cd 1136 262 874 72 <0.01 73 0.004 0.09 0.01 0.04 0.10 0.11 0.20 0.50 1.8 3.1 5 3 1.0 

Sb 1173 170 1003 86 <0.04 24 nc nc <0.2 <0.2 <0.2 <0.3 0.60 1.1 2.0 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 0.40 0.60 0.90 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 0.40 0.50 0.78 2 d ne 0.9 

Pb 1052 406 646 61 <0.04 80 0.08 0.4 0.028 0.10 0.39 0.60 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 2.0 ne ne nc 

U 1171 1123 48 4 <0.01 151 1.0 1.9 0.22 0.77 2.1 2.6 5.7 11 19 29 ne 30 e 0.9 

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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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. 

    Quaternary Tertiary Mesozoic Paleozoic 

Element Regional 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 

 

 

 

 

 

 



 

 

Table 3. Threshold values (in µg/L) calculated using different estimators on back transformed log-data. Drinking water guidelines are reported for comparison. MAD = 

median absolute deviation. SD = standard deviation. TIF = Tukey Inner Fence. nc = not calculated due to a small number of samples. ne = not established. Values above the 

lower guideline are reported in bold. 

  Back transformed ln-data Guidelines 

Element 95th Median+2MAD 97.7th Mean+2SD TIF Italian a WHO b 

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.  
       

 

 

 



 

 

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 oultiers 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 

 

 

 

 


