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ABSTRACT

In a volcanic-sedimentary aquifer in central Italy, we investigate the co-existence of
arsenic and fluoride in groundwater, aiming at identifying the most probable processes
deductible at regional/groundwater body scale leading to the observed co-contamination in
groundwater. Further, the areas at risk for human health where high concentrations can
produce a significant risk to human health have been investigated.

The study area is located in Latium (Central Italy) where silica-undersaturated alkali-
potassic formations of Plio-Pleistocene age largely outcrop above marine and continental
sand and clay deposits (Neogene) and continental alluvial deposits (Lower Pleistocene—
Middle Pleistocene). Geochemical data from groundwater at 322 wells and 76 springs
have been analyzed through statistical methods including clustering/PCA and
geostatistical analysis. The results show exceedances of the drinking water standards for
F (1.5 mg/L) and As (10.0 pg/L) in 29% and 55% of the sampled groundwater,
respectively. Multivariate statistics suggest a widespread process of water-rock interaction
with the K-alkaline volcanic formations releasing As, F, K, Si, V, Rb and PO4 to the
groundwater. As and F show a good correlation (Pearson’s r = 0.61, Spearman’s rs = 0.59)
and define a separate PCA component, confirming that their background in groundwater
might be governed by a common process.

Kriging interpolations have been used to study the spatial distribution of the two
parameters, identifying areas with the highest concentrations and highest probability of
exceeding the standards for human consumption. Moreover, by resampling the As-F data
with the jackknife technique it was possible to identify the variations of their correlation
index in the study area, due to specific As or F anomalies. While in the peripheral areas of
the volcanic districts, dominated by sedimentary deposits, the As-F correlation index does
not present important fluctuations, Indicator Kriging shows specific As or F correlation
anomalies within the volcanic groundwater bodies and along the Tyrrhenian coastline.
These anomalies seem to correspond to the zones with the highest thermal flux and/or are
located near important structural lineaments. Fluoride correlation anomalies close to
mining sites (fluorite) have also been observed. We hypothesize that, unlike the regional
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co-contamination, these local anomalies are related to the upwelling of geothermal fluids
along fracture/fault systems that mix with cold groundwater, or to the interaction with
mineral deposits particularly enriched of these elements.
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Highlights
e Arsenic-fluoride correlation in a volcanic-sedimentary aquifer in Italy is analyzed
e Water-rock interaction produces the As-F background and maintains their
correlation
e Anomalies appear linked to interaction with geothermal fluids and/or mineral
deposits
e Indicator kriging indicates the most suitable areas for drinking water exploitation

1. INTRODUCTION

Arsenic and fluorine are natural elements easily found throughout the environment. Their
presence in groundwater depends on the geological setting as well as on various natural
processes, including climate, biological activity and volcanic emissions. Arsenic and
fluoride in drinking-water represent a hazard for human health (WHO, 2017). Long-term
exposure to As-rich waters can cause serious diseases, from skin lesions, cardiovascular
diseases, type Il diabetes to bladder, lung and skin cancers (Cubadda et al., 2015, Karim,
2000; Rossman et al., 2004; Tchounwou et al., 2004; Yoshida et al., 2004). An excessive
intake of fluorine can cause dental and skeletal illness (fluorosis), although at low
concentration (about 0.6 mg/L) it preserves teeth and bones (Brindha and Elango, 2011).
In groundwater these two elements frequently show concentrations exceeding the
guideline values suggested by WHO (2017) as drinking water standards (10.0 pg/L for As,
1.5 mg/L for F) and retained by the European legislation (98/83/EC), entailing an important
risk to human health.

Since the recognition in the 1990s of its wide occurrence in well-water in Bangladesh, the

origin and fate of arsenic in groundwater has attracted the attention of the scientific
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community (e.g. Anawar et al., 2003; McArthur et al., 2004; Nickson et al., 2000; Smedley
and Kinninburgh 2002). Water—rock interaction under favorable biogeochemical conditions
is by far considered the most important mechanism for the presence of arsenic in
groundwater (Mukherjee et al. 2014); its concentration in natural waters may range from
0.5 to more than 5000 pg/L (Smedley and Kinniburgh, 2002). Arsenic-enriched
groundwaters have been reported in many parts of the world (BGS, 2019a), mainly in Asia
(Bangladesh, China, India, Vietnam, Nepal), America’s (USA, Mexico, Argentina, Chile,
etc.) and Europe (Achene et al., 2010; Bundschuh et al., 2012; Ford et al., 2006; Nicolli et
al., 1989, 2012; Pazand and Javanshir 2013; Rango et al., 2013; Yang et al., 2009; Vivona
et al., 2007). Mukherjee et al (2014) have hypothesized a relation between the large scale
geodynamic processes and the distribution of As-enriched groundwater, as the
contaminated areas are often part of large sedimentary basins adjoining major orogenic
belts. In the Italian active volcanic systems, arsenic in groundwater ranges between 0.1
and 7000 ug/L, with the highest values detected in fracture zones where hot hydrothermal
fluids may promote water-rock interaction and the dissolution of As-bearing sulphides
(Aiuppa et al., 2003; Daniele, 2004).

Fluoride concentration in groundwater varies greatly and can reach several tens of mg/L
depending on the geological settings, rock type, climate (arid regions are prone to high
fluoride concentrations) and reaction times with aquifer minerals (Brunt et al., 2004). In
volcanic areas where hydrothermal processes are still active, high concentration of fluoride
in groundwater is common (Edmunds and Smedley, 2013). Since fluoride can derive from
different rock types, concentrations up to some tens of mg/L have been detected in diverse
geological environments and in several countries worldwide (Armienta and Segovia, 2008;
Brindha and Elango, 2011; Brunt et al. 2004). At the global scale, the documented areas
with high-fluoride groundwater (Edmunds and Smedley, 2013) partly overlap with the As-

laden groundwater (Smedley 2008), but extends over a much larger part of Africa, where
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East African Rift Valley represents one of the most significant high-fluoride provinces in the
world (BGS, 2019b).

The scientific literature is abundant regarding the co-presence of arsenic and fluoride and
the main processes leading to their release in groundwater (Claesson and Fagerberg,
2003; Kim et al., 2012; Nicolli et al., 2001; Smedley et al., 2002). Alarcén-Herrera et al.
(2013) found that the co-occurrence of these contaminants in Latin America is common
especially in oxidized and alkaline environment, their primary sources being volcanic glass
and, to a lesser extent, hydrothermal minerals. Further, they identified Fe-, Mn-, and Al-
(hydr)oxides as secondary sources, due to the great adsorption affinity of As and F. Other
authors claimed that the desorption from Fe-(hydr)oxides is the major process for As-F co-
contamination (e.g. Kim et al 2012), where their correlation is generally very good because
the As released from Fe-(hydr)oxides does not readily precipitate again. In oxidizing
conditions, a good correlation between arsenic and fluoride has been observed e.g. in
Argentina (Bhattacharya et al., 2006; Gomez et al., 2009), California (Levy et al., 1999)
and ltaly (Vivona et al 2007). In Argentina, Francisca and Carro Perez (2009) reported the
presence of arsenic, fluoride and vanadium in groundwater due to volcanic glass leaching.
In a volcanic aquifer in Mexico, under oxidative conditions and high temperature, Morales
et al. (2015) observed a good correlation (0.76) between As and F, whose mobilization
from metallic sulfides (As) and from primary minerals of deep rhyolite units (F), would be
favored by thermal water rising through faults and fractures. Currell et al. (2011) found a
strong positive correlation between the ratios F/ClI and As/Cl in the groundwater of the
Yuncheng Basin, China, and concluded that these elements are mobilized and enriched by
common processes including de-sorption of As and F anions from Fe-, Mn-, and Al-
(hydro)oxides. Vivona et al. (2007) reported a fair correlation between arsenic and fluorine

in the K-alkaline volcanic aquifer of central Italy, mostly in oxidizing conditions, and



hypothesized that the precipitation of fluoroapatite, due to calcium increase along the flow
path, was governing the thermodynamic equilibrium.

In reducing conditions, on the other hand, the correlation of As and F seems to be missing.
For example, Guo et al. (2012), further to the large spatial variation of both arsenic and
fluoride in groundwater of a superficial alluvial-lacustrine aquifer and increasing
concentration of As with depth, did not observe any significant correlation between As and
F concentration. They attributed As release to the reductive dissolution of Fe oxides, while
they linked fluoride to the dissolution-precipitation of Ca minerals (fluorite and calcite) and
adsorption-desorption phenomena in arid environment. Kim et al. (2012) suggested that
the poor correlation between the two elements in reducing aquifers is due to the fact that
arsenic released through the reductive dissolution of Fe-(hydr)oxides can be easily
removed from the groundwater when the reduction of sulphates to sulphides occurs, while
fluoride concentrations are independent of the same reaction.

In the mainly oxidized and alkaline volcanic aquifers of northern Latium (central Italy), the
presence of arsenic and fluoride has been known for many decades (Angelone et al.,
2009; Baiocchi et al., 2013; Dall’Aglio et al., 2001; De Rita et al., 2012; Preziosi et al.,
2005, 2010; Vivona et al., 2004, 2007). However, it is still unclear which the main origin of
the contamination is, nor whether a common process associates arsenic and fluoride.
Vivona et al. (2007) claimed volcanic rock leaching in cold groundwater, while Angelone et
al. (2009) and De Rita et al. (2012) pointed to a major influence of localized thermal fluids
rising along fractures. Armiento et al. (2015) and Cinti et al. (2015), in the same region,
ascribed the diffuse As concentration in groundwater to water—rock interaction processes,
locally enhanced by thermalism and volcanic gas emissions.

This paper aims to provide an overview on the co-presence of As and F in the large
volcano-sedimentary aquifer of northern Latium (central Italy), based on a large amount of

data collected in a time span of 16 years. We try to explain the available information using
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(geo)statistical methods, identifying the geochemical background, the risk areas and the
geochemical anomalies. The co-contamination of As and F is examined at the
groundwater body scale, enhancing the anomalies in the As-F correlation: the deviations
from the regional correlation are then highlighted and analyzed in relation to the tectonic

structures and mineral deposits.

2. DATA AND METHODS

2.1. Case study description: geological and hydrogeological setting

The North-Western sector of Latium (Central Italy) features undersaturated alkali-potassic
volcanic deposits, belonging to three different districts (Vulsino, Cimino-Vicano and
Sabatino district) (Peccerillo, 2005). The Latium volcanism is related, according to several
authors, to the opening of the Pliocene Tyrrhenian back-arc basin (Finetti and Del Ben,
1986) or, as suggested by others, to the development of an upwelling mantle dome during
the Miocene - Early Pliocene interval (Locardi, 1982; Wezel, 1982). During the extensional
regime, which developed from Middle Miocene to recent, grabens and semigrabens
developed in the sedimentary pre-volcanic units (Cretaceous—Eocene flysch sequence
and Meso-Cenozoic limestones), delimited by synthetic high-angle normal faults arranged
in a westward stepwise pattern. The structural depressions were filled with up to 2000 m
thick Neogene neo-autochthonous sequence (marine and continental sand and clay
deposits, Cinti et al., 2011). Quaternary continental alluvial deposits (Lower Pleistocene—
Middle Pleistocene) and the above mentioned alkali-potassic volcanic deposits
subsequently covered this buried configuration. Tectonic lineaments oriented NE-SW and
NW-SE linked to the Tyrrhenian extensional tectonic regime controlled the volcanic

activity.



The target of this study is a regional water table aquifer (Fig. 1) hosted mainly in the
volcanic formations and, towards the southern and eastern borders, in the Quaternary
alluvial deposits underlying the volcanites (Boni et al., 1988; Cinti et al., 2011; Dall’Aglio et
al., 1994).

The impervious Cretaceous—Eocene flysch sequence and the Neogene clays and sandy-
clays, separate this regional aquifer, largely exploited for irrigation, industry and human
consumption, from a deeper geothermal reservoir hosted in the thick sequence of the
Meso-Cenozoic fractured limestones. As a part of the Central Italy peri-Tyrrhenian volcanic
belt, in response to the tectonic setting associated with the opening of the Tyrrhenian Sea,
the study area features numerous thermal springs and CO, gas emissions (Cinti et al.,

2011; Dall’Aglio et al., 1994).
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Fig. 1 - Map of the hydrogeological complexes and sampling point location (VD: Volcanic District). Legend: 1

- Wells; 2 — Springs; 3 — Groundwater bodies boundary; 4 — Lakes; 5 — Limestones (Meso - Cenozoic); 6 —



Continental and marine detrital formations (Plio - Pleistocene); 7 — Volcanites (Plio - Pleistocene); 8 - Flysch

(Upper Cretaceous - Eocene); 9 — Alluvial deposits (Holocene); 10 — Sterile zones.

2.2. Field and laboratory sampling methodology

A total of 398 groundwater samples were collected by IRSA-CNR (Water Research
Institute-National Research Council) from wells (322) and springs (76) tapping the regional
water table aquifer between the years 2001 and 2017. Springs fed by small, perched
groundwater bodies, as well as hot springs fed by the deep hydrothermal circulation were
excluded. These data are the results of sampling activities related to numerous local
studies conducted in the region using the same sampling procedures and laboratory
protocols. Due to this, the density of the water points is not homogeneous across the study
area. The stability of the chemical composition of groundwater across this time span was
demonstrated by comparing the chemical composition of some water points which have
been sampled more than once, and they do not show significant variations of chemistry
(Preziosi et al. 2016; Parrone et al. 2019). All samples were filtered in the field with 0.45
pm polycarbonate membrane filters, in N, pressure (Bangsund et al., 1994; Pohlman et al.,
1994) and stored in HNO3 washed polyethylene bottles. One fraction was treated with the
addition of HNO3; to pH < 2 for major cations and trace elements determination. At each
site, pH, EC (electrical conductivity), ORP (oxidation-reduction potential), DO (dissolved
oxygen) and T (temperature) were measured with probes. Bicarbonates were determined
in the field by HCI titration on 1 ml of sample or in laboratory on 50 ml of sample (within 24
hours). The samples were analyzed for anions by ion chromatography (IC, Dionex DX-
120), for major cations by Inductively Coupled Plasma - Optical Emission Spectrometry
(ICP-OES, Perkin Elmer P400) and trace elements by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS, Agilent technologies 7500c); certified materials (NIST 1640a, trace

elements in natural waters) were used to check the quality of the laboratory results. Non-
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detect data (only for phosphates, DL = 0.005 mg/L, ND<15%) were given a constant value,
equal to the half of the limit of detection (USEPA, 2002).
Chemical analysis for major ions have been validated using the electrical balance (E.B.)

(EB% < 5%, Appelo and Postma, 2005), calculated applying the equation [1]:

EB% = 100 - (X cations — Y, anions)

(X cations + Y, anions)

[1]

Analytical data accuracy for ICP-MS and ICP-OES analysis was tested against certified

reference material (NIST 1640a, trace elements in natural waters).

2.3. Statistical treatment of data and geospatial analysis

In addition to univariate and bivariate statistics, multivariate techniques such as
hierarchical clustering (using the Unweighted Pair-Group Average algorithm and the
correlation as similarity measure) and Principal Component Analysis were applied to group
the data and identify linkages between the analyzed elements. The correlation between As
and F was represented using scatterplots. Normality or lognormality of the datasets was
verified using the Shapiro-Wilk test (1965). Q-Q plots were realized to analyze the
geochemical populations, facies variations and possible outliers. Q—Q plots are commonly
used to compare a data set to a theoretical model in order to provide a graphical
assessment of "goodness of fit". The alignment of the points against the normal theoretical
guantiles may suggest the presence of a single statistical population, while any abrupt
variation in the distribution of data may indicate the transition between different
populations, hence the existence of overlapping geochemical phenomena that determine
the overall distribution of data. Data processing was performed through different statistical
software: Statistica 7.0 (StatSoft Inc., 2004) for scatterplots and box plots, Past 3.01
(Hammer et al., 2001) for hierarchical clustering and PCA analysis, ProUCL 5.0 (Singh

and Maichle, 2013) for Q-Q plots and goodness of fit tests.



Natural phenomena in groundwater often show a certain spatial variability, for which it may
be useful to study the distribution and spatial correlation of some chemical parameters. In
geostatistics the concept of spatial correlation between the observations is represented by
the variogram (or semivariogram), which is a graph illustrating the mean variability
between samples vs. the distance separating them. The variogram can be calculated

using the expression [2]:
y(h) = 5 il [2(x) — 2(xin)?] 2]

where h (lag) is the vector that depends on the direction in which the variogram is
calculated, z(x;) and z(x+) are the experimental values of the variable z measured in the
points x; and X;.n, respectively, and Ny, is the number of pairs of points separated by the lag
h.

Kriging is a geostatistical interpolation technique that assumes the presence of a spatial
correlation between the measured values, estimated through the construction of the
variograms. Different types of techniques allow performing Kriging: in particular, we
applied Ordinary and Indicator Kriging for the interpolation of As and F concentration data.
Ordinary Kriging is one of the most common estimator used to interpolate spatial data, a
standard method in environmental science (Gaus et al., 2003; Lin et al., 2002). We used
Ordinary Kriging to estimate the distribution of As and F concentrations; the goodness of
the spatial interpolation was evaluated by standardized error.

Indicator Kriging is an interpolation method primarily used to estimate the probability of
exceeding some predefined threshold. It is based on the data transformation, producing a
dataset of binary values: using a specific threshold, original data are transformed into
coded values, generating a new indicator variable. This variable is set to 0 for all the
concentration values below or equal to the threshold and to 1 for higher concentrations.

Applying Indicator Kriging to the coded values allows then to obtain a map where values
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range between 0 and 1, which represents the probability of exceeding the threshold value
in non-sampled locations of the investigated area. We assumed as threshold values the
WHO drinking water standards (10.0 pg/L for As and 1.5 mg/L for F), identifying the areas
of northern Latium where, on the basis of the considered datasets, the probability of
exceeding the threshold values in groundwater is higher, indicating a higher risk for the
human health too.

The jackknife resampling technique is an effective method for detecting data outliers in
bivariate statistics (Efron and Stein, 1981; Quenouille 1949, 1956; Tukey 1958). When it is
applied to the correlation coefficients, it recalculates the r value excluding a couple of data
at each step, obtaining a new dataset of correlation coefficients (r) for (n-1) couples. It is
apparent that higher values of r’ correspond to those samples that are less correlated to
the whole, whose elimination involves an important correlation index improvement. This
technique has been applied to the As-F dataset and the obtained r’ dataset was then
interpolated through Indicator Kriging. We used the 75" percentile of the r distribution
(0.608) as threshold, thus highlighting the zones where the two parameters result less
correlated (higher probability of exceeding the threshold), in order to identify specific As or
F anomalies in the study area.

Prior to the interpolation, to overcome the lack of homogeneity of the water points along
the study area, the data were de-clustered using the polygons of influence around each
point location. The de-clustering weight assigned to each point was calculated as the ratio
of its polygon area to the entire area of interest. All the geospatial interpolations have been

realized using the software ArcGIS 10.2.2.

3. RESULTS AND DISCUSSION

3.1. Groundwater classification and statistical analysis of data
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Main statistics for the field parameters and the analyzed major and minor compounds are
reported in Table 1. Many of the considered compounds show an extremely wide
concentration range, up to three orders of magnitude, due to the heterogeneous
hydrogeological and hydrogeochemical conditions that characterize the study area. Only
Si shows low variability and a symmetric (normal) distribution, HCO3, Ca and Zn are
lognormally distributed, while Fe and Mn, which are strongly linked to the existence of
reducing environments, are the most variable elements and did not pass the Shapiro Wilk
test. Oxidizing redox conditions are largely dominant (over 90% of samples shows positive
ORP values), while pH generally remains around neutral values. Fluorine presents
variations of almost two orders of magnitude and the 29% of sampled waters shows
concentrations exceeding the drinking water limit of 1.5 mg/L. More than half of the
samples (55%) exceeds the drinking water standard for As (10.0 ug/L), however, only 3%
of samples exceeds 50 pg/L which was the standard limit used before 2003. The highest
value observed for arsenic was 128 pg/L, while Angelone et al. (2009) and Cinti et al.
(2015) reported much higher values in the same region (371 pg/L and 610 pg/L

respectively), although measured in thermal waters.
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Parameter Samples Min Max Mean Median VC% Skewness  Kurtosis

ORP (MV) 385 -323 669 188 200 05 -03 3.9
T (°C) 308 5.3 25.7 16.6 165 0.1 0.0 35
pH 396 5.4 8.6 7.0 7.1 0.1 -0.6 0.0
DO (mg/L) 397 0.0 213 6.7 7.2 05 0.1 0.9
Cond (uS/cm) 317 216 2930 695 597 0.6 2.8 103
F (mg/L) 308 0.1 6.1 1.2 1.0 0.8 17 3.7
Cl (mg/L) 398 4.2 619.0 374 24.0 1.4 6.6 575
NO; (mg/L) 308 0.1 244.9 256 16,6 1.2 38 20.0
PO, (Mg/L) 352 0.003 42 04 0.3 13 2.7 105
SO, (mg/L) 308 2.0 10186 416 171 2.0 6.3 58.8
HCO; (mg/L) 398 314 1281.0 2885 246.4 0.6 2.0 7.2
Na (mg/L) 308 25 548.7 380 27.8 1.0 6.9 73.1
Mg (mg/L) 398 2.6 132.0 15.6 12.0 0.9 35 189
K (mg/L) 308 0.2 209.2 272 234 0.9 31 16.6
Ca (mg/L) 398 18 4209 69.7 486 0.9 2.3 6.9
Si (mg/L) 364 2.0 58.3 28.9 28.9 0.4 0.0 03
Mn (ug/L) an 0.02 3577.7 88.7 2.3 39 6.5 493
Fe (ug/L) 337 0.3 7614.0 187.5 16.4 44 6.5 44.2
As (Lg/L) 308 0.1 1285 14.4 11.0 1.0 2.9 14.0
Rb (ug/L) 365 0.2 313.8 535 452 0.8 2.4 8.1
V (ug/L) 398 01 99.4 19.8 165 0.8 11 17
Zn (ug/L) 395 0.2 2470.0 54.8 14.8 3.2 95 112.1

Table 1 — Main statistics for the considered parameters.

Groundwater samples show a gradual chemical facies variation from bicarbonate-alkaline
to bicarbonate-earth-alkaline facies, corresponding to the transition from volcanic
formations to alluvial deposits (Fig. 2), as already observed by Parrone et al. (2013),
Preziosi et al. (2014) and Vivona et al. (2007). The samples from the volcanic deposits
(gray triangles and white dots) are more alkaline due to the presence of K, while those
collected in the ancient alluvial sediments downstream, on the border of the volcanic
districts (black squares), are increasingly calcium-bicarbonate type due to the interaction

of groundwater with the mainly calcareous alluvial sediments.
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EXPLANATION
®  Cawaters

X Mg waters

4 Na+K waters
©  Mix

Fig. 2 - Hydrochemical classification of groundwaters on the Piper diagram and map of the hydrogeological

complexes. Sampling points are distinguished on the basis of the dominant cation, adopting the same
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symbols of the Piper diagram. Legend: 1 — Ca waters; 2 — Mg waters; 3 — Na+K waters; 4 — Mix; 5 —
Groundwater bodies boundary; 6 — Lakes; 7 — Limestones (Meso - Cenozoic); 8 — Continental and marine
detrital formations (Plio - Pleistocene); 9 — Volcanites (Plio - Pleistocene); 10 - Flysch (Upper Cretaceous -

Eocene); 11 — Alluvial deposits (Holocene); 12 — Sterile zones.

The good bond between As and F (Fig. 3) is confirmed by the values of the correlation
coefficients (Pearson’s r = 0.61; Spearman’s rs = 0.59; Significance level: 0.001),
suggesting that a common geochemical process is governing the origin and/or fate of the
two elements in groundwater. Good correlation of As and F has been observed also in
other parts of the world and in different types of aquifers in oxidizing conditions (Currell et
al., 2011; Guo et al., 2012; Kim et al., 2012), but a convincing explanation for this has not

been provided so far.
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Fig. 3 — Scatterplot F-As and box plots for the two parameters.
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In addition, As and F show moderate positive correlation with K, Rb and V (Table 2). The
reductive dissolution of Fe oxides/hydroxides is one of the processes responsible for the
As release to groundwater, particularly in reducing conditions (Preziosi et al. 2019).
However, in the study area the lack of correlation between As and Fe points at a poor
control by Fe oxides/hydroxides on the As mobility. These minerals are not included in the
paragenesis of pyroclastic flows, while sulfides could be a major source for arsenic and

fluorite and  fluorapatite  could be important reservoirs  for  fluoride.

F
cl | -017
NO, | -0.20 0.17

PO, | 021 -035 0.11
SO, | -0.14 061 013 -0.21
HCO4| -0.12 057 -018 -037 0.5
Na | 0.07 073 0.01 -0.19 0.62 0.66
Mg |-0.24 057 0.05 -009 061 0.70 0.62
K | 061 -021 -025 040 -0.16 -0.08 0.07 -0.12
Ca |-028 063 001 -041 062 0.89 059 064 -028
Si | 029 -036 006 071 -022 -0.36 -0.16 -0.10 0.54 -0.43
Mn | 008 011 -032 002 028 032 029 030 022 025 0.09
Fe | 005 012 -0.20 -0.07 026 022 0.17 021 0.12 0.21 -0.03 0.56
Rb | 039 -0.36 -001 051 -0.21 -0.32 -0.13 -0.22 058 -0.37 059 0.09
vV |03 -030 023 058 -044 -042 -0.23 -0.24 0.37 -047 049 -0.25 -0.23 0.34
Zn | 003 014 009 -010 013 011 011 0.09 000 014 -012 024 018 -0.03 -0.15
As | 059 -026 -0.17 030 -0.29 -0.27 -0.03 -042 046 -0.37 033 -0.01 -0.07 044 042 -0.09

F Cl NO; PO, SO, HCO; Na Mg K Ca Si Mn  Fe Rb \Y Zn As

Table 2 — Spearman (r;) correlation coefficients for the analyzed parameters. Statistically significant values in

bold (a = 0.001).

Hierarchical Clustering (Fig. 4) highlights the presence of distinct groups of compounds.
The first one includes the major ions (with the exception of K) which are well correlated to
each other. The second cluster includes K, Si, PO, and some minor elements such as F,
As, Rb and V. Finally, Mn and Fe are clustered together while NO3; and Zn are isolated.
The first cluster (major ions) mainly characterizes the groundwater sampled in the
peripheral zones of the investigated area, where the contribution of the sedimentary
deposits to water chemistry becomes more important (black squares in Fig. 2). In contrast,

the second cluster includes compounds that are characteristic of the K-alkaline volcanic
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formations and seems to identify the contribution of the volcanic products to the chemistry
of groundwater in the inner part of the aquifer (white dots and grey triangles in Fig. 2). The
isolation of NO3 and Zn from the other compounds underlines that they might be due to
other phenomena not related to the water-rock interaction.

In the Principal Component Analysis, PC1 and PC2 (explaining the 22.9% and 17.0% of
the total variance) highlight the presence of the two main groups already mentioned for the
cluster analysis. In particular, PC1 shows very positive loadings for the major ions, while
the second component features a positive contributing factor for the elements included in
the second cluster, the latter indicating the contribution of the volcanic formations to the
chemistry of groundwater. The PC3 (10.9% of the total variance) shows positive loadings
for Fe and Mn, linked to the negative redox conditions locally found in the region. Iron-
manganese correlation is typical in anoxic groundwater, where these elements often show
high concentration values due to the increased solubility of their oxides/hydroxides.

Last but not least, the fourth principal component explains the 9.8% of the total variance
and features positive loadings for As and F, identifying the regional co-contamination

object of this study.
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Fig. 5 — Principal Component Analysis: loadings for the four principal components (Factor rotation: Varimax

normalized). Components with eigenvalues greater than 1 are shown.

The cumulative variance explained by the four principal components is 61.2%. Based on
the results of the Piper classification, groundwaters were divided into two groups (group 1:

Ca-waters; group 2: Mix/Na+K waters) and analyzed separately by PCA. The cumulative
18



variance slightly improves for the group 1, with four main components explaining 66.8% of
the total variance. Cumulative variance is stable at 61.5% for the group 2. The variables
that influence the two groups are substantially the same, with major ions on one side
(PC1) and minor elements + K on the other (PC2). For group 2 there is a greater
importance of the component linked to As-F (11.0% of the total variance), which becomes
the third PC.

These results confirm that in the study area there is no clear limit between the two types of
groundwaters, but rather a gradual transition of geochemical facies from the volcanic to
the sedimentary domain. Overall, the analysis of the two separate water groups does not
provide different results from those obtained by analyzing the entire dataset, which was
therefore considered as a whole for the subsequent elaborations.

The normal Q-Q plots of both arsenic and fluoride show curved distributions while on a
lognormal scale they are approximately linear in the central-upper range, especially
fluoride (Fig. 6). However, their distribution is not normal nor lognormal (tested by Shapiro-
Wilk test at a significance level = 0.05). Parrone et al. (2019) hypothesize that the
Gaussian distribution of an element or compound in groundwater is representative of one
single phenomenon, in principle responsible for the geochemical background, while any
deviation from normality is due to other natural or anthropogenic processes. Probably this
is what we observe here at a different scale. By definition, water-rock interaction
processes determine the natural background of As and F. What on the local scale may
appear to be an anomalous value, on a regional scale translates into one or more data
populations derived from different processes acting in the investigated area, and overlap
with the one representing the natural background. The spatial investigation described in
the next paragraph aims at linking these anomalous values to the structural features of the

study area.
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3.2. As-F Kriging interpolation

The next step was to spatialize the As and F concentration data in order to analyze and
compare their respective distribution in groundwater in the Northern Latium.

As and F prediction maps resulting from the application of the Ordinary Kriging (OK) are
shown in Fig. 7. The model that best describes the experimental variograms is the
spherical one. In both cases a Nugget Effect contributes to about the 30-33% of the
structural variance.

The main parameters of the models that best fit all the experimental variograms for As, F
and r(As-F) are reported in Table 3. The corresponding standard error maps related to all
the spatial interpolations are included in the supplementary material (Fig. S1, S2 and S3).
The distribution of As and F in the survey area is not homogeneous; several concentration
peaks are present, suggesting the existence of localized inputs. These could be related to
the upwelling of thermal fluids along tectonic elements and to the consequent mixing
phenomena in groundwater, as suggested by e.g. De Rita (2012) and Cinti et al (2015).
The presence of ores of arsenic or fluoride bearing minerals, such as sulfides,
fluoroapatite and fluorite, could also be invoked as a possible source for these localized

inputs.

20



Regarding arsenic (Fig. 7a), the areas with the highest concentration are located to the
south of the Bracciano Lake and in the central part of the Cimini-Vicani groundwater body,
around the Vico Lake. Both lakes have settled into volcanic calderas. The concentration of
arsenic decreases in the peripheral areas of the volcanic districts as well as along the
Tyrrhenian coastal area, corresponding to the sedimentary domain. Further, among the

three volcanic districts, the Vulsini one (to the North) shows lower As values on average.
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Fig. 7 — Ordinary Kriging results: Prediction Map for arsenic (a) and fluoride (b).
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The highest concentrations of fluoride (Fig. 7b) have been found in the Vulsini GWB, in the
Sabatini GWB and in the central coastal area, while lower values are located in the Vico
Lake area and in the eastern periphery of the volcanic districts.

Regardless their origin and common geochemical processes, As and F are two elements
of toxicological relevance, hence the areas where their concentrations can produce a
significant risk to human health have been further investigated. In Fig. 8, the Indicator
Kriging (IK) results show the probability to exceed the drinking water standards. For both
parameters, the exponential model proved to be the most suitable for the experimental
variograms. As done with OK, a Nugget Effect was added both for arsenic and for fluoride,
representing 27-32% of the experimental variance.

The IK results show that groundwater resources exploitation for human consumption is
critical with regard to arsenic in a large extent of the area (Fig. 8a). The situation might be
better concerning fluoride (Fig. 8b) whose standard of 1.5 mg/L is largely exceeded only in

the Sabatini groundwater body and in the northernmost area of the region.
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The concentration peaks shown in Fig. 7a (arsenic) and Fig. 7b (fluoride) are similar, but
not completely overlapping. Hence, an increase in concentration for the one does not
always imply a proportional increase for the other. The areas where As and F show
individual fluctuations and their correlation decreases might indicate that other localized
processes overlap, producing an increase of only one of the two elements, therefore
reducing their correlation. In order to identify these areas, the jackknife technique was
applied to the n (398) couples of As-F values and the obtained r’ dataset was spatialized
through IK in order to enhance where the two parameters are less correlated, hence the
individual anomalies of one of the elements. In these cases, the exponential model
resulted to be the most appropriate, combined with a Nugget Effect (21% of the variance).
In Fig. 9, green colors indicate a low probability of exceeding the threshold set for r’, hence
the areas where the As-F correlation is more robust, while the brownish colors indicate the
areas where the two parameters are less correlated; the blue/red crosses indicate an
anomaly due to fluoride/arsenic.

For example, the concentration peak for arsenic identified in the central part of the Cimini-
Vicani GWB and in the surroundings of the Vico Lake, corresponds to an anomaly for
arsenic but not for fluoride. Anomalous zones for fluoride, but not for arsenic, are present
in the eastern area of the Bracciano Lake, in the middle Tyrrhenian coastal area and in the
southern part of the Vulsini GWB. The southeastern portion of the Sabatini groundwater
body as well as the low Tyrrhenian coastal area, are characterized by several anomalous
points for both arsenic and fluoride, even at a small distance from each other. On the other
hand, at the edge of the volcanic districts, where the As-F concentrations are generically
lower and groundwater geochemistry is increasingly affected by the sedimentary
formations, the probability of exceeding the selected threshold value is always rather low,

indicating that the correlation is more robust in this area.
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- . Modkel
Kriging Type Variable Threshold Range (a)
Co Cy
. As - Nugget (80)  Spherical (160) 11000
Ordinary ]
F - Nugget (0.3)  Spherical (0.7) 11000
As 10.0 Nugget (0.07) BExponential (0.19) 14000
Indicator F 15 Nugget (0.07) BExponential (0.15) 10000

r (As-F) 0.608 Nugget (0.04) BExponential (0.15) 6000

Table 3 — Main parameters of the models best-fitting the experimental variograms of As, F and r(As-F).

The main As-F correlation anomalies in Fig. 9 seem to correspond to the zones with the
highest thermal flux, although slightly shifted from the peak area. In part, this could also be

due to the uneven distribution of sampling points. In some cases, specific anomalies are
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located near structural lineaments; this is evident for F, in particular to the east of
Bracciano Lake and in the southern part of the Vulsini volcanic district. Further, the mining
sites exploited in the past for fluorite cultivation near the Tyrrhenian coast are close to the

anomaly for fluoride in the same area.

4. CONCLUSIONS

The main objective of this study was to investigate the processes responsible for the co-
contamination of arsenic and fluoride in groundwater and to identify the most critical areas
for the abstraction of drinking water supply.

The widespread geochemical background and the good correlation between the two
elements observed in the study area points to a main process of interaction of cold
groundwater with the volcanic formations on a regional scale. This process corresponds to
the basal part of the QQ plot distribution. The correlation between arsenic and fluoride
suggests that a common process maintains a geochemical equilibrium in groundwater;
hence, we can expect that when the arsenic levels are high, fluoride is too. However, in
certain areas, one of the two elements is more abundant in respect to the regional arsenic-
fluoride correlation. Arsenic was found to be higher than expected in proximity to brittle
elements, particularly those oriented NW-SE or at the intersection between NW-SE and
NE-SW trending fractures and faults systems. Fluoride was found to be higher than
expected around fluorite ores.

From a groundwater management point of view, the Indicator Kriging has proven effective
for the assessment of the spatial probability of exceeding the drinking water standards for
arsenic or fluoride, therefore it has allowed to identify those areas more/less convenient for

the abstraction of water suitable for human consumption.
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Parameter Samples Min Max Mean Median VC% Skewness Kurtosis

ORP(mV) 385 -323 669 188 200 05 -0.3 3.9
T(°C) 398 53 257 166 165 0.1 0.0 35
pH 396 54 8.6 7.0 7.1 0.1 -0.6 0.0
DO(mg/L) 397 00 213 6.7 7.2 05 0.1 0.9
Cond (uS/cm) 317 216 2930 695 597 0.6 2.8 10.3
F(mg/L) 398 0.1 6.1 1.2 1.0 0.8 1.7 37
Cl(mg/L) 398 42 6190 374 240 1.4 6.6 575
NO;(mg/l) 398 01 2449 256 166 1.2 338 20.0
PO, (mg/ll) 352 0003 416 04 03 13 2.7 105
SO, (mg/l) 398 2.0 10186 416  17.1 2.0 6.3 58.8
HCO; (mg/L) 398 314 12810 2885 2464 06 2.0 7.2
Na(mg/L) 398 2.5 5487 380 2738 1.0 6.9 73.1
Mg (mg/L) 398 2.6 1320 156 120 0.9 35 18.9
K(mg/lL) 398 02 2092 272 234 0.9 3.1 16.6
Ca(mg/L) 398 18 4209 697 486 0.9 23 6.9
Si(mg/L) 364 20 583 289 289 0.4 0.0 -0.3
Mn(ug/L) 371 002 3577.7 887 23 3.9 6.5 493
Fe(ug/L) 337 03 76140 1875 164 4.4 6.5 442
As(ug/L) 398 01 1285 144 110 1.0 2.9 14.0
Rb(ug/L) 365 02 3138 535 452 0.8 2.4 8.1
V(ug/ll) 398 01 994 198 165 0.8 1.1 1.7
Zn(ug/L) 395 02 24700 548 1438 3.2 95 112.1

Table 1 — Main statistics for the considered parameters.



cl |-0.17

NO, [-0.20 0.17

po, | 021 -035 0.11

so, |-0.14 061 013 -0.21
HCO, |-0.12 057 -0.18 -0.37 0.55

Na |0.07 073 001 -0.19 0.62 0.66

Mg [-0.24 057 0.05 -0.09 0.61 070 0.62

K |061 -0.21 -025 040 -0.16 -0.08 0.07 -0.12

Ca |-028 063 0.01 -041 062 089 059 0.64 -0.28

si 029 -0.36 0.06 0.71 -0.22 -0.36 -0.16 -0.10 054 -0.43

Mn | 008 011 -032 002 028 032 029 030 022 025 0.09

Fe |005 012 -020 -0.07 0.26 022 017 021 012 021 -0.03 0.56

Rp |039 -036 -001 051 -021 -0.32 -0.13 -0.22 0.58 -0.37 059 0.09

v 035 -030 023 058 -044 -042 -023 -0.24 0.37 -0.47 049 -0.25

zn | 003 014 0.09 -010 013 0.11 011 0.09 0.00 0.14 -0.12 0.24 -0.03 -0.15

As | 059 -026 -0.17 030 -029 -0.27 -0.03 -0.42 046 -0.37 033 -0.01 -0.07 044 042 -0.09

F Cl NO; PO, SO, HCO; Na Mg K Ca Si Mn Fe Rb V Zn As

Table 2 — Spearman (rs) correlation coefficients for the analyzed parameters. Statistically significant values in

bold (a = 0.001).
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Model

Kriging Type Variable Threshold c Range (a)
0 1

. As - Nugget (80) Spherical (160) 11000
Ordinary .

F - Nugget (0.3) Spherical (0.7) 11000

As 10.0 Nugget (0.07) Exponential (0.19) 14000

Indicator F 15 Nugget (0.07) Exponential (0.15) 10000

r (As-F) 0.608 Nugget (0.04) Exponential (0.15) 6000

Table 3 — Main parameters of the models best-fitting the experimental variograms of As, F and r(As-F).
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Highlights

e Arsenic-fluoride correlation in a volcanic-sedimentary aquifer in Italy is analyzed

e Water-rock interaction produces the As-F background and maintains their
correlation

e Anomalies appear linked to interaction with geothermal fluids and/or mineral
deposits

e Indicator kriging indicates the most suitable areas for drinking water exploitation
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