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Abstract
Groundwater vulnerability maps can be combined with pollution hazards to assess risks of groundwater pollution.
However, groundwater vulnerability maps are generally difficult to interpret because they differ according to the
factors considered and the way they are combined. Here, starting from process-based concepts and criteria, a robust
definition for groundwater vulnerability to pollution is discussed. A methodology is developed based on processes
governing the fate of pollutants at the land surface (i.e. runoff and infiltration) and below ground (i.e. pollutant
transport in the subsurface). Groundwater vulnerability is evaluated based on combination of the land surface hazard
and the subsurface attenuation capacity. Land surface hazard is defined to consider direct and lateral infiltration
capacity of pollutants, regardless of any subsurface attenuation capacity, which refers to any process that leads to
pollutant mass reduction from the infiltration location to the water table. The concept of subsurface attenuation
capacity is adapted to the case of groundwater intrinsic vulnerability assessment, considering three process-based
vulnerability coefficients, which are the pollutant minimum travel time from the hazard location to the water table,
the pollution duration at the water table, and the maximum concentration of pollutant discharging into the ground-
water. The concepts are illustrated by applying the developed method (named APSÛ) for intrinsic groundwater
vulnerability assessment in the Néblon catchment, a karstified limestone/sandstone aquifer system in Belgium. The
APSÛ method results are discussed and the perspectives for generalizing the method to groundwater-specific vul-
nerability and risk mapping are presented.
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Introduction

Groundwater represents an important component of the water
cycle. Inmany places, it constitutes themost valuable resource
for drinking water if not the only water resource available
throughout the year. Especially in the dry season, it also plays
a significant role in sustaining base flow to surface water and
related ecosystems (Bredehoeft 1997; Hayashi and
Rosenberry 2002; Boulton 2005). Owing to its location below

ground surface, groundwater is usually well protected from
contamination originating from the land surface. However,
water generally flows at very low velocity in the subsurface
as compared to surface water, typically from a few centimeters
to a few meters per day. Consequently, when pollutants infil-
trate into the unsaturated zone and further propagate in the
saturated groundwater zone, any remediation measure aimed
at reducing concentrations may require long time spans and
significant effort, particularly with persistent pollutants that
are not degraded in the subsurface (Lapworth et al. 2015;
Sorensen et al. 2015). Because of the difficulty in removing
them from the subsurface, it is crucial to prevent as much as
possible any groundwater quality degradation by taking ap-
propriate measures to minimize such hazards.

Legal frameworks have been established in many countries
and methodologies and tools have been developed and pro-
posed to groundwater managers in order to prevent and to
minimize the risk of groundwater pollution. Most often,
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preventive measures consist of defining protection zones
around groundwater pumping wells or springs (e.g. USEPA
1993; Derouane and Dassargues 1998; Lallemand-Barres and
Roux 1999; Wheater et al. 2000; Thomsen and Thorling 2003;
Molson and Frind 2012). In these zones, human activities are
regulated or restricted in order to minimize any risk of contam-
ination. Most often, the limits of the protection zones are
established by estimating pollutant travel times (e.g. in
Belgium: 24 h and 50 days isochrones) in the saturated ground-
water zone, from any location in the aquifer to the groundwater
abstraction point. Implicitly, they are based on the minimum
time needed for performing urgent remediation operations if
contamination occurs in the protection zone, but they only pro-
vide short- to medium-term protection of groundwater.
Furthermore, protection zones focus on abstraction points only
(source protection) without contributing to sustainable ground-
water quality in the whole basin (resource protection). They do
not give any insight into estimating the natural protection and
attenuation capacity of the unsaturated zone with regard to
possible uncontrolled or unknown contamination issues. And
finally, protection zones do not adequately address the problem
of diffuse pollution for which the concept of travel time to the
groundwater abstraction point is nonunique and ambiguous.
An optimal and efficient groundwater protection methodology
should thus consider water from the time it infiltrates the sub-
surface until it discharges in streams, lakes or springs or until it
is extracted by pumping wells.

In this context, the concept of groundwater vulnerability or
groundwater susceptibility to pollution is often considered to
estimate the natural protective capacity or, on the other hand,
the sensitivity of the subsurface to contamination (e.g. Albinet
and Margat 1970; Tripet et al. 1997; Troiano et al. 2000;
Focazio et al. 2002; Arthur et al. 2007).

Numerous groundwater vulnerability and risk map-
ping techniques have been developed taking into con-
sideration a variable number of physical factors such as
depth to groundwater, hydraulic conductivity, porosity
and soil type, which are likely to increase or decrease
the risk of groundwater contamination (e.g. Aller et al.
1987; Foster 1987; Doerfliger 1996; Doerfliger et al.
1999 ; Civita and De Maio 1997; von Hoyer and
Söfner 1998; Goldscheider et al. 2000). The most com-
mon techniques are based on the calculation of an index
expressing the protective effect of subsurface formations
overlying the groundwater resource. The considered fac-
tors are mapped in the groundwater basin and overlaid
using geographic information system (GIS) applications
to produce groundwater vulnerability maps (Gogu and
Dassargues 2000). Such maps can then be combined
with information on potential contamination sources
and associated hazards to produce groundwater contam-
ination risk maps. Such methods are relatively easy to
implement (Neukum et al. 2008) and they usually

require little data; however, they produce results that
are difficult to validate and to interpret because the
resulting groundwater vulnerability maps can be very
different according to the factors considered and the
way they are combined (Gogu et al. 2003, Shrestha
et al. 2017). The limitation of such methods is mostly
related to their use of a qualitative definition of ground-
water vulnerability, as opposed to a definition based on
a quantitative description of pollutant migration
(Brouyère et al. 2001; Popescu et al. 2004; Perrin
et al. 2004; Popescu et al. 2008; Focazio et al. 2002;
Arauzo 2017) which, in a more consistent way, allows
to classify different sectors of the investigated catch-
ment with respect to the type of consequences of a
pollution event that could occur in that basin.

The fuzzy character of the concept of vulnerability is also
exacerbated by the fact that the term “vulnerability” is used,
and thus defined, in quite different policy contexts (e.g.
Brooks 2003; Luers et al. 2003; Füssel 2007). As an example,
in the European Union legislation, the Nitrate Directive (EC
1991; Goodchild 1998) has led to the definition of “ground-
water zones vulnerable to nitrate” for areas which are the most
exposed to nitrate regardless of the sensitivity of the ground-
water system. The Water Framework Directive 2000/60/EC
and the Groundwater Daughter Directive to WFD 2006/118/
EC (EC 2000, 2006; Nieto et al. 2005) require evaluation of
groundwater vulnerability at the scale of the groundwater
body without clearly defining in which way. However, as
pointed out by Frind et al. (2006), groundwater sensitivity or
groundwater susceptibility to contamination is most often ad-
dressed when referring to groundwater vulnerability.

The COST 620 European expert group adopted a
common approach for assessing and mapping groundwa-
ter vulnerability (Daly et al. 2002; Zwahlen 2003;
Andreo et al. 2006). The ‘European approach’ is based
on the ‘hazard–pathway–target’ model and it distin-
guishes between ‘resource vulnerability’, which applies
to the groundwater resource as a whole, and ‘source
vulnerability’ which focuses on abstraction points such
as pumping wells or springs, with particular attention
paid to carbonate and karstic aquifers. ‘Intrinsic vulner-
ability’ is here defined as the groundwater vulnerability
to pollutants, considering the inherent geological, hydro-
logical, and hydrogeological characteristics, but indepen-
dent of the nature of the pollutants (and so regardless of
their specific physico–chemical properties). ‘Specific
vulnerability’ additionally considers the chemical behav-
iour of the pollutants, such as sorption, degradation and
transformation reactions, to estimate groundwater vul-
nerability to a specific pollutant or to a group of pol-
lutants. The entire risk assessment procedure can then
be considered (Brouyère et al. 2001) as a hierarchical
process starting with intrinsic vulnerability, then
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progressing to specific vulnerability, and finally to risk
assessment when combined with hazards (i.e. potential
pollution at the land surface). In this framework,
Brouyère et al. (2001) also proposed and discussed in
detail a process-based point of view and definition of
the concept of vulnerability, considering three factors
describing a pollution event, which are the pollutant
travel time from the hazard location to the target, the
contamination duration at the target and the level of
concentration reached by the pollutant at the target.
These concepts were used in different groundwater vul-
nerability assessment studies (e.g. Frind et al. 2006;
Butscher and Huggenberger 2009; Neukum and Azzam
2009; Graf 2015; Huan et al. 2016).

In this general context, the objective of the paper is to
reframe the different concepts of groundwater vulnerability,
starting from adequate, process-based concepts. In a second
step, a general methodology is proposed for groundwater vul-
nerability assessment based on the definitions proposed.
Finally, the presented concepts are illustrated using the
APSÛ method developed for intrinsic vulnerability assess-
ment applicable to different hydrogeological contexts, includ-
ing karstic environments.

At this step, only a deterministic approach is considered.
Next development steps could be to address uncertainties
placing this methodology in a probability risk assessment
(PRA) framework as developed, among others, by
Tartakovsky (2007 and 2013).

A revisited framework for groundwater
vulnerability assessment

The conceptual model on which this framework is based is as
follows. The pollution hazard is supposed to occur on the land
surface (buried pollution sources are not considered in the current
approach) and pollutants emitted from the source are dissolved in
the aqueous phase. Water is thus the main driver for the mobility
of dissolved pollutants on land, by runoff and in the subsurface
where infiltration is assumed to occur along the vertical direction
(no lateral flow considered in the unsaturated zone).

From a very general point of view, one can define that
groundwater is more sensitive or vulnerable if it is more likely
to be polluted, in other words, if the quantity of pollutant that is
likely to reach groundwater (resource vulnerability) and to prop-
agate through it (source vulnerability) is larger (Brouyère et al.
2007). This is the case if pollutants emitted at the land surface
are likely to travel across the soil and the unsaturated zone to
reach, in significant quantity, i.e. at concentrations exceeding
groundwater (GW) quality standards, the water table and sub-
sequently through the groundwater body to reach downgradient
receptors such as pumping wells, springs or draining rivers
(Fig. 1). In other words, if 0% of the emitted quantity of

pollutant is able to reach the water table, the groundwater re-
source is not vulnerable at all. In contrast, if 100% of the pol-
lutant reaches the water table, groundwater is extremely
vulnerable.

Following this conceptual model, a logical expression
for groundwater vulnerability is given by the relative
quantity of emitted pollutant that can reach the considered
groundwater target (Eq. 1).

V ¼ MGW

MHazard
ð1Þ

with MGW = the quantity (mass) of pollutant reaching the
groundwater (GW) target, MHazard = the quantity (mass) of
pollutant released from the hazard location (pollution
source).

According to this general definition, groundwater is
more vulnerable if pollutants can be transported from
the hazard location at the land surface to the groundwa-
ter target (e.g. infiltrating water for dissolved pollutants
and/or suspended matter for sorbing hazardous com-
pounds) and if these pollutants are sufficiently conser-
vative (e.g. low sorption or degradation) to reach
groundwater at concentrations on the order of environ-
mental norms. Groundwater vulnerability factors have to
reflect, as much as possible, the capacity of the subsur-
face medium to naturally reduce the pollution intensity,
and the processes that lead to pollutant mass reduction
from hazard location to groundwater target (along the
pathway). This includes two main categories of process-
es: (1) pollutant runoff out of the groundwater catch-
ment, and (2) pollutant retardation and degradation pro-
cesses along the pathways in the soil, subsoil and
groundwater. Considering this conceptual model, the
APSÛ method developed herein is based on two key
components: ‘land surface hazard’ (LH) and ‘subsurface
attenuation capacity’.

Land surface hazard

When contamination occurs at some location within a
groundwater catchment, the LH of that given location is
defined here as being the maximum potential risk of
groundwater pollution, regardless of any attenuation ca-
pacity of the subsurface environment. As the pollution
(hazard) occurs, a fraction of the pollutant infiltrates
locally (pollutant pathway P1D in Fig. 1). The remain-
ing quantity of pollutant runs off laterally, following the
local topography. During this travel, the pollutant may
progressively infiltrate laterally (pathway P1L in Fig. 1)
or may runoff further until it infiltrates in low topogra-
phy locations—e.g. sinkholes, topographic depressions—
or until the catchment outlet is reached. The LH
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concept is thus intimately related to hydrologic condi-
tions, infiltration and runoff, prevailing at the land sur-
face of the groundwater catchment. If the pollutant does
not infiltrate anywhere—e.g. low permeability soils or
impervious lands—there is no danger for groundwater,
at least in the studied catchment. In contrast, if most of
the emitted pollutant infiltrates into the subsurface of
the groundwater catchment, there is ‘potentially’ a dan-
ger for groundwater if there is no pollutant attenuation
along its pathway to the groundwater target in the sub-
surface. Because it is related to the spatial distribution
of infiltration conditions, LH depends on topography,
soil properties and land use. One can also make a dis-
tinction between the direct land surface hazard (DLH)
corresponding to the relative quantity of pollutant that
infiltrates directly at the hazard location, and the lateral
land surface hazard (LLH) corresponding to the quantity
of pollutant that infiltrates laterally and progressively
along its runoff pathway on the land surface. All these
concepts will be developed further.

Subsurface attenuation capacity

As it reflects possible pollutant mass losses by sorption
and degradation, the general definition of groundwater
vulnerability proposed here (Eq. 1) is perfectly suited
for specific groundwater vulnerability assessment.
However, it does not hold directly for groundwater in-
trinsic vulnerability assessment. The latter should only
reflect natural factors—i.e. geological, hydrological and
hydrogeological conditions—contributing to a theoretical
groundwater vulnerability to any kind of pollutants, e.g.

degrading or not, thus not considering the specific prop-
erties of the pollutants such as specific degradation or
sorption of the considered pollutant. Regardless of the
land surface hazard, from an intrinsic point of view, if
no degradation or sorption is considered, groundwater is
always significantly vulnerable. In other words, ground-
water intrinsic vulnerability would depend only on the
relative quantity of infiltrating water at the land surface.
This is an option, but it completely disregards the im-
pact of physical processes such as hydrodynamic disper-
sion (mechanical dispersion and diffusion) and physical
retardation in the subsurface that, at least, often contrib-
ute to delaying, dispersing, diluting and thus physically
attenuating pollutants during the migration from the
pollut ion source to the groundwater target . In
particular, longer travel times often favour degradation
of nonconservative pollutants and stronger pollution
dispersion leading to concentration reduction at the
groundwater target. Taking this into consideration, and
following the proposition of Brouyère et al. (2001) and
Popescu et al. (2004), the intrinsic attenuation capacity
of the subsurface should contribute to answering the
following questions: (1) When the pollutant infiltrates,
how long does it take to reach the GW target (travel
time)? (2) What is the expected maximum pollutant
concentration at the GW target (pollution level)? (3)
How long does it take to dissipate the pollution at the
GW target (pollution duration)?

There are now three ways of quantifying groundwater
vulnerability. Groundwater is more vulnerable when (1)
the travel time between the hazard location and the
groundwater target is short, (2) the pollution level at

Fig. 1 Schematic representation of the hazard–pathway–target concept
underlining the evaluation of groundwater vulnerability (adapted from
Brouyère et al. 2007). Pollutants emitted at any location on the land
surface (hazard location H1) can infiltrate through the soil and the unsat-
urated zone either directly (pathway P1D) or indirectly along their runoff
pathway on the land surface (pathway P1L) to reach the water table

(Target 1: GW ‘resource’ vulnerability). Subsequently, pollutants can
migrate through the groundwater body (pathway P2) to reach
downgradient targets such as pumping wells, springs or draining rivers
(Target 2: GW ‘source’ vulnerability). The APSÛ method focuses on
groundwater resource intrinsic vulnerability assessment
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the groundwater target is high or (3) the pollution du-
ration at the groundwater target is long.

For assessing groundwater resource intrinsic vulnerability,
the vertical propagation of a pollutant pulse through the soil
and geological layers in the unsaturated zone is considered.
The pollutant of concern is assumed conservative, so is not
affected by specific processes such as degradation or chemical
reactions. The equation describing the vertical unidimensional
propagation of a dissolved conservative pollutant in a porous
medium is the advection-dispersion equation (Eq. 2).

∂c
∂t

¼ ∂
∂z

D
∂c
∂z

� �
−ve

∂c
∂z

ð2Þ

with z being travel distance along the pollutant pathway[L], t
time [T], ve effective (transport) velocity [LT−1], c pollutant
concentration [ML−3],D hydrodynamic dispersion coefficient
[L2T−1].

The APSÛmethod described hereafter is based on all these
general concepts. APSÛ stands for Aquifer Protection by
evaluating its Sensitivity vUlnerability. In the old Akkadian
language, Apsû (or Abzu in Sumerian) was the name for the
primeval sea below the void space of the underworld and the
earth above. It may also refer to freshwater from underground
aquifers that was given a religious fertilizing quality. Lakes,
springs, rivers, wells, and other sources of fresh water were
thought to draw their water from the Apsû.

Description of the APSÛ method for intrinsic
vulnerability assessment

The basic concepts on which the APSÛ intrinsic vulnerability
assessment method relies are relatively simple; however, the
physical processes on which these concepts are based are po-
tentially very complex (i.e. infiltration-runoff at the land sur-
face, flow and pollutant transport in the soil and deeper vadose
zone) and can require sophisticated modelling tools. The ob-
jective here is to obtain a representative image of the behav-
iour of pollutants in the subsurface, in a simplified but not
simplistic manner, using an approach that remains flexible
and easy to implement. The different steps addressed to elab-
orate the groundwater intrinsic vulnerability map are de-
scribed in detail hereafter.

Delineation and discretization of the groundwater
catchment

The APSÛ method can be applied at different scales, from
local aquifers and river catchments to regional aquifer systems
and large river basins. The surface flow component included
in the approach requires however extending the investigated
domain to hydrological limits such as topographic divides.

The first step is to delineate as accurately as possible the
catchment of the groundwater resource of interest, which cor-
responds to all locations at the land surface from where water
may reach the groundwater target either by direct infiltration
or lateral infiltration after runoff on the land surface. This
means clearly that the groundwater catchment can differ from
the hydrogeological basin. The vulnerability assessment and
mapping of the groundwater resource is then carried out on the
basis of a regular grid (square mesh) corresponding to the
delineated catchment (Fig. 2a).

Evaluation of direct and lateral hazard coefficients

Direct and LLH coefficients are computed using the
following step-by-step procedure. Let a unit quantity
(pulse) of water and pollutant be released at a location
i (cell i from the two-dimensional (2D) discretization) at
the land surface within the catchment (Fig. 2b).
According to hydrological conditions prevailing at that
location, a proportion CIi of water and pollutant infil-
trates directly. The DLH at location i is thus defined
here as the proportion of water and pollutant that infil-
trates at location i:

DLHi ¼ CIi ð3Þ

The remaining quantity, CRi = 1 −CIi, runs off downslope
and may progressively infiltrate along the land surface pollut-
ant pathway from i (further called ηi). The LLH associated
with location i (LLHi) is thus proportional to CRi, but its
magnitude and spatial distribution depend on infiltration con-
ditions along ηi.

In any location j, downgradient from i, the lateral hazard

LLH j
i depends on:

1. The quantity of pollutant leaving i by runoff, i.e. CRi

2. What is “lost along the way” by infiltration in the inter-
mediate cells located between i and j

3. The infiltration capacity at j, i.e. CRj

Considering this simplified representation of hydro-
logical processes prevailing at the land surface using
infiltration and runoff coefficients, one can show that
the hazard coefficients associated with each cell i of
the catchment grid can be calculated as follows
(Table 1).

The hazard coefficients are calculated as follows. First, in
each cell of the catchment grid, infiltration and runoff coeffi-
cients are defined using runoff coefficients (Ebener 2000,
adjusted from Mallants and Feyen 1990) based on (1) soil
properties, (2) land use and (3) land slope (Table 2). Second,
the land surface pollutant pathway ηi corresponding to the
cells located downslope from cell i is determined using a
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steepest descent algorithm based on a digital elevation model
projected on the catchment grid. Third, for each cell i, the
different LH coefficients are calculated along ηi using Eqs.
(4)–(8) listed in Table 1.

Calculation of the subsurface attenuation capacity

For assessing the intrinsic attenuation capacity of the
subsurface, the one-dimensional (1D) vertical transport
of a pollutant is calculated between the land surface
(hazard location) and the water table, taking into ac-
count the nature and the thickness of different geologi-
cal layers (Fig. 3). The response can be obtained with

the help of a 1D advection-dispersion model. Since in-
trinsic vulnerability does not account for any specific
pollution scenario, a Dirac-type unit mass of pollutant
is considered as an input in the transport model. The
general procedure is as follows. The groundwater catch-
ment is discretized in the (x,y) plane, using the same
grid as for the LH quantification. In each cell of the
grid, the geology is vertically represented by a series
of layers from land surface to water table: soil, sub-soil,
unsaturated geological layers. Each column is composed
of as many compartments as successive geological
layers encountered along the vertical direction. Each
compartment is characterised by its thickness and a

Fig. 2 a A grid is mapped over
the catchment as a basis for all
calculations performed for
groundwater vulnerability
mapping. In each cell, a unit
quantity of pollutant is assumed to
be released. The pollutant can run
off the catchment (hazard location
1 and land surface pathway η1) or
it may run off until it comes to a
topographic depression such as a
sinkhole where it may infiltrate in
a concentrated manner (hazard
location 2 and land surface
pathway η2). Each cell j is also
characterized by its drainage
basin DBj. b Cross-section along
the land surface pollutant path-
way of cell i, showing the differ-
ent coefficients used to calculate
the hazard terms listed in Table 1
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material that reflects its lithology. A list of reference
lithologies is established to which hydrodynamic and
hydrodispersive properties are associated (i.e. hydraulic
conductivity, effective transport porosity, longitudinal
dispersivity) as necessary for transport calculations.

In most unstructured soils and geological porous media
(i.e. with no preferential flow), the driver for the vertical flow
of pollutant is gravity and is controlled by the effective infil-
tration rate (Ieff) [LT

−1]. In this case, the advective flux across

the compartment is equal to the infiltration rate divided by the
mobile water content ne (L

3L-3).

ve ¼ I eff
ne

ð9Þ

The effective infiltration can be estimated based on a
hydrological water budget over the catchment. This wa-
ter budget should allow calculating a mean (annual)
‘effective water’ (EW) corresponding to water that is

Table 2 Values for the runoff coefficients (CR) used in APSÛ (Ebener 2000, adjusted from Mallants and Feyen 1990)

Land
use

Slope
class

Soil type

No
soil

Sand Loamy
sand

Sandy
loam

Silty
loam

Silt Loam Sandy
clay
loam

Silty
clay
loam

Clay
loam

Sandy
clay

Silty
clay

Clay Impervious

Forest <0.5 0.00 0.03 0.07 0.10 0.13 0.17 0.20 0.23 0.27 0.30 0.33 0.37 0.40 1.00

0.5–5.0 0.00 0.12 0.13 0.15 0.17 0.19 0.22 0.25 0.28 0.32 0.36 0.40 0.45 1.00

5.0–10 0.00 0.28 0.26 0.25 0.25 0.25 0.27 0.29 0.32 0.35 0.39 0.44 0.50 1.00

>10 0.00 0.23 0.27 0.30 0.33 0.37 0.40 0.43 0.47 0.50 0.53 0.57 0.60 1.00

Grass <0.5 0.00 0.03 0.07 0.10 0.13 0.17 0.20 0.23 0.27 0.30 0.33 0.37 0.40 1.00

0.5–5.0 0.00 0.07 0.09 0.12 0.15 0.18 0.21 0.24 0.28 0.32 0.36 0.40 0.45 1.00

5.0–10 0.00 0.15 0.15 0.16 0.18 0.20 0.23 0.27 0.31 0.36 0.42 0.48 0.55 1.00

>10 0.00 0.20 0.21 0.22 0.24 0.26 0.29 0.33 0.37 0.42 0.47 0.53 0.60 1.00

Crop <0.5 0.00 0.23 0.27 0.30 0.33 0.37 0.40 0.43 0.47 0.50 0.53 0.57 0.60 1.00

0.5–5.0 0.00 0.27 0.31 0.34 0.37 0.41 0.44 0.47 0.51 0.54 0.57 0.61 0.64 1.00

5.0–10 0.00 0.33 0.37 0.40 0.43 0.47 0.50 0.53 0.57 0.60 0.63 0.67 0.70 1.00

>10 0.00 0.45 0.49 0.52 0.55 0.59 0.62 0.65 0.69 0.72 0.75 0.79 0.82 1.00

Bare
soil

<0.5 0.00 0.33 0.37 0.40 0.43 0.47 0.50 0.53 0.57 0.60 0.63 0.67 0.70 1.00

0.5–5.0 0.00 0.37 0.41 0.44 0.47 0.51 0.54 0.57 0.61 0.64 0.67 0.71 0.74 1.00

5.0–10 0.00 0.43 0.47 0.50 0.53 0.57 0.60 0.63 0.67 0.70 0.73 0.77 0.80 1.00

>10 0.00 0.55 0.59 0.62 0.65 0.69 0.72 0.75 0.79 0.82 0.85 0.89 0.92 1.00

Table 1 Mathematical expressions of the different land surface hazard
(LH) terms. The land surface pollutant pathway ηi is made of ni cells. The
direct land surface hazard (DLH) (Eq. 4) reflects the immediate (local)
risk of pollutant infiltration in the subsurface. The total lateral hazard
(TLH; Eq. 7) reflects the importance of pollutant infiltration along the

runoff pathway on the land surface. The cumulated lateral hazard
(CLH) in cell j (Eq. 8) reflects the sensitivity of location j to any pollution
that could appear up-gradient in its drainage basin (DBj). LH lateral haz-
ard; LLH lateral land surface hazard

Hazard term Definition Equation

DLH of cell i DLHi = CIi = 1 −CRi Eq. (4)

LLH of cell i in cell j located in ηi
LLH j

i ¼ ∏
j−1

k¼i
CRk � 1−CR j

� � Eq. (5)

LH of cell i in ηi
LLHi ¼ ∑

k¼i

ηi

LLHk
i ¼ CRi− ∏

k¼i

ηi

CRk

Eq. (6)

TLH of cell i
TLHi ¼ DLHi þ LLHi ¼ 1− ∏

k¼i

ηi

CRk

Eq. (7)

CLH of cell j

CLH j ¼ ∑
k¼i

DB j

LLH j
k

Eq. (8)
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available at the land surface for infiltration and runoff
(EW = precipitation – evapotranspiration). On a cell-by-
cell basis, the effective infiltration can be estimated as
follows (in cell i):

I ieff ¼ EW� CIi ð10Þ

In specific contexts such as outcropping fractured
rocks or macro-porous soils (i.e. without any significant
protective soil cover), during heavy rains, preferential
flow may occur, which causes a possible by-pass of
pollutants from the land surface to the water table, mak-
ing groundwater strongly sensitive to pollution. For sec-
tors of the groundwater catchment where preferential
infiltration is assumed, the calculation method of the
advection velocity within a compartment is calculated
as follows:

ve ¼ K
ne

Δh
L

ð11Þ

where K is the saturated hydraulic conductivity of the
soil or geological layer [LT−1] and Δh is the assumed
pounding depth [L] developing at the land surface dur-
ing heavy rain (arbitrarily set by the user, usually a few
millimeters) and L is the thickness of the layer.

In each column of the grid, the advective–dispersive
transport of a pulse of pollutant (Dirac type) is calculated
using the analytical solution of van Genuchten and
Wierenga (1976) for solute transport in 1D steady-state
variably saturated single- or dual-domain flow fields.
Here, the single-domain (advection-dispersion) solution

available in the CXTFIT code (Toride et al. 1995) was
used. This allows calculating, in each cell i of the catch-
ment, the pollutant breakthrough at the water table and
determining the expected pollutant travel time ti from the
land surface to the water table, and the pollution duration
di and level cmax

i at the base of the unsaturated zone.

Real hazard: vulnerability

Following the first two steps of the procedure, in each cell i of
the grid, different LH (DLHi, LLHi …) and subsurface atten-
uation coefficients (ti, di, ci

max) are available. If cell i is located
upgradient from any sensitive location j in ηi (i.e. high infil-
tration and low subsurface attenuation capacity at j), the com-
bination of LH and attenuation capacity coefficients must
classify location i as vulnerable, regardless of the infiltration
and attenuation capacity determined in cell i. This is obtained
by weighting the three attenuation coefficients by the hazard
coefficients, at the scale of the land surface pollutant pathway
ηi as follows:

ð12Þ

ð13Þ

ð14Þ

Thus, for each point in the groundwater catchment, the
weighted pollutant travel time , duration and maximum
concentration are obtained.

The final vulnerability map

For visualizing and mapping values obtained for the
three vulnerability criteria—weighted travel time, dura-
tion and concentration level—classes can be convention-
ally chosen on iso-contour maps. This choice must be
established in consultation with groundwater managers
and decision makers (Dassargues et al . 2009).
Considering each criterion apart, three distinct vulnera-
bility maps can be obtained. These maps reflect, in a
clear process-based and understandable way, different
possible interpretations of the concept of groundwater
intrinsic vulnerability. Of course, these three criteria
are related (i.e. short travel times usually correspond
to higher maximum concentrations).

Beside these thematic maps, a “unique” integrated
groundwater vulnerability map can be produced, as done
with other “classical” groundwater vulnerability
methods, using a multi-criteria analysis. This requires

Fig. 3 Schematic calculated breakthrough curves showing the effect of
each layer on 1D vertical solute transport (after Dassargues and Popescu
2003, Popescu et al. 2008)
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that each vulnerability factor is subdivided into the
same number of classes. The final vulnerability index
may be calculated as follows:

V ¼ α� V t þ β � V c* þ γ � Vd ð15Þ
with α, β and γ established by multi-criteria decision-
aid, with the constraint:

αþ β þ γ ¼ 1 ð16Þ

Practical implementation of the APSÛ method

From a practical point of view, the information on topography,
climate, land use, soil, geology and piezometry forms the ba-
sis of the layers prepared under a GIS environment. The cur-
rent approach uses predefined values for all the soil and
hydrogeological parameters without considering the uncer-
tainty and variability that may affect all these properties in
reality. The APSÛ method thus produces “deterministic”
groundwater vulnerability maps. A set of Fortran 90 subrou-
tines has been developed and compiled into an ‘APSÛ exe-
cutable file’ (Windows OS). The APSÛ executable reads all
the layers of information producedwith the GIS and calculates
the different hazard and vulnerability coefficients to produce a
set of maps, including the “final vulnerability map” (for avail-
ability of this executable, contact the corresponding author).

Application to a test basin: the NEBLON
carboniferous aquifer (Belgium)

The test area consists of a slightly karstified groundwater
catchment area located in the Condroz region (Belgium),
30 km southwest of the city of Liège (Fig. 4). The basin covers
about 65 km2 and is a part of the Néblon River basin
(DGARNE 2010). This test area was previously chosen by
Gogu et al. (2003) for comparing results from six groundwater
vulnerability methods: EPIK (Doerfliger 1996), GOD (Foster
1987), ISIS (Civita and De Regibus 1995), DRASTIC (Aller
et al. 1987), the Germanmethod (von Hoyer and Söfner 1998)
and PI (Goldscheider et al. 2000).

Geological and hydrogeological context

The Néblon basin (Fig. 4) is on the eastern part of the Dinant
synclinorium, which is characterized by a typical alternation
of shale and sandstone anticlinal ridges (Famennian–Upper
Devonian) and calcareous synclinal depressions (Dinantian–
Lower Carboniferous). Folds and faults affect these forma-
tions (LGIH, 1986; Di Clemente and Laurent 1986; Dreze
1997; Boulvain 2006; Robert and Nguyen 2007; and Barchy

and Marion 2008 and 2018). Locally, paleokarsts developed
in limestone have been subsequently filled with Tertiary de-
posits, whereas Quaternary silts cover the whole region.

The hydrologic network is asymmetrical, more developed
on the right bank of the Néblon River, in the southern part of
the area, where many springs flow from Famennian forma-
tions. This part of the basin is characterised by more perma-
nent streams and more significant runoff, related to the shale
and sandstone substratum and steep slopes, and north orient-
ed. The main aquifer corresponds to fissured and locally
karstified Dinantian limestones. It is drained from NE to
SW, owing to the structural saddle. There is a high diversity
of piezometer behaviour, due to aquifer heterogeneity.
Seasonal fluctuations of piezometric levels are observed
(between 5 and 40 m; Hallet et al. 2000, Popescu et al.
2004, Brouyère et al. 2009, Ruthy et al. 2016). The natural
outflows of the aquifer are diffuse discharges in the Néblon
River and a major group of springs at Néblon-le-Moulin.
These springs have been exploited for more than a century
via four drainage galleries by the CILE Water Company,
abstracting between 25,000 and 30,000 m3 day–1. Other aqui-
fers are located in Upper Famennian fissured and altered sand-
stone anticlines. Groundwater in these aquifers, generally
perched, flows towards nearby limestone depressions, through
faults or via surface waters. There are also temporary or per-
manent springs, which occur on low permeability shale for-
mations (a part of Lower Dinantian). Shale sandstone
Namurian formations, located in the middle of synclines, con-
stitute perched, fractured aquifers of small capacity.
Groundwater in these unconfined aquifers also flows towards
the limestone aquifers in the faulted zones or by overflow
springs (depending on presence of shales). Tertiary and
Quaternary formations present a low hydrogeological interest.
The heterogeneous Tertiary deposits have a limited extension
and poor aquifer capacities. The silt layer, several meters
thick, has however a good filtration capacity with respect to
meteoric water and also introduces a delay in the recharge of
aquifers. Hydrogeological balance applied to the Néblon
catchment indicates that water exchange with adjacent basins
is very limited (Brouyère et al. 2009).

The area does not show a high degree of karstification
(youth stage, drainage network not very structured; Meus
1993) even if several karstic features are reported: the
Néblon-le-Moulin springs, swallow-holes, diffuse infiltration
areas, dry valleys, some dolines and caves of limited extension
CWEPSS 1996). Tracer tests highlighted groundwater conduit
flows between one of the main swallow-holes and the Néblon-
le-Moulin galleries.

Data input (coverages)

Groundwater vulnerability mapping of the Néblon limestone
aquifer is based on a grid made of 30 m × 30 m cells. As
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mentioned previously, different cartographic data are needed
for groundwater intrinsic vulnerability assessment. The six
starting coverages are: a digital elevation model of Belgium
on 1:50000 scale, IGN, 1980), the CORINE land use and land
cover map (1990), a soil map (CNSW 2002), the Walloon
geological and hydrogeological maps (Barchy and Marion
2018; Hallet et al. 2000; Ruthy et al. 2016) and a piezometric
map drawn in March 2003 (Popescu et al. 2004). Finally,
water surplus (i.e. water available for infiltration and runoff
after subtracting real evapotranspiration and soil-water storage
capacity from rainfall) was calculated based on rainfall and
temperature data available at a meteorological station at
Ouffet, located just north of the Néblon basin.

Calculation of LH coefficients

Calculation of LH coefficients in each cell i are calculated
using ArcView (Spatial Analyst/3D Analyst extensions).
Cell slopes are calculated from the DEM and then classified
according to the values indicated in Table 2 (<0.5, 0.5–5, 5–
10, >10) to produce a slope classes map. Land surface pollut-
ant pathways are obtained by identifying downslope cells
based on surface flow directions. Infiltration and runoff coef-
ficients CIi and CRi are obtained by the combination of the
slope classes, soil and land cover maps (Table 2).

The resulting LLH map is presented in Fig. 5. This shows
that areas characterised by maximum LLH values correspond

to impervious zones, often urban sectors (where direct hazard
is zero). In areas where soils are absent or preferential infiltra-
tion is established (e.g. near sinkholes), the lateral hazard is
zero (water completely infiltrate locally, with no runoff).
Generally, lateral hazard is more important in areas with shale
and sandstone substratum (south-east of the Néblon basin).
On limestone, slopes are generally lower.

Calculation of subsurface attenuation capacity
coefficients

Based on an extensive data inventory (Popescu et al. 2004), a
description of each 1D column from the land surface to the
water table was obtained. The piezometric map was obtained
based on groundwater levels measured in the basin, consider-
ing high groundwater-level conditions as worst-case condi-
tions, i.e. reduced thickness of a protective unsaturated zone
cover.

Each cell of the 2D horizontal grid is thus associated with a
vertical column made of different layers, most often the soil
layer and one or two deeper layers corresponding to different
geological horizons in the unsaturated zone. Each layer is
associated with a material identifier. Each material is in turn
associated with values of saturated hydraulic conductivity,
effective transport porosity and a dispersivity to thickness ra-
tio (to account for the fact that dispersivity is recognized as
being scale dependent). The high vulnerability expected for

Fig. 4 Geological map of the Néblon basin
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karstic features such as sinkholes and dolines is considered by
prescribing the cells where these features occur to be highly
vulnerable. Solute transport simulations across the different
geological layers assume an equivalent porous medium but
the effect of rock fracturation (particularly in the limestone
aquifers) is taken into account using larger dispersion coeffi-
cients and using the concept of preferential pathway (Eq. 11)
where such rocks are outcropping and where they are overlain
by macro-porous soils. Based on this geometrical
discretization, subsurface attenuation coefficients are calculat-
ed bymodelling the 1D transport of a unit quantity of pollutant
across the different columns.

Figure 6 shows a map of the classified pollutant minimum
travel times from land surface to the water table. This map
refers to a “direct” vulnerability assessment, without consid-
ering the LH. By weighting the vulnerability criteria (travel
time, duration and attenuation in the unsaturated zone) by
hazard coefficients, vulnerability maps related to each weight-
ed criterion are obtained. Figure 7 shows the vulnerability
map related to the weighted minimum travel time criteria.

In areas with shale and sandstone bedrock, the vulnerability
is moderate to low (moderate zones are dominant), whereas in
limestone aquifers, results are more contrasted. Low vulnera-
bility is observed in areas where the thickness of the unsatu-
rated zone is important, and the soil offers a good protection.

In contrast, very high vulnerability is obtained where ground-
water is shallow, where limestone outcrops, or where karstic
features such as sinkholes are present.

A comparison between Figs. 6 and 7 shows that, in the
present context where infiltration often prevails locally over
runoff, the influence of lateral hazard remains limited.
However, a reduction of less vulnerable areas is systematically
observed near urban areas and where less pervious soils pre-
vail (over shale and sandstones, notably in the south-east part
of the basin), to the benefit of more vulnerable areas, leading
as expected to a general increase of groundwater vulnerability
in the basin.

Groundwater vulnerability maps

Based on these results, different vulnerability maps can be
drawn using different weighting coefficients α, β and γ and
Eqs. (15) and (16). Classical groundwater vulnerability assess-
ment methods usually prescribe the weighting coefficients
used to combine the different groundwater vulnerability fac-
tors into a final vulnerability index. From this study’s point of
view, the choice of these coefficients should be left to the
decision of (or defined in agreement with) the local commu-
nity, groundwater managers and decision makers (Dassargues
et al. 2009). Many combinations can be considered depending

Fig. 5 Map of lateral land surface hazard (LLH) of the Néblon basin
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Fig. 6 Map of pollutant minimum travel times from the land surface to the water table

Fig. 7 Map of pollutant weighted minimum travel times from the land surface to the water table
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on the purpose of the investigated case. Among the three
criteria considered in APSÛ, the (weighted) minimum travel
time is certainly the most relevant for groundwater resource
vulnerability assessment because time is the key driver in all
the contaminant attenuation processes and in decision-mak-
ing. The criterion on maximum concentration is useful to
identify sectors were pollutant threshold values are more like-
ly to be exceeded. And finally, the criterion on pollution du-
ration is relevant for the manager of a groundwater catchment
who is interested in knowing the length of time that the pol-
lution will deteriorate groundwater quality in the investigated
aquifer.

As an example, a vulnerability map is presented in Fig. 8
considering weighting coefficients of 0.45 for the minimum
travel time coefficient, 0.45 for the pollution duration coeffi-
cient and 0.10 for the maximum concentration coefficient.
Based on this classification, the Néblon basin can be classified
as moderately (medium) to extremely (very high) vulnerable.

Conclusions and perspectives

After having discussed the limitations and drawbacks of most
existing groundwater vulnerability assessment methods, a

general discussion has been presented and a general frame-
work proposed for process-based groundwater vulnerability
assessment. A new methodology has been described for in-
trinsic groundwater vulnerability conforming to this general
framework. The APSÛ method is fully compliant with the
COST 620 European Approach and recommendations for
groundwater vulnerability assessment (Daly et al. 2002;
Zwahlen 2003) which is based on the hazard–pathway–target
paradigm. Applying the LH concept, it naturally accounts for
flow concentration on the land surface. Finally, the driving
processes also accommodate the notion of relative quantity
of contaminant that can reach the target. One of the key inno-
vative aspects of the APSÛmethod is the conceptualization of
groundwater vulnerability as reflecting the combination of LH
and subsurface attenuation capacity, and the introduction of
the innovative concepts of LH coefficients.

The driving concept of the APSÛ method is to produce
maps which are meaningful for decision-making, because
they are essentially based on simple physical processes driv-
ing the fate of water and pollutants in the groundwater catch-
ment. When existing methods were applied on the Néblon
basin (Gogu et al. 2003), the resulting maps were very differ-
ent in terms of patterns and colours, some of the methods
classifying the basin as very vulnerable, others as less

Fig. 8 Example of vulnerability map for the Néblon basin as obtained with weighting coefficients of 0.45, 0.45 and 0.10 respectively for the minimum
travel time, pollution duration and maximum concentration vulnerability coefficients
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vulnerable. This reflects to some extent that the classification
of groundwater vulnerability is somehow arbitrary in each
method; however, there were also contradictory results be-
tween the different methods, with similar spatial sectors clas-
sified as highly vulnerable for some methods, less vulnerable
for others. Generally speaking, the main conclusion of this
comparison is that, from a practical and operational point of
view, these vulnerability methods are difficult to use for deci-
sion making. Here, the APSÛ method also leads to colour
patterns; however, they clearly reflect what one can expect
from the pollutant behaviour in the subsurface based on the
vulnerability coefficients on travel time, duration and concen-
tration level. These thematic maps can of course also be com-
bined by decision-makers into a final vulnerability map to re-
flect the relative importance they give to the different ground-
water vulnerability coefficients. The innovative aspect here is
the fact that this final step is not prescribed in the method and
the user can perform different combinations considering differ-
ent groundwater management objectives. Doing a more de-
tailed comparison between the results obtained with the
APSÛ method and results obtained with other methods is be-
yond the scope of this paper. At a first glance, it appears the
APSÛ vulnerability map obtained considering the (weighted)
travel times compares relatively well with the vulnerability map
obtained with the PI method (Goldscheider et al. 2000), except
in the south of the Néblon basin where APSÛ classifies the
Devonian aquifers as more vulnerable compared to PI. For
the final vulnerability map presented here above, no evident
comparison can be made; however, this is logical and expected
because this final map is based on a relatively arbitrary weight-
ed combination of the different physically-based factors.

Up to now, the field of application of the APSÛ method is
groundwater intrinsic vulnerability assessment, considering
that the pollutants are conservative (no sorption, no degrada-
tion). Here, the method is illustrated for the Néblon basin which
serves as a benchmark for such applications; however, the
APSÛ method has already been applied in other geological
contexts in Belgium and abroad. Recently, the APSÛ method
has been applied in the whole Walloon Region (16,850 km2) at
the scale of the defined ‘groundwater bodies’ as a support to
reporting for the EU Water Framework Directive–River Basin
Management Plans (Thomas et al. 2019).

Further ongoing steps will extend the APSÛ method to
groundwater specific vulnerability assessment. Thanks to its
process-based definition and the underlying mathematical for-
mulation (i.e. pollutant transport in the subsurface), this exten-
sion is relatively straightforward as it “just” requires replacing
the advective–dispersive solute transport equation in the sub-
surface by amore general transport equation handling sorption
and degradation processes. For pollutants such as pesticides
and other organic compounds, attenuation mechanisms most-
ly occur in the soil horizon, where most of the organic matter
is concentrated and most (bio-)degradation processes occur.

Extending the APSÛ method to specific vulnerability assess-
ment thus also requires obtaining a reliable representation and
parametrization of the soil horizon. Recently, Bah (2014)
worked on using the digital soil map of the Walloon region
of Belgium to estimate pesticide leaching to groundwater. The
approach proposed in this work could serve as a basis for
groundwater specific vulnerability mapping and for develop-
ing similar approaches to other types of pollutants.

One of the next steps is also to develop a framework for the
combination of the APSÛ method with risk mapping, by first
combining the spatial pattern of the pollution scenario and
associated probability of occurrence and the corresponding
distribution of LH coefficients as an input for estimating the
subsurface attenuation capacity. Given the number of pollu-
tion scenarios that could be considered such a probabilistic
framework could be relatively complex. As mentioned by
Tartakovsky (2013), a PRA framework facilitates a system’s
approach to risk quantification and management in complex
multi-component, multi-physics systems. One possibility to be
explored would thus consist of incorporating the APSÛ ap-
proach into a PRA framework, by formulating a fault tree anal-
ysis (Tartakovsky 2007) based on the APSÛ methodology. In
particular, formulating a “system failure” based on the APSÛ
concepts and criteria should be relatively straightforward.
Using a PRA framework would also allow one to account for
the uncertainties and spatial variability of the different land
surface and subsurface parameters (heterogeneity in soil cate-
gories and hydrogeological parameters, occurrence of prefer-
ential pathways…) to produce “probabilistic maps” of ground-
water vulnerability and risk. In this context, the SERAN data-
base (Briers et al. 2017) developed for the hydrogeological
parameters of the main aquifers of the Walloon region of
Belgium could serve as a basis for the quantification of uncer-
tainty on hydrogeological parameters used in APSÛ.
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