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Abstract: Many methods for evaluating the aquifer’s vulnerability to pollution have been developed
in the past four decades by using geographic information system (GIS) tools. However, even if
the aquifer vulnerability concept is well defined and the methods have been constantly tested and
compared, the problem of the choice of the best “standard” method remains. To meet these objectives,
aquifer vulnerability maps are of crucial importance. The choice of method depends on several
factors, including the scale of the project, the hydrogeological characteristics of the area, and data
availability. Among the many methods, the AVI (Aquifer Vulnerability Index) method has been
widely used as it considers only two physical parameters. The AVI Index represents the hydraulic
resistance of an aquifer to vertical flow, as a ratio between the thickness of each sedimentary unit
above the uppermost aquifer (D, length), and the estimated hydraulic conductivity (K, length/time)
of each of these layers. The AVI Index has a time dimension and is divided into five classes. In order
to avoid a widespread presence of the higher vulnerability classes, especially in shallow aquifers,
the AVI classification has been modified using statistical methods. The study reports the application
of the modified AVI method for groundwater pollution vulnerability, in three different areas of
southern Italy, highlighting the limitations of the method in alluvial aquifers and the differences with
other methods.
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1. Introduction

Groundwater, accounting for over 97% of all freshwater available on earth, is a key
factor for human life, but it is a vulnerable resource. In natural conditions, groundwater
quality depends on aquifer lithology, groundwater flow velocity, quality of the recharge
water, biological factors, and relationships with other aquifers and surface water. The
worsening of the groundwater quality is due to agricultural, domestic, and industrial
activities. The products deriving from these anthropogenic activities (sewage, wastes, etc.)
are generally spread on the ground’s surface, and occasionally, especially in the past and in
illegal practices, directly introduced into the aquifer, e.g., by wells.

The slow movement of groundwater through the vadose zone and aquifers determines
that the pollution, generated by agricultural, industrial, and other anthropogenic activities
(sometimes decades ago!), can affect the current groundwater quality and this can continue
into the future.

In order to restore groundwater quality, large economic resources and efforts are
required; groundwater remediation techniques are available and have been continuously
implemented in the past years, but they are costly and only applicable to small areas.

At medium/large scale, groundwater vulnerability assessment is an effective and
inexpensive tool for protecting groundwater resources from contamination. Moreover,
groundwater vulnerability maps can support the assessment of the risk of contamination,
if coupled with the hazard assessment.
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The concept of “groundwater vulnerability” was introduced by Margat during the
1960s [1], starting from the idea that the vadose zone offers a protection against contami-
nants for the aquifers, through chemical reactions and physical barriers. Since the 1970s,
several groundwater vulnerability assessment methods have been proposed and since the
1980s, the advent of GIS has allowed a strong improvement of these methods. Exhaus-
tive and detailed descriptions of the main methods are in [2-4]. Among these, methods
for precise hydrogeological environments have also been developed, e.g., to assess the
vulnerability of karst aquifers [5,6].

Moreover, there are methods for intrinsic and specific vulnerability. The term “intrinsic
vulnerability” indicates a susceptibility of the groundwater bodies to receive all types of
contaminants, while the “specific vulnerability” indicates a susceptibility to receive one
type or a family of contaminants (e.g., pesticides), considering the properties of the analysed
contaminant. The intrinsic vulnerability is the object of this present study.

In general, there are three types of methods for intrinsic vulnerability assessment:
empirical methods, statistical methods and parametric methods. The first are generally
based on a qualitative knowledge of the lithology of the vadose zone and of the depth-
to-groundwater: the more permeable the lithology and thinner the vadose zone, the
more vulnerable the aquifer [7,8]. The second method to obtain the vulnerability maps
by statistical simulations is to analyse the quality and reliability of the final results and
to evaluate the model with the best performance [9,10]. The third method is the most
common methods in groundwater vulnerability mapping. Among these, there are different
approaches based on how the considered parameters affect the vulnerability: the Matrix
Systems (MS), the Rating Systems (RS), and the Point Count System Models (PCSM).

In PCSM, each parameter is classified with a rating on the basis of its natural vulnera-
bility to contamination. Each parameter has a different weight based on the function of the
variable importance of the total vulnerability. Finally, the vulnerability degree depends on
the weighted sum of the ratings of all the parameters.

Among the latter, the DRASTIC model [11], is the most used method worldwide to
evaluate the intrinsic vulnerability of porous aquifers: it uses a lot of applications and
modifications (e.g., the recent [12,13]). The AVI (Aquifer Vulnerability Index) method [14]
was developed a few years after DRASTIC, utilizes the potential offered by GIS systems,
and has also been widely used because it has the advantage of using only two physical
parameters. Comparisons between these two methods [10,15-20] demonstrate that both
AVI and DRASTIC are suitable for predicting the pollution potential for porous aquifers.
The AVI method tends towards higher vulnerability outcomes than DRASTIC, especially
in shallow aquifers [21].

In order to reduce this difference in outcome, a new classification for the AVI method
has been developed using a statistical approach. The modified AVI method has been tested
and applied to three study areas in southern Italy, with porous alluvial aquifers.

2. Materials and Methods
2.1. Study Areas

The study areas are all located in southern Italy (Figure 1) in or near the Campania
region.

The Garigliano River Plain (about 170 km? in area) is located at the northern border of
the Campania region and it includes a small part of the Latium region. The plain overlies a
graben infilled with upper Miocene-Quaternary clastic sediments, and, in the northeastern
part, it is infilled with volcanoclastic deposits from the nearby Roccamonfina volcano
(550 ky to 150 ky).
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Figure 1. Locations of the study areas in Campania region (Italy). Light yellow signifies the region
(source: ISTAT: Italian Institute of Statistics) and violet signifies the study areas.

The groundwater body [22] consists of marine and alluvial deposits, interbedded in
the northeastern sector, with pyroclastic layers of the Roccamonfina volcano. Sand dunes
run along the SW border of the plain, parallel to the coastline (Figure 2). Except for the
dunes, the aquifer is confined or semi-confined. The groundwater flow is directed toward
the sea and the Garigliano River (Figure 2). The depth to the groundwater ranges from
about 100 m a.s.l. at the foot of the slope of the Roccamonfina volcano to only a few meters
in the rest of the plain, with the smallest values near the coast. About 80 boreholes are
used to derive the parameters necessary for applying the vulnerability methods (Figure 2).
Previous studies [21] indicate that the aquifers of this area have a high vulnerability to
contamination.

The Campanian Plain-Acerra (Figure 1) aquifer (about 130 km? in area) is part of the
eastern Plain of Naples groundwater body, and contains volcanic, alluvial, and marine
deposits. It is locally possible to distinguish a shallow groundwater body in the alluvial
and pyroclastic deposits over the Campanian tuff and a confined groundwater body in the
pyroclastic-alluvial deposits below the tuff.
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Figure 2. Hydrogeological map of the Garigliano River plain (modified from [22]).

The shallow aquifer is phreatic, composed of 10-20 m of fine-medium-grained pyro-
clastic deposits overlying the tuff. In the southwestern part of the aquifer, toward Naples,
the tuff is absent and the thickness of the aquifer is greater. The depth to water is predomi-
nantly between 5 and 10 m. There are 78 boreholes (Figure 3) that have been used to apply
the vulnerability methods. Previous studies indicate that in the area there are sectors with
very high vulnerability [13,15,23].
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Figure 3. Hydrogeological map of the Campanian Plain-Acerra area. The grey line delimitates the
shallow aquifer. Original drawing.

The Alento River basin (284 km?) is located in the southern part of the Campania
region (Figure 1). The morphology is hilly and mountainous (85%) and includes Monte
Sacro: 1705 m a.s.l.,, Monte Scuro: 1610 m a.s.l., and Monte Falascoso: 1494 m a.s.l. Flat
areas (15%) occur at the bottom of the valleys and along the coast. There is a calcareous
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unit (5%, in the northern part of the basin) (Figure 4) with high karst permeability, the
flysch units (from arenaceous—calcareous to calcareous—clayey), have low permeability and
fragmented groundwater flow. The porous units of the plain have a permeability degree
from medium to high, and they form the main aquifer of the area.
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Figure 4. Hydrogeological map of the Alento River basin. Original drawing.

The groundwater flow is towards the sea and the groundwater levels range from 50 m
a.s.l. to sea level. Stratigraphic data from 23 boreholes (Figure 4) were used in this study.

The vulnerability methods have been applied only to the Alento plain, the alluvial
portion of the Alento River basin, with an area extended for about 50 km?.

2.2. The Methods and the Proposed AVI Modifications

The DRASTIC method proposed by the US Environmental Protection Agency, [11] is a
PCSM that evaluates the vertical vulnerability using seven parameters: depth to water, net
recharge, aquifer media, soil media, topography, impact of the vadose zone, and hydraulic
conductivity. Each mapped factor is classified either into ranges (for continuous variables)
or into significant media types (for thematic data), which have an impact on potential
pollution. Weighting factors are applied to balance and to enhance their importance. The
derived vulnerability index is a weighted sum of the rating value R of the seven factors,
D,R, A, S, T, I, and G, in the study area multiplied by W, the weight associated with each
factor. DRASTIC provides two weight classifications, one for normal conditions and the
other one for conditions with strong agricultural activity. A classification of DRASTIC
indexes is proposed in Table 1.

Table 1. Vulnerability degree as a function of the indexes of the vulnerability methods: DRASTIC (D),
AVI Classic (AVI C), and AVI Reclassified (AVI R).

Vulnerability Degree D AVIC AVIR
Very Low <85 >4 >4
Low 85-115 34 1-4
Moderate 116-162 2-3 —1-1
High 163-193 1-2 —3.8—-1

Very High >193 <1 <-3.8
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The AVI method computes the Aquifer Vulnerability Index (AVI) on the basis of the
hydraulic resistance (C) computed as a ratio between the thickness of each sedimentary
unit above the uppermost aquifer (d) and the estimated hydraulic conductivity of each of
these layers (K): C = Y d;/K;. The hydraulic resistance (vulnerability index) is an inverse
indicator of vulnerability that can be used as a rough estimate of vertical travel time of
water through the unsaturated layers, although important parameters controlling the travel
time, such as hydraulic gradient and diffusion, are not considered.

The classification of the AVI method was created from the available borehole data for
each study area (Figures 2—4). Each borehole was classified on the basis of the permeability
(Ki) of each stratigraphic unit present in the unsaturated zone (thickness d;). The limit of
the saturated zone was set equal to the piezometric level for the phreatic aquifers of the
Campanian plain-Acerra and the Alento plain (the alluvial portion of the Alento River
basin) and part of the Garigliano River plain. The Garigliano groundwater body is confined
in the central-southern part; in this case the limit of the saturated zone is the bottom of the
impermeable confining layer.

The hydraulic resistance C (in years) was calculated; the log;oC was used for com-
putational purposes. The values were interpolated using the kriging technique. The
vulnerability index classification includes 5 classes (Table 1).

In order to be able to achieve a new classification that is more suitable for alluvial
shallow aquifers, the interpolated maps of log;oC were resampled with a low resolution
(500 m) for the three study areas, with the aim of producing values comparable with the
DRASTIC computations.

The cumulative frequency histogram of the values was extracted from each raster and
merged into a single histogram.

3. Results and Discussion

The classification of the indexes/values in vulnerability degree in function of the
vulnerability method is in Table 1: vulnerability indexes have been classified in a range of
five “vulnerability degrees”, from “very high” to “very low. Table 2 shows the hydraulic
conductivity and thickness of the hydrogeologic units of the vadose zone for the three case
studies used in the application of the AVI method. The vulnerability maps computed using
the DRASTIC and the AVI methods are shown in Figure 5.

Table 2. Hydraulic conductivity (K) and thickness (t) of the hydrogeologic units (HU) of the vadose
zone for each groundwater body (GWB).

GWB HU K ¢
m/s m
Debris deposits 600 x 10*
Garigliano River Plain Alluvial-pyroclastic deposits 700 x 104 5-100
Tuffs 100 x 107°
E fa]_ . . —4
Campanian Plain- Acerra ;};g)sclastlc alluvial-marine deposits Zgg i 1876 10-20
Alento River Basin Alluvial deposits 600 x 1074 0-10

In the Garigliano River plain, the DRASTIC method (Figure 5a) indicates a preva-
lence of:

- “High degree” of vulnerability that corresponds to the sand dunes (for the high
hydraulic conductivity and the low depth to water);

- “Moderate” vulnerability degree in the alluvial-marine and pyroclastic deposits;

- “Low degree” of vulnerability along the SE and the NW borders of the groundwater
body, due to the high values of slope (Topography) and depth to water.
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Figure 5. Vulnerability maps for (a,b) Garigliano River plain; (c,d) Campanian plain Acerra; and
(e,f) Alento plain (in grey reservoir area), mapped using the original DRASTIC (a,c,e) and AVI (b,d,f)
methods [11,14].

The AVI method identifies for the whole plain only the “very high” degree of vulnera-
bility (Figure 5b).

In the Campanian Plain-Acerra area, the DRASTIC method (Figure 5c) indicates a
prevalence of the “moderate” vulnerability degree. The eastern sector is identified with the
“low degree” of vulnerability. Very small sectors are at the “high” vulnerability degree.

The AVI method (Figure 5d) identifies basically two degrees of vulnerability: the
“high” and the “very high”. It is noteworthy that the eastern sector records a decrease of
the vulnerability degree in both methods, due to the presence of peat levels with very low
hydraulic conductivity.

In the Alento River basin, the DRASTIC method (Figure 5e) indicates a “high” vul-
nerability degree in the lower part, while in the upper part of the basin the degree of
vulnerability is “moderate”, according to the depth to water. This aspect is also highlighted
by the AVI method (Figure 5f), that identifies an increase in the vulnerability degree from
“high” to “very high” in the downstream direction. The “very high” vulnerability in the
higher part of the basin is due to the presence of gravels in the firsts 10 m b.g.1., intercepted
by three boreholes.

The distribution of the values of the log;oC of the AVI method (Figure 6) shows the
lower values for the Garigliano plain, presenting all the values <—2 and then in “very
high” class. Indeed, in [14] the log;oC < 1 is classified as a very high vulnerability (Table 1).
In the same class falls the inter-quartile range (IQR) of the log;oC values of the Campanian
Plain. The Alento Plain shows variability, with all the vulnerability classes represented.
Considering all the study areas, the inter-quartile range (IQR) of the log;oC values is <1
and, therefore, it falls in the “very high” class.
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Figure 6. Box plots of the distribution of log;(C for the three study areas.

The four box plots (Figure 6), which group the values calculated in the three study
areas show that 50% of the values falls in the range [0, —4] or in the “very high” class. The
AVImethod, generally, reports a higher degree of vulnerability compared with the other
methods [6,21].

The prevalence of the most vulnerable class is due to the moderate-high hydraulic
conductivity of the hydrogeologic units above the aquifer and to the very small thickness
of the vadose zone (Table 2). These are disadvantageous conditions for groundwater
protection, but in the DRASTIC method, they are mitigated by other factors such as
recharge and the conductivity of the aquifer. For this reason, we decided to subdivide the
vulnerability classes in a different way, especially the one with the highest degree. With
this aim in mind, a cumulative frequency histogram of the values of log;(C in years for all
the areas was used (Figure 7). The resulting histogram reveals three slope changes for the
values lower than 1.

"‘V'\SM\DO\NI[\Q-‘S!\OMmemwﬂghsm\OMwa—lv!\ m\DO\NmS—Oa'\O
S A A ANANNMNOOTTTNNNOOONNN®O0 00O o - e EH NN NM MmN
Rl e e e e I B I I I ]

Pixel Frequency

Figure 7. Cumulative frequency histogram of the log;(C values for the three study areas.
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These slope changes (1, —1, —3, and 8) have been used for reclassifying the vulnerabil-
ity classes, as indicated in Table 1: low, moderate, high, and very high classes were modified;
in particular low, moderate, and high classes were enlarged, and the very high class was
reduced in range. The AVI vulnerability maps have been reclassified on the basis of this
new classification (Figure 8).

B C Vulnerability
( ) ( ) degree
v I Very High
) ol —
Moderate
Low
Very Low

— — T

0 25 5 10
T —

Figure 8. Vulnerability maps for (A) Garigliano River plain; (B) Campanian plain-Acerra; and
(C) Alento plain (in grey reservoir area), drawn according to the reclassified AVI method.

The comparison between the maps drawn using DRASTIC and the AVI methods
(classic and modified) is shown in Figure 9 for the Campanian Plain-Acerra area. The 3D
histogram has been drawn only for this area because in the Garigliano River Plain area
the AVI classic showed only one class (see Figure 5) and the Alento valley is too small to
clearly highlight the differences. The 3D diagram demonstrates a good correlation when
the higher columns (representing areas) are on the diagonal. In this case, the distribution of
the columns indicates that in the AVI modified method the same areas are highlighted as
the more vulnerable areas, although the vulnerability maps calculated on the basis of the
DRASTIC method remain less severe than using the AVI method.
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Figure 9. The 3D histogram showing the comparison of the areas as a percentage of the vulnerability
classes between the maps when evaluated using the DRASTIC method and the AVI methods (classic
and modified) for the Campanian Plain-Acerra area.

4. Conclusions

This study applied modified AVI methods for groundwater pollution vulnerability in
three different areas of southern Italy and compared the resulting maps with those obtained
by the classic AVI method and the DRASTIC method.

AVI and DRASTIC are both suitable for porous aquifers. The limitation of the AVI
method, revealed in previous studies [19,21] and confirmed by this study, consists of low
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differentiations of areas at different degrees of vulnerability, especially in alluvial aquifers
as well as with a prevalence of the highest class of vulnerability. Some authors argue that
the degree of susceptibility /vulnerability is exaggerated by AVI [24].

Moreover, previous studies [21,25] indicated that DRASTIC provides more precise
results for detailed studies, while AVI is useful in relatively large basins and for quick
reference purposes, not considering morphological and climatological factors such as slope,
soil, and recharge, neither directly nor indirectly.

In some papers, to overcome the subjectivity of the DRASTIC model, statistical method-
ologies have been applied [10,26] with the aim to optimize rates and weights. Similarly,
a new classification was applied to the AVI method using a statistical approach that was
applied to the three alluvial aquifers.

The modified AVI method makes this method more reliable for alluvial shallow
aquifers when compared with the DRASTIC method. The comparison between the two
methods shows (Figure 9) that the application of the new AVI classification highlights in
both methods the same areas as the more vulnerable areas. The AVI method remains more
severe than the DRASTIC method with higher vulnerability classes.

The major novelty of this modified method consists of having deduced the class limits
from the distribution of logjoC values in three porous aquifers, while clearly distinguishing
three slope changes. The modification to the AVI method could be improved on the
basis of the cumulative curve of the values referring to many case studies in similar
hydrogeological contexts.

The optimisation and standardisation of the AVI (Aquifer Vulnerability Index) method,
which, considering only two physical parameters, is easy to apply and needs only lim-
ited data, makes it a valuable method for the requirements of sustainable development
worldwide. Indeed, aquifer vulnerability maps are important tools for protecting ground-
water, which is one of the Sustainable Development Goals (SDGs) of the 2030 Development
Agenda of UN accounting explicitly for the significant role that groundwater plays. Among
many methods, the AVI method appears to be a valuable method to be applied worldwide,
especially where the scale of the project is wide, data availability is limited, and only few
hydrogeological characteristics are known.
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