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Abstract: The worsening of groundwater quality is a huge problem for some regions, especially
where a karst aquifer system is the most important water resource because of the deficiency of a
well-developed superficial water supply. In this study the chemical quality of a deep aquifer of
the Salento peninsula (Southern Italy), where a shallow aquifer and an extensive deep aquifer are
exploited as a source of drinking water and irrigation water, was monitored. The indicator used
to assess the sustainability of pollution produce by human activities is the “grey water footprint”
(GWF) which measures the amount of water required to assimilate a polluting load produced
from anthropic activity. The GWE, calculated for each chemical parameter, shows a widespread
contamination by Mercury (Hg), Vanadium (V) and Ammonium (NH4*) with concentrations above
the limits (Lgs. D. 31/2001). The high Mercury and Vanadium concentrations may thus be associated
with anthropic pressures on the aquifer, while Ammonium derives mainly from fertilizers used in
agriculture. The situation that emerged involves reflections on the continuous human pressure on
natural resources. Therefore, the management of groundwater quality requires a multidisciplinary
approach focused on identifying the measures necessary to protect our water resources.
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1. Introduction

Water is drawn from the ground for a variety of uses, principally community water supply,
farming and industrial processes. Groundwater is widely used for drinking [1], as it is characterized by
a high degree of chemical and microbiological purity, because of the slow filtration processes that occur
in the various layers of the subsoil, in which contaminants are retained and/or degraded [2]. However,
these mechanisms are sometimes not sufficient to ensure water safety, especially when pollutants can
easily reach aquifer [3].

Groundwater resource management is often limited by the presence of brackish or saline water
that endangers, irreversibly, the future of these resources [4]. Since groundwater often occurs in
association with geological materials containing soluble minerals, higher concentrations of dissolved
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salts are normally expected in groundwater with respect to surface water. The type and concentration
of salts depends on the geological environment and the source and movement of the water. Indeed,
the potential contamination risk is specific to the geographical area, depending on the soil vulnerability
and the amount and type of pollutants released into the environment by human activities [5]. Soil type,
climate, specific nature of groundwater resources, the high intrinsic vulnerability of aquifers to
anthropogenic pollution and the effects of seawater intrusion, make proper use and management
complex and significant. The worsening of groundwater quality is a huge problem, especially for some
regions, like Salento (a subarea of the Puglia region, southern Italy), where a karst aquifer system
represents the most important water resource because of the deficiency of a well-developed superficial
water supply.

The study area, the Salento peninsula, indeed, has geological characteristics quite distinct from
those of other Italian regions [6]. The karstic nature of the soil results in a lack of superficial watercourses
and a highly developed subterranean hydrology. This is characterized by the presence of two distinct
systems: a multilevel shallow aquifer, occupying only 35% of the territory and an extensive deep aquifer,
intensively exploited as a source of drinking [7] and irrigation water [8] consistently threatened by salt
water intrusion. As recently described [9-11], groundwater quality in Salento has been continuously
worsening due to excessive and uncontrolled pumping and to point and diffuse sources of pollution.

In this study, the indicator used to assess the sustainability of pollution produce by human
activities in Salento is the Water Footprint (WF). The latter offers a better and wider perspective on
how human activities affect freshwater resources. It is a volumetric measure of water consumption and
pollution. It does not capture the severity of the impact at the local level, but it provides an indication
of the spatial-temporal sustainability of water resources used for anthropic purposes.

The overall calculation of the water footprint is the sum of three fractions: the blue fraction, which
refers to the withdrawal of surface and groundwater used for agricultural, domestic or industrial
purposes [12]; the green fraction referring to the consumption of water resources contained in plants
and soil in the form of moisture, without being part of any surface or groundwater body (one example
is rainwater that does not stagnate in the soil and is able to filter into the ground); and the grey fraction,
which quantifies water pollution and consists of the volume of water required to dilute pollutants to
achieve or overcome the water quality standards.

2. Materials and Methods

In this paper, to calculate the “grey water footprint” (GWEF), the data from chemical analysis of
Bagordo et al. [9] were processed.

2.1. Study Area

The area of study (Figure 1) is located in the middle of the Salento Peninsula in the Province
of Lecce with no access to the sea and covers a total area of 334.89 km? between 40_1601000 and
40_301100N latitude and between 18_2403500 and 18_40500E longitude.

From the hydrogeological point of view, the selected study area is characterized by calcareous
outcrops that are highly permeable to water due to the large quantity of cracks and sinkholes, associated
with karst phenomena [13]. The high permeability of the terrain means that in most of the territory
there is no easy access to the water table. Indeed, the precipitation, more intense in cold seasons,
is rapidly absorbed by the terrain and percolates directly to the deep aquifer, which rests on a base of
seawater from marine invasion [14,15].
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Monitored area

Figure 1. Area of study (located in the middle of the Salento Peninsula in the Province of Lecce).

2.2. Chemical Analyses

The chemical quality of the deep aquifer was monitored. Eighty-eight water samples were taken
from 22 wells situated in the selected study area. The dataset can be considered representative because
the samples were collected in four seasonal sampling campaigns conducted in April 2009, July 2009,
November 2009 and February 2010. Samples were transported to the laboratory in refrigerated boxes
and were analyzed for 15 chemical parameters: Ammonium (NHy*), Chlorides (C17), Nitrates (NO3 ™),
Sulphates (SO427), Arsenic (As), Cadmium (Cd), Chromium (Cr), Copper (Cu), Iron (Fe), Mercury
(Hg), Manganese (Mn), Sodium (Na), Nickel (Ni), Lead (Pb), Vanadium (V). These parameters were
selected from those established by Council Directive 98/83/EC on the quality of water intended
for human consumption, subsequently transposed into Italian law by Decree Law 31 of the 2nd of
February 2001 [16]. Vanadium is not present in the EU Directive but was included in the Italian law.

The analytical method used to determine concentrations of NO3;~, NH,*, 50,2~ and Cl~ was
ionic chromatography. Water samples, unmodified or diluted 1:10, were filtered and injected into the
chromatographer (Metrohm 883 Basic IC plus), an instrument equipped with a column and pre-column
for both anions and cations.

Concentrations of As, Cd, Cr, Cu, Fe, Hg, Mn, Na, Ni, Pb, and V were simultaneously determined,
instead, using an ICP-OES spectrometer (a Thermo iCAP 6000). Undiluted water samples were acidified
to facilitate nebulization and filtered.

In particular, to determine the concentrations of Na, the water samples were diluted 1:100 to bring
the concentration values into the range of calibration curves used with the ICP-OES spectrometer.

2.3. Grey Water Footprint Calculation

The grey water footprint (GWF), one of the three components of Water Footprint (i.e., green WF,
blue WF and grey WF), measures the amount of water required to assimilate a polluting load produced
from anthropic activity, meeting specific quality standards [17,18]. The grey component is thus an
indicator representing the level of water pollution caused by productive processes [19], which makes it
possible to compare the environmental pressure exerted by water pollution with those by direct and
indirect water consumption [20].
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In the case of diffused pollution sources, the most used method considers that only a certain
fraction of chemical pollutants reaches groundwater or surface water bodies:

L = o x Appl (mass/time) D

where o represents the leaching-runoff fraction, i.e., the fraction of chemical substances that effectively
reaches freshwater bodies, and Appl (mass/time) indicates chemical substances that lay on or in the
soil, such as fertilizers, manure, pesticides, organic material deriving from grazing, etc. [21].
Since our study is based on a sampling of deep groundwater data, we can directly use the actual
L values, which do not have to be estimated. In order to know the GWF of an activity or process,
you must first calculate it separately for each contaminant. Subsequently, the general GWF will be equal
to the highest GWF found by comparing the specifications of each contaminant. The methodology and
calculation of the GWF is described by Hoekstra et al. [18] where it has been defined according to the
following formula:
GWF = L/(cmax — Cnat ) (volume/time) 2)

where L (mass/time) represents the pollutant load released into water, which is the average
concentration detected in the monitoring campaigns on the 22 sampling sites; cmax (mass/volume)
represents the maximum permissible concentration of pollutant according to the limits indicated in the
regulations on water intended for human consumption (Table 1); and cp,t (mass/volume) represents
the natural concentration in the receiving water body:.

Table 1. Results of the average grey water footprint (GWF) calculation for each chemical parameter on
the 88 water samples from the deep aquifer monitoring wells in the selected study area.

Parameter Mean (mg/L)  Standard Deviation ()  cmax ! (mg/L) GWF GWF % 2

As 0.0020 0.0008 0.01 0.222 22.22
Cd 0.0010 0.0000 0.005 0.2000 20.00
Cr 0.0020 0.0004 0.05 0.0401 4.01
Cu 0.0010 0.0052 1 0.0010 0.10
Fe 0.0260 0.0218 0.2 0.1359 13.59
Hg 0.0010 0.0028 0.001 1.000 100.00
Mn 0.0010 0.0032 0.05 0.0204 2.04
Na 34.4000 20.1841 200 0.1752 17.52
Ni 0.0010 0.0035 0.02 0.0510 5.10
Pb 0.0010 0.0019 0.01 0.1004 10.04
v 0.0345 0.0191 0.05 ** 0.6900 69.00
NH,* 0.1900 0.2243 0.5 0.3918 39.18
Cl~ 42.5500 43.1046 250 0.1729 17.29
NO;~ 12.9500 12.0040 50 0.2595 25.95
S042~ 40.5500 25.7765 250 0.1654 16.54

! Limits specified by Council Directive 98/83/EC except ** (limits specified by Lgs.D. 31/01). 2 GWF % represents
the percentage contribution (%) of each parameter to the GWF of the area.

Therefore, using this equation, and not considering the time factor, we can determine the GWF
related to the pollutants contained in the deep groundwater of the investigated area.

Most important is, of course, to specify which water quality standards and natural concentrations
have been used in preparing a GWF account.

The definition of the natural groundwater quality, also known as the background groundwater
quality, is fundamental for the determination of threshold values, and this is assumed to be relevant
to the concerns behind the challenges established by the EU Water Framework and Groundwater
Directives. At EU level, several research projects, such as the BRIDGE (Background criteria for
the identification of groundwater thresholds project), contributed to the elaboration of suitable
methodologies aiming at the quantification of the natural background groundwater composition
and the threshold values [22].
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Nevertheless, in line with prevailing scientific literature on GWF [21], we used values derived
from Chapman [23]. For anthropogenic substances we assumed values equal to zero (cnat = 0).

3. Results and Discussion

Table 1 shows the results of the GWF calculation for each parameter on the 88 water samples from
the deep aquifer monitoring wells in the selected study area.

The GWE, calculated for each chemical parameter, has allowed us to analyze the contribution
that each contaminant makes to the total pollution levels of the water table in the selected study area.
The results obtained show a widespread contamination of groundwater by the following chemical
elements: Mercury (Hg), Vanadium (V) and Ammonium (NH4*) whose concentrations were above the
limits prescribed by the regulations on water intended for human consumption [16].

For the purpose of determining an overall indicator of water pollution, the water footprint based
on the most critical substance is considered to be acceptable. The GWF is in fact calculated for the
pollutant considered as being the most critical, having the largest associated dilution volume [24].

The GWF assessment of the study area has founded that mercury contributes to a greater extent
to the GWF value being the chemical contaminant which would require on average a greater volume
of water (1.00 L) to be assimilated (1.00 L/mg). Based on knowledge of local geology, it can be said
that the mercury detected is unlikely to be of natural origin.

Also, the V levels seem to be particularly high in water samples (69% of contribution in terms
overall GWF). Therefore, the high Mercury and Vanadium concentrations may thus be associated
with anthropic pressures on the aquifer (industrial activities) [9,25,26], but the issue requires further
study to evaluate the causality relation. As shown in Table 1, Ammonium (NH4") is the contaminant
that contributes with a weight equal to 39.18% of the total GWE. In particular, to assimilate 1 mg of
ammonium 0.69 L of water would be necessary.

The study, focusing on the GWF assessment of groundwater of an area of Salento enables the
formulation of hypotheses regarding the causes of low quality, and the elaboration of intervention
management strategies to improve the overall state of groundwater.

Our results, showing the distribution of the problem on spatial scale (Figure 2), identify certain
badly affected contexts associated with risk factors present in the area.

Legend
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Figure 2. Map of the interpolated of the overall GWF in the groundwater of the study area. Interpolation
used the inverse distance weighting method [27].
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The pattern that emerges is characterized by high GWF values concentrated in the north-western
part of the area, which appears to be the most affected by pollution of the aquifer.

The central and north-eastern parts of the area appeared to be not chemically contaminated,
while in the north-western parts of the studied area groundwater quality seems to be unsuitable for
the envisaged uses, revealing high values of GWF.

Evaluating the contribution of each chemical pollutant to the total overall GWEF, the biggest
problem regarding the quality of the aquifer underlying the area of study is represented, as already
indicated, by the presence of certain chemical elements and compound, particularly Mercury,
Vanadium, and Ammonium.

Since the overall GWF will be equal to the highest GWF found by comparing the specifications of
each contaminant, most of the overall GWF results corresponds to the GWEF related to Mercury, as we
can see from Table 2 and in Figures 3 and 4.

Table 2. Results of the overall GWF and the GWF related to Vanadium and Ammonium concentrations
for each wells in the study area.

Well ID  Well Location (Municipality) LAT LONG GWF GWEF Vanadium GWF Ammonium
1 Galatina 40139 1851 1.00 0.74 0.57
2 Galatina 401215 18912 7.50 0.76 1.02
3 Galatina 40918 18 837 125 1.00 0.64
4 Galatina 40752 181016 1.19 1.19 0.61
5 Soleto 401111 181426 1.00 0.97 0.70
6 Soleto 401033 18129 1.07 1.07 0.88
7 Sternatia 401327 181327 1.11 0.99 1.11
8 Martignano 401403 181614 1.00 0.82 0.72
9 Zollino 401209 181356 1.00 0.76 0.58
10 Calimera 401418 181710 1.01 1.01 0.99
11 Martano 401248 181836 1.00 0.68 0.53
12 Carpignano 40129 182011 1.00 0.10 0.24
13 Carpignano 401323 182011 1.00 0.58 0.69
14 Carpignano 401125 182239 1.00 0.30 0.76
15 Castrignano 40110 181919 1.00 0.77 0.24
16 Melpignano 40924 181711 1.00 0.32 0.19
17 Corigliano 40958 18154 1.00 0.97 0.54
18 Corigliano 40740 181433 1.00 0.44 0.35
19 Cutrofiano 40716 181049 112 1.12 0.25
20 Cutrofiano 40454 18131 1.15 1.15 0.23
21 Cutrofiano 401140 18758 1.13 113 0.51
22 Soleto 401222 18121 1.00 0.72 0.52

Legend

I:l Municipatility of Interest
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Figure 3. Map of the interpolated of GWF related to Vanadium in the groundwater of the study area.
Interpolation used the inverse distance weighting method [27].
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Figure 4. Map of the interpolated of GWF related to Ammonium in the groundwater of the study area.
Interpolation used the inverse distance weighting method [27].

The GWF related to Vanadium (Figure 3) reports particularly high values in the south-western
area of Salento, which lies between the industrial areas of Cutrofiano and Galatina. This circumstance
may be associated just with the presence of industrial activities [26], but this hypothesis would require
further study about causality relations.

The GWF related to Ammonium (Figure 4), which reveals high values mainly in the northern
area of Salento, could be the result of fertilization in agriculture, but also of human or animal
defecation [28,29]. Its presence in groundwater can be related to geological factors such as the decay
of material undergoing fossilization [30], but, if associated with microbiological compounds, also to
sewers and/or livestock farms [31].

Groundwater monitored in the study results, in most cases, not compliant with the Italian Decree
Law 31/01 for drinking use. Given the widespread use of groundwater in Salento for domestic
purposes, the adoption of limitation measures aiming at avoiding risks for public health is justified [7].

The use of the wells for irrigation may in fact cause water-borne contaminations to spread, arising
from the consumption of raw fruit and vegetables cultivated in the irrigated area.

In addition, the pollutant loads originated by industrial activities in this area are significant
because cement and waste incineration plants could be responsible for heavy metals discharge such as
Vanadium [32].

The hydrographical system of this area, characterized by ponors, and no flowing into the sea [33],
needs to reverse the contamination by adopting minimum standards of environmental quality and
then implementing policies to maintain the achieved targets.

4. Conclusions

Climate characteristics and human activities that involve any extensive use of water resources,
influence the level of groundwater contamination, leading to reduced water availability and to
progressive deterioration of its quality.

The GWF concept has been improved by accounting for natural concentrations of substances in
the water basin, thus decreasing the oversizing due to the given maximum allowable concentrations of
anthropogenic origin substances. Recently, GWF studies have been carried out, not only for nitrogenous
pollutants as in the previous scientific literature, but also for different water quality parameters, such as
nutrients, dissolved solids, metals, and pesticides [34].
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As demonstrated in Lamastra et al. [24], the GWF approach enables the sustainability assessment
of the receptor water body. When the concentration of the pollutant in the water body overcomes water
quality standards, additional water volume (grey water) is needed to dilute the contaminant. If instead
the water body volume is large enough to not compromise its water quality standard, the GWF is
not relevant.

Considering the Integrated Water Resources Management framework, the accounting methodology
used in this study makes GWF an additional indicator in the water planning processes, a criterion
in the decision making process of pollution management of a hydrological basin and a tool for the
ex-ante assessment of the pollution monitoring programs” effectiveness [35], also from an economic
point of view [36].

Water research has started to quantify and map footprints, but further efforts should be made to
understand how to govern such footprints in a sustainable perspective [37].

Improving the scientific soundness of GWF assessments can better inform society about the
impact on water systems, serving as a tool for reaching water pollution sustainable targets [38].

The EU Water Framework Directive represents certainly the major driving factor of groundwater
monitoring, both quantitative and chemical. Nevertheless, the need for monitoring is also stimulated
by Regional Water Plans, as reported by some international studies in other EU areas [39].

From our study, it emerges that the management of groundwater quality requires a
multidisciplinary approach focused on identifying the measures necessary to protect our water resources.
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