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• Human health impact of prolonged
floodwater injections in groundwater

• Climate change impact makes virus
presence in carbonate aquifers more
likely.

• Floodwater can enable virus detach-
ments from terra rossa in limestone
aquifers.

• Virus occurrence in drinkingwater from
wells far 8 km from flooding injections

• Low count of fecal indicators does not
prevent virus occurrence in drinking
water.
Abbreviations: AdV, adenovirus; EV, enterovirus; HAV
adjusted life year; IS, ionic strength; MID, minimum infec
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Wedemonstrated that floods can induce severe microbiological contamination of drinking water fromwells and
suggest strategies to better address water safety plans for groundwater drinking supplies. Since 2002, the Italian
Water Research Institute (IRSA) has detected hepatitis A virus, adenovirus, rotavirus, norovirus, and enterovirus
in water samples fromwells in the Salento peninsula, southern Italy. Perturbations in the ionic strength inwater
flow can initiate strong virus detachments from terra rossa sediments in karst fractures. This study therefore ex-
plored the potential health impacts of prolonged runoff injections in Salento groundwater caused by severe
flooding during October 2018. A mathematical model for virus fate and transport in fractures was applied to de-
termine the impact of floodwater injection on groundwater quality by incorporating mechanisms that affect
virus attachment/detachment and survival in flowing water at microscale. This model predicted target concen-
trations of enteric viruses that can occur unexpectedly in wells at considerable distances (5–8 km) from the run-
off injection site (sinkhole). Subsequently, the health impact of viruses in drinking water supplied from
contaminated wells was estimated during the summer on the Salento coast. Specific unpublished dose-
response model coefficients were proposed to determine the infection probabilities for Echo-11 and Polio 1 en-
teroviruses through ingestion. Themedian (50%) risk of infectionwas estimated at 6.3 · 10−3with an uncertainty
of 23%. The predicted burden of diseases was 4.89 disability adjusted life years per year, i.e., twice the maximum
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tious dose.
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Fig. 1. Comparison of notified (i.e., confirmed) he
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tolerable disease burden. The results highlight the requirement for additional water disinfection treatments in
Salento prior to the distribution of drinking water. Moreover, monthly controls of enteric virus occurrence in
water fromwells should be imposed by a newwater framework directive in semiarid regions because of the vul-
nerability of karst carbonate aquifers to prolonged floodwater injections and enteric virus contamination.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

In semiarid regions, such as Salento, Italy, rainfall runoff and treated
secondary municipal effluents are collected by stream channels and
used to recharge groundwater by sinkholes (Masciopinto et al., 2008).
Treated municipal effluents are either spread on the soil or transferred
in ditches or artificial ponds (or basins) to recharge groundwater
(Keswick and Gerba, 1980). The simple chlorination treatment used to
disinfect such effluent has been shown to be inadequate for the com-
plete removal of viruses from water (Costán-Longares et al., 2018;
Peyment and Franco, 1993). In addition, wastewater leakage and over-
flow from septic tanks in tourist villages, farms, and private houses
can further contribute to virus and nutrient accumulation in subsoil
and groundwater. Furthermore the currentfloodingheight duringOcto-
ber in Salento has tripled since 1923 due to the increased impact of cli-
mate change, as shown by precipitation intensities recorded by the
Protezione Civile (Supermeteo, 2018) at the Galatina station. Floodwater
may contain intestinal bacteria and viruses that cause severe diseases
10–30 days after water direct ingestion, contact, or inhalation
(Paterson et al., 2018), but the time of flooding removal via runoff injec-
tions in sinkholes may require N20 days.

Althoughwastewater soil/subsoilfiltration has long been knownas an
effective process for eliminating pathogens from wastewater (Schoenen,
2002), soil aquifer treatment and successive water chlorination cannot
be considered an appropriate disinfection barrier for drinking water
(Ayuso-Gabella et al., 2011). The effective disinfection of water cannot
be uniformly ensured without a proper disinfection treatment train
(Pecson et al., 2017), and themicrobial contaminationofwells that supply
drinking water could lead to water-associated disease outbreaks.

In the Salento peninsula, concerns arose in 1997 regarding groundwa-
ter quality supplied after simple chlorination due to an abrupt increase in
the incidence of hepatitis A cases during that year (Masciopinto et al.,
2007), which was approximately five times higher than the typical na-
tional yearly value (2–3 per 100,000 inhabitants). The hepatitis A and gas-
trointestinal outbreaks were mainly attributable to the ingestion of
patitis A cases in Europe (ECDC, 201
contaminated food and water from wells polluted by wastewater injec-
tions. Thus, the government started innovating and rebuildingmanymu-
nicipal treatment plants by including tertiary treatment plants at recharge
sites where indirect surfacemethods (i.e., ditches, ponds, and soil spread-
ing) andwater reuse for irrigation have replaced previous injectionwells.
The annual incidence of HAV infections after 2006 was reduced to a min-
imum in Salento (1–2 cases per year), also as a result of the vaccination
program (Lopalco et al., 2008), but recorded cases in the Puglia region
(MalInf, 2017, 2018) (Fig. 1) suggest that in recent years several HAV in-
fections could have originated from contaminated drinking water.

Groundwater monitoring results (Table 1) have further revealed the
occurrence of numerous enteric viruses, e.g., adenovirus (AdV), entero-
virus (EV), such as poliovirus (PV) and echoviruses, hepatitis A virus
(HAV), Norovirus genotypes I (GI) and II (GII), protozoans (Giardia and
Cryptosporidium spp.), and pathogenic bacteria in the regional karstic
fractured aquifers of Murgia and Salento. Harmful illnesses related to
viral infections thatmay lead to chronic disabilities andmortality are re-
ported in the same table. Lugoli et al. (2011) suggested that the Salento
population is currently exposed to a high risk of water-related diseases,
such as typhoid fever, via fecal pathogen transmission.

The present study focused on the indirect and delayed health impact,
which is caused by intensive floodwater injections in groundwater by
sinkholes. In particular, we estimated current water-related gastroenteric
diseases that may occur in Salento by considering the ingestion of con-
taminated water derived from wells. The delay of diseases with respect
to the time of a flood event is mainly attributable to the length of time re-
quired (i.e., up to two years) for the injected floodwater to be transported
through the subsoil before reaching the contaminated target wells. This
means that prolonged injections of floodwater into a sinkhole
(i.e., N20–30 days) can produce chemical perturbations in water flowing
through fractures, enabling the unexpected strong releases of previously
attached viruses and indirect contamination of drinking water, even in
wells as far as 5–8 km from the sinkhole (Masciopinto et al., 2008).

Themathematical model used to simulate virus fate and transport in
this study incorporated the effects of attachment/detachment/
8), Italy (SEIEVA, 2017), and the Puglia region (MalInf, 2018) from 2007 to 2017.



Table 1
Enteric viruses detected inwells in Salento/Murgia aquifers near artificial recharge sites in 2002–2005 (Masciopinto et al., 2007; Masciopinto et al., 2011), 2014 (Masciopinto et al., 2017),
and 2016–2017 (De Giglio et al., 2016, 2017).

Sampling date: 2002–2005 2014 2016–2017

Pathogenic agent Illnesses associated (Craun and Calderon, 1997) Salento Salento/Murgia This work
Salento

ADV Gastroenteritis Positive
HAV Hepatitis 0 0 Positive to HAV

IB
NoV Gastroenteritis 20 gc/l GI and 1000 gc/l of GII Positive Positive to GII.4
RoV Gastroenteritis Positive Positive
EV 5.07 · 104 gc/l Positive

Echovirus
(ECHO-11)

Gastroenteritis 12.5 gca/l

PVc Gastroenteritis, meningitis, paralysis, myocarditis and heart diseases,
rash, fever, encephalitis, pleurodynia, eye infections and diabetes
mellitus

From 10−5.5 CCID50
b/25 μl to 10−4

CCID50/25 μl

a gc stands for gene copies.
b CCID50 stands for virus infectious units in a suspension volume that infect 50% of a cell cultured in petri dishes or tubes.
c Poliovirus data refer to 2002, the year duringwhich the vaccination program switched to the IPV-only schedule, thus dramatically reducing the quantity of PV excreted into the environment.
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inactivation atmicroscale can affect the concentrations of suspended vi-
ruses in water flowing through fractures. The modeled target concen-
tration at one of these wells was then used to determine the infectious
dose ingested and the corresponding probability level of infection and
health risk to residents and tourists of the Salento coastal area during
summer. The risk impact was initially calibrated on the basis of the no-
tified cases of hepatitis A throughout Salento. This calibration permitted
the assessment of primary and secondary morbidity coefficients. The
current summer illness risk for residents and tourists due to simulta-
neous ingestion of AdV, NoV, HAV, rotavirus (RoV), and EV in drinking
water could then be estimated. The risk impact, i.e., the disease burden,
was quantified in terms of disability adjusted life years (DALYs).

2. Study area: Salento peninsula

The semiarid region of the Salento peninsula does not have surface
water, and over 70% of required drinking water is derived from ground-
water. Groundwater discharge is expected to decline in the future due
to the impacts (e.g., sea level rise) of climate change (Masciopinto and
Liso, 2016). Groundwater in Salento flows under pressure through frac-
tures in the limestone rock formations (Cotecchia, 1977), known as
Calcare di Melissano (Turonian-Santonian) and Calcare di Altamura,
i.e., carbonate bedrocks. The thickness of saturated aquifers ranges from
60 m inland to 10 m closer to the coast, and about 10 km inland they
are overlain by sandstone and calcareous deposits of 60–70 m thick. The
limestone formations are locally interposed by lenses of terra rossa and
are overlain by Tertiary (Miocene) sandstone deposits (Pietra Leccese
and Calcareniti di Andrano).More recent deposits include theOpen Shelfs
(Pliocene), Subappinnine clays (Lower Pleistocene), calcareous breccia,
sands (Sabbie di Uggiano la Chiesa, Middle-Upper Pliocene), and terra
rossa. The Salento aquifer is very permeable throughout because it con-
tains a great number of joints and fractures caused by tectonic move-
ments that have been karstified and locallyfilledwith terra rossadeposits.

Terra rossa (Merino and Banerjee, 2008) is formed by calcite
minerals being replaced with authigenic clay containing Fe, Al, and Si
oxides precipitated fromdissolved ions during the karstification process
of carbonate rocks. The mineral composition of terra rossa may include
45% silica (quartz, feldspar, and calcite), 25% aluminum oxides
(kaolinite), 15% iron oxides (hematite, magnetite, and goethite)—
which give the soil its red color—and trace amounts of calcium,
potassium, titanium, magnesium, sodium, manganese, and phosphorus
oxides (Masciopinto and Visino, 2017).

Numerous (~25) sinkholes and caves in the study area directly con-
nect the surface water and groundwater. The effective porosity of frac-
tures was estimated to be 0.005 ± 0.002 p.u. via pumping well tests
(Masciopinto et al., 2008), and water infiltration rate measurements in
vertical fractures via large ring infiltrometers provided values higher
than 8.2 m/day under field saturated conditions (Masciopinto and
Caputo, 2011). The average ground elevation in the studied area is ap-
proximately 90 m above sea level, and water depth in wells is
87–89 m below ground level. At a distance of 20 km from the coast,
the pressure head gradient lies 3 m above sea level.

3. Sampling and virus detection methods

The Puglia government (Progetto Maggiore, 2015) performs two
seasonal samplings per year from about 300 wells across the Salento
and Murgia regions as part of a survey program. We selected 20 such
wells in 2016–2017 to determine the occurrence of enteric viruses in
the Salento groundwater (Fig. 2).

Fig. 2 shows anthropogenic activities and land use in the study area
that could have impacted the groundwater quality observed in wells
I1147 and I1126. In the study area, there is not much intensive cultiva-
tion, with only olive production being relevant (over 60% of the area).
Grains, fruits, and vegetables (e.g., watermelon and tomato) are culti-
vated in small scattered areas that cover b5% of the study area. The re-
mainder of the area (35%) is urbanized or uncultivated with many
towns, industries, and caves.

From eachwell, 20 l of pumpedwaterwas collected in sterile vessels
and transported under refrigeration (+4 °C) to the Bari University Lab-
oratory for pre-filtration and successive virus and bacteria assays. En-
teric virus detection was performed using nested polymerase chain
reaction (PCR) followed by sequencing and quantitative (gene copies)
real-time PCR. Fecal indicators (Table 2) were detected using standard
Environmental Protection Agency methods (www.epa.gov/water-
research/microbiological-methods-and-online-publications). The re-
sults showed very low concentrations of total bacterial count (TBC),
total coliforms and Escherichia coli, as well as of nitrates in monitored
wells, although some traces of ammonia and E. coli at 21 cfu/100 ml
were observed in water sampled during April 2017 from wells I1190
and I1147 (see Table 2), respectively.

3.1. Sample concentration and viral RNA purification

The rapid concentration method D of Schultz et al. (2011) and, the
ISO15216-1 (2017) and ISO/TS 15216-2 (2013)methodswere followed
in this study. Each water sample (20) was filtered through a 47 mm
(diameter) electropositive charged membrane with a pore size of 0.45
μm (Millipore, Burlington, MA, USA) by means of a vacuum pump.
Each filtrated samplewas then concentrated via tangential flow ultrafil-
tration (Vivaflow 200, Vivascience Ltd, UK) using membranes (www.
sartorius.com) previously conditioned with beef extract (at pH 7) to
minimize virus adsorption onto the filter membranes.

http://www.epa.gov/water-research/microbiological-methods-and-online-publications
http://www.epa.gov/water-research/microbiological-methods-and-online-publications
http://www.sartorius.com
http://www.sartorius.com


Fig. 2. Anthropogenic activities and land use (olive groves, towns, industrial area, sinkholes, reclaimedwater irrigation and recharge sites) in the study area that could have impacted the
groundwater quality observed in wells I1147 and I1126, as well as positions of wells for drinking water supply and groundwater monitoring.

Table 2
Chemical and microbiological water quality before chlorination of drinking water from three Salento wells that resulted contaminated by enteric viruses.

ID well I1126 I1147 I1190 I1126 I1147 I1190 Flood runoff

Sampling date Nov 2016 April 2017 Average values

Chemical parameters (mg/l)
Specific cond. (μS/cm) 568 532 1211 822 697 1607 600
Temperature °C 14.1 14.3 15.3 14.5 14.1 15.8 12
pH 7.37 7.22 7.28 7.37 7.22 7.28 7.1
NH4

+ b0.05 b0.05 0.09 b0.05 b0.05 0.09 0.2
NO3

− 23 21 49 23 21 49 1.2
Br− b1 b1 b1 b1 b1 b1 –
Cl− 61 26 240 161 130 253 13
F− 0.17 0.23 0.17 0.17 0.23 0.17 –
PO4

3− b1 b1 b1 b1 b1 b1 0.41
NO2

− b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.05
SO4

2− 13 10 50 43 35 50 9
Ca2+ 72 76 103 110 95 123 100
Mg2+ 16 30 40 47 41 65 5
K+ 2 2 4 6 8 10 1.2
Na+ 35 19 130 120 93 251 10
Total alkalinity as HCO3

− 310 250 390 410 312 480 138
Estimated IS (mM) 7.8 7.6 16.8 16.1 13.2 23.0 5.3

Microbiological parameters
Total coliforms cfu/100 ml 0 50 0 0 60 0 9180
E. coli cfu/100 ml 0 0 0 0 21 0 4
Enterococci cfu/100 ml 0 0 0 0 0 0 210
Total bacterial count cfu/ml
37 °C 0 150 0 3 70 140 13,400
22 °C 0 30 0 5 40 220 10,300
Enteric viruses
occurrence/count

Not
detected

Not
detected

Not
detected

Positive
EV

Norovirus GII.4 4.48 ± 1
gc/l

Positive Hepatitis A
IB

20.6 cfu/ml somatic
coliphages
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Following this first ultrafiltration step, each concentrated sample
(300 ml) was loaded with elution products of both the polyether sulfone
10,000 Da and electropositive membranes by using 3% beef extract at
pH 9.5, namely Tris glycine beef extract (Tris, 12 g/l; glycine, 3.8 g/l; and
beef extract, 10 g/l). Each sample was poured into a sterile tube and buff-
ered using HCl solution at 0.1 N. Each tube was transferred to an ultra-
centrifugal filter unit (Amicon Ultra-2, Ultracell-10membrane, Millipore)
with 15 ml capacity at 4000 ×g for 15 ± 1 min using a 10 kDa MWCO
membrane. Each re-concentrated sample (100–400 μl) was then poured
into a sterile tube, and the volume size was increased to 500 μl by adding
PBS (NaCl, 8 g/l; KCl, 0.2 g/l; Na2HPO4, 1.15 g/l; and KH2PO4, 0.2 g/l in dis-
tilled water) and buffered. Ribonucleic acid (RNA) extraction was then
performed using the ZYMO Direct-zol™ RNAMiniPrep device (Zymo Re-
search, Irvine, CA, USA). The RNA extracted from each samplewas diluted
with 60–80 μl of DNase/RNase-free water and frozen at−80 °C.

3.2. Nested reverse transcription-PCR

NoVGI andGII, EV, HAV, hepatitis E virus, andAdVwere tested using
nested reverse transcription (RT)-PCR with the primers shown in
Table 3. RNA (2 μL) and 10 pmol of forward and reverse primers were
used in the first PCR, in a final mixture of 25 μL, using the MyTaq One
Step RT-PCR kit (Bioline Ltd, London, UK), which was formulated for
highly reproducible first-strand cDNA synthesis and subsequent PCR
in a single tube. Amplification conditions were as follows: RT at 42 °C
for 30 min, followed by RT at 95 °C for 2 min, 35 amplification cycles
of denaturation for 30 s at 95 °C, annealing for 30 s (51 °C for HEV, 42
°C for EV, 50 °C for NoV, and 58 °C for HAV), and extension at 72 °C for
1 min. Final incubation was performed at 72 °C for 10 min.
Table 3
Primer and PCR applied in this study.

Virus Primer Sequence 5′-3′ PCR c

Norovirus GI COG1F CGY TGG ATG CGN TTY CAT GA First
G1-SKR CCAACCCARCCATTRTACA
G1-SKF CTG CCC GAA TTY GTA AAT GA Neste
G1-SKR CCA ACC CAR CCA TTR TAC A

Norovirus GII COG2F CAR GAR BCN ATG TTY AGR TGG ATG AG First
G2-SKR CCRCCNGCATRHCCRTTR TAC AT
G2-SKF CNTGGGAGGGCGATCGCAA Neste
G2-SKR CCRCCNGCATRHCCRTTRTACAT

Norovirus GII QNIF2 ATGTTCAGRTGGATGAGRTTCTCWGA Real-
COG2R TCGACGCCATCTTCATTCACA
QNIFs FAM-AGCACGTGGGAGGGCGATCG-TAMRA

Hepatitis A 1852 TATTCAGATTGCAAATTAYAAT First
1853 AAYTTCATYATTTCATGCTCCT
1854 TATTTGTCTGTYACAGAACAATCAG Neste
1855 AGGRGGTGGAAGYACTTCATTTGA
HAV68 TCACCGCCGTTTGCCTAGGGAGAG Real-
HAV240 CCCTGGAAGAAAGCCTGAACCT
HAV150- FAM-GCAGGAATTAA-MGBNFQ

Hepatitis E ORF1F CCAYCAGTTYATHAAGGCTCC First
ORF1R TACCAVCGCTGRACRTC
ORF1FN CTCCTGGCRTYACWACTGC Neste
ORF1RN GGRTGRTTCCAIARVACYTC

Enterovirus Ent1 CGGTACCTTTGTACGCCTGT First
Ent2 ATTGTCACCATAAGCAGCCA
neEnt1 TCCGGCCCCTGAATGCGGCTA Neste
neEnt2 GAAACACGGACACCCAAAGTA
EV-U GGCCCCTGAATGCGGCTAAT Real-
EV-D CACCGGATGGCCAATCCAA
EV-Pr FAM-CGGACACCCAAAGTAGTCGGTTCCG-TAMRA

Adenovirus AdhexF1 TICTTTGACATICGIGGIGTICTIGA First
AdhexR1 CTGTCIACIGCCTGRTTCCACA
AdhexF2 GGYCCYAGYTTYAARCCCTAYTC Neste
AdhexR1 GGTTCTGTCICCCAGAGARTCIAGCA

Rotavirus 1950 GCAGTYGTTGYTGYHACTTCAACR First
NSP3r GGTCACATAACGCCCCTATAGC
1958 GTCATCAGTTGAGTGGTATCTAAGRT Semi
NSP3r GGTCACATAACGCCCCTATAGC

FAM: 6-carboxyfluorescein; TAMRA: 6-carboxytetrameth-ylrhodamine; MGBNFQ: (minor groo
Nested PCR was then performed with the MyTaq Red Mix (Bioline
Ltd, London, UK), using 1 μl of the PCR product from the first step as a
template. The nested PCR reaction conditions were 95 °C for 2 min,
followed by 35 amplification cycles of 30 s at 95 °C, annealing for 30 s
at the various annealing temperatures (48 °C for HEV, 60 °C for EV, 50
°C for NoV, and 50 °C for HAV), and extension at 72 °C for 1 min. A
final incubation step was performed at 72 °C for 10 min. For AdV, the
MyTaq RedMix kitwas used for both the first and nested cycles. Positive
and negative controls were systematically used, and standard precau-
tionswere taken to prevent cross-contamination. Positive PCR products
were purified using Montage PCRm96 Micro-Well Filter Plates
(Millipore, Burlington (MA), US) and sequenced in both strands (Bio-
Fab Research, Rome, Italy). Consensus sequences were reconstructed
using Molecular Evolutionary Genetics Analysis software, version 7.0,
and the relatedness of the sequences were evaluated using the National
Center for Biotechnology Information's Basic Local Alignment Search
Tool (BLAST; http://blast.ncbi.nlm.nih.gov/Blast.cgi).

3.3. Real-time quantitative RT-PCR

Quantification was performed via real-time quantitative RT-PCR
(RT-qPCR) for samples that showed positivity after analysis via qualita-
tive nested PCR. The assay described by Donaldson et al. (2002) was
used for EV with a standard curve of synthetic RNA as explained by La
Rosa et al. (2010). The real-time RT-qPCR standard method described
by ISO 15216-1 (2017) was applied for HAV and NoV GII. The reagents
and conditions applied for ISO 15216-1 were those reported in the an-
nexes of the standard method. Results are shown in Table 2, and all
primers and probes used are described in Table 3. Each sample was
ycle PCR product (bp) Reference

381 Kojima et al., 2002; Kageyama et al., 2003

d 330

387

d 344

time RT-(q)PCR – Loisy et al., 2005; Kageyama et al., 2003

393 La Rosa et al., 2014

d 267

time RT-(q)PCR – Costafreda et al., 2006

348 Fogeda et al., 2009

d 172

545 Pina et al., 1998

d 123

time RT-(q)PCR – Donaldson et al., 2002; La Rosa et al., 2010

764–896 Lu and Erdman, 2006

d 688–821

986 Zeng et al., 2008; La Rosa et al., 2017

nested 324

ve binder/non-fluorescent quencher).

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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assayed in duplicate using 5 μL undiluted nucleic acid extract in a final
volume of 25 μL. Two negative controls were included in each assay.

Plasmids containing the PCR target region were used for the con-
struction of the standard curves. The PCR product was the number of
base pairs (bp), i.e., the size of the genome segment amplified by PCR.
Quantification results were considered acceptable if the determination
coefficient R2 (–) and negative slope of the standard curve were N0.98
and 3.1–3.6, respectively.

4. Risk assessment method

Mathematical models that treat pathogens as colloids are useful for
determining pathogen counts in aquifers, making them useful in the
evaluation of potential long-termhealth risks associatedwith the occur-
rence of enteric viruses in Salento groundwater (Masciopinto et al.,
2008).Model predictions can evaluate virus concentrations and identify
infectious doses that might harm the target populations. Model simula-
tions require appropriate input data, such as the position of the primary
source of groundwater contamination and hydrogeological and geo-
chemical data. The applied model in this study was previously cali-
brated (Masciopinto et al., 2011) by using monitoring results of water
sampled from wells of the Nardò injection site about 20 km west of
well I1147 (see Fig. 2). Validations and calibration of the same model
(Masciopinto, 2007) provided an uncertainty of 23% of the final predic-
tions of virus infective particles (IP) in water from the wells. The uncer-
tainty was due to the approximate (±8%) estimation of the total virus
reduction rate coefficients and the tolerance (±15%) of the spatial var-
iability estimation of the fracture aperture covariance at the model
scale, which is based on the validity of the ergodic hypothesis.

4.1. Groundwater flow

The conceptual model used to simulate water flow in the fractured
limestone was layered, i.e., it featured a sequence of identical parallel
Fig. 3. Flow and transport model solutions in Salento groundwater: Flow velocity vectors (ave
sinkholes (violet stars) near Maglie. (For interpretation of the references to color in this figure
horizontal fractures in the x–y plane. Each fracture had a variable aper-
ture size in the fracture plane. Generally, at least 30–40 results of
pumping well tests were necessary to accurately resolve the fracture-
aperture spatial variability of the studied aquifer by means of experi-
mental variograms (Masciopinto, 2005) of the spatial aperture covari-
ance variability. The best fit of the experimental variograms using
exponential models was used to transfer the aquifer heterogeneities
to the fracture flow solutions.

Each horizontal facture was discretized into x and y directions by
using appropriate grid step sizes (large step sizes decrease the precision
of the results). The water flowrate in each elementary grid channel was
estimated using the following equation (Masciopinto et al., 2008),
whichwas derived from the Darcy–Weisbach flow equation in a conduit:

ϕi−ϕ j

� �
¼ Qij

2 f f
2gΔy

Δx
Δy

1

2bið Þ3
þ 1

2bj
� �3

 !" #
ð1Þ

where ff (–) is the friction factor that accounts for non-laminar flow; Qij

(L3/t) is the local discharge between generic grid nodes i and j, with pie-
zometric heads ϕi and ϕj; g (L/t2) is the gravity acceleration; and 2bi is
the fracture nodal aperture of the grid with step sizes Δx (240 m) and
Δy (240.7m). The groundwaterflow results, i.e., heads andwater velocity
vectors of the study area (12 × 13 km2), are shown in Fig. 3 as a 2D rep-
resentation of the study area obtained by Surfer (v. 11.6.1159; www.
goldensoftware.com). The flow model output file (x, y, piezometric
head, and water velocity) was elaborated by Surfer to obtain the contour
of piezometric head andwater velocity vectors in each grid channel of the
studied domain. Directions, lengths, and positions of the velocity vectors
were according to the calculations made by the applied groundwater
flow model. The flow velocity in the fractures ranged from 1 to
50 m/day with an average value of 12 m/day. This output was used as
input for the virus transport model.
rage of 12 m/day) and virus runoff pathways (black lines and squares) after injection into
legend, the reader is referred to the web version of this article.)

http://www.goldensoftware.com
http://www.goldensoftware.com
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4.2. Runoff and pathogen transport pathways: particle tracking

The particle tracking techniquewas applied to determine the prefer-
ential pathways through the aquifer followed by viruses in injected
wastewater (runoff) and, of viruses subsequently detached from the
terra rossa in flowing water in fractures. To simulate these virus path-
ways, a fixed number (1000) of numerical particles were released into
the grid cell that simulated the sinkhole, permitting the visualization
of all the possible pathways of the injected wastewater in groundwater
and those of the viruses released via strong detachment after a flood
event. Particles entering a channel intersection (i.e., the generic block
centered grid node) were distributed into the outlet branches following
the density of probability function f(x) values, where x is the vector of
the spatial particle position (Masciopinto et al., 2010). Dagan (1989, p.
271–283) introduced the Taylor expansion of f(x) to explain the vector
displacement of a virus particle.

In this study a Gaussian probability distribution conditioned by
higher water velocities outflowing from a generic grid node was
used. This means that the majority of inflowing particles entering
an intersection (node) preferentially flowed out in a sequence of
channels (i.e., pathways) with higher velocities. Fig. 3 shows the
preferential flow pathways in groundwater from the sinkhole (violet
star) where runoff from flooding was injected in the study area (12
× 13 km2). The green triangles and cyan areas respectively show
the soil spreading (or irrigation) sites and the artificial recharge
ditches that are currently recharging groundwater with treated mu-
nicipal effluents. The yellow areas (i.e. sectors), oriented on the basis
of groundwater velocity direction, represent subsoil where strong
detachment of viruses previously loaded by recharge operations
could potentially occur, i.e., where terra rossa came into contact
with floodwater flowing through fractures with low ionic strength
(IS) (4.3 mM), leading to virus detachment.

An IS of 23–25 mMwas estimated in the summer period for ground-
water unaffected by floodwater runoff, since electrolyte concentrations
are expected to be highest during this season (Table 3). The transport
model accounted for the perturbation of the chemical qualities of the
flowing groundwater, i.e., organic compounds, electrolyte concentrations,
IS, temperature, and pH (Bradford et al., 2012; Pedley et al., 2006; p. 66;
Yates and Jury, 1995), resulting from flood runoff injection that has af-
fected either virus attachment/detachment or inactivation. Indeed, the
perturbation in IS of water flowing through fractures could lead to
soil surface chemistry and environmental conditions that are less
favorable for virus attachment to terra rossa sediments because of
increased repulsive double layer forces between the negatively
charged surfaces of both viruses and terra rossa minerals. Experi-
mental evidence for the influence of perturbations in IS on virus de-
tachment (up to twice the injected virus concentration in perturbed
flow) from terra rossa in water flowing in fractures was provided by
Masciopinto and Visino (2017).

The detached viruses would follow the same groundwater
pathways of the virus injected with wastewater runoff into the
sinkhole. The total concentration of virus particles, resulting from
continuous runoff injection, collected at the target well was defined
as follows:

CT x tð Þ½ � ¼ ∑nc
k¼1Δmk f xkð Þ½ �

W0r
C0r e

−λτk ð2Þ

where Δmk[f(x)] is the expected mass of viruses transported by a ge-
neric cluster (k) of particles with travel time τk, i.e., it is the fraction
of the total mass W0r of injected viruses (1000) by runoff in ground-
water; and nc is the number of clusters with different travel times τk
of the collected particles at the target well.

The maximum target concentration for the detachment of a large
amount of previously accumulated viruses in the groundwater, over
several months of recharge and/or irrigation with reclaimed water,
was then determined by considering the pulse of virus injection at the
detachment position (Fig. 4):

CT x tð Þ½ � ¼ Δmk

W0d

C0d f xkð Þe−λτk ð2aÞ

where Δmkf(xk) is the expected mass of transported viruses by cluster k
of particles with travel time τk, which is the modal time, i.e., travel time
of most particles to reach the target well from the detachment position;
and C0d is the concentration of amount (mass) of instantaneously
detached/re-suspended viruses into fracture flow represented by total
particle injected (1000).

In both Eqs. (2) and (2a), λ (t−1) accounts for the time-dependent
virus reduction rate (Masciopinto et al., 2011) resulting from the attach-
ment, inactivation, filtration, detachment, or re-attachment of viruses
during their transport in fractures. The equation for λ was derived by
the analytical solution of suspended virus transport in two-dimensional
fractures by application of the Lagrange theoretical approach (see
AppendixA). Furthermore,λ is a function of the average fracture aperture,
virus attachment/detachment coefficients, suspended and attached inac-
tivation rates, and travel time τ of viruses in groundwater, because the re-
duced capacity of detached viruses to reattach is time-dependent.

Fig. 4 shows the conceptual representation of the boundary/initial
conditions applied to solve Eqs. (2) and (2a) that simulated the indirect
contamination of well I1147 during summer 2017 due to flood runoff in-
jection in October 2016. In fact, virus occurrence in groundwater was
more likely in summer. The following least conservative assumptions
were made: 1) a maximum distance of 2 km of the virus detachment
area from the pumping well was chosen, 2) only one source of virus de-
tachment was considered, and 3) the detached concentration C0d of vi-
ruses was fixed at 9.24 IP/ml, i.e., 45% of the average counts of somatic
coliphages (20.6 cfu/ml) that weremeasured in the Salento groundwater
at the Nardò injection site (sinkhole) during flooding in 2006/2007
(Masciopinto et al., 2011). Similar boundary/initial conditions were as-
sumed for flooding during November 2015, which could have indirectly
contaminatedwell I1126 during summer 2017.Moreover, the interaction
between flooding in 2015 and 2016 (Supermeteo, 2018) was neglected.

The upper limit for the survival time of viruses in fractures has been
estimated as 15months (460 days) after injection time (Borchardt et al.,
2007; Nevecherya et al., 2005). The time-dependent reduction rate λ of
viruses in fractures was calculated as 0.0496±4 · 10−3 day−1, whereas
the inactivation rate for both attached and suspended viruses was fixed
at 0.036 day−1 (John and Rose, 2005), as estimated by Yates et al.
(1985) for PV 1 in well water at 12–13 °C. Following particle tracking
model solutions, the predicted CT was thus estimated at 1.0 ± 0.23
and 0.6 ± 0.14 IP/l in wells I1147 and I1126, respectively, and the
virus runoff contribution to the contamination of these wells was negli-
gible (b2.7 ± 0.6 · 10−4 IP/l).

4.3. Quantitative health-risk estimation

Adetailed study of the population thatmight be exposed to pathogens
through the ingestion of drinking water was carried out by considering
both community and private wells that supply towns, farms, tourist vil-
lages, and country houses. The coastline of the Salento peninsula borders
the Adriatic Sea and has many pleasant beaches (e.g., Torre dell'Orso,
Laghi Alimini, S. Andrea, Otranto, and Porto Badisco) that are intensively
populated each summer. Consequently, both residential and tourist pop-
ulations have been included in the risk impact calculations.

4.4. Exposure assessment

The risk assessment was carried out by assuming a daily drinking-
water intake of 1.0 l per person. This was in the 50th percentile of the
collected dataset and is currently the most probable (50%) daily



Fig. 4. Least conservative conditions assumed for virus transport modeling in fractures for simulating the indirect contamination of well I1147 by strong detachment of previously
accumulated viruses in groundwater during several months of recharge and irrigation with reclaimed water.
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drinking water intake for the population of Salento (www.istat.it). The
individual probability of infection was estimated using a β-Poisson
dose-response model (Crockett et al., 1996; Crabtree et al., 1997)
based on the assumption that the infective viruses were randomly (ac-
cording to a Poisson distribution)monodispersed (i.e., non-aggregated)
(Gerba and Betancourt, 2017) in the dose (Haas et al., 2014; Haas, 1996;
Furumoto and Mickey, 1967):

Pi;v≅1− 1þ ID
β

� �−α

ð3Þ

The model also assumes a binomial (beta) distribution of the proba-
bility of virus-host survival to initiate the infection and that the mini-
mum number of surviving viruses is one. ID is the infectious dose
(i.e., count) of virus particles (IP) in the daily volume of drinking
water intake; α (−), e.g., the slope of the probability of infection vs ID
curve and β (IP), is a dose related to the median value (ID50) that has
a 50% probability (Haas et al., 2014) of infecting the host who ingested
the considered IPs (Table 4). In this study, the maximum CT of water
from well I1147 was considered in the exposure assessment.

This was further reduced to 33% of the predicted model concentra-
tion to account for the chlorination barrier efficacy (Masciopinto et al.,
2007), i.e., ID = 1.0 IP/l × 0.33 × 1 l = 0.33 IP. Table 5 further shows
the proposed Echo-11 coefficients: β was set to be equal to the mini-
mum infection dose (MID) (Yezli and Otter, 2011), and α was derived
from the known relationships between α, β, and ID50 given by Haas
et al. (2014) for the approximate β-Poisson solution in Eq. (3), when
β and ID50 are known.

The exponential approximation of the model in Eq. (3) was derived
by assuming that each ingested virus has an identical probability of in-
fection (Haas et al., 2014):

Pi;v ¼ 1− exp −
ID
β1

� �
ð4Þ

where β1 is the virus count related to the median dose (Masago et al.,
2006) of the 50% probability of infection. The proposed β1 for PV 1/SM
was derived by selecting a value close to ID50 (2–3 IP). Fig. 5 shows a
comparison between the daily probabilities of infections of the consid-
ered enteric viruses given by Eqs. (3) and (4) for infective doses of
b10 IP. In addition, since the contaminated drinking water may have si-
multaneously contained HAV, AdV, NoV, RoV, and EV, the cumulative
(all viruses) daily probability of infection (see Fig. 5) was calculated as
(de Man et al., 2014; Haas, 1996)

PDaily ¼ 1−
Ynv
i

1−Pi;v
� � ð5Þ

where Pi,v is the daily probability of infection of the specific virus consid-
ered; and nv is the total number of viruses considered (five in this
study). The final calculation required estimations of probabilities of oc-
currence (PO) for each virus, i.e., POHAV, POAdV, PONoV, PORoV, and POEV,
with the condition of Σ IDv = ID. In this study, the infectious dose for
each virus (Table 6), once ingested, was estimated by partitioning the
target concentration into sub concentrations proportional to MID. Sub-
sequently, the annual (and seasonal) probability of infection was calcu-
lated (de Man et al., 2014):

PY ;v ¼ 1− 1−Pi;v
� �ep ð6Þ

where the exposure period ep, was reduced from 365 to 45 days per
year when only summer was considered.

The cumulative annual probability of infection (PY) was determined
as follows:

PY ¼ 1−
Ynv
i

1−PY;v
� � ð7Þ

or

PY ¼ 1− 1−PDaily
� �ep ð8Þ

The measured cumulative risk for viral diseases in the study area
was estimated bymultiplying PY by the exposed population, considering

http://www.istat.it


Table 4
Coefficients of dose-response probability of infection applied in this study per 1 ml of contaminated drinking water intake.

Dose-response model Model coefficients References

HAV Exponential (β1) 1.8229 IP Haas and Eisenberg, 2001
RoV Approximate β-Poisson (α and β) 0.253 and 0.422 IP Teunis and Havelaar, 2010
AdV Exponential (β1) 2.397 IP Crabtree et al., 1997
NoV Exact β-Poisson (α and β)a 0.04 and 0.055 IP Teunis et al., 2008

Exponential (β1) 2.375 IP = 0.05 / (0.04 + 0.055) Sokolova et al., 2015
EV

Echo-12 Approximate β-Poisson (α and β) 0.401 and 227.2 IP Teunis et al., 1996
Echo-11 Approximate β-Poisson (α and β) 0.4021 and 17 IP This work

Exponential (β1) 78.3 IP Mc Bride et al., 2013; Haas and Eisenberg, 2001
PV1/SM Exponential (β1) 2.8182 IP This work

a β and β1 are for 0.1 g or 0.1 ml of contaminated drinking water intake.
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both primary and secondary morbidity factors Mp and Ms (Eisenberg
et al., 2004).

The risk model in this study introduced a new antimicrobial resis-
tance morbidity coefficient MAR (1.5%) to account for additional (sec-
ondary) infections due to failures in clinical treatments. During the
calibration of the risk impact (Fig. 6), host susceptibility (1 - immunity)
was selected as a constant value based on the findings of previous stud-
ies (Masciopinto et al., 2007; Lopalco et al., 2001), aswas the percentage
of underreported and asymptomatic HAV cases (ECDC, 2018). The
bounds of uncertainty were also reported throughout each subpopula-
tion in terms of age groups (Fig. 6).

In this calibration step, the annual probability of a hepatitis A infec-
tion (Fig. 6) was estimated using Eq. (6) for the subpopulation data of
Lecce province collected by the Italian National Institute of Statistics
during 2016 (www.istat.it). The HAV diseases collected in 2017 were
not considered in this study due to anomalous increases in confirmed
HAV infections across Europe and in Salento (see Fig. 1) during this
year. The uncertainty in the CT model predictions was included in the
risk calculations by providing a probability interval of the estimated
number of diseases. Comparing the model predictions with confirmed
HAV cases allowed for the calibration of the risk model's primary and
secondary morbidity coefficients.
Table 5
Probabilities of infections (in bold) and model calibration for disease forecasts. Population data
illness data were provided by a regional sanitary surveillance database (ASL, 2018).

Total HAV

CTmin (IP/l) 0.30
IDv (IP) 0.33 ± 0.08 0.003
Pi, v 1.62 · 10−6

All viruses: PDaily 1.39 ± 0.3 · 10−4

ep (days) 365
PY, v 5.91 · 10−4

ep (days) 45
PY, v= 7.29 · 10−5

All viruses PY 6.26 ± 1.44 · 10−3 Season
4.77 ± 1.1 · 10−2 Year

Tolerable risk for Rotavirus 3.1 · 10−3

RISK model calibration (hepatitis A cases)

Years Age group (years)

2007–2016 Average 0–14

Residents 804,239 104,131
MP 0.1 0.2
Ms 0.1
MAR 0.015
Immunity 0.17 94
Underreported 0.64
Exp. HAV infections 3.2 ± 0.6 0.3
Error bars (±) (%) 0.73 0.07

% to tot notified 5.5
Not. HAV infections 5.4 0.6

% of tot notified 11.1
Δ(expected − notified) (%) −5.6
The calibration was performed by fixing drinking water as the pri-
mary source of HAV diseases (59% of total confirmed cases). Calcula-
tions of the probability of annual HAV disease incidence by age group
were performed for the entire population of Lecce province by account-
ing for both the morbidity and susceptibility of the population. The
same risk model was then applied to a subpopulation of the Salento
area that may currently be exposed to the simultaneous ingestion of
AdV, NoV, HAV, RoV, and EV (i.e., PV 1/SM and Echo-11) via drinking
water. This risk calculationwas then applied to resident and tourist pop-
ulations of the neighboring coastal area Otranto recorded during 2017
(Regione Puglia, 2018).

5. Results and discussion

Thewell monitoring results showed very low concentrations of TBC,
total coliforms, and Escherichia coli, as well as of nitrates, although some
traces of ammonia and E. coli at 21 cfu/ml were observed in water sam-
pled during April 2017 fromwells I1190 and I1147, respectively. Water
samples from wells I1126, I1147 and I1190 tested positive for NoV
GII.4 at 4.48±1.07 gc/l, EV, andHAV IBduringApril 2017. The predicted
total number of diseases that could potentially affect both residents and
tourists in the study area are shown in Table 6. The median (50%)
were provided by the Italian National Institute of Statistics (www.istat.it/) and hepatitis A

AdV NoV EV RoV

1.66 18.00 13.00 1
0.016 0.175 0.126 0.01

6.73 · 10−6 7.36 · 10−5 4.78 · 10−5 9.67 · 10−6

2.53 · 10−3 2.54 · 10−2 1.66 · 10−3 3.88 · 10−3

3.03 · 10−4 3.31 · 10−3 2.15 · 10−3 4.35 · 10−4

(WHO, 2011)

15–24 25–34 35–54 ≥55

84,568 91,406 236,973 287,161
0.15 0.3 0.2 0.03

90 80 90 95

0.3 1.3 1.1 0.1
0.07 0.3 0.26 0.02
5.6 24.2 20.9 1.9
0.7 2.1 1.9 0.1
13.0 38.9 35.2 1.9
−7.4 −14.7 −14.3 0.0

http://www.istat.it
http://www.istat.it/


Table 6
Predictions of number of diseases (as of 2017) in the Salento coastal area during summer.

Cumulate virus infections prediction

HAV AdV NoV EV RoV

Summer 2017 residents and tourists 1,786,446 Polio 1/SM ECHO-11
Immunity (%) 0.88 0.70 0.56 0.98 0.75 0.75
Underreported
Expected individual virus diseases 2 18 297 4 7 22
Expected cumulative annual diseases 349
Incidence (×100,000) 19.6 ± 4.5

0.0001

0.001

0.01

0 2 4 6 8 10

HAV AdV

NoR All viruses

EV RoV

Infec�ve dose (IP)

PDaily

Fig. 5. Individual and cumulative (all viruses) daily probabilities for adenovirus, enterovirus, hepatitis A, rotavirus, and norovirus infections vs infective doses in 1 l of drinking water per day.
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seasonal health risk from the diseases for the population of Salento was
estimated to be 6.3± 1.4 · 10−3. This risk impactwas roughly twice the
tolerable risk (3.1 · 10−3) for RoV infections suggested byWHO (2011)
guidelines for high-income countries. It should be noted that the most
prevalent diseases were NoV (297 cases) and RoV (22 cases), whereas
the remaining diseases were attributable to AdV (18 cases), ECHO-11
(7 cases), PV (4 cases), and HAV (2 cases). This may be explained by
the relatively high host susceptibility (0.45) applied in the calculations,
though higher values (0.6–0.7) are usually applied in NoV dose-
0
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Fig. 6.Calibration of the risk impact ofwaterborne viral diseases using 59% of the average confirm
remaining 41% of the hepatitis A cases attributable to foodborne and sexual transmission were
response models (van Abel et al., 2017). These disease predictions also
accounted for a secondary morbidity due to antimicrobial drug resis-
tance (MAR = 0.015).

The low number of PV infection cases was due to low host suscepti-
bility applied (0.02) and the Italian vaccination program. Therefore, PV
infections may have only affected unvaccinated individuals. In fact, in
Italy, PV vaccination strategies have changed over time, and the oral
polio vaccine was replaced by the inactivated vaccine in 2002 (when
the eradication of poliomyelitis was achieved in the European region),
≥55

Predicted HAV

No�fied 2007-2016 (%)

Age group (years)

Error bars (23%)

ed hepatitis A cases in Lecce province (Salento, Italy) by age group from2007 to 2016. The
not considered by this risk impact estimation.
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with the aim of preventing vaccine-associated paralytic poliomyelitis
and the emergence of vaccine-derived polioviruses. Since the introduc-
tion of inactivated vaccine, no polioviruses have been isolated from
suspected acute flaccid paralysis cases, and only a small number of
Sabin-like PVs, probably excreted by individuals immunized with oral
polio vaccine abroad (poliovirus importation), were isolated in sewage
via environmental surveillance, confirming the polio-free status of
Italy (Delogu et al., 2018).

Disease incidence was estimated to be 19.6± 4.5% per 100,000 indi-
viduals. This corresponds to a total disease burden of 4.89 DALYs per
season on average, using the conversion factor of 1.4 · 10−2 of DALYs
per case provided by WHO (2011, p. 130) for high-income countries.
This disease burdenmay lead to a significant increase in the annual dis-
ease burden per person to 2.74± 0.63 · 10−6, which is 2.7 times higher
than the tolerable burden of 1 · 10−6 suggested by WHO for RoV
infections.

Even though the aim of this study was to show the vulnerability of
karst carbonate rocky aquifers to the increasing impact of flooding
caused by climate change rather than the estimation of the exact risk as-
sessment value at the test site, the predicted health risk results are valu-
able for improving management operations and water safety plans in
semiarid regions worldwide where groundwater is the main source of
drinking water. In fact, our results could easily be adapted for ground-
water from different regions, such as the Mediterranean area,
Morocco, and Indiana and Wisconsin (USA), where terra rossa and car-
bonate aquifers occur.

At Salento, the chlorination treatment currently applied for water
disinfection may yield approximately 4.0 log10 reduction credits. Addi-
tional or multi-barrier treatments are nonetheless required to achieve
the minimum disinfection performance target of 4.5 log10 credit units
that are required to ensure virus removal from drinking water. This es-
timate was made on the basis of the predicted model concentration of
1.0 ± 0.23 IP/l of water derived from well I1147 by considering the
total virus reduction rate coefficient of 0.0496 ± 4 · 10−3 day−1. This
value was determined (see Appendix A) by means of attached or
suspended virus inactivation coefficients of 0.036 day−1 and average
water velocity of 12 m/day in fractures. This virus reduction rate sug-
gested a negligible runoff contribution to the contamination in well
I1147 (2.7 ± 0.6 · 10−4 IP/l) because of long elapsed time from the in-
jection predicted by model, i.e. 350 days (or 11.7 months), which ap-
proaches the upper time limit of virus survival in fractured aquifers
proposed by other authors, namely 15 months (Borchardt et al., 2007).
6. Conclusions

Flooding height recorded since 1923 at the Galatina station by
Protezione Civile has tripled over the last 100 years due to the impact
of climate change. We showed that strong virus detachment from
terra rossa sediments in fractures, as a consequence of prolonged runoff
injections into sinkholes driven by flood events, can be considered the
main cause of the microbial groundwater pollution by enteric viruses
observed in two drinking wells in Salento during April 2017. Strong
virus detachment from terra rossa in groundwater can be activated at
remarkable distances from the runoff injection site because of a pertur-
bation in IS of water flowing in fractures. The perturbed flow permits
strong detachments of viruses previously attached below sites where
treatedmunicipal effluents are used for irrigation and artificial recharge
by changing the water's geochemistry at the point of contact with terra
rossa. The strong release of viruses allows their migration in groundwa-
ter to wells located as far as 8 km from the runoff injection site, up to
22 months after the injection time. Available geochemical data and
the mathematical model developed in this study permitted the predic-
tion of virus concentrations at target wells I1147 and I1126 during the
summer of 2017, i.e., the same wells that were contaminated by NoV
GII.4 at 4.48 ± 1.07 gc/l, EV, and HAV IB during April 2017.
The risk of enteric virus infections caused by drinking water ingestion
was estimated to be 6.3±1.4 · 10−3 in the Salento region, i.e., over twice
the tolerable risk for virus infections suggested byWHO (3.1 · 10−3). This
risk corresponds to a disease burden of 4.89 DALYs per season, i.e. 2.74±
0.63 · 10−6 per person, which is higher thanWHO health outcome target
of 1 · 10−6 and implies a greatly increased annual sanitary cost for the re-
gion. The results further suggest that water disinfection treatments to
supplement simple chlorination are needed to reduce the disease burden
to a tolerable level and achieve the minimum disinfection performance
target of 4.5 log10 units of reduction required for drinking water from
the Salento aquifer. This estimate was made on the basis of the predicted
model concentration of 1.0 virus/l.

Consequently, we strongly recommend monthly monitoring of
groundwater in karstified carbonate rock in semiarid regions vulnerable
to enteric virus contamination causedbyprolongedfloodwater injections.
Due to the increasedheight offlooding causedby climate change andhaz-
ardous consequences due to possible virus detachment in groundwater,
the periodic control of enteric virus occurrence inwater fromwells of vul-
nerable aquifers should be imposed by framework directives for drinking
water, e.g., those that are currently under revision (http://ec.europa.eu/
environment/water/water-drink/review_en.html). Flooding has become
more prevalent in European aquifers, and the fecal indicators proposed
by Directive 2000/60/EC were insufficient to predict virus fecal contami-
nation of drinking water from wells in the study area.

The quantification of the health impacts of flooding injection and
strong virus detachment by means of risk assessment in this study
could easily be achieved in many karstic carbonate aquifers in the Medi-
terranean area, Morocco, and Indiana and Wisconsin (USA), where virus
detachment from terra rossa can affect drinking water quality. In vulner-
able aquifers, water quality monitoring has strategic importance for the
protection of water reservoirs from microbial pollution. The water sam-
pling in this study has revealed the health and composition of Salento
groundwater. Seasonal changes in groundwater quality and particularly
of the virus and electrolyte concentrations have shown that groundwater
is more vulnerable to microbial contamination during summer. The
upper time limit for survival of viruses injected into the Salento fractured
carbonate aquiferwas about 12months on the basis of the estimated total
virus reduction rate coefficient of 0.0496 ± 4 · 10−3 day−1. This coeffi-
cient was determined by considering the inactivation coefficients of at-
tached and suspended viruses (0.036 day−1) and average modeled
water flow velocity in fractures of 12 m/day. The estimated upper time
limit for virus survival in Salento approached the time limit
(15 months) proposed by other studies in fractured aquifers.
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Appendix A

The Lagrange approach (Dagan, 1989) has often been employed in
fractured aquifers to study contaminant transport, since it allows for
the simplification of governing equations. For suspended virus transport
in water flowing in fractures, the following equation is applicable
(Masciopinto et al., 2011):

dC t;x tð Þ½ �
dt

¼ −
2
2b

∂C�

∂t
þ λ�C�

� �
−λC ðA1Þ

∂C�

∂t
þ λ�C� ¼ r f

C
2b

−rrC
� ðA2Þ
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where C (M/L3) is the concentration of suspended viruses; and C⁎ (M/
L2) is the concentration of attached viruses on the two fracture walls.
These virus concentrations are expressed as the mass of virus count
per unit area of the fracture surface. Moreover, rr (t−1) is the virus de-
tachment rate coefficient; rf (L2/t) is the attachment rate coefficient;
2b is the local aperture in the bedding plane fracture; and λ (t−1) and
λ* (t−1) are the inactivation coefficients for suspended and attached in-
fectious virus particles, respectively. Eq. (A2) can be substituted into
Eq. (A1):

dC t; x tð Þ½ �
dt

¼ −
2

2bð Þ2
r f þ λ

" #
C þ 2

2b
rrC

� ðA3Þ

C* can be determined from the analytical solution of Eq. (A2) by ap-
plying the initial condition of zero attachment concentration, i.e., C*(0, x
(t)) = 0:

C� ¼ r f
2b

Z t

0
C u; x; yð Þ exp − rr þ λ�ð Þ t−uð ÞÞ½ �du ðA4Þ

where u is a dummy integration variable. Eq. (A4) can be substituted
into Eq. (A3):

dC t; x tð Þ½ �
dt

¼ −
2

2bð Þ2
r f þ λ

" #
C

þ 2

2bð Þ2
rrr f

Z t

o
C u; x; yð Þ exp − rr þ λ�ð Þ t−uð Þ½ �du ðA5Þ

Eq. (A5) is a linear first-order differential equation:

dC t;x tð Þ½ �
dt

1
C t; x tð Þ½ � ¼ −A1 þ A2 ðA6Þ

where A1(t−1) is

A1 ¼ 2

2bð Þ2
r f þ λ

 !
; ðA7Þ

and coefficient A2(t−1) can be defined by imposing the similarity be-
tween Eqs. (A6) and (A5):

C τ;x τð Þ½ �A2 ¼ 2

2bð Þ2
rrr f

Z τ

o
C u; x; yð Þ exp − rr þ λ�ð Þ τ−uð Þ½ �du ðA8Þ

where time t = τ is the time required by the majority of virus particles
released in groundwater to arrive at the target well. Eq. (A8) can be
solved to produce:

A2 ¼ −
2

2bð Þ2
rrr f

1
rrþλ� exp − rr þ λ�ð Þτ½ � ðA9Þ

Thus, the coefficient of virus reduction rate in water flowing in frac-
tures can be estimated from Eq. (A6):

λ ¼ A1−A2ð Þ ðA10Þ

It should be noted that λ is the time-dependent coefficient rate of
virus reduction in flowing water, since A2 slightly decreases when
time (τ) increases. By substituting Eq. (A10) into Eq. (A6), the exponen-
tial solutions in Eqs. (2) and (2a) were obtained. The values of specific
coefficients applied at Salento (Masciopinto et al., 2011) were as
follows:

2b = 1.3 mm average fracture aperture
U = 12 m/day mean flow velocity =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU2

x þ U2
yÞ

q

k = 3.2 · 10−8 m
virus deposition coefficient
Fc = 0.03 dynamic block function value
rr = 3.425 · 10−4 day−1

virus detachment coefficient
rf = 1.15 · 10−8 m2/day
virus attachment coefficient = k ∙ U ∙ Fc
λ = λ⁎ = 0.036 day−1

virus inactivation coefficients.
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