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Abstract: This study concerns the occurrence of arsenic in the groundwater system of the
Cimino-Vico volcanic area (central Italy), different parts of which are currently widely
used for local drinking water supply and for irrigation. The system shows a complex
groundwater circulation, including a continuous basal aquifer, discontinuous perched
aquifers, groundwater flows at high altitude, and local interactions with rising thermal
fluids. Data on arsenic contents in 250 water samples from springs and wells and in
68 samples from rock outcrops were measured and combined with already existing
information. Results highlight that arsenic concentrations of groundwater are influenced by
type of aquifer, groundwater flow path, arsenic content of the aquifer rocks, and interaction
with fluids rising from depth. Waters circulating in the Vico volcanics, one of the
prominent rock units of the area, have high concentrations of arsenic, both for the basal
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and the perched aquifers. A large fraction of the waters associated with this rock unit have
arsenic contents higher than 10 pg/L (82 percent for basal, 40 percent for perched). In
contrast, waters circulating in the Cimino volcanics have lower arsenic contents: 30
percent of the basal and 10 percent of the perched aquifers have arsenic concentrations
greater than 10 pg/L. Through an integrated approach, including leaching tests to investigate
the arsenic behavior concerning the water-rock interaction and a geostatistical modeling of
data, it has been possible to identify and tentatively quantify suitable water resources that
have arsenic content not exceeding the quality standards for human consumption.

Keywords: arsenic; volcanic aquifer; water-rock interaction; drinkable water;
geostatistics; Italy

1. Introduction

Arsenic is widely distributed in the environment and volcanic activity is considered one of the main
natural sources. Hence, arsenic occurrence in groundwater circulating in volcanic rocks is widespread.
This is related to the presence of the element as a minor constituent of volcanic gases and geothermal
fluids and to the leaching of rocks containing the element as a minor constituent [1-4]. The presence of
arsenic in groundwater of the volcanic areas of central and southern Italy has been documented for
about thirty years [5-16]. These studies show that several factors control the arsenic mobility in
groundwater, such as water temperature, host-rock composition, water chemistry, and the influence of
magma-derived volatiles.

The present study concerns the occurrence of arsenic in groundwater of the Cimino-Vico volcanic
area (central Italy), which includes a continuous basal aquifer, discontinuous perched aquifers,
groundwater flows at high altitude, and local interactions with rising thermal fluids.

The occurrence of arsenic in groundwater of the Cimino-Vico volcanic area is mainly associated
with those fluids of the active hydrothermal system that rise from depth. As a matter of fact the highest
arsenic concentrations (from 180 pg/L to 370 pg/L) were found in the thermal waters. The arsenic
concentration in groundwater of the volcanic aquifer of the Cimino-Vico system, widely used for local
drinking water supply and for irrigation, is variable from 1 pg/L to 100 pg/L [17,18]. The distribution
of the geogenic contaminant was explained through the complexity of the hydrostratigraphy, the
structural setting of the area, and the related mixing occurring between water circulating in the basal
volcanic aquifer and the fluids that rise from depth, all of which characterize the active hydrothermal
system. A recently published study [12], still based on chemical analysis of groundwater, has reached
the same conclusions.

None of the previous studies analyzes the arsenic distribution and its variability in groundwater
taking into account the influence of the characteristics of flow in volcanic aquifers, the incidence of the
different types of aquifers and the possibility of a different content of arsenic in the water bearing
formations. In the present study: (1) data on arsenic concentration in groundwater are re-examined on
the basis of data available in literature and new water samples analyses, (2) each collected water
sample has been carefully matched to the pertaining type of aquifer by detailed hydrogeological
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characterization, and (3) the arsenic content of the rocks of the area has been measured and preliminary
leaching tests were performed on samples of the most relevant rock types. The goal has been to link
the occurrence of the element in groundwater to the host rocks and their hydrogeological properties,
and then to deepen knowledge about the influence of the complex hydrogeological system on the
arsenic distribution in groundwater in volcanic areas. In other words, the objective is to outline
hydrogeologically/geochemically-based criteria to identify areas, aquifers, and the amount of
groundwater resources for human consumption in this challenging hydrogeological environment. This
integrated approach is essential to address the future options for the management of groundwater
resources, especially if one considers that the local demand for drinking water (approximately 170,000
inhabitants) is supplied by groundwater tapped only on the basis of proximity to users, and building
expensive and not easily manageable treatment plants.

The same problems also affect other areas of the world characterized by groundwater flow
interacting with volcanic rocks (e.g., [19,20]).

2. Geological and Hydrogeological Framework

The study area lies between the Tyrrhenian coast and the Apennine chain (Figure 1a). This region
contains a series of sedimentary basins whose origins are related to the processes that occurred during
the formation of the Apennine chain. In the final stages of the Apennine orogeny, since the Pliocene,
an intense volcanic activity affected the region. Accordingly, a strong regional heat flow anomaly
(>150 mW/m?) characterizes the area [21].

Volcanic activity gave rise to the Cimino and Vico complexes (Figure 1a,b). The Cimino complex
was active between 1.35 Ma and 0.95 Ma. Effusive and explosive activity gave rise to several domes,
with a radial arrangement with respect to the top of Mt. Cimino, that developed along a NW-SE
trending fracture and included pyroclastic deposits. Rhyodacitic ignimbrites and domes, as well as
latitic and olivine-latitic lavas mainly constitute the products of the volcanic complex [22—-24]. The
Vico complex consists of a stratovolcano with a central caldera that houses the homonymous Lake
(Figure 1b). This volcano was mainly active between 419 ka and 95 ka and developed along a NW-SE
elongated graben. Alternating explosive and effusive phases gave rise to several pyroclastic deposits
and lava flows, which are phonolitic, tephritic, and trachytic in composition [25-27].

The volcanic rocks are covered and bounded locally by Pleistocene-Holocene continental sediments.
The folded and thrusted substratum beneath the Cimino and Vico volcanics consists of different
sedimentary rocks: the Pliocene-Pleistocene sedimentary complex, the Upper Cretaceous-Oligocene
Flysch and the Triassic-Palaeogene carbonate rocks [28-31].

The structural features of the area are very complex because of neotectonic activity and more recent
volcano-tectonic related deformation. Within the study area, faults oriented N-S, E-W, NW-SE, and
NE-SW subdivide the deep structures and control the uplift of the volcanic basement [28,31-33].

The Cimino and Vico volcanics constitute a hydrogeological system bounded by the
Pliocene-Pleistocene sedimentary complex and Upper Cretaceous-Oligocene Flysch (Figure 2a,b). A
continuous basal aquifer and several perched aquifers have been found within the complex
hydrostratigraphy, which includes relatively high-permeability units (such as ignimbrites and lava
flows) alternating with low-permeability, discontinuous units (such as tuffs and fine pyroclastic deposits).
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Figure 1. (a) Location of the study area; (b) Geological map of the Cimino-Vico volcanic
area (modified from [23]) showing wells, springs, and rock samplings locations.

The basal aquifer, mainly composed of ignimbrites and lavas of the Cimino and Vico volcanoes, is
characterized by radially-divergent flow and extends under the entire system (Figure 2a). The basal
volcanic aquifer discharges mainly into the streams and springs (generally with flow lower than 0.02 m?/s).
Groundwater outflow from the volcanic aquifer towards the alluvial aquifer of the Tiber Valley has
been found in the eastern boundary of the system [34].

The perched aquifers are of limited and discontinuous extent, and discharge to several springs
located at high elevation and characterized by low flow (generally lower than 0.005 m?/s) (Figure 2a).
The origin of these springs is different according to the type of rock: (1) ash deposits and paleosols in
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the pyroclastic fall products, which locally reduce the permeability of the formation constituted by
layers of pumice and scoria; (2) consolidated formations of ignimbrites and lava flows having different
degree of fracturing and weathering. Several springs are located at the edge of the lava domes of the
Cimino volcanic complex. Their discharge of groundwater at high altitude has been interpreted as
being due to the presence of dome-impounded groundwater [35].

(a) 0 4 8 km
N
‘ w‘“/ BOMARZO A
250
7
'[ ORTE @
Tiber
CIMINO River
DEM1%?383|) | Alluvial and travertine deposits (b)

E Volcanic aquifer

|:| Sandy-conglomeratic and
sandy-clayey complex

- Flysch units

—100— Contour lines of basal water-table (m asl)

— Gaining streams

— = 7 Hydrothermal area of Viterbo
Springs of perched aquifer

Springs of dome-impounded aquifer
Springs of basal aquifer

® ¢ @ O

Saturated aquifer
I: Vico complex

II: Cimino complex
11I: Sedimentary complex

Main thermal springs and wells
o Lithological logs

A___ B Traces of cross sections

Figure 2. (a) Simplified hydrogeological map of the Cimino-Vico volcanic area (modified
from [34]); (b) Map of the saturated aquifer reconstructed through the intersection of the
water table with stratigraphic logs.
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The available data on ranges of yield, transmissivity, and storativity, apply to wells, generally of
10-200 m depth, that are used for public water supply, and for private irrigation and industrial
purposes. Values of transmissivity and storativity of these aquifers are typically 102-10"% m%/s and
1072107 m?%/s, respectively. The mean groundwater yield of the system has been estimated between
5 m?/s and 7 m%/s. The discharge has been estimated at approximately 2.0 m?/s into the streams and
springs, 2.3 m®/s as flow towards adjacent aquifers, and 1.5 m*/s pumped from numerous scattered
wells mainly for drinking and irrigation purposes [34].

In the western part of the system, thermal waters emerge from springs and deep wells (Figure 2a).
These waters are considered to be due to rising of deeper groundwater through circuits into the
sedimentary basement of the volcanics, where the basement is locally uplifted, fractured, and faulted,
and a strong heat flow anomaly exists. The yield of these deeper groundwater circuits for the
hydrothermal area of Viterbo is at least 0.1 m?/s [36-38].

The hydrogeological conceptual model described above is summarized in Figure 3, where the
different flow paths are schematically shown. The waters which outflow from springs of the perched
aquifer and dome-impounded groundwater are characterized by limited length of the flow path (in the
order of a few kilometers), since they are located at higher altitudes, closer to the main recharge area.
In contrast, the waters of the basal aquifer have longer paths in volcanic rocks (in the order of some
tens of kilometers); even longer paths characterize the thermal waters that circulate in the sedimentary
substrate of volcanics [17,34,36]. Chemical characteristics of groundwater are coherent with this
hydrogeological model. Thermal waters are of the sulfate alkaline earth type, have temperatures
between 40 °C and 62 °C, electrical conductivity between 2700 puS/cm and 3400 pS/cm, tritium
concentrations between 2 TU and 5 TU, and high gas content, e.g., CO2 and H2S up to 994 mmol/mol
and 0.99 mmol/mol in dry gas, respectively [36—39]. In contrast, the waters of the perched and basal
aquifers comprise fresh, cold waters of the bicarbonate alkaline earth type (electrical conductivity
generally between 100 uS/cm and 1000 uS/cm, temperature generally between 13 °C and 20 °C,
tritium concentrations between 8 TU and 11 TU). In the hydrothermal area of Viterbo, the reduced
thickness of the low-permeability layer that divides the basal aquifer from the deeper aquifer and its
hydraulic heterogeneity give rise to a flow between the two overlapping aquifers and then to mixing
between cold and thermal waters [17,36-39]. All waters exhibit 8'*0 and °H values in a limited range
(—5.6%0 to —7.2%0 and —34%0 to —44%., respectively) and fall on the meteoric water lines, suggesting
the presence of a common recharge area [36].
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Figure 3. Hydrogeological cross-sections (referred to A-B and C-D lines in Figure 2a)
through the Cimino and Vico volcanoes showing different flow paths.

3. Materials, Data and Methods

Information considered to conduct the present study included previously available chemical
analyses of groundwater, hydrogeological and spatial context of sampled waters, analyses of the bulk
arsenic contents of rocks, and tests on leaching of arsenic from the rocks to specific aqueous solutions.

Numerous data about the arsenic contents of groundwater in the study area and its surroundings are
available in the literature [5,16,17,36]. Other unpublished data were acquired by the Italian National
Institute of Health (ISS), by the local water management company (Talete SpA, Viterbo, Italy), and by
the regional environmental protection agency (ARPA Lazio, Rieti, Italy). Additional analyses were
performed specifically for the present study: in this case the wells were first purged, in order to remove
stagnant water from the pipes. This was done at low flow rate to ensure a reduced drawdown in the
well. Then, groundwater samples were collected in polyethylene tubes, after being filtered through
0.45 um Teflon filters. They were then acidified to pH < 2 with HNO3s (BDH-Aristar grade). All the
samples were immediately placed into storage at 4 °C and kept at that temperature until being analyzed
for arsenic by ICP-MS (Perkin-Elmer ELAN 6100, Waltham, MA, USA).

Data, from both literature sources and from the present study analyses, were evaluated for inclusion
in the dataset according to the following requirements: (1) fresh waters (i.e., the thermal waters were
not considered), (2) good hydrogeological characterization of source, and (3) good comparability and
accuracy of sampling and analytical techniques (i.e., ICP-MS, ET-AAS and HG-AAS).

The data considered in this study are: 32 analyses by Vivona et al. [16] conducted in 2002 and
2003, 48 analyses by Angelone et al. [17] conducted in 2007, 100 analyses by Achene et al. [5]
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conducted in 2007 and 2008, 125 analyses by ISS conducted in 2007 and 2008, 93 analyses by Talete SpA
conducted in 2009-2011, 19 analyses by ARPA Lazio conducted in 2005-2013, 24 analyses by
Baiocchi et al. [36] conducted in 2009 and 32 analyses performed for the present study.

Some sources are included in more than one sampling campaign and, hence, were analyzed by the
same laboratory in different periods, or by different laboratories. In the case of multiple determinations, the
mean values were adopted. Some anomalous values were identified as outliers and discarded. The
dataset consists of a total of 250 sources (Figure 1) including wells and springs supplying water for
drinking (58 springs and 97 wells), domestic and irrigation purposes (9 springs and 86 wells).

Springs and wells were hydrogeologically characterized by type and lithological composition of the
aquifer. This characterization was performed enquiring the Italian National Institute for Environmental
Protection and Research (ISPRA) database [40] for boreholes and wells, together with the scientific
literature and technical documents available for the study area. The stratigraphy, aquifer rocks, and
water levels of more than 800 boreholes and wells were examined one by one in order to define the
geological and hydrogeological context of each water source of the dataset (Figures 2 and 3). Depths
of the boreholes range from tens to hundreds of meters. Water samples were first classified as being
from perched or basal aquifers, comparing the height of spring and water level of well with the
available basal piezometric surface [34,41], and considering the flow rates of the springs, depths of the
wells and salinity of waters. Successively, the waters sampled were attributed to the Cimino or
Vico volcanic complex, based on the saturated aquifer that feeds the springs or that is intercepted by
wells (Figure 2b). A third subdivision included stratigraphic logs, local hydrogeological settings, rock
compositions, type of porosity (primary or secondary porosity) which allowed the distinction into
different classes of aquifer: Cimino Ignimbrite (CI), Lava Dome (LD), Lava Flows (LFV), Vico
Ignimbrites (VI), Non-Welded and Partially Welded Pyroclastic Deposits (NWV), Sedimentary (S)
(Table 1).

Table 1. Classes of aquifers and main characteristics.

. Volcanic/Sedimentary Hydrogeological .
Class of Aquifer . Rock Composition
Complex Properties
Cimino Ignimbrite (CI) Cimino Volcano Secondary porosity Quartz-latitic
o . Latitic, olivine-latitic,
Lava dome (LD) Cimino Volcano Secondary porosity . .
alkali-trachytic
. ) Trachytic, tephritic, phonolitic-
Lava flows (LFV) Vico Volcano Secondary porosity

tephritic, tephritic-phonolitic

. Trachytic, phonolitic-tephritic,
L . Primary and secondary .. .
Vico ignimbrites (VI) Vico Volcano . tephritic-phonolitic,
porosity . .
trachytic-phonolitic

Non-welded and partially
welded pyroclastic deposits Vico Volcano Primary porosity Trachytic, tephritic, phonolitic

(NWV)

Pleistocene formations .
. Primary and secondary  Sands, conglomerates, sandstones,
Sedimentary (S) Upper Cretaceous- . . .
. porosity calcarenites, marly limestone
Oligocene Flysch
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Since an aquifer can be considered a two component system, the bulk chemical compositions of the
aquifer rocks were measured, most specifically of the main rock types of the study. The analyses
included arsenic contents. A total of 68 samples was collected from outcrops around the Mt. Cimino
and Vico Lake, and chemically analyzed (Figure 1).

Arsenic concentrations of rock samples were measured by ICP-MS (Perkin-Elmer ELAN 6100,
Waltham, MA, USA) after acid dissolution of the powdered samples and performed according to the
EPA 3052 procedure [42] using HNO3, HF, and H202 as the reagent mixture.

Laboratory experiments have also been carried out to better understand the interactions occurring
between the aqueous and solid phases of the system. For each sample, leaching tests were performed
as follows: 5 g of rock sample, previously ground to <100 pm, were added to 95 mL of deionized
water (18.2 MQ cm at 25 °C; solid/liquid ratio 1/20) in polyethylene bottles and placed in an end-over-end
shaker. Deionized water was used to obtain results comparable with the most extended experiments in
the literature [43—45]. Independent experiments were conducted for specific times (0.25 h, 0.5 h, 1 h,
3h,5h, 12 h, 24 h, 48 h, 72 h, and 168 h) at room temperature. After shaking, the samples were
centrifuged for 10 min at 1500 x g and the supernatant was filtered using Millipore 0.45 pum filters.
HNO3 was added to the filtered samples to bring the extracted solution to a total acidity of 1% and
analyses of arsenic were carried out. Moreover, the pH of the leachate was measured. For each sample,
the mean value of triplicate experiments was considered; the coefficient of variation (%) at every time
of the leaching test was always lower than 10%.

All of the maps, information, and data were organized within a geodatabase for further processing
in different GIS environments (mainly ESRI ArcMap and SagaGIS). To examine arsenic spatial
distribution, deterministic methods (Linear Triangulation, Inverse Distance to Power and Polynomial
Interpolation) and geostatistical techniques (Simple, Ordinary, Universal and Disjunctive Kriging)
were applied in association with the fitting of the experimental semivariogram. Goodness of the fit was
checked in each case by means of “leave-one-out” cross-validation. The procedure consists in employing a
single observation as the validation datum, and the remaining observations as the training data. This is
repeated such that each observation in the dataset is used once as the validation data, and finally a
scatter plot is produced with measured versus estimated data. Comparison between different methods,
and different settings of the same method, can be performed considering the root-mean-square error
(RMSE) of the scatterplot. In general the geostatistical approach gave better results if compared to the
deterministic ones, in particular Ordinary Kriging (OK) [46]. The OK was applied trying different
theoretical semivariogram models and different settings of the method. Limits to the OK application
lie in the heterogeneity of the sample population and in the presence of interferences given by
variables which are not only linked to the spatial distribution. A further qualitative geostatistical
approach was tested with Disjunctive Kriging (DK) [47,48] to calculate the probabilities that the
arsenic concentration exceeded a threshold. In case of OK original data were log-transformed to obtain
a normal distribution; in case of DK the Hermite polynomials transformation was applied [47,48]. In
both cases, calibration of the semivariogram model and its parameters was performed to obtain the
lower RMSE in cross-validation. The semivariogram which better fitted the transformed variable was
used in OK and DK, a binary indicator was set in DK according to the threshold, and the probability of
exceeding the threshold itself was estimated.
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4. Results

The results are reported with reference to the hydrogeological characterization of the water
sampled, the distribution of arsenic in groundwater of the basal aquifer, and the analyses conducted on
the rocks and the leaching tests.

4.1. Hydrogeological Characterization of the Water Sampled

A total of 250 sources were considered for the arsenic content in groundwater. All waters concerned
are Ca-HCOs type with temperature from 10 °C to 24 °C, pH from 6.2 to 8.3 and electrical conductivity
from 126 puS/cm to 1,324 pS/cm. Among these parameters, the most sensitive parameter for the
different sampled waters is the electrical conductivity (EC).

The first hydrogeological characterization concerned the type of aquifer, i.e., basal or perched:
water samples of 208 sources were attributed to the basal aquifer and 42 to the perched aquifers. For
the Cimino volcano, samples from springs and shallow wells located at the edge of the lava domes
(Figures 1 and 2) were considered to be related to dome-impounded groundwater and qualitatively
associated with the perched aquifers, even if hydrogeologically connected to the basal aquifer (Figure 3).
Nevertheless, the proximity of springs and wells to the recharge area and the low EC of their waters
were interpreted as related to a reduced length of groundwater circuits, such as those that typically
characterize the perched aquifers. Then, springs and wells were hydrogeologically characterized
according to their association with different volcanic or sedimentary complexes and classes of aquifer
(Table 1). The classification was possible for 245 of the total of 250 sources with reference to the
different complexes (i.e., Cimino, Vico, and sedimentary complexes) and for 236 of the total of 250
with reference to the classes of aquifer.

A first representation of the arsenic content in groundwater is reported in the cumulative frequency
diagram of Figure 4, which comprises all data for springs and wells according to their classification
into basal or perched aquifer (including dome-impounded groundwater). Lower values and a narrow
range of arsenic content characterize the perched aquifers: approximately 74% of the water samples
have an arsenic content lower than 10 pg/L. For the basal aquifer, arsenic concentrations have a
wider range of values and approximately 60% exceed 10 pg/L, i.e., the permissible value for human
consumption [49]. The EC values range from 126 pS/cm to 565 puS/cm for the perched aquifers, and
from 134 puS/cm to 1324 uS/cm for the basal aquifer.

Since most waters were sampled from volcanic rocks of the Cimino and Vico complexes, statistics
for the two volcanic complexes were computed. The EC values range from 126 uS/cm to 459 uS/cm for
the waters circulating in the Cimino volcanics, and from 185 uS/cm to 1027 puS/cm for those of the
Vico volcanics. The cumulative frequency distributions of arsenic in groundwater samples are shown
in Figure 5 for water samples from basal and perched (including dome impounded) aquifers in each of
the two volcanic complexes. Waters circulating in the Vico volcanics show higher values of arsenic
and a wider range; for both the basal aquifer and the perched/dome-impounded aquifers a high
percentage of the sampled waters has an arsenic content higher than 10 pg/L (82% and 40%,
respectively). Waters circulating in the Cimino volcanics show lower arsenic content: about 70% and
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90% of the sampled waters have values lower than 10 pg/L, for the basal and perched/dome-impounded
aquifers, respectively.
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Figure 4. Cumulative frequency plots of arsenic concentrations in groundwater of basal
and perched/dome-impounded aquifers.
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Figure 5. Cumulative frequency plots of arsenic concentrations in groundwater of the
Cimino and Vico volcanic complexes.

Arsenic content in groundwater for different classes of aquifer (regardless of the distinction
between basal and perched/dome-impounded) is shown in Figure 6: lower values and a limited
variability characterize the CI and LD classes of aquifer of the Cimino volcanic complex, higher
values characterize the different classes of aquifer related to the Vico volcanic complex (LFV, VI and
NWYV). Regarding the water samples attributed to the sedimentary class of aquifer (characterized by
waters with EC from 207 puS/cm to 1324 uS/cm), it should be stressed that they were mainly collected
in the eastern sector of the hydrogeological system, where the saturated aquifer corresponds to
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groundwater circulating in Pleistocene conglomerates and sands that constitute the local substratum of
volcanic complexes, laterally, and vertically influenced by water flow within the volcanics (Figures 1-3).
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Figure 6. Cumulative frequency plots of arsenic concentrations for the different classes of aquifer.

For sources with more samplings in the period 2002-2014, the observed variation in the arsenic
content was generally lower than 20%. For springs fed by the perched aquifers with monthly
samplings in the period 2005-2013, a preliminary cross-correlation with the precipitation data showed
a decrease in the arsenic content after rainy periods. The absence of a monitoring program and the
available data do not allow the identification of a clear seasonal and/or long term variability of As content.

4.2. Distribution of Arsenic in Groundwater of the Basal Aquifer

Data on the arsenic content in groundwater of the basal aquifer were analyzed to obtain a map of its
areal distribution. It was not possible to reconstruct maps of the arsenic distribution in groundwater of
the perched aquifers, due to their reduced spatial continuity.

The high number of factors influencing the arsenic content in groundwater of the basal aquifer and
the presence of different classes of aquifer are reflected in the irregular right-skewed distribution of the
dataset (Figure 7a). The skewness of the distribution almost disappears when arsenic concentration
values are log-transformed, but a highly tailed shape can still be noted in the QQ-Plot of Figure 7b.

The log-transformed data were geostatistically processed considering the basal aquifer and the
dome-impounded sources that are connected to it (e.g., the springs of the Mt. Cimino, Figures 2 and 3).

In a first version of the Ordinary Kriging (OK1), the experimental semivariogram of the
log-transformed data was fitted to an isotropic exponential model with maximum lag distance of
10 km, partial sill 0.45 logio pg/L and nugget variance 0.4 logio ng/L. The nugget variance (i.e., 2.5 ng/L)
was set on the basis of the short distance variation of arsenic concentration (variability inside a radius
of 100 m plus seasonal and vertical variation in the same point), while partial sill and maximum lag
distance were iteratively adjusted according to the lower error obtained in the cross-validation. The
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error distribution gave evidence of a failure of the kriging prediction for the highest values of arsenic
(Figure 8a), where hydrothermal fluids that rise from the deep aquifer strongly affect the basal
aquifer [17,36]. A second version of the OK (OK2) was therefore performed grouping all data with
concentrations equal to or higher than 30 pg/L, which allowed to obtain a better cross-validation fit in
the range 0-30 pg/L (Figure 8b).
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Figure 7. QQ-Plot of the (a) original data and (b) log-transformed data of the basal aquifer.

The settings that gave the lower prediction error and cross-validation results are shown in Table 2
and the resulting maps are shown in Figure 8.

Disjunctive Kriging (DK) was also applied to data transformed through Hermite polynomials, and
the probabilities that the arsenic concentration exceeded two thresholds (10 pg/L and 30 pg/L) was
estimated. The parameters of the method were iteratively adjusted to reach a minimum RMSE value in
cross-validation; results are reported in Table 2 and the probability maps relative to the thresholds of
10 pg/L (DK1) and 30 pg/L (DK2) are shown in Figure 9.

Results of the geostatistical analyses show how difficult it is to capture local spatial variability
(Table 2). Results of prediction maps (OK) can reach a relatively low RMSE of 5.98 pg/L, only
flattening the values above 30 pg/L. In the case of the DK, the uncertainty linked to the local
variability is taken into account with effects on the probabilities of exceeding the threshold. For
example, if a very high value of arsenic is located nearby a low value, in the interpolation with the OK
this would cause an increase of the RMSE of cross-validation; in the case of the DK the presence of
this hotspot will instead produce the effect to generate a higher probability of exceeding the threshold.
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Figure 8. (a) Ordinary Kriging (OK1) of the entire basal aquifer dataset and
cross-validation graph; and (b) Ordinary Kriging (OK2) with concentrations >30 ug/L
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Table 2. Summary of the Kriging settings and cross-validation results.

Settings of the Method OK1 0OK2 DK1 DK2
Type of kriging Punctual Punctual Punctual Punctual
Number of data 211 211 211 211

Type of map Prediction map  Prediction map Probability map Probability map
Threshold (ng/L) - - 10 30
Calibrated parameters OK1 OK2 DK1 DK2
Exponential
Best fit Variogram model and Exponential Exponential E‘xponential ‘ Hermit'e
transformation Log trar‘lsformed Log tral'lsforrned Hermite polynor'mals polynomials
variable variable transformed variable transformed
variable
Max number of neighbors 20 20 20 20
Max lag distance (km) 10 9 8 8
Partial sill (logio png/L) 0.45 0.50 1.257 1.264
Nugget (logio png/L) 0.4 0.03 0.4 0.4
Final Cros§-Ya11dat10n OK1 OK?2 DK1 DK2
statistics

Mean of residuals (ug/L) 0.392 0.378 —-0.010 —0.006

RMSE (ug/L) 19.91 5.980 0.366 0.322

Average Standard Error (ug/L) 22.98 9.069 0.416 0.363
Mean standardized (pg/L) 0.009 —0.012 -0.014 —-0.016

Standardized RMSE 0.857 0.854 0.888 0.876

Notes: OK1: Ordinary Kriging 1; OK2: Ordinary Kriging 2; DK1: Disjunctive Kriging 1; DK2: Disjunctive
Kriging 2; RMSE: root mean square error.
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4.3. Rock Analyses and Leaching Tests

5105

The results concerning arsenic content in the rocks are reported in Table 3. The data show that Vico
volcanics have a higher content of arsenic (average 61 mg/kg) and a wider range compared to Cimino

rocks (average 27 mg/kg).
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Table 3. Arsenic concentrations in rocks (SD = standard deviation).

Rock Type No. of Samples Min (mg/kg) Max (mg/kg) Mean (mg/kg) SD (mg/kg)

CI 11 14 42 29 7

LD 2 12 17 15 4

Cimino total 13 12 42 27 9
LFV 12 18 81 58 24
VI 35 9 166 66 111
NWV 8 23 57 42 11
Vico total 55 9 166 61 38

The aim of the leaching tests was a preliminary evaluation of the possible arsenic release due to
water-rock interaction. The results of leaching tests carried out on a VI rock sample and a CI rock
sample, both with similar arsenic contents of about 30 mg/kg, show that the release of arsenic in steady
state conditions is very small: the fractions of total bulk arsenic in the whole rock released from VI and
CI samples are about 0.8% and 0.4%, respectively, after 168 h. The trends of release of the two
samples are similar, as shown in Figure 10.
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Figure 10. Percentage of arsenic released during leaching tests on one sample of Vico (VI)
and one sample of Cimino (CI) rocks (initial arsenic content of both rock samples is about
30 mg/kg).

The leaching tests were performed using deionized water as in other literature papers simulating
water-rock or soil-water interactions [43—45,50,51] and also the effect of infiltration [52]. The use of
real groundwater of the investigated area was not suitable, because its arsenic content (result of
different factors including the natural rock-water interaction) would alter the study of the
desorption/leaching behaviour we were investigating, as demonstrated by the results (not showed here)
of preliminary tests performed for the choice of the experimental conditions. Other leaching
solutions, often used to distinguish different fractions of the elements (e.g., exchangeable, bound to
metal-oxides/organic matter, etc.) in soil or sediments ([53] and references therein) or to test different
environmental conditions [54,55] were as well considered unsuitable to simulate the real groundwater
for the scopes of this study.

Finely ground samples were used for leaching tests for the following reasons: (1) to obtain a
homogenous material for better experimental results in terms of both repeatability and accuracy; and
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(2) it is known [56] that there is a relation between sample particle size and amount of leached
element, the latter increases as the particle sizes decrease, due to the higher specific surface area in
contact with the extractant. As underlined elsewhere in the text, the length of the flow path and the
different porosity seem to influence the arsenic content in groundwater, being the latter higher for
longer times and higher porosities. Since the residence time characterizing the examined aquifer can
not be reproduced in laboratory experiments, the use of fine particles aims at offsetting the relatively
short contact time with an enhanced contact between water and particles surface, increasing the
chemical reactivity of the rock samples.

5. Discussion

The data of the present study give new information on arsenic contents of the rocks of the Cimino
and Vico volcanics. While data are available on arsenic concentrations of other Italian volcanic rocks,
no known data yet existed on arsenic in the Cimino and Vico rocks, despite the great importance of
that contaminant in this area. Average arsenic values measured in the rocks of the Cimino and Vico
volcanic complexes are 27 mg/kg and 61 mg/kg, respectively, with maximum values of 42 mg/kg and
166 mg/kg, much higher than reported for other volcanic rocks in Italy. In fact, for the volcanoes of
Southern Italy, values of about 1 mg/kg are reported for hawaiite lavas of Etna, and mean values of
9 mg/kg and 12 mg/kg are reported for the potassic volcanics of Vulcano Island and Vesuvius,
respectively [7,57-59].

The presence of high concentrations of arsenic and other potentially toxic elements [54,60] in the
volcanic rocks of the area, as well as in the whole Roman Comagmatic Province (RCP) is attributed to
the enrichment of incompatible element during the final stages of rock formation and to a diffuse
percolation of fluids through the crust. This occurrence is widespread over the RCP and, particularly,
Vico area as several gas emissions and intense hydrothermal activity highlight [39,61].

Given the high arsenic concentrations measured in the rock samples of the Cimino and Vico
volcanics, the role of the water-rock interaction in determining the high content of arsenic in
groundwater can not be disregarded. Therefore, a preliminary evaluation of the eventual arsenic release
due to water-rock interaction has been performed.

Based on the leaching tests, release of arsenic from the studied rocks seems to be very low,
however, for VI it is twice than for CI rocks (about 0.8% and 0.4% of total arsenic content in the rocks
for VI and CI, respectively). Moreover, even if the VI and CI rock samples used for the leaching test
have the same initial arsenic content (about 30 mg/kg), generally the measured total concentrations are
higher for VI rocks. Consistently, we can assume that relatively higher release percentages from rocks
with higher arsenic content result in higher total amounts of arsenic in terms of concentration in water
that is actually the case of VI groundwater. An elevated arsenic content in rocks can thus be considered
as a key factor causing high arsenic concentrations in groundwater, nevertheless the very low
percentages of released arsenic measured do not allow to assume that this is the main factor. A
combination of multiple causes, such as the dissolution of the volcanic glass component in the aquifer
rock, desorption from mineral surface sites, and interaction of groundwater of the basal aquifer
with thermal waters and/or associated mineralized zones (e.g., sulfide mineral oxidation) have been
reported [6,62] as mechanisms of arsenic release into groundwater.
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By examining the distribution of arsenic in groundwater in relation to the classes of aquifer, the
lower values of arsenic observed for waters circulating in the Cimino complex and the higher values in
waters of the Vico complex (Figure 5) can be interpreted as the result of both water interaction with
rocks that differ in their arsenic contents and the different hydrogeological properties of the aquifers.
In fact, it should be kept in mind that the VI aquifer, in addition to having a higher whole rock arsenic
content, constitutes a thick and large aquifer with both primary and secondary porosity and is affected
by intense hydrothermal activity. On the contrary, in the CI and LD aquifers of the Cimino complex
groundwater mainly flows in fissures. Therefore, in the Cimino complex water-rock interaction
probably takes place over shorter times due to a medium with higher transmissivity and lower storage
capacity if compared with the VI aquifer, where primary and secondary porosity surely implies a
higher storage capacity of the aquifer (Table 1). On the other hand, the significant content of arsenic in
the LFV aquifer, also characterized by flow in fissures, and in the NWV aquifer (Vico complex) could
be related to the rock composition (Figure 6).

Additional elements concerning the occurrence of arsenic in groundwater can be derived by means
of comparing the hydrogeological model of the system (Figure 2) and the distribution of the
contaminant in groundwater in the basal aquifer (Figures 8 and 9). The highest values are in an area
elongated in a NW-SE direction, and can be explained through the complexity of the hydrostratigraphy
and structural setting of the area and the related mixing phenomena occurring between water
circulating in the basal volcanic aquifer and the fluids rising from depth that characterize the active
hydrothermal system (Figure 3). This is in agreement with previous studies [12,17,18] and with maps
of heat flow anomaly [21] and neotectonic and volcano-tectonic structures [28,31,32]. What arises
from the present study by relating the content of arsenic in groundwater with the nature of the
saturated basal aquifer is that in the NW-SE areas groundwater flow occurs mainly into the Vico
volcanics, as was highlighted by the analysis of the potentiometric morphology and of the saturated
aquifer (Figure 2a,b). In contrast, values of arsenic lower than 10 pg/L are found mainly in
groundwater of the NE sector of the basal aquifer (Figures 8 and 9) where thermal fluids have no
influence and groundwater mainly flows in the Cimino rocks (Figure 2b) in proximity to the
potentiometric height (Figure 2a). In other words, in this area groundwater flow is independent from
that in the other sectors of the system; it has higher flow velocity due to the fissured nature of the
medium and it occurs in rocks that have lower arsenic content.

As expected, the coexistence of rocks with slow kinetics of arsenic release and short residence time
of groundwater generates relatively low arsenic concentrations, as reported in other regions of the
world (e.g., [63]). The influence of residence time on arsenic content of sampled groundwater is clear
from the comparison between the distribution in the basal aquifer and in the perched aquifers or
dome-impounded groundwater (Figure 4): in the entire hydrogeological system, the lowest arsenic
contents were found in the sources, mainly springs located at high elevation, where the short flow path
from recharge to discharge area implies a reduced water-rock interaction (Figure 3).

Based on the results arising from the relationship among arsenic content in rocks, hydrogeological
properties of the different aquifers and distribution of the element in groundwater, an area of about 180 km?
has been recognized in the NE sector of the system, corresponding to the Cimino volcanics, where
arsenic content in groundwater is generally lower than 10 pg/L. Taking into account the lowest yield
of the hydrogeological volcanic system, that is 5.7 L/s per km? [34], about 32 x 10° m’/y of
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groundwater suitable for human consumption results available. Even considering only 50% of this
resource and taking into account groundwater dependent ecosystems, a sufficient safe drinking water
amount for the needs of the local population (250 L/day for 170,000 inhabitants) is naturally available
without resorting to expensive treatment plants scattered over the whole area. For these resources, a
low fluoride content is also expected, another element that often exceeds the permissible value in the
area concerned, fluoride being strongly correlated with arsenic [17]. Moreover, in the cold waters of
the Cimino-Vico area, characterized by oxidizing conditions, the predominant species is the
pentavalent As(V), which is mainly present as aqueous complex (HAsO4>" and H2AsO4") [12] and
which represents the less toxic form of As.

Potential applications of this study can refer to the low arsenic content found in groundwater of the
perched/dome-impounded aquifers. Those resources are currently not properly utilized for drinking
water. Locations at high altitude and significant yield, compared to the number of residents, represent
favorable conditions for tapping these aquifers by sub-horizontal boreholes (without the use of any
electric pump) to supply small towns. Second potential application regards the tapping of groundwater
from the basal aquifer in the NE sector, where probability to intercept water with arsenic content
below 10 pg/L is high. The results of this study suggest that drawdown induced by the pumping wells
should be limited, so that predominantly the faster circuits are captured. This can be performed in three
ways: (1) locating new wells in the most transmissive zones of the fissured Cimino aquifer, (2) using
partially penetrating wells with pumping rate designed to increase the maximum horizontal extent of
the capture surface at the top of the aquifer [64], and (3) using well pumping at constant head that
avoids the capture of the deeper and longer groundwater circuits, maintaining a water quality constant
over time [65].

6. Conclusions

Our analysis of the Cimino-Vico volcanic region indicates that it contains a complex groundwater
circulation system, including a continuous basal aquifer, discontinuous perched aquifers, groundwater
flows at high altitude, and local influence of an active thermal system. Similar and equally complex
circulation systems are typical of volcanic regions in Italy [9] and other regions of the world [66]. The
occurrence of arsenic in groundwater is strongly affected by the composition and hydraulic properties
of the different aquifers, in addition to the already known interaction with the rise of thermal fluids.
Our findings highlight that the length of flow path, the residence time of groundwater, and the
difference in arsenic content between the relatively acidic rocks of the Cimino complex and the
alkaline rocks of the Vico complex, as well as their different leaching behavior, have a significant
influence on arsenic concentrations in groundwater (range in present study is 0.1 pg/L to 150 pg/L).

By interpreting the distribution and mobility of arsenic in water and rocks and the hydrogeology of
the system it has been possible to identify sufficient water resources with arsenic concentrations that
are suitably low for supplying drinking water to the region. Specifically, both waters of the basal
aquifer in the NE sector of the system constituted by fissured rocks of the Cimino complex, and those
flowing at high altitude in the lava domes of the same complex, have arsenic contents lower than 10
ug/L, the present limit for drinking water quality. At present, withdrawal supplying drinking water
mainly taps the basal aquifer in the sectors with arsenic concentration over 10 pg/L, and the only
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implemented actions to meet current drinking water standards, and overcome emergencies that have
already occurred, are construction of numerous expensive plants for the treatment of the contaminated
waters. We believe that a truly integrated approach, as that used in this study case, is essential for
promoting sustainable water management in the volcanic areas, which typically include more
groundwater flow paths interacting with rocks different in composition and hydraulic properties.
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