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Abstract: Shallow aquifers of coastal and internal alluvial plains of developed countries are commonly
characterized by the challenging management of groundwater resources due to the intense agricultural
and industrial activities that determine a high risk of groundwater contamination. Among the principal
origins of pollution in these areas are agricultural practices based on the amendment of soils by
nitrate fertilizers, which have been recognized as one of the most severe environmental emergencies
for which specific policies and regulations have been issued (e.g., EU Directive 2006/118/EC). In such
a framework, the results of research aimed at assessing the specific vulnerability of shallow alluvial
aquifers to nitrate fertilizer pollutants by coupled process-based and empirical approaches are here
proposed. The research focused on assessing the specific vulnerability to nitrate pollution of a
shallow alluvial aquifer of the Campania region (southern Italy), which was selected due to its
representativeness to other recurrent hydrogeological settings occurring in alluvial plains of the
region and worldwide. In this area, 1D hydro-stratigraphic models of the unsaturated zone were
reconstructed and applied for simulating the transport of nitrate pollutants at the water table and
estimating the associated travel times. Numerical modeling was carried out by the finite differences
VS2TDI code and considered a 10-year time series of rainfall and evapotranspiration as well as typical
local farming practices of nitrate fertilizer input. Results of the travel time calculated for the 1D
hydro-stratigraphic models considered and at different depths were recognized as a proxy to assess
the specific vulnerability to nitrate fertilizer pollution. Among the principal outcomes is an empirical
multiple correlation between the travel time of the nitrate fertilizer pollutant, water table depth, and
equivalent saturated hydraulic conductivity of the unsaturated zone or hydraulic resistance, which
was used to assess the travel time at the distributed scale over the whole area studied as well as the
related specific vulnerability. Given such results, the coupled process-based and empirical approach
is proposed as generally applicable for assessing and mapping groundwater vulnerability in shallow
aquifers, for which detailed stratigraphic and piezometric data are available.

Keywords: groundwater vulnerability; alluvial aquifers; pollutant transport; travel time; unsaturated
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1. Introduction

The environmental impacts of industrial and agricultural activities are the main causes determining
the decay of the hydro-chemical quality of groundwater, which represents the most important source
of drinking water in developed countries. For this reason, specific policies aimed at the protection
and sustainable management of aquifers have been issued, as in the case of Europe with EU Directive
2006/118/EC [1] and European Environment Agency (EEA) [2]. A relevant part of these policies,
especially those aimed at the territorial planning and protection of aquifers, have focused on the
relevance of assessing and mapping groundwater vulnerability [3–5] resulting from anthropic activities.

Groundwater vulnerability is largely considered as the potential level of groundwater
contamination, which is controlled by natural attenuation processes occurring in the unsaturated
zone, from the source of pollution to the saturated zone of the aquifer [6,7]. Starting from such
a conceptual framework and considering processes controlling the migration of pollutants in the
unsaturated and saturated zones, groundwater vulnerability depends on three principal process series:
(1) the flow velocity of water and fluid pollutants through unsaturated and then saturated zones of the
aquifer; (2) residual concentration of fluid pollutants at the groundwater table, which identifies the
capacity of the unsaturated zone to attenuate its initial concentration; and (3) decrease in the pollutant
concentration in the saturated zone by advective dispersion, diffusion, and geochemical processes.

Considering the variable dependence of attenuation processes in the unsaturated and saturated
zones on the type of pollutant, groundwater vulnerability is usually subdivided into intrinsic and
specific vulnerability [8]. Intrinsic vulnerability of an aquifer is considered as its capability to receive,
convey, and attenuate a generic pollutant through the unsaturated and saturated zone depending on
the geological, hydrological, and hydrogeological features of both [9,10]. On the other hand, specific
vulnerability is related to specific contaminants by considering their peculiar physical and chemical
properties, with the associated attenuation processes occurring in the unsaturated and saturated
zones [7].

Since the 1970s, many researchers have developed different methodological approaches for
assessing and mapping the intrinsic vulnerability of aquifers [11,12]. More recently, several studies
have shown that intrinsic vulnerability maps derived from the application of these methods may result
in different or even contrasting assessments, depending on the scales of analysis, hydrogeological
parameters, and hydrogeological framework considered [13–15].

Methodological approaches used for assessing and mapping the intrinsic vulnerability of
aquifers vary roughly in three main groups, depending on the scale of territorial analysis [6].
The first group comprises the hydrogeological complex and settings methods (HCS), which assesses
intrinsic vulnerability at the regional scale by heuristic approaches based on qualitative estimates of
hydrogeological and geomorphological features [11].

The second group includes the parametric system methods (PS) that estimate the intrinsic
vulnerability of aquifers by semi-quantitative approaches based on the identification of hydrogeological,
topographic, and land use factors controlling the propagation of pollutants through the unsaturated
and saturated zones and the attribution to them of a score dependent on the assumed impact on
the aquifer vulnerability. Scores assigned to the different factors are combined by a map overlaying
procedure, thus estimating a vulnerability index as the sum of score values. This group of methods
includes matrix systems (MS) based on the combination of two parameters; rating systems (RS)
consisting of the combination of scores attributed to some parameters; and point count system models
(PCSM) based on the combination of scores and weights to some parameters. Examples of methods
belonging to these groups include, among others: GOD [4], DRASTIC [12], AVI [16], SINTACS [6,17],
DAC [18], ISIS [19], GLA [20], PI [21], and EPIK [22]. Among these methods, the most commonly used
is DRASTIC, which has been applied to map the intrinsic vulnerability of aquifers in many parts of
the world [23] and whose structure has been developed to create other similar approaches such as
SINTACS [6,17]. Moreover, several attempts have been carried out to modify the original DRASTIC
structure for assessing the specific vulnerability to nitrate fertilizers [24–29] or pesticide pollutants [30].
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The above-mentioned two groups of methods express groundwater vulnerability qualitatively
through an ordinal scale. The principal points of weakness of these approaches are the uncertainty in
the attribution of ratings due to the subjective criteria used, the lack of a real quantitative assessment
of groundwater vulnerability, and the impossibility of a direct comparison among the results obtained
from different methods.

Even if there is not a generally accepted quantitative indicator to measure groundwater
vulnerability [31–33], a third group of methods comprises quantitative approaches based on analytical
solutions or numerical modeling of pollutant transport through the vadose and saturated zones to be
applied on physical models. These approaches allow for the mapping of groundwater vulnerability by
combining flow and transport models and infiltration and evapotranspiration rates with a solution
to the advection-dispersion equation. Given the need for reliable 3D physical models, thus, a great
availability of stratigraphic and hydrogeological data, such methods can be generally applied to local
or site-specific scales, for which detailed and expensive investigations are to be carried out. Through
these modeling approaches, one of the most used indicators of groundwater vulnerability is the travel
time of a pollutant through the unsaturated zone, which is estimated by analytical advective-dispersive
transport models [34–37], variance of the pollutant break through curve at the water table [38], finite
element models [39,40] or type transfer functions (TTFs) [41]. The same approaches are used to
assess the specific vulnerability of aquifers, considering geochemical and other attenuation processes
controlling the transport of a specific pollutant in both the unsaturated and saturated zones. In the case
of nitrate fertilizers pollutants, models estimating the losses of nitrogen leaching beneath the root zone
and simulating the transport and transformation of nitrogen from agricultural land and soil profiles
such as GLEAMS [42,43] and HYDRUS [44], or indices such as LOS [45] have been developed.

The study presented here specifically focused on estimating groundwater vulnerability to the
pollution of shallow alluvial aquifers that characterize a large part of the internal and coastal plains of
the region, where agricultural and livestock productions have been extensively developed and the
groundwater demand is very high, as the risk of groundwater pollution. Among the multiple sources
of pollution, farming practices based on the use of nitrate fertilizers represent the major threat for
groundwater quality in these areas, especially for shallow alluvial aquifers [46–48]. Therefore, this
study addressed the estimation of the specific aquifer vulnerability to nitrate fertilizer pollutants of
a representative shallow alluvial aquifer in a sector of the Campanian Plain corresponding to the
adjoining Casalnuovo di Napoli and Volla municipalities, located along the eastern border of the city
of Naples (southern Italy). This aquifer was also considered representative for the anomalous high
concentrations of nitrate in groundwater resulting from hydro-chemical studies carried out in the plain
area surrounding the city of Naples [46,48].

The goal of the study presented was focused on estimating and mapping specific aquifer
vulnerability through the assessment of the travel time of nitrate fertilizer pollutants through the
unsaturated zone at the water table [49,50], which is defined hereinafter as the Unsaturated Zone travel
Time (UZT). For such a scope, the hydrogeological characteristics of the unsaturated zone as well as
the specific hydrological regime of the area were taken into account in the 1D numerical modeling
of pollutant transport through the unsaturated zone in different representative hydro-stratigraphic
conditions. The results were used to find an empirical relationship linking UZT to water table depth
and equivalent hydraulic conductivity of the unsaturated zone. The application of such an empirical
model has allowed for the estimation and mapping of groundwater vulnerability at the distributed
scale in the study area.

Study Area Description

The study area is located in the eastern plain of Naples (Campania region—southern Italy).
It extends over about 14 km2 and corresponds to the adjoining municipalities of Casalnuovo di Napoli
and Volla (Figure 1a,b). From a geological point of view, this area belongs to the larger Pliocene
structural depression (graben) of the Campanian Plain, which was filled with pyroclastic deposits
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and lavas erupted by the Phlegraean Fields (60 k-yrs—1538 A.D.) and Mount Somma-Vesuvius
(39 k-yrs—1944 A.D.) volcanic centers [51,52]. In addition, during the Plio-Pleistocene period, alluvial,
marine, and fluvio-palustrine sediments filled the tectonic depression, forming a pyroclastic-alluvial
plain characterized by a high stratigraphic heterogeneity and lateral variability [53,54].

From a hydrogeological point of view, the study area is a sector of the aquifer system of the
eastern plain of Naples, whose groundwater circulation can be considered unitary at the regional
scale (Figure 1a) [55–57]. The conceptual flow model (Figure 1a) shows a general groundwater flow
oriented from NE to SW with a main contribution to groundwater recharge deriving from rainfall
and lateral groundwater inflows from the adjoining karst aquifers of the southern Apennines and
Somma-Vesuvius volcanic aquifer (Figure 1a).

Water 2020, 12, x FOR PEER REVIEW 4 of 22 

 

structural depression (graben) of the Campanian Plain, which was filled with pyroclastic deposits 
and lavas erupted by the Phlegraean Fields (60 k-yrs—1538 A.D.) and Mount Somma-Vesuvius (39 
k-yrs—1944 A.D.) volcanic centers [51,52]. In addition, during the Plio-Pleistocene period, alluvial, 
marine, and fluvio-palustrine sediments filled the tectonic depression, forming a pyroclastic-alluvial 
plain characterized by a high stratigraphic heterogeneity and lateral variability [53,54]. 

From a hydrogeological point of view, the study area is a sector of the aquifer system of the 
eastern plain of Naples, whose groundwater circulation can be considered unitary at the regional 
scale (Figure 1a) [55–57]. The conceptual flow model (Figure 1a) shows a general groundwater flow 
oriented from NE to SW with a main contribution to groundwater recharge deriving from rainfall 
and lateral groundwater inflows from the adjoining karst aquifers of the southern Apennines and 
Somma-Vesuvius volcanic aquifer (Figure 1a). 

 
Figure 1. (a) Hydrogeological map of the eastern plain of Naples [55 modified] and (b) study area. 
Legend: (1) epiclastic continental complex; (2) travertines complex; (3) ash fall pyroclastic complex; 
(4) ash flow pyroclastic complex; (5) lava complex; (6) carbonate complex; (7) normal fault; (8) 
piezometric contour line (m a.s.l.); (9) groundwater flow direction; (10) groundwater divide; (11) wells 
and piezometers considered for measures of piezometric levels; (12) borehole; (13) sector with buried 
CI; (14) trace of hydrogeological cross-section (Figure 2); (15) rivers connected with groundwater 
circulation; (16) rivers with negligible or null interactions with groundwater circulation due to 
ephemeral regime or waterproofing of riverbed by cementing; (17) Lufrano’s well field of (a), Acerra 
(b) and Ponticelli (c); and (18) study area. 
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Figure 1. (a) Hydrogeological map of the eastern plain of Naples [55 modified] and (b) study
area. Legend: (1) epiclastic continental complex; (2) travertines complex; (3) ash fall pyroclastic
complex; (4) ash flow pyroclastic complex; (5) lava complex; (6) carbonate complex; (7) normal
fault; (8) piezometric contour line (m a.s.l.); (9) groundwater flow direction; (10) groundwater divide;
(11) wells and piezometers considered for measures of piezometric levels; (12) borehole; (13) sector
with buried CI; (14) trace of hydrogeological cross-section (Figure 2); (15) rivers connected with
groundwater circulation; (16) rivers with negligible or null interactions with groundwater circulation
due to ephemeral regime or waterproofing of riverbed by cementing; (17) Lufrano’s well field of (a),
Acerra (b) and Ponticelli (c); and (18) study area.

At the local scale (Figures 1b and 2), the study area is characterized by an aquifer system [58].
The northern and central sectors are characterized by a phreatic shallow alluvial aquifer and a deep
semi-confined one separated by the Campanian Ignimbrite (CI, 39 k-yrs) tuff [59], which behaves as an
aquitard. Instead, the southern sector, corresponding to the ancient Sebeto River Valley (Figures 1 and 2)
is characterized by a unique phreatic alluvial aquifer due to the lack of a CI aquitard [58]. This research
was focused on the shallow alluvial aquifer extending continuously over the whole study area.
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The groundwater circulation, according to the general basin-scale pattern, is oriented from NE to
SW (Figure 1a,b) and converges toward the drainage axis corresponding to the Sebeto River Valley and
its tributaries (Cozzone and Volla Rivers).

The setting of groundwater circulation is due to the current spatial distribution of piezometric
levels that have varied strongly in the last 50 years [58]. During the period between 1950 and 1989, a
rapid decline of groundwater levels occurred at the groundwater basin scale due to the overexploitation
of groundwater resources for drinking, industrial, and agricultural uses. As an effect of overexploitation,
increasingly, deep groundwater has been pumped, causing the decay of its quality due to the rise
in nitrates, fluoride, iron, and manganese concentrations beyond the accepted limit for drinking
water [60,61]. Therefore, since the beginning of the 1990s, groundwater abstraction for drinking use
has been progressively abandoned, causing a groundwater rebound [56] with a rise in piezometric
levels in the study area of up to about 16 m, determining the relevant impacts on human activities
related to groundwater flooding and ground deformations [58,62–64].

The study area presents relevant environmental issues depending on the types of land use, which
is characterized by a high diffusion of urbanized areas covering approximately 65% of the territory, and
subordinate agricultural practice extended over the rest (35%) (Corine Land Cover, 2012). Accordingly,
the strong anthropogenic pressure affects the qualitative state of groundwater. Recent studies [48] have
shown that in the three-year period between 2012 and 2015, the nitrate concentrations in groundwater
reached values higher than the acceptance limit for drinking water (50 mg/L), with an increasing trend
in comparison to the previous three-year period (2008–2011).

2. Data and Methods

2.1. Modeling of Nitrate Pollutant Transport

The specific vulnerability of the studied aquifer to nitrate fertilizer pollution was assessed by
the estimation of the unsaturated zone travel time (UZT) of the pollutant at the water table [10,49,50],
considering both all the possible hydrogeological conditions existing in the unsaturated zone and
modeling its hydrologic response to transporting the pollutant over a 10-year time span.

To achieve this goal, a numerical simulation of the nitrate pollutant transport in the unsaturated
zone was carried out by the VS2DTI code [65], which is a physically-based finite differences model
for simulating fluid flow and solute or energy transport through variably saturated porous media.
Stratigraphic data deriving from geological surveys carried out in the study area were considered to
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define several representative 1D physical models. These data were obtained by 86 boreholes drilled in
the study area, mainly with the scope of geotechnical investigations, which were collected from the
archives in the city halls of the Casalnuovo di Napoli and Volla municipalities.

Moreover, a field campaign of piezometric level measurements, carried out in 2013 [58,62,63], was
considered for mapping the water table depth. The piezometric network considered was based on
108 wells used for domestic, agricultural, and industrial requirements, with depths varying from 10 to
60 m. The piezometric heads were spatially interpolated by the kriging geostatistical algorithm. In this
scope, a double structure variogram was used to interpret the spatial anisotropy [62]: (i) a sferic model
along the direction −60◦, with range = 1150, sill = 1.55, nugget = 0; (ii) a Gaussian model along the
direction 30◦, with range = 1780, sill = 3, nugget = 0.

Through a first analysis of the borehole data, principal stratigraphic settings were recognized
as mainly formed by typical and complex interfingering between alluvial deposits and pyroclastic
soils erupted by the Phlegraean Fields and Somma-Vesuvius Volcanoes and generally characterized by
alternating fine to coarse ashes and pumiceous lapilli horizons [54,66]. Starting from these data, 1D
representative hydro-stratigraphic models were reconstructed down to the depth of 20 m, considering
both homogeneous and heterogeneous stratigraphic conditions, with soil horizons varying in grain
size from sand to silt. The limitation to 20 m of the depth considered in modeling was assumed due to
typical values of the water table depth occurring in shallow alluvial aquifers of the Campanian Plain.

With regard to the main physical and hydraulic properties of the soil horizons modeled such
as saturated hydraulic conductivity (Ksat) and unsaturated properties for the van Genuchten’s [67]
parameterization of the soil water retention curves (SWRCs), the VS2DTI catalog of values for generic
USDA soil textural classes [68,69] was considered (Table 1).

Table 1. Values of hydraulic properties used for numerical modeling derived by the VS2DTI catalog
for generic soil textural classes based on the classification of United States Department of Agriculture
(USDA) [68,69]. Key to symbols: Ksat = saturated hydraulic conductivity; p = porosity; RMC = residual
soil moisture content; α and n = van Genuchten’s fitting parameters.

Soil Type Ksat (m/s) p (-) RMC (-) α (cm−1) n (-)

Sand 4.63 × 10−3 0.37 0.020 4.31 3.10
Loamy Sand 2.43 × 10−5 0.41 0.057 12.40 2.28

Sandy Clay Loam 8.10 × 10−5 0.50 0.015 0.85 4.80
Sandy Loam 1.23 × 10−5 0.41 0.065 7.50 1.89

Loam 2.89 × 10−6 0.43 0.078 3.60 1.56
Silty Loam 2.60 × 10−6 0.45 0.067 2.00 1.41

Silt 6.94 × 10−7 0.46 0.034 1.60 1.37

The upper boundary condition of each model domain includes a vertical flux entering through
the ground surface, to which variable daily rainfall and evapotranspiration rates such as periodical
surficial pollutant input were assigned. The lateral boundary conditions of the models were set with
no flux because only the 1D (vertical) flow was considered with no lateral outflows or inflows. Finally,
the bottom boundary condition, corresponding to the water table, was set as a possible seepage face
due to the scope of estimating UZT at its depth and to avoid the formation of an unreal saturated zone
developing from the bottom of the model domain.

To simulate hydrological conditions controlling the UZT of nitrate pollutants to the water table,
the initial soil pressure head distribution of the models was set to match soil hydrological conditions
that characterize soils of pyroclastic origin during winter [70]. Time-varying parameters controlling
water losses by evapotranspiration including rooting depth (RD), root activity at base (RAB), root
activity at top (RAT), and the root pressure head (RPH) were defined according to field observations,
type of agricultural practice, and the literature data (Table 2).

As input for the model, the daily rainfall and air temperature time series from September 2003
to August 2013, gathered by regional meteorological network of the Centro Agrometeorologico
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Regionale (C.A.R.) of the Campania Region, were used to simulate the hydrological response for a
10-year time span (Figure 3). Specifically, the hydrological time series recorded by the Marigliano
Meteorological Station, located about 10 km from the study area, were considered. The daily time-scale
evapotranspiration rate was estimated using Hargreaves’s equation [71,72]. The time step of the
simulations was set equal to 86,400 s (one day).

Table 2. (A) Values of the time-varying parameters controlling water losses by evapotranspiration used
for numerical modeling: RD = rooting depth; RAT = root activity at top; RAB = root activity at base;
RPH = root pressure head. (B) Hydrodynamic parameters for nitrates: CMD = coefficient of molecular
diffusion from [73]; DC = constant for first-order decay; LD and TD = longitudinal and transverse
dispersivity, respectively.

A
RD (m) RAT (cm−2) RAB (cm−2) RPH (m)

0.30 1.00 1.00 −100

B
CMD (m2/s) DC (-) LD (-) TD (-)

1.77 × 10−9 0.0 0.1 0.1
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of August 2013) applied as climate boundary conditions to VS2DTI modeling.

1D models were provided with 20 observation nodes distributed along the vertical (Figure 4)
and positioned every 0.50 m, in the first 10.0 m of depth, and every 1.00 m from 10.0 m to 20.0 m
of depth. The output of the model at the observation nodes allowed us to obtain the daily values
of soil water content, saturation degree, soil pressure head, and pollutant concentration for all the
modeled hydrological years. According to typical local farming practices, a one-day spill per year of
nitrate fertilizer was set as an input for every first week of September in the 10-year modeling period.
For all the conceptual models considered, four different input concentrations of pollutant were chosen:
1.0, 3.0, 5.0, and 7.0 mg/L.
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Figure 4. Example of numerical modeling of pollutant propagation throughout the unsaturated
zone of a heterogeneous hydro-stratigraphic model, performed by VS2DTI code: (A) heterogeneous
hydro-stratigraphic model with three silt intercalated layers; (B) results of pollutant propagation at
the end of the 10-year simulation period. Keys to symbols: (1) loamy sand soil; (2) silt intercalated
layer; (3) Neapolitan Yellow Tuff (NYT), external to the modeled domain; (4) flux into the domain
(infiltration); (5) possible seepage face; (6) outflow from the domain (evapotranspiration); (7) no-flux
boundary; and (8) observation point.

Finally, hydrodynamic parameters for nitrate pollutants such as the coefficient of molecular
diffusion in the porous medium (CMD), and longitudinal-transverse dispersivity (LD and TD,
respectively) were defined (Table 2) according to the literature [73,74]. Due to the principal goal
of the research, which was focused on assessing specific aquifer vulnerability to nitrate pollutants
by estimating UZT and not to calculate the concentrations of pollutants arriving at the water table,
the phenomena of nitrate retention by plant absorption in the root zone [43,75,76] and the effects of
denitrification process in the unsaturated zone were not taken into account. For this scope, a simple
conservative approach was adopted by setting the decay parameter (DC) as “no decay” and thus
simulating no geochemical or physical interactions with soil particles or other intra-pore fluids
(Table 2). Consequently, the nitrate pollutant was considered conservative, namely characterized by
concentrations not reduced by biological or geochemical processes occurring in the unsaturated zone.
Such a choice is supported by the results of studies indicating that the reduction of nitrate in the
unsaturated zone below the root zone is limited to 1–2% [77,78]. The same simplifying approach has
also been used in other studies focused on estimating the UZT of nitrate fertilizer pollutants [28,79].

2.2. Estimation of the Unsaturated Zone travel Time (UZT) of Nitrate Pollutant

The UZT of nitrate pollutants was considered as corresponding to a given value of the relative
concentration, namely the ratio between the pollutant concentration in a specific time step of the
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simulation (Ci), simulated for a given depth, and the initial concentration value at the ground surface
(C0). Specifically, the UZT was identified on the pollutant breakthrough curve with the time starting
from the nitrate input at the ground surface, at which the condition Ci/C0 ≥ 1% occurs at different depths.
This approach is also considered precautionary in comparison to others that have estimated the UZT by
the arrival time of 50% [40] or the 75% [80] solute mass breakthrough curve at the groundwater table.

In this way, considering the UZT values calculated for each representative hydro-stratigraphic
model at different depths, corresponding to the observation nodes of the models, the relationship with
the depth was analyzed.

2.3. Generalization of UZT Results at the Distributed Scale

Considering the results of UZT obtained for different representative hydrogeological conditions
and at different depths, an attempt to generalize these results from the 1D scale to a distributed one
was carried out by an empirical multiple correlation among water table depth (D) and the equivalent
saturated hydraulic conductivity (Keq.z) of the unsaturated zone, estimated in the vertical direction
and perpendicularly to the layering, or hydraulic resistance of the unsaturated zone [29], calculated by
the following formula [81]:

Keq.z =
D∑n

i=1
hi

Ksat.i

(1)

where D = depth to water table; n = number of hydro-stratigraphic horizons; hi = thickness
of the ith hydro-stratigraphic horizon; and Ksat.i = saturated hydraulic conductivity of the ith
hydro-stratigraphic horizon.

To use such an empirical relationship for the assessment of UZT at the distributed scale, raster
maps, with a resolution of 5 × 5 m, of water table depth (D) and equivalent saturated hydraulic
conductivity (Keq.z) of the unsaturated zone, were reconstructed. At this scope, a map of water table
depth was calculated as difference between the digital terrain model (DTM), derived from the LiDAR
dataset, and the map of piezometric heads, derived from the spatial interpolation of piezometric head
measurements carried out in 2013 by a field campaign [58,62].

Moreover, given the availability of stratigraphic data derived from 86 boreholes and considering
that stratigraphic columns resulted as formed prevailingly by soil material with known grain size
mixtures, an estimate of saturated hydraulic conductivity (Ksat) was carried out for each stratigraphic
soil horizon by the VS2DTI catalog, which is based on generic USDA soil textural classes [68,69]. Using
this approach, stratigraphic columns were transformed in logs of Ksat, then Keq.z was calculated with
the preceding equation (Equation (1)). Subsequently, values of Keq.z, estimated for each borehole, were
spatially interpolated by the kriging interpolation, obtaining a raster map of Keq.z for the studied area.

Finally, given the availability of the map of water table depth (D) and of the equivalent saturated
hydraulic conductivity along the vertical (Keq.z) as well as of the empirical relationship linking both
variables, the UZT map for nitrate pollutant was calculated.

3. Results

3.1. Hydro-Stratigraphic Models of the Unsaturated Zone

Considering the stratigraphic data of boreholes drilled in the study area, 18 representative
conceptual hydro-stratigraphic models were identified, comprehending both homogeneous and
heterogeneous soil columns of the unsaturated zone. In detail, six models were set as homogeneous
soil columns with a single textural class. According to the observations and analyses of stratigraphic
data of the alluvial-pyroclastic deposits forming the study area, the following USDA textural classes
were recognized and considered for modeling: sand, loamy sand, sandy clay loam, sandy loam, loam,
silty loam, and silt (Table 1). The other 12 models were set considering heterogeneous soil columns to
simulate typically alternating settings of sandy loam deposits with one or more clay or silt horizon
intercalations (Figure 4).



Water 2020, 12, 269 10 of 23

Initial hydrological conditions of the unsaturated zone were set according to the results of
steady-state modeling of gravity drainage process starting from saturation (soil pressure head equal
to zero; h = 0), which was carried out by the VS2DTI code. This modeling led to the simulation of
water content and soil pressure head at the field capacity. In detail, the initial hydrological settings of
the homogeneous hydro-stratigraphic models were arranged, depending on the soil textural classes
(Table 1), with a soil pressure head varying from −1.0 m to −2.0 m at the upper boundary to 0.0 m
at the water table. Unlike heterogeneous hydro-stratigraphic models, such a soil pressure head
profile was articulated by specific values of soil pressure head assumed by the silt and clay horizons
at the field capacity, varying from −1.0 m to −0.5 m, respectively. Values found for homogeneous
hydro-stratigraphic models, constituted by loamy sand and sandy loam, were found to well-match
those observed in preceding soil hydrological monitoring campaigns carried out on ash-fall pyroclastic
deposits formed by the same textural classes in the peri-Vesuvian areas [70].

Concerning the boundary conditions, daily rainfall, evapotranspiration rates, and the time-varying
parameters controlling water losses by evapotranspiration (Table 2) were applied to hydro-stratigraphic
models at the upper boundary as climate forcings, starting from the beginning of September 2003 to
the end of August 2013 (Figure 3).

3.2. UZT and Specific Aquifer Vulnerability to Nitrate Fertilizer Pollutant

Results of numerical modeling were analyzed to understand the hydrological response of the
unsaturated zone of different 1D hydro-stratigraphic models and the associated differences on the
propagation of the nitrate fertilizer pollutant through the unsaturated zone (Figure 4). Specifically,
output data of modeling were initially analyzed to identify the UZT values of the pollutant for each
observation point of the hydro-stratigraphic models considered.

Among the most relevant results is that UZT is not reliant on the initial concentration (C0). This
observation led us to focus only on the effects on UZT of the depth to water table (D) and the equivalent
saturated hydraulic conductivity along the vertical (Keq.z) (Figures 5–7). Moreover, by the observation
of the breakthrough curves of the pollutant, the daily Ci/C0 time series (Figure 5) showed peaks with a
short delay (at least one day) from the spill input approximately down to the depth of 2.50 m with
peaks characterized by a progressive delay, smoothing, and duration of the pollutant effects starting
from 3.50 m of depth.

Results show how the seasonal hydrological variability of rainfall and evapotranspiration patterns
strongly control the UZT of the pollutant in the very shallow parts, down to the depth of 0.5 m, which
is affected by a strong seasonal fluctuations of water content determining a change in the unsaturated
hydraulic conductivity and UZT (Figure 6). In detail, the data showed that pollutant needs up to
8–11 days to reach the depth of 0.5 m, leading to a very high groundwater vulnerability for this
shallowest depth. This condition is enhanced, especially in the case of unsaturated zone formed by
coarse soils such as loamy sand and sandy loam, for which short UZT values exist down to 3.0 and
2.0 m of depth. Although the lowest UZT values exist only for unsaturated zones formed by sandy soils,
with 627 days needed for reaching the depth of 20.0 m, hydro-stratigraphic settings of the unsaturated
zone formed by sandy loam, loam, loamy sand, and silt may also be considered representative of a
high groundwater vulnerability with UZT values ranging between 365 days at 1.0 m to 503 days at
3.0 m. However, also in these conditions of higher groundwater vulnerability, the increase in the water
table depth determines the rise of the UZT and the reduction of the groundwater vulnerability itself.
Depending on the lower values of saturated hydraulic conductivity, finer soils forming the unsaturated
zone induce greater UZT and the reduction of the groundwater vulnerability as, for example, in the
case of a homogeneous hydro-stratigraphic model formed by sandy loam in comparison to one formed
by silt. For these models, UZTs between 5.0 and 20.0 m of depth were observed varying respectively
from 400 to 2100 days, in the case of sandy loam, and from 500 to 3088 days, in the case of silty soils.
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Figure 5. Example of a modeled breakthrough curve of nitrate pollutant, expressed as the ratio Ci/C0,
obtained for the homogeneous loamy sand soil hydro-stratigraphic model and by setting one-day spill
inputs of nitrate fertilizer pollutant with different concentrations: (A) 1.0 mg/L; (B) 3.0 mg/L.

The analysis of UZT values obtained considering the heterogeneous hydro-stratigraphic models,
characterized by the combination of up to three stratigraphic soil horizons formed by different grain
size classes, showed an increase in the values when more than one intercalation existed (Figure 7).
Considering a hydro-stratigraphic setting formed by loamy sand with a single 1-m thick silt horizon
located at three different depths (5.0, 10.0, and 15.0 m), UZT values at 20.0 m of depth were equal
to 1475 days in all three cases. A similar condition exists for similar hydro-stratigraphic settings
characterized by equivalent intercalations of a 1-m thick clay horizon, with the UZT equal to 1518
days at the depth of 20.0 m. Therefore, the UZT values were found to be not reliant on the depth of a
single 1-m thick silt or clay horizon in all cases in which the estimation occurred at a depth greater than
the silt or clay horizon. Instead, considering two and three 1-m thick silt or clay horizons, the UZT
values observed at 20.0 m of depth were different, showing respective values from 1550 to 1639 days,
considering intercalation of the silt horizons, and from 1662 to 1776 days in the case of the clay horizons.
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Figure 7. Variation of UZT and depth obtained for heterogeneous hydro-stratigraphic models
characterized by a homogeneous (1) soil column of loamy sand, with a single (2, 3, 4) double (5) or
triple (6) 1-m thick intercalation of silt (A) or clay (B) located at different depths. Other keys to symbols:
(7) loamy sand; (8) silt or clay.

Relationships between the UZT of the nitrate pollutant, depth to water table, and soil textural
classes were analyzed and subdivided into five equal-interval classes to which respective groundwater
vulnerability were associated varying from very low to very high (Table 3).
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Table 3. UZT (days) estimated for different grain size classes and different depths of water table,
down to 20 m. Lower table: groundwater vulnerability classes based on equal interval classification of
UZT values.

UZT (days)

D
ep

th
(m

)

0.5 8 9 9 11 8 8 8
1.0 8 29 37 394 366 365 369
2.0 383 59 130 433 417 401 427
3.0 386 139 460 495 470 434 503
4.0 398 450 500 558 542 492 576
5.0 411 491 553 587 594 550 728
6.0 415 505 567 731 713 587 874
7.0 423 544 657 853 861 682 1001
8.0 443 563 810 888 919 814 1214
9.0 453 575 841 957 1031 869 1358
10.0 472 603 869 1107 1199 915 1520
12.0 493 735 1003 1338 1420 1151 2010
14.0 526 851 1224 1537 1694 1347 2263
16.0 553 883 1351 1933 2035 1490 2742
18.0 561 924 1633 2081 2177 1825 2851
20.0 627 1015 1885 2215 2359 2024 3088

Sand Loamy Sand SandLoam Sandy Loam Loam Silty Sand Silt

Grain Size Classes

Vulnerability Classes
0 ÷ 250 251 ÷ 500 501 ÷ 750 751 ÷ 1000 >1000

Very High High Medium Low Very Low

Based on the modeling results, the multiple correlation between UZT, water table depth (D), and
equivalent saturated hydraulic conductivity along the vertical (Keq.z) of the unsaturated zone was
analyzed. In detail, by analyzing the typical saturated hydraulic conductivity of each grain size class
modeled, Ksat.eq. was estimated for each homogeneous and heterogeneous hydro-stratigraphic model.
With these results, the following multiple correlation linking UZT with water table depth (D) and
logarithm of Ksat.eq. (m/s) was found:

UZT (days) = 1069.42 + 66.04 · D (m) − 251.08 · Log (Ksat.eq (m/s)) (2)

This empirical law was found to be characterized by a high value of the multiple correlation
coefficient (0.888), and a high statistical significance, with a value of probability of the null hypothesis
by the Fisher’s test of 3 × 10−97. The multiple correlation describes an interpolating surface (Figure 8)
showing a sloping that accounts for the increase in UZT values as the water table depth (D) increases
and the equivalent hydraulic conductivity of the unsaturated zone (Ksat.eq) decreases.
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Figure 8. Bivariate empirical correlation between UZT, water table depth (D), and the equivalent
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homogenous and heterogeneous hydro-stratigraphic models.

3.3. Distributed Assessment and Mapping of Groundwater Vulnerability

The empirical equation (Equation (2)) allowed us to assess and map specific aquifer vulnerability
of the study area at a distributed scale. The equation was applied by a map calculator in QGIS
by considering as dependent variables both the maps of water table depth (D) and logarithm of
the equivalent hydraulic conductivity of the unsaturated zone (Log Ksat.eq.), at the resolution of
5 × 5 m respectively.

Specifically, the map of water table depth (D), reconstructed by the kriging spatial interpolation
of piezometric surveys carried out in December 2013 over 108 wells [58,62] (Figure 9a), showed that
the northern and central-western sectors of the study area were characterized by depth to water table
mainly ranging between 1.0 and 5.0 m, even though very shallow conditions of water table depth
(0.0–0.5 m) were also recognized. The remaining sectors of the study area were characterized by the
deepest water table with values of depth exceeding 30.0 m.
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unsaturated zone related to the Casalnuovo-Volla alluvial aquifer.

The map of equivalent hydraulic conductivity (Ksat.eq.) of the unsaturated zone (Figure 9b) shows
values that ranged mainly between 1.0 × 10−5 and 7.0 × 10−7 m/s, even if the central and northern
sectors of the study area were characterized by lower values down to 1.0 × 10−8 m/s. However, very
high values of Ksat.eq. existed in three well-defined sectors of the central sector of the Casalnuovo-Volla
area, where such parameters reached the value of 1.0 × 10−4 m/s.

Starting from both maps of water table depth (D) and equivalent hydraulic conductivity of
the unsaturated zone (Ksat.eq.), the empirical equation (Equation (2)) was applied to reconstruct a
distributed map of UZT for the nitrate fertilizer pollutant (Figure 10a). Next, this map was classified
according to the vulnerability classes identified (Table 3), thus a distributed groundwater specific
vulnerability map to nitrate pollution was reconstructed for the study area (Figure 10b). In detail,
the map shows how the northern, central, and southern sectors of the study area were characterized
by low UZT values, mainly ranging between 400 and 900 days and corresponding to sectors with a
shallower water table and higher Ksat.eq. of the unsaturated zone.
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These sectors are characterized by specific aquifer vulnerability classes ranging from medium to
high (Figure 10b). In particular, in the central sector, where the water table is very shallow or close to
the ground surface, the UZT values reduced to few days and groundwater vulnerability comprised of
the very high class. Instead, in the remaining sectors of the study area, the UZT values were higher,
up to 2100 days, and intrinsic aquifer vulnerability ranged between the low and very low classes.
Finally, as the central-northern sector was characterized by the deepest water table, UZT values reached
values greater than 1200 days and groundwater vulnerability comprised of the very low class.

4. Discussion

In this study, representative hydro-stratigraphic models of the unsaturated zone of a shallow
alluvial aquifer were used to assess specific vulnerability to nitrate fertilizer pollutants by modeling
travel time through the unsaturated zone. This type of approach is widely adopted among
those aimed at the quantitative assessment of groundwater vulnerability by physically based
modeling [40,49,50,80,82]. Travel time modeling was carried out by the finite difference VS2DTI
code [65] considering unsaturated/saturated soil properties, meteorological time series including daily
evapotranspiration rates of 10 hydrological years (2003–2013), and a spill input of nitrate fertilizer, as
typically applied by local farmers. The UZT values obtained by 1D modeling of pollutant transport
were statistically correlated to water table depth (D) and equivalent saturated hydraulic conductivity
(Ksat.eq.) of the unsaturated zone, obtaining an empirical model that was used to assess the UZT at a
distributed scale for the study area.

Given the goal of the research, which was addressed to find a quantitative approach for the
assessment of specific aquifer vulnerability to nitrate fertilizer pollutants, the latter was considered
conservative with the purpose of taking into account the arrival time instead of concentrations of
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the pollutant at the water table [49,79]. In detail, the modeling results showed that polluted water
propagates vertically through the unsaturated zone with yearly concentration waves that decrease
their amplitude and increase their length with depth (Figure 5). This propagation is strongly affected
by both rainfall distribution and soil hydrological conditions (soil pressure head regime). Close to
the ground surface (down to 2.50 m of depth), breakthrough curves of the pollutant show high daily
peaks of Ci/C0 rates following shortly rainfall events. Instead, starting from a depth of 3.50 m, down
to the bottom boundary of the models, temporal distributions of the pollutant are characterized by
breakthrough curves with smoothed and delayed peaks. This effect was more enhanced in sandy than
loamy or silty soils due to the higher water retention capability of the latter.

Considering the results obtained for homogeneous hydro-stratigraphic settings, a very high
groundwater vulnerability condition occurred for all grain size classes within the shallowest depth
range of 0.5 m. For greater depth ranges of the water table, sand and loamy sand soil profiles of the
unsaturated zone resulted in being the most vulnerable, showing a deepening of polluted percolation
water faster than that estimated for the finer soils. For these grain size classes, the groundwater
vulnerability results were high down to 2.0 and 3.0 m of the water table depth, respectively, while it was
still medium down to the depth of 20.0 m in the case of sandy soils. Homogeneous hydro-stratigraphic
models of the unsaturated zone formed by sandy loam, loam, and silty sand showed a similar
hydrological response, thus similar vulnerability classes ranging from high, down to 3.0 m; medium,
down 6.0 m; low, down 10.0 m; and very low, down to 20 m. Finally, the silty soil profile was less
vulnerable as it showed a very low groundwater vulnerability, just below 7.0 m of depth (Table 3).

Results obtained by modeling heterogeneous hydro-stratigraphic models showed a similar
hydrological behavior, although the effect of the intercalations of soil horizons with different grain sizes
makes the propagation of the pollutant more complex. For hydro-stratigraphic models characterized
by sandy loam, the number of intercalations of less-permeable soil horizons (silt and/or clay) controls
the velocity of the pollutant transport more than their depth. In detail, the results of the UZT show
that heterogeneous hydro-stratigraphic settings, with one soil horizon formed by silt or clay, but
located at different depths, are characterized by the same groundwater vulnerability, if considering a
water table at a depth greater than those of the less permeable soil horizons themselves. Furthermore,
the increase in the number or thickness of less-permeable soil horizons also determines a decrease
in UZT and groundwater vulnerability. Moreover, the results obtained allow us to recognize that
UZT is not dependent on the initial concentration of the pollutant (C0), therefore it allowed us to
disregard, according to the scope of this work, the attenuation of nitrate fertilizers in the root zone
due to plant absorption as well as in the rest of the unsaturated zone [77–79]. Therefore, the UZT
values, and the associated groundwater vulnerability, are strongly dependent on both depth and
equivalent saturated hydraulic conductivity of the unsaturated zone (Ksat.eq.) above the water table
level as has already been proven by other researchers [29,40]. Such recognition allowed us to estimate
an empirical multiple correlation linking UZT to water table depth (D) and the equivalent saturated
hydraulic conductivity (Ksat.eq.) of the unsaturated zone, which can be conceived as an innovative
approach in the assessment of groundwater vulnerability for shallow alluvial aquifers to be used for
the spatialization of modeling results.

The UZT values estimated by homogeneous and heterogeneous representative hydro-stratigraphic
models indicate how the unsaturated hydraulic conductivity and its variability, depending on saturated
hydraulic conductivity, unsaturated soil properties and soil pressure head, control the velocity of
pollutant transport in the unsaturated zone. Analogously to other modeling approaches [40,82],
the outcomes obtained reveal the strong seasonal control affecting the deepening of the infiltration
front and the inherent transport of the pollutant through the unsaturated zone.

Even if similar studies have considered a quantitative approach to mapping aquifer vulnerability
by combining flow and transport modeling, infiltration and transpiration rates with a solution of
the advection-dispersion equation, the approach applied in this study may be considered innovative
if compared to those obtained by the use of field data and tools of geographic information system
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(GIS) platforms [47] or in other cases coupled with the estimated travel time of pollutants through
the vadose zone [5,10,35,37,49,50,80,82]. In fact, it can be conceived as advancing the others focused
on the estimation of pollutant travel time through the unsaturated zone by a physically-based model
based on the simplistic assumption of the lack of vertical gradients of soil pressure head and the
applicability of the Darcy law in the unsaturated zone [50] or constant rainfall and evapotranspiration
conditions [40]. In addition, the proposed approach can simplify the assessment of groundwater
vulnerability in complex stratigraphic settings of alluvial aquifers, characterized by high 3D spatial
variability [66], whose distributed modeling of UZT and pollutant concentrations at the water table
would require the setting of complex process-based models (e.g., MT3D-MODFLOW [83]).

5. Conclusions

The proposed approach can be included among the methods applicable for the assessment of
groundwater vulnerability at the site-specific scale, based on the numerical modeling of pollutant
travel time through the unsaturated zone. It has been based on linking the results of UZT modeling for
representative hydro-stratigraphic settings of the unsaturated zone to equivalent hydraulic conductivity
of the unsaturated zone and water table depth by a bivariate empirical correlation that was used for
the assessment of UZT across the whole study area.

In the framework of the Campania Trasparente Project, aimed at the assessment of the state of the
quality of principal environmental matrices for the Campania region (southern Italy), the proposed
approach was tested on the Casalnuovo-Volla sample area to assess the vulnerability of the shallow
alluvial aquifer, which characterizes a large part of the internal and coastal plains of the region.
The results of this study confirmed the potential strong impact of agricultural practice, based on the
amendment of soils by nitrate fertilizers, on the hydro-chemical quality of the groundwater in the study
area, which is largely characterized by shallow alluvial aquifers and intensive agricultural practice.
The results obtained confirm the possibility of the existence of an anomalous concentration of nitrate
in groundwater as has been reported in other studies [46–48] as well as that current concentrations
of nitrate fertilizers in groundwater derive from the cumulative effects of fertilizing practice of the
past and transport in the saturated zone. The recognition of the strong control of water table depth
on UZT and groundwater vulnerability derives the important hint that groundwater vulnerability
can vary in time depending on long-term piezometric fluctuations, which can occur due to natural or
anthropogenic causes [58,62,64].

The proposed approach can be conceived as potentially applicable to produce specific vulnerability
maps to nitrate pollution or other pollutant types for other areas of the Campanian Plain as well as
other similar areas worldwide. For the latter, besides the local conditions of the water table depth and
equivalent hydraulic conductivity, a specific numerical modeling of pollutant transport through the
unsaturated zone should be carried out by considering the local meteorological patterns and timing
of pollutant inputs. Finally, the proposed approach is considered as potentially applicable to similar
hydrogeological frameworks of shallow alluvial aquifers where detailed stratigraphic as well as depth
of water table data are available.
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