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major attenuation of pollutants’ potential effects. The presented multi-method approach revealed
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effectiveness. Finally, the potential strong impact of some agricultural practices was confirmed.
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1. Introduction

Industrial and agricultural activities are the main causes of groundwater pollution and the decay of the hydro-chemical quality of
groundwater (Zektser and Everett, 2000), which represents the most important source of drinking water for many countries. Therefore,
assessing groundwater vulnerability is a crucial aspect of proper land planning and management, as well as the implementation of
effective groundwater protection strategies (e.g., GSD 15; Directive 2000/60/EC; Directive 91/676/EC; Directive 2009/128/EC).

Groundwater vulnerability is generally distinct in intrinsic, defined as “the specific susceptibility of aquifer systems, (...) to ingest and
diffuse fluid and/or hydro-vehiculated contaminants, whose impact on groundwater quality is dependent on space and time” (Civita, 1994),
and specific, related to a definite contaminant, considering the related specific hydraulic and geochemical processes of attenuation
(National Research Council (NRC (NRC, (1993); Gogu and Dassargues, (2000)).

For such a scope, three fundamental categories of approaches to assess groundwater vulnerability are known (Civita, 2010): 1)
Hydrogeological Complexes and Settings (HCS) methods, based on qualitative analysis of hydrogeological factors such as geological
aspects of the saturated/unsaturated zone, main hydraulic properties of lithologies, depth of the water table, physical and chemical
characteristics of soils and net recharge (Albinet and Margat, 1970); 2) Parametric System (PS) methods, divided into three sub-groups:
Matrix Systems (MS) (Goossens and Van Damme, 1987), Rating Systems (RS), such as GOD method (Foster, 1987), and Point Count
System Models (PCSM), such as DRASTIC (Aller et al., 1985) and SINTACS (Civita and De Maio, 2000) methods, are based on
semi-quantitative assessment of factors controlling groundwater vulnerability (such as soil thickness and texture, water table depth
and aquifer hydrogeological features (e.g., Cusano et al., 2019; Turc, 1954; Tufano et al., 2020; Cusano et al., 2023); and Numerical
Models (NM), such as those estimating travel times (TT) of pollutants through the unsaturated zone (Brouyere et al., 2001; Neukum
and Azzam, 2009; Nasta et al., 2021; Stewart and Loague, 2003; Fusco et al., 2020; Bancheri et al., 2021), based on quantitative
assessment of groundwater vulnerability through modeling of the physical, chemical, and biological processes controlling the
transport of a pollutant. The application of parametric and numerical methods is related respectively to regional and site-specific scales
because requiring data of different quality and spatial density. The greater level of complexity of the second one, depending on the
quality of data required to solve equations governing flow and transport processes, in unsaturated and/or saturated porous media,
limits their applicability to the site-specific scale instead of regional one. Consequently, a comparison among the results of both classes
of methods can be conceived as particularly useful to explore the mutual limitations, especially in terms of scales of application, and
thus to select the most effective one depending on available data.

Several studies are based on the comparative assessment of groundwater vulnerability performed through only parametric methods
(Draoui et al., 2008; Kirlas et al., 2022). Instead, the comparison of such methods with numerical ones appears rare and not considered
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Fig. 1. - Hydrogeological (A) and groundwater table depth (B) maps reconstructed for Marchfeld Region: 1) Recent fine-graded alluvial Complex
(RFAC); 2) Recent Alluvial Complex (RAC); 3) Loess Complex (LC); 4) Ancient Alluvial Complex (AAC); 5) Basin Argillaceous Complex (BAC); 6)
Faults; 7) Presumed faults; 8) Main hydrographic network; 9) Groundwater flow direction. (WGS84, UTM33N).
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carefully (Abbasi et al., 2013), depending on different structures of methods and types of results that are not directly comparable.

In such a framework, the benefit of the procedure proposed is to offer an insight into the assessment of groundwater vulnerability to
pollution as well as to verify the reliability of qualitative methods in comparison to the numerical ones (Machiwal et al., 2018).

The goal of this work was the multi-scale and multi-method estimation and mapping of intrinsic groundwater vulnerability of the
representative shallow alluvial aquifer system characterizing the Marchfeld region (northern Austria; Fig. 1) by coupling parametric
and numerical approaches and comparing respective results. Due to its large extension, covering about 1000 km?, and the dominant
agricultural land use, the Marchfeld region represents a primary source of agricultural products for the Austrian/European markets.
This area was considered representative because severely impacted by intensive agriculture activities causing groundwater pollution
by nitrates, with concentrations constantly above the allowable threshold level (Kirchner and Schmid, 2012). Thus, to obtain a
comprehensive assessment of the groundwater vulnerability, from regional to site-specific scales, the parametric method SINTACS
(Civita and De Maio, 2000) and two numerical ones, TFM-ext model (Bancheri et al., 2021) and the RE-ADE-based agro-hydrological
model FLOWS (Coppola et al., 2014; 2019), were considered. For such a scope, consistent bibliographic research and consultation of
ministerial and municipal archives allowed the reconstruction of a detailed geodatabase, structured in a GIS environment, containing
fundamental informative layers such as geological, hydrogeological, pedological and climate features. Finally, the results of para-
metric and numerical methods were mutually compared revealing hints regarding the limits and suitability of the different classes of
methods. In the wake of the increasing development and usage of Decision Support Systems (DSS) (Yalew et al., 2016; Lindblom et al.,
2017; Zaza et al., 2018; Marano et al., 2019; Manna et al., 2020; Nicholson et al., 2020; Terribile et al., 2023), the obtained results
represent potential powerful tools for accurate assessment of potential groundwater degradation in areas affected by intensive agri-
cultural activities. Specifically, results are expected to be considered by a wide range of stakeholders such as land managers (i.e., public
authorities), to properly evaluate more informed decisions regarding the areas in which the pollution from agricultural activities
should be primarily reduced.

2. Data and methods
2.1. Geological and hydrogeological setting

The Marchfeld region is in northern Austria and northeast of Vienna (Fig. 1). The region is a Temperate Continental Climate /
Humid Continental Climate (Dfb) according to the Koppen classification (Geiger, 1954), with a mean annual precipitation of about
500-550 mm, an average temperature between 9 and 10 °C and a mean annual reference potential evapotranspiration of about
800 mm. Geologically, the study area roughly coincides with the Quaternary alluvial plain in the central part of the Vienna Basin,
which is a SSW-NNE oriented Neogene pull-apart basin of about 200 km length and 55 km width, extended from the eastern Austrian
Alps to the western Carpathians in the Czech Republic. An intensive tectonic activity involved the area (Decker et al., 2005) causing a
sinking process forming depressions filled by Miocene clastic sequence (shales, sandstones, conglomerates) and subordinate
shallow-water limestones up to 5.5 km thick (Holzel et al., 2008). Such deposits overlie with a marked angular unconformity in the
pre-Miocene basement (Wessely, 1993). Finally, alluvial Pleistocene deposits, formed by up to 140 m of alternating fluvial sands and
gravels intercalated by pedogenized horizons, overlay the Miocene series (Decker et al., 2005). A Quaternary tectonic activity formed a
series of river terraces between the basin margin in the west and the Morava River floodplain in the east, among them the most
prominent is the Gaenserndorf Terrace. Moreover, the subsidence process that occurred during the Quaternary determined the frag-
mentation of terraces and the formation of small depressions, such as the Aderklaa, Obersiebenbrunn, and Lasse basins (Weiss! et al.,
2017).

Accordingly, the Marchfeld region is characterized by a Quaternary aquifer system, constituted by alluvial and loess sediments
overlying Miocene deposits (Wessely and Draxler, 2006), which represents one of the most important porous aquifers of Austria. Based
on geological information, locally improved by stratigraphic logs derived from 596 boreholes (Table 1), a detailed hydrogeological
map of the study area was reconstructed (Fig. 1 A). The sedimentary series were grouped into five hydrogeological complexes as
follows (Table 2):

Table 1
Main characteristics of the hydrogeological complexes defined for the Marchfeld region in this study.
Hydrogeological complex Lithologies Age Type Characteristic
Recent Fine-graded Alluvial  Alluvial deposits: clay, loam and locally sand, gravel Pleistocene - Porous Local aquifer
Complex (RFAC) Holocene
Recent Alluvial Complex Alluvial-eluvial deposits (recent terrace orders of Danube River and Pleistocene - Porous Regional aquifer
(RAC) its tributaries): sand, gravelly sand, gravel, loamy gravel; secondly Holocene
loess deposits
Loess Complex (LC) Aeolic deposits (Loess): fine sand, clayey loam Pleistocene - Porous Local aquifer/
Holocene aquitard
Ancient Alluvial Complex Alluvial deposits (oldest terrace order of Danube River and its Pleistocene Porous Local aquifer
(AAQ) tributaries): cobbles, gravel, sand, loam; locally loess deposits
Basin Argillaceous Complex  Basin marine deposits: mainly clay, marl and sand, locally gravel, Eocene - Porous/ Aquitard
(BAC) sandstone and conglomerate; locally loess-covering deposits Miocene fractured
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- Recent Fine-graded Alluvial Complex (RFAC), mainly characterized by alluvial fan deposits (Pleistocene-Holocene) with grain sizes
varying from clays to sands (and to gravels, locally);

- Recent Alluvial Complex (RAC), characterized by stratified alluvial-eluvial deposits (Pleistocene-Holocene), locally covered by loess
sediments, with grain sizes varying mainly from sand to gravels and locally clays, coinciding with Danube and Morava alluvial
plains;

- Ancient Alluvial Complex (AAC), formed by the oldest terraced alluvial deposits of the Gaenserndorf Terrace (Pleistocene-Middle
Pleistocene), locally covered by loess deposits, with grain sizes mainly varying from sand to cobbles;

- Loess Complex (LC), including the fine-graded loess deposits (Pleistocene-Holocene), ranging from clayey loams to fine sands;

- Basin Argillaceous Complex (BAC), mainly constituted by clays, marls and sands and subordinately by gravels, sandstones and
conglomerates (Miocene), locally covered by loess.

According to typical range values of hydraulic conductivity known in the literature (Freeze et al., 1979; Darsow et al., 2009),
mainly BAC and secondarily LC and RFAC represent the hydrogeological complexes with lower permeability (1x1071°, 1x1077 and
1x107%m 571, respectively) due to the occurrence of finer deposits; while RAC and AAC are characterized by the higher permeability
(1x10* and 1x107! m s7, respectively), as resulting by the occurrence of coarse grain sizes.

Literature piezometric levels from 424 boreholes, 167 wells and water table contour maps (Table 2) were analysed allowing the
reconstruction of the Ground Water Table Depth (GWTD) map of the shallowest aquifer (Fig. 1B). Generally, the RAC and RFAC are
characterized by low values of GWTD (1.0 — 5.0 m down to 15.0 — 20.0 m) in areas coinciding with the Morava alluvial plain and the
Danube one, specifically along the north-eastern sector bordering the Graeserndorf Terrace and the southern one. Furthermore, diffuse
surfacing of groundwater, such as artificial or natural ponds and channels was observed. Due to morphological features shaping the
central sector of the Marchfeld region, relatively higher GWTD values (down to 25.0 m) were observed for the AAC and LC in areas
coinciding with the Gaenserndorf Terrace and the Schlosshof Terrace. Values ranging between 8.0 and 20.0 m of GWTD characterize the
more elevated areas of the north-western and central sectors of these terraces. However, also limited areas with low values of GWTD
(1.0 - 5.0 m) or groundwater surfacing occur coinciding with artificial morphological depressions, related to anthropogenic exca-
vations (quarries). Finally, the northern sector corresponding to the hilly areas of Marchfeld (BAC and LC) is generally characterized by
a GWTD range between 3 and 6 m with peaks of 15 m in limited areas.

Based on this hydro-stratigraphic setting characterizing the Marchfeld region, the circulation of the shallowest groundwater is
generally north-western-south-western oriented (Fig. 1 A), with a very low piezometric gradient (0.6 %o up to 1 %o), according to
literature (Darsow et al., 2009).

Among the main observations, generalized divergences of groundwater flow characterize the sector of the Gaenserndorf Terrace
bordering the northern hilly landscapes, with drainage direction oriented toward the Morava Plain, in the eastern sector, and Danube
Plain, in the western one. A local increase of piezometric gradient as well as changes in flow direction occurs along the north-western
border of the Obersiebenbrunn basin and toward the bordering alluvial plain resulting in the Schlosshof Terrace, where a radial
groundwater flow exists. Such conditions can be related to the occurrence of tectonic features and stratigraphic settings.

2.2. The SINTACS method

The SINTACS parametric method (Civita and De Maio, 2000) was considered to assess groundwater vulnerability at the regional
scale. This method derives from a modification of DRASTIC (Aller et al., 1987) method, which is based on different criteria for the
attribution of scores to the same seven parameters, even if these are considered with a diverse acronym due to the Italian translation
and changed order: S = depth to groundwater; I = Net recharge; N = Attenuation effect of unsaturated zone; T = Soil media; A =
Aquifer media; C = Hydraulic conductivity of the aquifer; S = Topography. By the attribution of scores and weights (w;) to each
parameter, the calculation of the SINTACS index (Isintacs) is given by the Eq. (1):

Table 2
Source of geological, hydrogeological, pedological, climatic and land use data collected in this study.
Information Bibliographic data Ministerial or municipal archives
Geology - GEOFAST cartography 1:50000 (geologie.ac.at/en/services/web- - HADES archive (Bohrungsdatenbank der
services) Niederosterreichischen Landesregierung)

Weissl et al., (2017)
Doppler et al., (2011)

Hydrogeology and - Hydrogeological map of Austria 1:250000 (geologie.ac.at/en/ - HADES archive
piezometry services/web-services)- - eHYDA archive (https://ehyd.gv.at/#)
- Fank et al., (2008)
Pedology - Soil type map 1:25000 (bfw.ac.at/rz/bfwcms.web?dok=1004043)

Climatic - Weather stations of Zwerndorf, Gross-Enzersdorf, Wol-
kersdorf, Bad Deutsch-Altenburg OE3

Land use - CORINE Land Cover 2018 (land.copernicus.eu/pan-european/

corine-land-cover)

Digital Elevation Model (DEM) 10x10m (data.gv.at/katalog/

dataset/d88al1246-9684-480b-a480-ff63286b35b7)

Geomorphology
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Igntacs =S X Wi+ I X Wi+ N X wW; + T x Wi +A X w; +C X W; + 8 X w; (@D)

According to empirical criteria established for each parameter (Civita and De Maio, 2000), the scores are assigned ranging between
1 and 10 and indicating proportionally the relevance to groundwater vulnerability. The method establishes a fixed weight value for
each parameter depending on five lines of weights chosen for different environmental conditions (normal impact, intense impact,
karst, drainage from freshwater to groundwater bodies, fractured rocks). Therefore, the multiplying weights are attributed depending
on both geological and hydrogeological settings as well as to land use of the study area, based on the CORINE land cover map (www.
land.copernicus.eu/pan-european/corine-land-cover). Specifically, areas of normal impact with no critical conditions due to anthropic
effect and land use were identified in forests, cultivated areas, etc.; areas of intense impact, with high anthropic effects and occurrence
of potential pollutant sources, were recognized in urbanized areas, factories, intensive agricultural areas, etc.; the drainage areas were
identified in areas where continuous or sporadic drainage processes from surficial or sub-surficial groundwater bodies occur; finally,
karst and fractured rocks are not represented in the area.

2.2.1. Depth to water table (the S-parameter)

This parameter accounts for the travel length, and time, of pollutants from the ground down to the saturated zone, through the
unsaturated one. Therefore, it is conceptually conceived as directly controlling the attenuation of the initial pollutant concentration.
Due to the extension of the study area and the occurrence of areas with a complex hydrogeological setting, the assessment of GWTD
(with 50-m resolution) was carried out by different data and approaches. For the alluvial areas, available piezometric data from
boreholes and wells (Table 2), points of the natural surfacing of groundwater circulation (such as springs, rivers, ponds, etc.) and
piezometric data from the bibliography (Fank et al., 2008) were considered. Instead, for northern areas coinciding with small aquifers
and aquitards, constituted by loess deposits covering turbidite and basin series (flysch), a general lack of piezometric measurements led
to assuming constant water table depth values, equal to 6.0 m and 3.5 m respectively, as commonly observed for such hydrogeological
complex.

2.2.2. Net recharge or infiltration (the I-parameter)

This parameter represents the amount of precipitation recharging groundwater (Healy, 2010), therefore precipitation (P) minus the
loss due to reference evapotranspiration (ETR) and runoff (R). It constitutes both the main vehicle for pollutants toward the saturated
zone as well as a potential diluent that can diminish their concentrations. To estimate the mean annual groundwater recharge for the
study area, data from four representative weather stations were considered (Table 2). Firstly, the cumulative annual precipitation (P)
was estimated by considering daily records, from 1997 to 2016. Thus, the mean annual value was obtained as the average of the four
10-year rainfall time series. To estimate the yearly real evapotranspiration amount, Turc’s (1954) empirical formula was adopted.
Subsequently, the mean annual effective annual precipitation (P - ETR) was calculated and final net recharge for each hydrogeological
complex was estimated empirically by multiplying it by the Groundwater Recharge Coefficient (GRC) derived by previous studies
(Civita and De Maio, 2000; De Vita et al., 2018). Therefore, considering hydrogeological features of the hydrogeological complexes,
the following values of GRC were assigned: 0.3 for RFAC and LC; 0.4 for RAC; 0.5 for AAC; and, finally, 0.1 for BAC.

2.2.3. Impact of vadose zone (the N-parameter)

This parameter accounts for the attenuation of pollutants during the transport through the unsaturated zone (UNSZ). It is meant to
be dependent on the lithology, and, subsequently, hydraulic conductivity, of the vadose zone. Therefore, it was estimated by the
hydrogeological map reconstructed for the Marchfeld region considering the lithology of the UNSZ of aquifers. To assess this
parameter, the possible occurrence of local complex and heterogeneous hydrogeological settings, such as those characterized by
paleochannels, was assumed as negligible according to the regional scale of analysis as well as to the spatial distribution of geological
and hydrogeological input data

2.2.4. Soil media (the T-parameter)

This parameter depends on the grain size and controls the reactive processes occurring in the soil leading to the reduction of
pollutant concentration. It was estimated by the soil map, 1:10,000 scale, available for the study area (Table 2). Chernozem and fluvisol
are the main soils recognized, showing A and B (Legrain et al., 2018) silt-rich horizons and sandy deep soil horizons, the latter followed
by fluvial gravel from the former riverbed of the Danube.

2.2.5. Hydrogeological characteristic of the Aquifer (the A-parameter)

This parameter, corresponding to the aquifer type of, describes all processes occurring in the saturated zone (dispersion, dilution,
adsorption and chemical transformation). It is intended to be dependent on saturated hydraulic conductivity and mechanisms of
saturated flow (e.g., porous, fractures) because expressing the capability and the time to transport of a pollutant through the saturated
zone. This parameter was obtained by the hydrogeological map. As for the N-parameter, local heterogeneities were disregarded due to
the regional scale of analysis as well as to the spatial distribution of geological and hydrogeological input data.

2.2.6. Aquifer’s hydraulic Conductivity (the C-parameter)

This parameter indicates the capacity of the saturated zone to convey groundwater (and pollutants) through a unitary draining
section and under an ordinary piezometric gradient. Therefore, it was conceived as indicating proportionally the susceptibility to
pollution. This parameter was estimated by attributing to the aquifer type the mean value from ranges known in the literature (Freeze
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et al., 1979; Civita and De Maio, 2000). As for the N-parameter, local heterogeneities were disregarded due to the regional scale of
analysis as well as to the spatial distribution of geological and hydrogeological input data.

2.2.7. Slope (the Si-parameter)
This parameter expressing the slope gradient, and accounting inversely for the predisposition to infiltration, and groundwater
recharge was estimated by the DEM available for the area (Table 2).

2.3. The TFM-ext model

To assess groundwater vulnerability at the regional scale, also the Extended Transfer Function Model (TFM-ext) (Bancheri et al.,
2021) was used. It represents an extension of the transfer function approach (Jury et al., 1990), and describes the leaching behaviour in
a soil profile and along the vadose zone, till the groundwater table, through the Travel Time (TT) probability density functions (TT
pdfs). The output solute concentration C, (z,t) (i.e., the breakthrough curve), at a given time (t) and depth of interest (z), is computed as
the convolution of the TT pdfs, f¢ (z,t-t") with the solute input concentration to the system, Cg (0,t), according to the Eq. (2) (Jury and
Roth, 1990):

Cz(z,t)z/oTCo(O,tf) fi(z, t—t)dr 2)

where t' is a dummy variable and t-t’ is the TT.

Assuming a gravity-driven water flow and disregarding the convective mixing of tracer flowing at different velocities, in this
approach the TT pdfs are calculated as functions of the unsaturated hydraulic conductivity K(6), according to the Scotter and Ross
(1994) Eq. (3):

_1dK(@©)

q dt 3)

ff (Z, t— t,) =
where q [L T1] is the steady-state flow rate, which, in this study, is the constant mean daily net precipitation at the surface of the
considered soil profile.
Under a lack of information regarding the unsaturated hydraulic conductivity function (e.g., in the vadose zone), the model as-
sumes that the TT can be described by a log-normal distribution, according to the Generalized Transfer Function (Zhang, 2000). The
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detailed descriptions of the input data of the TFM-ext are reported in the following.

2.3.1. Net precipitation

This parameter coincides with the constant mean daily net precipitation computed from the difference between the amount of
annual rainfall (Table 2) and the actual evapotranspiration. In this case, the latter was calculated from the potential evapotranspiration
through the FAO model (Allen et al., 1998), considering both crop and water stress coefficients of the wheat. For such a scope, the
period from January 2013 to December 2016 was considered.

2.3.2. Soil and UNSZ characterization

The soil units characterizing the study area (Fig. 2 A) were considered to define both soil and UNSZ characteristics. The dominant
soil types are Chernozem and Fluvisol, comprising humus-rich surficial horizons and sandy deep ones. Instead, mainly fluvial gravels
characterize the former riverbed of the Danube and Morava rivers. For each soil type, besides the depth of each soil horizon, the soil
hydraulic parameters of the van Genuchten-Mualem equation (Van Genuchten, 1980) were estimated through the application of the
HYPRES pedotransfer function (Wosten et al., 2001), starting from the pedological characterization (textures, bulk densities and
organic matter content). To characterize the UNSZ, the representative grain size of soils forming the UNSZ for the entire territory of
Marchfeld was estimated, based on the GWTDs map and stratigraphic data obtained by boreholes. Specifically, representative
(qualitative) grain size curves were defined for each soil layer. Where percentages of grain size classes were not available from the
stratigraphic logs, they were derived by soil description according to the AGI (1977) classification. Consequently, a representative
value of the grain size diameter of the UNSZ was appraised for each borehole by the application of the harmonic mean and thus, the
final 50-m resolution map for the study area was reconstructed through the linear triangulation method (Fig. 2B). Subsequently, all the
hydraulic parameters were estimated for each soil and UNSZ layers down to the GWT. Also to this regard, the eventualoccurrence of
areas with local heterogeneous settings were disregarded due to the regional scale of analysis and availability of data.

2.3.3. Water table depth
Piezometric levels were obtained from the GWTD map reconstructed for the study area, as described in Section 2.2.

2.3.4. Land use

To evaluate the actual evapotranspiration (ETR), both the cultivated crop and standard crop management of the area, such as
seeding and harvesting dates, need to be known. In the case of the Marchfeld region, the main crops are represented by wheat, po-
tatoes, sunflower, soya, rape, sugarbeet and maize. Accordingly, wheat was chosen as the reference crop in this study, whose man-
agement was obtained by surveys carried out among local farmers.

2.3.5. Input concentration of the solute

The TFM-ext model outputs are expressed in terms of mean TT and are independent of the solute input concentrations, given the
formulation proposed by Bancheri et al. (2021). Moreover, in this study, a conservative approach was adopted considering a
non-reactive solute with the assumption that it moves into the soil as water moves.

2.4. The FLOWS model

For a small sector of the Marchfeld region, identified considering results from SINTACS and TFM-ext methods, further numerical
analyses were carried out to assess groundwater vulnerability at a site-specific scale, in terms of the Travel Times of a solute peak (TTp)
down to the GWT. For such a scope, the FLOWS model (Coppola et al., 2019) was applied to simulate, the movement of water and
solute transport through the vadose zone by a RE-ADE approach. In detail, the vertical transient water flow is simulated by numerically
solving the 1D form of the RE using an implicit, backward, finite differences scheme with explicit linearization (Eq. (4)):

oh 0 ( ( )dh

(1) = o5 (K%~ k() ) = .t @

where C(h) = d6/dh is the soil water capacity, 6 [—] is the volumetric water content, h [L] is the soil water pressure head, t [T] is time, z
[L] is the vertical coordinate being positive upward, and K(h) [LT!] the hydraulic conductivity, assumed to be described by the

unimodal van Genuchten-Mualem model. A macroscopic sink term, Sy,(h) [T’l], is introduced for root water uptake. According to the
approach of Feddes et al. (1978), and neglecting the osmotic stress, it is calculated by the Eq. (5):

swh) = a(h)s, ®)

where a(h) is the crop-specific water reduction function depending on the local (at a given z) water pressure head and S, is the po-
tential root uptake.
The ADE is used to predict the solute transport, both in liquid and gaseous phases, by an explicit, central difference scheme (Eq.

(6)):
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where, C [M L3 and Cs [M M 1] are the amount of solute in the liquid and adsorbed phases, respectively, q [L T~ 1] is the Darcian flux,
pb [M L73] is the bulk density, Dy [L2 T 1] the hydrodynamic dispersion coefficient, Dg is the dispersion coefficient in the gaseous
phases 2 T_l], 0, is the volumetric air content in soil, Ky is the dimensionless Henry constant. Sg [ML~3T~1] is a source-sink term for
solutes. The equation includes non-linear adsorption, linear decay and proportional root uptake in unsaturated/saturated soil. In this
study, the applied solute was a tracer and, therefore, adsorption and decay processes were not simulated.

2.4.1. Boundary conditions for water flow and solute transport

Daily potential evapotranspiration using the Penman-Monteith equation and precipitation, referred to the period January 2013 -
December 2016, were implemented as top boundary conditions. Finally, a constant potential value equal to zero was assumed as the
bottom boundary condition of the model, corresponding to the water table depth determined for each soil profile. In this case, the
model simulates the occurrence of a constant water table at the bottom boundary of the simulation domain.

The code allows for either constant or variable concentrations at the soil surface. The concentration used as input (Cippu) Was

Depth of water table . Net recharge or Infiltration Impact of vadose zone
(the S-parameter) : (the l-parameter) (the N-parameter)

Soil media ~ Hyd logical ch istic of Aquifer's hydraulic conductivity
(the T-parameter) & the acquifer (the A-parameter) ? (the C-parameter)

Slope
(the S-parameter) Scenarios
Multiplying weights {w,)
Parameter | Normal Severe Seepage
8 [ 5 4
1 4 5 4
N 5 4 4
T 3 5 2
A 3 3 5
[ 3 2 5
5 3 2 3

B Severe
Score Il Normal
[ oo B 10 T J20[ 30 J40 _ |50 [ Seepage

[1s60 ] 70 2 8.0 [ 9.0 M 100

Fig. 3. - Maps of scores assigned to each parameter of the SINTACS method and the maps of scenarios from which the assignment of multiplying
weights depends on.
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Fig. 4. - Groundwater vulnerability maps of the shallow aquifers characterizing the Marchfeld Region obtained by the application of SINTACS
method (A, B), TFM-ext (C, D) and FLOWS (E, F) models.

calculated by (Eq. (7)):

Cinput = T Dtapp (7)

surf

where gy is the top boundary flux (cm day™1); Ms is the specific mass of solute applied per unit of surface area and per unit of time;
Dtgpp is the duration of the solute application.

In this study, a single pulse input of a non-reactive solute was applied for the whole simulation period on the day when there was
the first precipitation event. In this way, the concentration of the solute was equal to 1.37x107°> g cm™~>. We calculated the number of
days in which the peak of the non-reactive solute was reached as the proxy for the groundwater table vulnerability.

2.4.2. Vegetation parameters

The vegetation effect was modeled considering the wheat crop parameters, as it is one of the main cultivated crops of Marchfeld.
The code requires the extinction factor for the Leaf Area Index (LAI) as the exponent of Beer’s law (Ritchie, 1972) for separating
potential evaporation and transpiration from potential evapotranspiration. The Feddes (1978) water reduction function for root water
uptake was considered as well as a uniform root distribution. Therefore, values of critical pressure heads for the latter function were set
according to those typical of the wheat from the literature (Taylor et al., 1972).

2.5. Comparison of groundwater vulnerability maps

A comparison of groundwater vulnerability maps resulting from the application of each method was carried out. To homogenize
Isintacs and TTs values of parametric and numerical methods, respectively, the Index of Normalization (Ix) was defined. Such an index
derives from a linear normalization of raw values (Vj), by using the following formula:

Vi - Vmin

Iy=—-————¢100
N Vmax - Vmin *

where Viin and Vi are the minimum and maximum Igiytacs and TTs raw values.

Thus, the resulting normalized values were grouped in five ranges, divided in intervals of 20 %. For the TFM-ext and FLOW
methods, the resulting normalized values were inverted to be comparable with the SINTACS ones, because TT values are inversely
related to the groundwater vulnerability. Subsequently, also the Pearson correlation was applied to assess how normalized values of
groundwater vulnerability obtained by each method are mutually correlated. Furthermore, TT values were subdivided into six classes
expressing from very low to extremely high groundwater vulnerability, according to the SINTACS classes.

Finally, to compare the spatial distribution of groundwater vulnerability values obtained by each method, a further analysis was
carried out by defining the Index of Comparison (I¢), corresponding to the ratio of groundwater vulnerability maps according to the
following pairwise ratios: SINTACS/TFM-ext, TFM-ext/FLOWS and FLOWS/SINTACS.

3. Results
3.1. Groundwater vulnerability at the regional scale

The application of the SINTACS parametric model allowed the estimation, at the regional scale, of groundwater vulnerability of the
shallowest alluvial aquifers that characterize the Marchfeld region. In detail, following this approach, firstly the scores were assigned
to each parameter, thus obtaining 50 m resolution raster maps (Fig. 3). Consequently, the weights were assigned considering the
scenarios, as described in the 2.2 section. Generally, an intense impact characterizes most of the Marchfeld region, while the normal
impact is very limited. Instead, drainage areas coincide with main rivers and their closest flooding areas, including those with values of
GWTD less than 2.0 m. Once scores and weights were defined for each parameter, the map of the SINTACS index (IsiyTacs) was ob-
tained allowing the estimation of the intrinsic groundwater vulnerability of the entire Marchfeld area. Values of Igiytacs range globally
between 63 and 217 (Fig. 4 A) and are distributed across all six groundwater vulnerability classes, from the very low to the extremely
high (Fig. 4B). In detail, values ranging between 130 and 165 characterize the RAC, thus with groundwater vulnerability crossing from
medium to high classes. Higher Igiytacs values, ranging between 142 and 217, resulted in the AAC, coinciding with the Gaenserndorf
Terrace especially in the area characterized by the occurrence of quarries.

The only exception is represented by the bordering slopes of the Schlosshof Terrace, where values range between 72 and 95, thus
coinciding with lower groundwater vulnerability classes. Finally, northern areas of the Marchfeld region belonging to loess-covered
Miocene hydrogeological units (LC and BAC) resulted in values of Igiytacs varying from 63 to 135, thus classifiable from the very
low to medium groundwater vulnerability classes, with the only exception of fluvial areas (RAC) resulting comprised in the highest
vulnerability one.

From TFM-ext modeling, as detailed in Section 2.3, mean values of TT of the generic non-reactive pollutant, which ranged from one
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to 20 years, were obtained thus assessing groundwater vulnerability of Marchfeld at the regional scale (Fig. 4 C). For the study area, six
classes, from the very low to the extremely high (Fig. 4D), were defined to compare SINTACS and TFM-ext results. Analysing the map,
lower TT values were observed in the alluvial plains of the Morava and Danube rivers, where chernozem and stagnic phaeozem soils
occur. Specifically, in the south-eastern part of the Marchfeld region, including part of the Obersiebenbrunn basin, TT values ranged
between one and five years, while they increased up to 10 years moving toward the central-western part of the Danube alluvial plain.
Due to both low GWTD values and the occurrence of alluvial deposits (mainly mixtures of sand and gravel), these areas were char-
acterized by relatively faster solute TTs through the UNSZ down to the GWT.

Consequently, this part of the territory is characterized by groundwater vulnerability from high to extremely high. Instead, both in
the northern and western parts of Marchfeld, covered mainly by chernozem, colluvium and anthrosol soils, mean TT values ranged
between 11 and 13 years, although locally lower (down to 8 years) and higher (up to 15 years) values were observed. Therefore, the
area can be generally classified with a medium groundwater vulnerability, with some local spots within the high and low classes.
Finally, higher TT values ranging between 13 and 20 years were observed mainly in the central part of the Marchfeld region, spe-
cifically with the Gaenserndorf Terrace where mainly para-chernozem soils exist. This area is characterized by high GWTD values
(6.0-15.0 m) and fine-graded deposits (loess), thus resulting in medium to very low groundwater vulnerability.

3.2. Groundwater vulnerability at the site-specific scale

A representative sub-area of the Marchfeld region, identified as highly vulnerable to pollution both by the SINTACS and TFM-ext
methods, was considered for site-specific scale numerical modeling. Such a physics-based approach was intended to be the benchmark
for our evaluation. The application of the FLOWS model allowed the estimation of TTs of solute peak (TTp) considering the same, non-
adsorbed, non-reactive pollutant. The obtained TTp values ranged between 68 and 1484 days (Fig. 4E), thus resulting to be distributed
in three groundwater vulnerability classes, from high to extremely high (Fig. 4 F), which are the same as the TFM-ext model. In detail,
TTp values from 365 up to 1484 days resulted for areas with stagnic phaeozem soils. Values of TTp ranging between 180 and 500 days
were observed both in the central and eastern sectors of the modeled area, where fluvial channels and ponds occur. Finally, the lowest
TTp values (from 180 down to 68 days) characterize very localized areas where chernozem and fluvisol soils mainly exist. Consequently,
the groundwater vulnerability to pollution in these latter areas resulted from very high to extremely high.

3.3. Comparison of groundwater vulnerability maps

The comparison of groundwater vulnerability maps obtained from parametric and numerical methods revealed similarities as well
as relevant differences. Raw Igiytacs and TT values were normalized (Iy) and I¢ values were defined to obtain different interpretations.

Fig. 5shows the cumulative frequency of normalized values, for the defined Iy range, and the total areas falling in each groundwater
vulnerability class. In detail, the frequency distributions of normalized values from each considered method revealed comparable
trends. The ~75 % of Iy values from SINTACS method are distributed covering ranges from 20 % to 80 %, while all ranges for those
from TFM-ext and FLOWS ones (Fig. 5 A). Similarly, comparable results were obtained analysing the frequency distributions of areas
falling in each vulnerability class. In fact, the TFM-ext method classifies the study area as characterized by all vulnerability classes,
while from low to very high and from very high to extremely high for SINTACS and FLOWS, respectively (Fig. 5B). Such a condition
revealed by FLOWS results is strongly related to the different extension of the considered site-specific scale area.

Fig. 6 shows maps of the spatial distribution of I¢ values obtained considering the assessed raw groundwater vulnerability values
(Fig. 6A-B-C) and classes (Fig. 6D-E-F). Such index was conceived as the ratio of SINTACS/TFM-ext, TFM-ext/FLOWS and FLOWS/
SINTACS groundwater vulnerability maps, respectively. Resulting Ic maps were analysed, and the cumulative frequency of both
groundwater vulnerability values and class for I ranges are reported in Fig. 7.

The frequency distributions of I values revealed a strong correlation between TFM-ext and FLOWS methods while slightly lower
between SINTACS and numerical ones. At the regional scale, the comparison of SINTACS and TFM-ext maps revealed that ~58 % of I
values range between 0.75 and 1.25. The remaining ones resulted to be characterized by I¢ values <0.75 and >1.25 (~37 % of total),
thus resulting in different vulnerability degrees. At the site-specific scale, the comparison of FLOWS results with those of TFM-ext and
SINTACS methods also revealed a good matching between approaches. In fact, ~93 % of the site-specific area resulted for both FLOW
and TFM-ext models as the most vulnerable, from high to extremely high, with values of I¢ ranging between 0.75 and 1.25, while
~77 % of the areas resulted coinciding for SINTACS and FLOWS.

The best correlation was found between TFM-ext and FLOWS (corr. = 0.53) with the highest statistical significance, followed by
SINTACS-TFM-ext (corr. = 0.25). In contrast, the correlation between SINTACS and FLOWS (corr. = 0.05) was found to be the poorest
one, due to the different parameters involved in the vulnerability assessment.

4. Discussion

Results obtained in this study represent advances in the assessment of groundwater vulnerability in complex and intensively
cultivated alluvial hydrogeological frameworks, such as the Marchfeld region, where industrial and agricultural activities are the main
causes of the decay of groundwater quality. Given the different spatial density and quality of data needed by parametric and numerical
methods for estimating groundwater vulnerability and consequently the greater difficulty to apply the second ones, a comparison
among results of both types of methods is conceived as useful to understand mutual potentialities and limitations. This is motivated by
the level of complexity of numerical methods, depending on data required to solve equations for flow and transport processes in
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unsaturated and/or saturated porous media, which strongly affects their applicability.

Aiming at selecting the most appropriate method for estimating groundwater vulnerability, several studies were based on the
comparison of the performance of different methods in different hydrogeological and environmental conditions. Generally, the
comparative assessment was performed using DRASTIC-like methods, as in the case of a detrital aquifer in Morocco (Draoui et al.,
2008) or of porous ones in Greece (Kirlas et al., 2022). Instead, the comparison of parametric and numerical methods, such as the case
of Charmahal-Bakhtyari Province in Iran (Abbasi et al., 2013), appears rare and rather conceived as a challenge for researchers. In fact,
this type of comparison is not advisable because qualitative and quantitative approaches are very differently structured, so results
might be incomparable.

Therefore, the assessment of groundwater vulnerability for Marchfeld region, proposed in this study by the comparison of para-
metric and numerical methods, applied from regional to site-specific scales respectively, revealed how results of a DRASTIC-like
method, such as SINTACS, and two numerical process-based ones, such as TFM-ext and FLOWS, can deliver hints regarding the
respective potentialities and limitations. The approach follows the trend of recent studies focused on emphasizing the reliability of
parametric methods and by the comparison of their results with those obtained by the numerical ones (Machiwal et al., 2018).

Results obtained by the SINTACS parametric method, at the regional scale, by the TFM-ext and agro-hydrological FLOWS numerical
models, and the site-specific scale, showed the large variability of groundwater vulnerability due to hydrological, morphological and
anthropic conditions. The distribution of both Igiytacs and TT values revealed how the RAC, characterized by high-permeability
deposits (ranging from sands to gravels and cobbles) and lower GWTD values, resulted generally being the most vulnerable with
both types of models. Moreover, by the application of FLOWS, at site-specific scale, a greater area with “extremely high” groundwater
vulnerability was identified. Concerning the LC, BAC and RFAC, a groundwater vulnerability grade from “low” to “medium” was
recognized. The low permeability characterizing such deposits, varying from clays to sands, leads to a reduction of the velocity of the
infiltration processes thus favouring a major attenuation of potential pollutant effects. Finally, the AAC resulted to be characterized by
higher vulnerability classes, from “high” to “extremely high”, through the application of SINTACS, while from “very low” to “high”
ones through the TFM-ext model. The combined application of parametric and numerical models appears particularly suitable for
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Fig. 5. - Frequency distribution of normalized index values (A) and areas for each vulnerability class (B), resulted by SINTACS, TFM-ext and FLOWS
methods application. Iy are grouped in five 20 %-ranges, while areas are reported as percentage related to regional scale area, for SINTACS and
TFM-ext methods, and site-specific one, for FLOWS method.
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multi-scale analysis, such as the one presented in this work, according to other studies (Machiwal et al., 2018; Cusano et al., 2019).

In general, the assessment of groundwater vulnerability classes by different methods showed a consistent matching although
differences for some specific areas. To perform a quantitative comparison, raw values of groundwater vulnerability obtained by
SINTACS, TFM-ext and FLOWS methods were converted into normalized indexes (Iy). Moreover, a comparison ratio (Ig) was calcu-
lated and mapped by rating the assessed groundwater vulnerability values and classes. At the regional scale, SINTACS and TFM-ext

COMPARISON
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B 0.75 - 1.00
B 1.00-1.25
1.25- 1.50
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Fig. 6. - Index of Comparison (Ic) obtained by rating maps of raw groundwater vulnerability values (A-B-C) and classes (D-E-F) as following:
SINTACS/TFM-ext (A), TFM-ext/FLOWS (B) and FLOWS/SINTACS (C).
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maps revealed that alluvial aquifers resulted with comparable groundwater vulnerability classes. Only those locally coinciding with
hilly northern and central sectors of the region, resulted in different groundwater vulnerability degrees. According to other researchers
(Neukum and Azzam, 2009; Kazakis and Voudouris, 2015; Cusano et al., 2019; Fusco at el., 2020; Nasta et al., 2021; Cusano et al.,
2023), types of lithology and GWTDs resulted the most influencing parameters for both approaches. Specifically, results of SINTACS
revealed how the type of unsaturated and saturated zone of the aquifer, the N and A parameters respectively, are the most sensitive
parameters which strongly affect the results. Both parameters were set as equal, depending on the scale of analysis and the available
hydrogeological information. On the contrary, with the TFM-ext model, the GWTD resulted in controlling the assessment of the mean
TT more than the soil hydrological properties and transport parameters. Usually, they play an important role in solute transport
(Coppola et al., 2009) and, in this work, they were derived using the HYPRES pedotransfer functions. The latter, as well as the other
PTFs, determined a smoothing of the natural spatial variability of the hydraulic properties within the investigated region (Basile et al.,
2019). Such considerations are revealed by results obtained for large areas of the Marchfeld region coinciding with the AAC, such as
those of the Gaeserndorf and the Schlosshof terraces, and with both the LC and BAC, mainly including the northern sector. The first ones,
characterized by high GWTD values and coarser aquifer lithologies, resulted with a higher groundwater vulnerability by the para-
metric method more than the numerical one. Instead, the second one, characterized by low-permeable lithologies and low GWTD
values, resulted with higher values of groundwater vulnerability by the application of the TFM-ext model more than the SINTACS one.
At the site-specific scale, the comparison of FLOWS results with those of TFM-ext and SINTACS methods also revealed a general
positive correlation between approaches. The best correlation was obtained between FLOWS and TFM-ext models, with almost the
total area resulting as the most vulnerable, while the poorest between SINTACS and FLOWS ones. Such an outcome can be related to
the type of analysis performed by FLOWS model, in which soil types and properties and GWTDs resulted in the most influencing
parameters. Being FLOWS a physics-based model reliant on Richards’ model (Richards, 1931), it allows performing transient state
modeling of solute infiltration, solving the water balance and simulating all the water fluxes, such as the water uptake and ground-
water recharge, besides the solute breakthrough curves. From this point of view, the model can be considered as the reference for the
assessment of the evaluation of the goodness of agreement between the identified vulnerability classes. Poor correlation between the
results of SINTACS and FLOWS methods emphasizes the relevant effect of time-variable parameters, such as rainfall intensity and
evapotranspiration, and other physical and chemical processes controlling the fate and transport of contaminants in the UNSZ.
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Results from this study agree with other ones where physics-based travel time and quantitative rating methods were coupled to
assess aquifer vulnerability in Huangshuihe catchment, China (Yu et al., 2010), and in Neon Sidirochorion aquifer, Northeastern
Greece (Pisinaras et al., 2016). Therefore, pairwise comparisons of SINTACS-FLOWS and TFM-FLOWS led to consider SINTACS and
TFM-ext methods as very comparable and suitable for regional-scale analysis, while FLOWS is suitable for further analysis at a
site-specific scale. However, some specific assumptions of the adopted approaches could represent potential limitations. Specifically, it
should be mentioned that the areas with local complex heterogeneous hydrogeological settings, such as those with high-density
paleochannels (Figs. 1B and 2B). This simplification is related to the type and spatial distribution of input 1D stratigraphic and
hydrogeological data as well as by the regional scale of the adopted methods. Moreover, depending on data availability and the scale of
analysis, no 3D hydrogeological models were reconstructed. Furthermore, the estimation of the net recharge and the hydraulic
conductivity parameters was based on empirical and quali-quantitative approaches, depending on the availability of hydrological and
hydrogeological data. Therefore, all possible limitations affecting the adopted approach were considered acceptable due to the
regional scale of analysis and being aware that the assessment of groundwater vulnerability at the local scale would require
spatially-dense and high-quality input data (Cusano et al., 2019).

However, deriving from the above discussions, the approach presented in this study to assess groundwater vulnerability for the
Marchfeld region can be conceived as advancing those obtained by the use of field data and tools of Geographic Information System
(GIS) platforms (Corniello et al., 2007; Liggett and Allen, 2011; Tufano et al., 2020) or in other cases coupled with the estimated TT of
pollutants through the vadose zone (Connell et al., 2003; Voigt et al., 2004; Yu et al., 2010; Wang et al., 2012; Fetisova et al., 2016;
Nolan et al., 2018; Cusano et al., 2019; Fusco et al., 2020).

5. Conclusions

The goal of this study was the comparative estimation and mapping of groundwater vulnerability of shallow alluvial aquifers by a
multi-method approach applied at different spatial scales, from regional to site-specific one. The approach proposed is based on the
combination of parametric methods, to assess the intrinsic vulnerability of shallow aquifers, and numerical ones, to perform numerical
modeling of pollutant mean travel time through the unsaturated zone. To such a scope, the Marchfeld region was considered as
representative of similar others affected by hydro-chemical decay of groundwater quality due to intensive agriculture. Thus, assessing
groundwater vulnerability is crucial for proper land planning and management, as well as the implementation of effective groundwater
protection strategies.

An important effort was the comparison of results which revealed very coherent outcomes, despite differences between parametric
and numerical models. Specifically, such a comparison emphasized how the assessment of groundwater vulnerability, based on
applying the parametric SINTACS method and the numerical TFM-ext and FLOWS ones, was strongly affected by the type and spatial-
temporal features of the available data.

The proposed comparative approach between different methods used for the assessment of groundwater vulnerability resulted in
very useful in revealing similarities and limitations to be used for selecting the most appropriate one.

The presented study advances the knowledge about the assessment of groundwater vulnerability in areas affected by intensive
agricultural activities. Specifically, results are expected to be considered by a wide range of stakeholders such as land managers (i.e.,
public authorities), to properly evaluate more informed decisions regarding which areas the pollution from agricultural activities
should be primarily reduced.
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