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Groundwater protection in fractured media: a vulnerability-based

approach for delineating protection

zones in Switzerland

Alain Pochon - Jean-Pierre Tripet - Ronald Kozel - Benjamin Meylan - Michael Sinreich - Francois Zwahlen

Abstract A vulnerability-based approach for delineating
groundwater protection zones around springs in fractured
media has been developed to implement Swiss water-
protection regulations. It takes into consideration the
diversity of hydrogeological conditions observed in
fractured aquifers and provides individual solutions for
each type of setting. A decision process allows for
selecting one of three methods, depending on the spring
vulnerability and the heterogeneity of the aquifer. At the
first stage, an evaluation of spring vulnerability is
required, which is essentially based on spring hydrographs
and groundwater quality monitoring. In case of a low
vulnerability of the spring, a simplified method using a
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fixed radius approach (“distance method”) is applied. For
vulnerable springs, additional investigations must be
completed during a second stage to better characterize
the aquifer properties, especially in terms of heterogeneity.
This second stage includes a detailed hydrogeological
survey and tracer testing. If the aquifer is assessed as
slightly heterogeneous, the delineation of protection zones
is performed using a calculated radius approach based on
tracer test results (“isochrone method”). If the heteroge-
neity is high, a groundwater vulnerability mapping
method is applied (“DISCO method”), based on evaluat-
ing discontinuities, protective cover and runoff parame-
ters. Each method is illustrated by a case study.

Springs - Vulnerability Mapping - Switzerland

Introduction

Fractured aquifers represent an essential groundwater
resource for large parts of the world. In Switzerland, where
more than 80% of drinking water is provided by ground-
water, fractured media cover 78% of the land surface and
supply approx. 35% of the exploited groundwater. Other
water-bearing formations are porous, unconsolidated aqui-
fers (6% of the land surface) and karst aquifers (16% of the
land surface), which provide some 45 and 20% of the
exploited groundwater respectively (Tripet 2005).

The delineation of protection zones in fractured
aquifers is a challenging task due to the heterogeneity
and anisotropy of hydraulic conductivities, which makes
prediction of groundwater flow organization and flow
velocities difficult (Berkowitz 2002). Important efforts are
currently being made by researchers in various fields of
hydrogeology to gain better understanding of groundwater
flow in fractured rocks (Krasny et al. 2003), but significant
improvement is still needed in the field of groundwater
protection (Bradbury 2002).

To date, several approaches have been proposed for the
delineation of protection zones in fractured rocks by



applying basic fixed-radius methods to groundwater flow
models (Bradbury et al. 1991; Lipfert et al. 2004). Although
the application of numerical models may provide the most
accurate results for well-documented sites, insufficient data
often mean that such quantitative approaches are difficult to
apply. Methodologies for delineating groundwater protec-
tion zones must be adapted to different site characteristics
and to the type of data available. A multi-stage approach,
beginning with a general characterization of the hydro-
geological context, which then applies adequate field
techniques and finally selects the most appropriate method
for protection zone dimensioning should be considered in
order to obtain reliable results in any type of setting (Heath
1995; Barton et al. 1999).

The approach presented here sets out to delineate
protection zones for public drinking water supply in
fractured rocks in Switzerland. Groundwater is essentially
extracted from springs linked to shallow aquifers often
located in mountainous regions. They typically provide
moderate to low yields of between 20 and 500 L/min. The
springs are mainly located in areas where pollution
sources are related to cattle pasturing, mountain farming
and tourism, although in some areas, especially in the
Swiss Plateau, pollution hazards related to intensive
farming and industry may also exist. Delineation of
protection zones is required for a large number of water
supplies as each community generally relies on several
springs. It is therefore imperative that the methodology
is affordable in terms of cost and is technically feasible
for private consulting hydrogeologists. To promote the
national harmonization of protection zoning, the approach
must also be verifiable, reproducible and applicable to any
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type of fractured aquifer exploited in Switzerland. The
approach presented in this paper is assumed to achieve
these objectives.

Characteristics of fractured aquifers
in Switzerland

Fractured non-karst aquifers exploited in Switzerland are
distributed across the Alps, the Prealps and the Swiss Plateau
(Fig. 1). The variety of sedimentary, igneous and metamor-
phic rocks located in diverse tectonic contexts coincides
with different types of hydrogeological settings (Table 1):

— Weakly fractured sandstones, marls and conglomerates
represent the bedrock of the Swiss Plateau (Plateau
Molasse). The hydraulic conductivity of these deposits
measured on samples and boreholes is low to moderate
(1077-107° m/s) with a maximum of 10™* m/s in poorly
consolidated coarse sandstone (Keller 1992). Preferen-
tial flow is observed along bedding planes and
fractures. Enhanced hydraulic conductivity is also
linked to the presence of high secondary interstitial
porosity in the uppermost weathered zone, which may
reach a thickness of several metres (Parriaux 1981).
Such aquifers are frequently associated with shallow
water-bearing Quaternary deposits (fluvio-glacial chan-
nels, sandy or gravely moraine deposits), which may
constitute the main storage capacity of these mixed
systems. Although many tracer experiments have been
performed in this type of aquifer for the delineation of
protection zones, little information has been published
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Hydrogeological sketch of Switzerland with location of the three test sites Wysseberg, Sarreyer and Ronco sopra Ascona



Table 1 Groundwater resources in fractured media: geological and hydrogeological conditions in Switzerland

Lithology Porosity Flow type Geographic
Interstitial Fracture distribution
Sandstones, conglomerates, marls (Plateau Low to moderate, primary and  Low Dual porosity ~ Swiss Plateau,

Molasse)”
dissolution)

Sandstones, conglomerates, marls, schists,
siliceous limestones, non-karstic dolomites
(Among others: Subalpine Molasse,
flysch)®

Granites, gneiss, schists, basic to ultra-basic
igneous rocks, sandstones (Among others:
crystalline units, permo-carboniferous
series of the penninic nappes)”

secondary; may be

surface (alteration)
Insignificant

secondary (alteration,

Low to insignificant, mostly

significant near the ground

(interstitial synclines of
and/or the Jura
fractures) Mountains
Low to moderate, Mostly in Southern
locally high in fractures border of the
the presence of Plateau,
dissolution Prealps, Alps
Low to moderate In fractures Alps

?Structural units or examples

to date. In general, tracer test results imply low mass
recovery and velocities not exceeding a few metres per
day (Wernli and Leibundgut 1993).

The same rock types located at the southern border of
the Swiss Plateau (Subalpine Molasse) show contrast-
ing hydrogeological properties compared to the Plateau
Molasse. The influence of the Alpine orogenesis
resulted in the exhumation, folding and faulting of
more consolidated rocks, due to diagenetic processes
(Keller 1992). Interstitial porosity is low, while fracture
porosity is globally moderate but may be enhanced by
dissolution of carbonate minerals, especially along
discontinuities, with a resulting enhancement of the
aquifer heterogeneity. In such contexts, flow velocities
of up to several hundreds of metres per day have been
determined by tracer experiments (compiled in Pochon
and Zwahlen 2003). To the south of the Subalpine
Molasse, flysch consisting mainly of sandstones, sandy
limestone and shales show similar hydrogeological
properties, with dominant fracture porosity enhanced
locally by dissolution processes (Basabe-Rodriguez
1982). Slope instabilities and landslides are frequent
in these regions (Lateltin et al. 1997) and groundwater
resources may occur in both displaced fractured rock
mass and Quaternary deposits.

Igneous and metamorphic rocks represent the backbone
of the central and southern Swiss Alps. In such rock
types, groundwater essentially flows along fractures as
matrix permeability is negligible. Dissolution processes
are not significant and flow organization is predomi-
nantly dependent on fracture networks generated by
tectonics (NRC 1996). Hydraulic conductivities deter-
mined in the Swiss Alps are generally low, for example
between 1077 and 107 m/s according to slug tests
performed in shallow depth boreholes (Beatrizotti
1996; Ofterdinger 2001) and between 107'' and
107° m/s based on methods which take inflows along
gallery sections (Maréchal 1998; Ofterdinger 2001)
into account. However, very permeable zones linked to
intensely fractured zones are observed along tunnels
(Jamier 1975; Dubois 1991), confirming the impor-
tance of heterogeneity and the existence of locally high

flow velocities in such aquifers. In addition, a
decompression zone, linked to post glacial relaxation
and gravity forces, is often described in the Alps
(Cruchet 1985; Maréchal 1998). It accounts for
enhanced fracture aperture and permeability in the first
tens of metres below the surface. Crystalline Alpine
rocks do not exhibit a shallow zone of high porosity
due to chemical weathering as observed in other
climatic regions (Taylor and Howard 1998). This can
be explained by intense glacial ablation processes
across the region which were active until less than
10,000 years ago (Jackli 1970).

Groundwater protection zoning in Switzerland

Regulations and requirements

According to the Swiss Federal Water Protection Ordinance
(WPO 1998), the strategy in force for the protection of
groundwater quantity and quality is based on prevention.
Groundwater protection zones must be defined in the water
catchment area of each groundwater supply used for public
drinking water. The aim of the protection zones (S1, S2 and
S3) is mainly to protect the drinking water against
contaminants, including pathogenic micro-organisms such
as protozoa, bacteria and viruses. Moreover, a code of
practice regulates all potentially polluting activities or
adverse influences threatening groundwater quality in each
zone (Table 2). In unconsolidated porous media, the
delineation of protection zones is based on groundwater
residence time. The limits of the different zones are
approximately concentric around the groundwater well,
with the degree of land use restriction decreasing with
increasing distance from the source (Fig. 2a). In karst and
fractured media, flow velocities are often highly variable in
time and space. Under these circumstances, the delineation
of protection zones based on the hypothesis of uniform
flow velocities may or may not be justified (Fig. 2b, 2c).
For this reason, the WPO requires the degree of ground-
water vulnerability to be considered as a basic criterion for
the delineation of protection zones in these aquifer types.
Specific methodological approaches and guidelines have



Table 2 Groundwater protection zones according to the Swiss water regulations (WPO 1998)

S1 zone: wellhead
protection zone

S2 zone: inner protection
zone

This zone must prevent damage to the groundwater supply or artificial recharge facilities, as well as prevent
pollution in its immediate surroundings

This zone defines an area suitable for preventing germs and viruses reaching the groundwater supplies. The
S2 zone must also prevent drinking water supplies from being polluted by excavation and subsurface

works. Moreover, the flow of water towards the source should not be disturbed by subsurface works

S3 zone: outer protection

zone groundwater supply

This zone must provide sufficient space and time for remediation when accidental pollution threatens a

thus been developed for delineating protection zones in
karst (Doerfliger et al 1999; SAEFL 2000) and in fractured
media (Pochon and Zwahlen 2003; Pochon et al. 2003). As
the concept of protection zones is based on groundwater
residence time, referring to the attenuation of bacteriolog-
ical contaminant, an additional approach must be applied in
the case of observed contamination linked to persistent
substances (OFEFP 2005; Bussard et al. 2006).

Existing methods and need for a novel approach
The topic of delineation of protection zones, specifically for
springs but regardless of the aquifer type, has been
addressed by general guidelines (Jensen et al. 1997) and
by the study of selected aspects such as the evaluation of
the protective function of soil (Mania et al. 1998). The
importance of establishing a hydrogeological conceptual
model based on geological and hydrogeological data, as
well as delineating the spring catchment area, has been
emphasized (Jensen et al. 1997; Barton et al. 1999). In the
case of heterogeneous aquifer properties, hydrogeological
mapping or groundwater vulnerability mapping approaches
may be indispensable in order to delineate protection zones
(Jensen et al. 1997; Hemmer and Beach 1997).

Several methods for delineating protection zones in
fractured media have been proposed in specific guidelines
(Bradbury et al. 1991) or have been included in guidelines
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covering all aquifer types (Burgess and Fletcher 1998).
However, they are generally focused on well protection and
therefore are not directly applicable to springs. Various
techniques and methods including tracer experiments
(Robinson and Barker 2000) and vulnerability mapping
approaches (Lipponen 2007) have been applied to
groundwater protection zone delineation in several frac-
tured aquifer case studies. However, criteria for choosing
one technique over another, and for selecting the adequate
method for protection zoning, are generally not specified.

In Switzerland, drinking water supplies linked to
fractured aquifers essentially consist of small springs
located in mountainous regions, and pumping test or
piezometric data are therefore not available. Methods
based on aquifer testing or groundwater modelling are
consequently not applicable. Accordingly, the delineation
of protection zones requires that other types of data are
taken into account and the development of specific
approaches. Although some of the methods and concepts
mentioned in the literature can be applied in Switzerland,
a novel approach was developed to meet the requirements
of Swiss regulations. Due to the great diversity of
geological and hydrogeological conditions observed in
fractured media in Switzerland (Table 1; Fig. 2b and c), it
is not possible to delineate protection zones for such
aquifers using a single method. The presented approach
uses consistent criteria firstly for selecting the appropriate
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Fig. 2 Explanatory diagram of three aquifers with increasing heterogeneity. a Homogeneous porous aquifer; b fractured aquifer, slightly
heterogeneous; ¢ fractured aquifer, highly heterogeneous. Groundwater protection zones (SI, S2, S3) around the groundwater supply

(spring) are represented for each case



method and secondly for proposing a reliable procedure
for the delineation of protection zones in each case. For
this purpose, diverse existing techniques and concepts
applicable to fractured rocks have been considered.

Main concepts and definitions

Aquifer global characterization: spring monitoring
Within the framework of protection zone delineation, it is
essential to obtain data concerning the hydraulic proper-
ties of the aquifer. When considering springs, interpreting
the natural response to recharge events at the discharge
area is the most appropriate way of globally evaluating the
aquifer properties and compensating for the lack of
pumping test data.

Hydrograph analysis was initially applied to rivers and
permitted the separation of fast flow components linked to
runoff from retarded flow components linked to soil, as
well as baseflow components linked to groundwater
exfiltration (Barnes 1939). The same method, using the
fitting of an exponential decay function to the observed
data, was applied to karst springs to evaluate the volume
and the recession of groundwater reservoirs with different
permeabilities (Ford and Williams 2007; Baedke and
Krothe 2001).

More comprehensive approaches, including the con-
sideration of physico—chemical parameters (temperature,
electrical conductivity, isotopes, chemical elements, tur-
bidity) proved useful in better characterizing karst hydro-
geological systems (Dreiss 1989; Sauter 1992). Spring
hydrographs in non-karst fractured rocks have received
less attention, but the same methods can be applied to
characterize and compare crystalline aquifers (Gentry and
Burbey 2004; Rossier and Sandmeier 1989).

Although these “global methods” are based on very
simplified conceptual models, they allow the characteriza-
tion and comparison of hydrogeological systems. Springs
related to different aquifer types show clearly different
hydrographs (Mangin 1982; Amit et al. 2002), i.e. on one
hand the rapid evacuation of a high proportion of water
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infiltrated during a rain event in the presence of well
developed karst or highly permeable fracture systems (e.g.
a few days) and on the other the slow evacuation of
freshly infiltrated water in the presence of less heteroge-
neous and less permeable systems (e.g. several months).
Within the scope of the present approach, hydrographs
and the variability of groundwater quality are used as a
tool to evaluate, in a global manner, the vulnerability of
the springs (Fig. 3; for definition see section Spring
vulnerability versus vulnerability mapping). Specifically,
the vulnerability of the spring is defined as low if no
evidence of a significant amount of freshly infiltrated
water is observed after an intense recharge event.

Aquifer spatial characterization: heterogeneity

and vulnerability mapping

The spatial distribution of hydraulic properties is a crucial
issue for the delineation of protection zones in fractured
media (Bradbury et al. 1991). If no piezometric data are
available, the main tool for determining the spatial
characteristics of the aquifer is hydrogeological mapping
and field testing (Jensen et al. 1997). Most field
techniques include a qualitative interpretation of surface
and subsurface features (geological, pedological, geomor-
phological and geophysical survey), which are interpreted
in terms of hydraulic properties and which allow some
groundwater flow hypotheses to be proposed.

Artificial tracer tests are often the only tool available to
precisely determine groundwater velocity and to forecast
contaminant flow in aquifers (Késs 1998; Field 1999).
Most tracer experiments performed in fractured rocks
presented in the literature involve the injection of tracers
in boreholes with sampling at wells (Robinson and
Barker 2000), galleries (Baumle et al. 2001) or springs
(Maloszewski et al. 1999). Many experiments have been
performed with a focus either on a single fracture
(Novakowski et al. 2004) or at the scale of a block including
several fractures (Abelin et al 1991). Such experiments
permit precise characterization of groundwater flow and
solute transport at the small scale, but little information
is available regarding tracer experiments including
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Fig. 3 Hypothetical example of spring hydrograph. a Low spring vulnerability; b high spring vulnerability



injection on soil or in sinking streams while sampling at
springs. Tracer testing has been widely used in karst
environments to explore conduit flow at the scale of
spring water catchment areas (Smart 1988; Ford and
Williams 2007) but such experiments are less common for
the characterization of the fracture network around non-
karst springs. Even if flow velocities and recovery rates
are generally lower in fractured aquifers than in karst
aquifers, some experiments performed in mountainous
regions revealed flow velocities in excess of 100 m/day
over distances of several hundreds of metres in non-
karstified aquifers (Maloszewski et al. 1999; Besson
1990). By comparing the results of different tracer tests,
it is possible to evaluate aquifer heterogeneity and to
correlate surface or subsurface features with observed
groundwater flow velocities towards the spring. Thus,
groundwater flow velocity hypotheses and hydrogeolog-
ical maps can be locally verified and validated by
quantitative data.

In the presence of highly heterogeneous aquifers and
very high local flow velocities along fractures revealed by
tracer experiments, groundwater vulnerability mapping
appears to be the only method that can be reasonably
applied to delineate groundwater protection zones. In such
contexts, methods based on the determination of iso-
chrones in the saturated zone would result in very wide
protection zones, involving unnecessarily restrictive land
use across extended areas. In contrast, vulnerability
mapping permits the identification of areas less sensitive
to contamination, where more intensive activities could be
accepted without compromising groundwater quality.

Spring vulnerability versus vulnerability mapping
The term “vulnerability” refers to an intrinsic property of an
aquifer which is dependent on its sensitivity to natural and
human impacts, irrespective of the nature of the contami-
nant (Daly et al. 2002; Zwahlen 2004). This concept of
groundwater vulnerability, defined either globally for a
spring or spatially, is central for the approach developed for
delineating protection zones in fractured media (see section
Decision process for method selection). The term “spring
vulnerability” is defined herein with reference to a global
characterization of the aquifer and allows the attribution of
a unique degree of vulnerability to the whole catchment
area supplying the spring. The aim is to determine whether
a spring is vulnerable to pollution without considering the
range of vulnerabilities within its catchment area. Specif-
ically, the question is whether a significant proportion of
freshly infiltrated water quickly reaches the spring (high
spring vulnerability) or not (low spring vulnerability)
during a recharge event. This is achieved by performing
discharge and water quality measurements.

A low spring vulnerability is determined if the
following conditions are met (Fig. 3a):

— Spring discharge only varies with marked inertia and
low amplitude to recharge events without significant
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relative variation of physico—chemical parameters (not
clearly exceeding the analytical error or fluctuating
according to seasonal trends).

— No significant turbidity is observed even after intense
recharge events and no sediment deposits accumulate
in the spring pool.

— Bacterial contamination is never detected.

A high spring vulnerability is determined if any of the
above conditions is not met (Fig. 3b).

On the other hand, when considering “vulnerability
mapping methods”, vulnerability is determined spatially
by evaluation and mapping of relevant parameters. In this
case, the vulnerability is determined separately for each
surface element of the catchment area. The concept of
groundwater vulnerability mapping has been extensively
used for different types of aquifers using various evalu-
ation criteria (Vrba and Zaporozec 1994). Parameters
taken into account may include: soil thickness and
hydraulic conductivity, aquifer type and hydraulic con-
ductivity, depth to groundwater level and net recharge,
among others (Aller et al. 1987; Adams and Foster 1992).
These maps were initially useful in providing a decision
tool for land use planning and community information
(NRC 1993). Recently, some groundwater vulnerability
mapping methods have been developed to delineate
groundwater protection zones around springs or wells,
especially in karst settings (SAEFL 2000; DoELG/EPA/
GSI 1999; Zwahlen 2004).

Unlike other methods which set out to delineate
protection zones, vulnerability mapping methods take the
protective effect of the unsaturated zone into account and
assign less significance to transit times (which are
included qualitatively in parameter evaluation, but are
not directly evaluated). Ignoring transit times in the
presence of highly permeable fractures is justified due to
the limited filtration and sorption capacities along frac-
tures and conduits, which suggest a significantly lower
attenuation of bacteriological contamination compared to
other media for the same residence time (Becker et al.
2003). Higher significance is therefore given to soil cover
in view of the filtration and degradation properties of
these layers (Golwer 1983). Interest in groundwater
vulnerability mapping as a tool to delineate protection
zones is particularly evident in highly heterogeneous
media such as karst or highly permeable fractured
aquifers, where the delineation of protection zones based
exclusively on transit time in the saturated zone would
result in the determination of excessively restrictive
protection zones over large distances (e.g. several kilo-
metres). In such cases, the consideration of the protective
function of layers covering the aquifers (e.g. thick soils,
moraine deposits) and/or the determination of less
fractured areas, may permit the designation of locally less
restrictive protection zones within the spring catchment
area, thus allowing the coexistence of viable economic
activities (agriculture, tourism) and the exploitation of
groundwater.



Decision process for method selection

Overview

The development of new guidelines for the delineation of
protection zones in fractured media requires consideration
of the varying properties of fractured aquifers exploited in
Switzerland whilst applying a scientifically justified
approach which is also user-friendly, financially affordable
and avoids unnecessary land use restrictions. The recom-
mended approach involves more or less detailed investi-
gation depending on the complexity of the case. A suitable
method for delineating groundwater protection zones is
selected according to spring vulnerability and aquifer
heterogeneity (Fig. 4).

Evaluation of the spring vulnerability: basic data
acquisition

The first stage includes the collection and the interpretation
of basic data about the aquifer. Monitoring of discharge
rate, physico—chemical and microbiological parameters,
turbidity, including observations in various hydrological
conditions, allows the global vulnerability of the spring to
be evaluated. Although continuous monitoring of discharge
and physico—chemical parameters is becoming increasingly

Fig. 4 Decision process allow-
ing the selection of one of three
specific methods to delineate

example: Sarreyer
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feasible in technical terms and economically affordable,
and is therefore highly advisable, only a basic evaluation of
spring hydrographs is required in the initial phase. This
“qualitative” evaluation of spring hydrographs includes
monthly measurements of discharge, temperature and
electrical conductivity, complemented by more detailed
monitoring (e.g. one measurement per day over three
successive days) of the same parameters during an intense
flood event (e.g. > 20 mm of daily precipitation in a period
with limited soil water deficit). Additionally, several more
detailed analyses (e.g. three samplings) including bacterio-
logical, chemical, and turbidity measurements in adverse
conditions are required. At least one detailed analysis must
be performed after a high recharge event occurring during a
period of intense potentially polluting activities (e. g.
fertilizer or manure application).

Spring vulnerability is assessed as low if no groundwater
with short residence time contributes to spring discharge at
all, even during flood events. This situation is characterized
by a non-significant temporal variability in spring discharge,
temperature and electrical conductivity (Fig. 3a) and by an
undisputable water quality (bacteriology, turbidity). Spring
vulnerability is assessed as high once a significant propor-
tion of groundwater with short residence time contributes to
spring discharge during flood events (even in the range of
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some percents). This situation is characterized by detectable
variations of groundwater discharge, temperature and
electrical conductivity implying the presence of locally high
flow velocities within the aquifer (Fig. 3b). If the spring
vulnerability is low, protection zones can be defined with a
minimum size according to the Swiss regulations (extent of
the S2 zone: 100 m), without any additional investigation
(distance method, Fig. 4, see section Low vulnerability
springs). For vulnerable springs, a second investigation
stage is required.

Evaluation of aquifer heterogeneity: additional
investigations

Only in the case of vulnerable springs must a second stage
of field survey be carried out. The following additional
investigations may be required: detailed analysis of rock
jointing in the groundwater catchment area, identification
of concentrated infiltration zones, continuous spring
monitoring and detailed analysis of groundwater dis-
charge, temperature and electrical conductivity time series,
as well as tracer testing. These data allow more precise
information concerning groundwater flow organization
and the degree of aquifer heterogeneity to be obtained. If
the spring is vulnerable and the degree of heterogeneity is
found to be low, the residence time of groundwater in the
network of connected joints is expected to increase in
relation to distance from the spring. In this case, the
protection zones are delineated by means of isochrones
(isochrone method, Fig. 4, see section Vulnerable springs
in slightly heterogeneous aquifers) on the basis of tracer
testing. If the groundwater supply is vulnerable and the
aquifer is highly heterogeneous, rapid hydraulic connec-
tions between vulnerable points located in any part of the
catchment area and the spring may be possible; the
residence time of groundwater in a highly permeable
fracture network does not significantly increase with
distance from the spring. In this case, a multi-parameter
groundwater vulnerability mapping method is applied
(“DISCO” method, Fig. 4, see section Vulnerable springs
in slightly heterogeneous aquifers). The three methods are
presented into more detail and illustrated by examples in
the following chapter.

Methods and examples
Low vulnerability springs

Distance method

The distance method (fixed radius) is applied when the low
vulnerability of the spring is demonstrated. In this case,
groundwater residence time is assumed to be sufficient to
allow natural purification processes to take place. Such
springs can be related both to homogeneous and heteroge-
neous aquifers (e.g. confined in the discharge area;
associated with a deep flow system drained by regional
fractures). In these types of hydrogeological setting, tracer
tests are often unsuccessful (no tracer recovery occurs even
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after several weeks) and do not represent an adequate
investigation method. Only the collection of basic data is
needed and small protection zones are sufficient to
guarantee the quality of the exploited water.

In a simplified manner, this method considers the
fractured aquifer as a continuous medium at the scale of
the spring groundwater catchment area. The delineation of
the protection zones according to the minimum distance
defined for non-consolidated porous media by the Swiss
water regulations is adequate to efficiently protect the
groundwater supply (WPO 1998):

S1 zone. This zone must extend for a minimum at 10 m
around or upstream of a spring and must
incorporate drains, draining trenches or galleries.
The distance between the external limits of the
S1 and the S2 zones must be at least 100 m
upstream, considering the general groundwater
flow direction.

The distance between the external limits of the S2
and the S3 zones must be at least equal to the
distance between the outer limits of the S1 and S2
zones.

S2 zone.

S3 zone.

Test site application

The Sarreyer test site is located in the western part of the
Swiss Alps (Canton Valais). The aquifer consists of
metamorphic gneiss and schists, and groundwater is
collected from four subhorizontal drains measuring 20—
30 m. Water quality is good throughout the year and no
significant variation of discharge, electrical conductivity
or quality has been observed even during heavy rainfall.
This suggests a low spring vulnerability.

Due to the subhorizontal drains, the extension defined
for S1 is approx. 40 m. The S2 zone extends between
40 m (external limit of S1) and 140 m from the spring and
the S3 zone is defined between 140 m (external limit of
S2) and 240 m from the spring (Fig. 5).

Vulnerable springs in slightly heterogeneous aquifers

Isochrone method

The isochrone method (calculated radius) is applied to the
case of vulnerable springs linked to slightly heterogeneous
aquifers. In such contexts, some water may discharge at
the spring after short residence time without sufficient
natural purification processes in the aquifer (even a
proportion of some percent may alter the spring water
quality). Additional investigations are therefore needed to
better characterize the aquifer. As fractured media are
generally heterogeneous at the local scale, tracer injection
must be performed on the most permeable areas based on
a detailed hydrogeological survey (geological mapping,
geophysics, infiltration tests). The isochrone method is
applied when groundwater flow velocities along fractures
are typically moderate to high (maximum: a few tens of
metres per day) and when flows are relatively uniform at the
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Fig. 5 Delineation of groundwater protection zones with the
distance method for Champi Spring at Sarreyer

scale of the spring catchment area. The results of tracer
injections performed at several favourable points during
high water conditions allow determination of the isochrones.

When applying this method, the fractured aquifer is
considered as a continuous medium at the scale of the
groundwater catchment area. Therefore, the delineation of
the protection zones is achieved according to the criteria
recommended by the Swiss water regulations for uncon-
solidated porous media (WPO 1998):

S1 zone. This zone must extend to a minimum of 10 m
around or upstream of a spring and must
incorporate drains, draining trenches or galleries.
This zone is based on the evaluation of the
maximum flow velocity in the aquifer. The 10-
day isochrone must be defined and corresponds
to the outer limit of the S2 zone. Moreover, the
distance between the external limit of the S1
zone and the external limit of the S2 zone must
be at least 100 m upstream, taking into account
the general groundwater flow direction (Fig. 6).
The distance between the external limits of the
S2 and the S3 zones must be at least equal to the
distance between the outer limits of the S1 and
S2 zones.

S2 zone.

S3 zone.

Test site application
The Ronco sopra Ascona test site is situated in the
southern part of the Swiss Alps (Canton Ticino). The
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aquifer consists of metamorphic amphibolites and gabbros
and the groundwater supply collects water discharging
from a fracture. Significant variations in discharge,
electrical conductivity and temperature are observed
during the year and suggest that the spring is potentially
vulnerable to contamination. Consequently additional
investigations were carried out.

A field survey including structural geology, geomor-
phology observations, geophysics and a multi-tracer
experiment led to the conclusion that the degree of
aquifer heterogeneity is low. Fracturing is distributed
evenly across the catchment area with a spacing of
approx. 10 to 20 m. However, rock permeability and
flow velocities were assumed to be variable at the small
scale. Therefore, tracer testing was performed on two
potentially highly permeable areas (fractured zones).
The fluorescent dyes tinopal and uranine (Kéiss 1998)
were injected respectively 20 and 90 m from the spring.
To account for a probable increase of flow velocities
during high water conditions, the experiment was
conducted during an intense recharge event. Moderate
flow velocities of 12 and 15 m/day respectively were
determined. Moreover continuous monitoring of dis-
charge, electrical conductivity and temperature over a

groundwater flow
direction

10-days
isochrone

spring with 3 drains or
subhorizontal borholes

Fig. 6 Principle of the delineation of groundwater protection
zones with the isochrone method for relatively homogeneous
fractured aquifers
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Fig. 7 Delineation of groundwater protection zones with the
isochrone method, Livurcio Spring at Ronco sopra Ascona, based
on tracer experiments

period of several months suggested a significant inertia
of the spring to recharge events, illustrated by slow
recession curves (1 month to return to the base flow
after a significant recharge period of approx. 250 mm of
precipitation over 5 days). It was also determined that
there was no significant variation in temperature and
electrical conductivity during moderate recharge events
(10 to 20 mm).

As water is collected from a small fracture discharging
into the catchment facility, an S1 zone extending 10 m
from the spring was considered to be sufficient. The
distance between the external limits of the S1 and the
S2 zones was set at 150 m based on the maximum flow
velocity determined by tracer tests (15 m/day). Accord-
ingly, the S3 zone extends from 160 to 310 m from the

spring (Fig. 7).

Table 3 “Discontinuities” parameter evaluation
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Vulnerable springs in highly heterogeneous aquifers

DISCO method

The DISCO method (groundwater vulnerability mapping
method) is applied in the case of vulnerable springs
linked to a highly heterogeneous aquifer. In such
contexts, a significant proportion of water discharges
at the spring after a short residence time in the aquifer,
preventing sufficient natural purification processes to
take place. Additional investigations are needed and
tracer testing typically reveals locally very high flow
velocities (up to several hundreds of metres per day). In
this case, a groundwater vulnerability mapping method
is applied to the whole catchment area of the spring.
The parameters taken into account in the DISCO
method include characterization of hydrogeological
properties of the fractured aquifer (DIScontinuities
parameter) and evaluation of the thickness and perme-
ability of protective cover (protective COver parameter).
Moreover, taking runoff processes into account may be
required for some areas, where surface movement of
polluted water towards preferential infiltration zones is
expected. A protection factor map is determined by
combining the different parameter maps and the
protection zones are finally determined by converting
the protection factor map into protection zones. Conse-
quently, the multi-parameter vulnerability mapping
method includes four steps as follows:

Step 1 Assessment of the parameters “discontinuities” and
“protective cover”.

This first step consists of the evaluation and mapping
of the parameters “discontinuities” and ‘“protective
cover” over the whole catchment area, subdivided into
areas of uniform properties for each of the parameters.
The parameter “discontinuities” referred to below as
“D” takes into account the groundwater flow velocity
within the fractured aquifer between an infiltration point
in the water catchment area and the spring under
consideration (e.g. highly permeable fractured zone with
rapid connection to the spring versus weakly fractured
area). The evaluation of the parameter “D” is essentially
based on structural geology (field survey and remote
sensing), geophysics and tracer experiments. The rating
values of “D” range from 0 to 3, with increasing values
corresponding to higher residence time and attenuation

Class Rating Evaluation criterion

Dy 0 Highly permeable discontinuities with preferential connection to the spring (maximum groundwater residence time of a
few tens of hours) / no significant natural purification processes

D, 1 Discontinuities with a relatively rapid connection to the spring (residence time of a few days) / limited purification
processes

D, 2 Discontinuities with a relatively slow connection to the spring (residence time of approx. ten days) / significant
purification processes

D3 3 Low permeability zone or discontinuities with a slow connection to the spring (residence time of several tens of days) /

efficient purification processes




11

Table 4 “Protective cover” parameter evaluation taking into consideration pedological soil overlying the aquifer

Pedological soils

Thickness (m)  High permeability soil (sand, pebbles)

Moderate permeability soil (silt, loam)

Low permeability soil (loam, clay)

Class Rating Class Rating Class Rating
0.0-0.2 Py 0 Py 0 Py 0
>0.2-0.5 Py 0 Py 0 P, 1
> 0.5-1.0 Py 0 P, 1 P, 2
> 1.0 P, 1 P, 1 Ps 3

processes (Table 3). The parameter “protective cover”
referred to below as “P” takes into account the protective
effect linked to the flow of water through the soil and
geological formations (e.g. moraine, slope deposits, marls,
clay material) overlying the fissured aquifer. Data neces-
sary for the evaluation of the parameter “P” may be
assessed using hand drilling, on-site soil analysis, geo-
morphological mapping (field survey and remote sensing),
geophysics and infiltration tests. The rating values of “P”
range from O to 4, with increasing values corresponding
both to higher protective cover thickness or/and lower
permeability of the deposits (Tables 4 and 5). The ratings
were defined based on field studies at numerous test sites.
It takes the feasibility and constraints of field methods
(e.g. maximal depth of hand drilling) for each parameter
into account, as well as groundwater velocity estimate for
different types of soil and fractured rock.

Step 2 Determination of the intermediate protection factor
“F]‘nt”.

For each polygon presenting uniform values for the
parameters D and P, the protection factor F;,, is calculated
as follows:

Finn =2D + 1P

This empirical relationship is based on the assumption that
the protective effect related to the fractured aquifer as
described in Table 3 is greater than the protective effect of
the soil as described in Tables 4 and 5.

Step 3 Evaluation of the runoff parameter and calculation
of the final protection factor “F”.

Surface or subsurface runoff can generate rapid
contaminant flow over several tens (diffuse runoff) or

hundreds of metres (e.g. presence of natural or artificial
drain, perennial or temporary stream, path or road). Since
the majority of fractured aquifers exploited in Switzerland
are located in mountainous regions, it is essential to take
these processes into consideration. Unlike the parameters
“discontinuities” and “protective cover”, which are
mapped over the whole catchment area, the runoff
parameter is only considered for areas where runoff may
induce substantial pollutant movement toward vulnerable
zones, i.e. where the intermediate protection factor value
is low or very low (0<F;,<4). The extent of these areas
(“local surface watersheds™) is determined by estimating
the influence of runoff, i.e. slope gradient and soil
permeability, etc. (Fig. 8). Evaluation of these factors
requires field observation during intense rainfall events.

The final protection factor map is obtained by
modifying the intermediate protection factor map
(obtained under step 2) according to the already men-
tioned local surface watersheds. In these areas, the value
of the intermediate protection factor F;, for the vulnerable
zones threatened by runoff is extended to cover the whole
local surface watershed. Outside these local surface
watersheds, the final protection factor F remains the same
as the intermediate protection factor F;,, determined in
step 2.

Step 4 Protection zone delineation. The final protection
factor “F” map is converted into protection zones
S according to the relationship presented in
Table 6.

In all cases, spring drains, draining trenches and
galleries as well as their immediate surroundings must
be part of the S1 zone, with a buffer of 10-30 m
depending on the gradient of the slope. Additionally, as
a precautionary measure, no S3 zone must be defined at a
distance of less than 100 m from the outer limit of the S1

Table 5 “Protective cover” parameter evaluation taking into consideration geological formations other than pedological soils overlying the

aquifer

Additional presence of low permeability formations (e.g. clay, loam, marl)

Thickness (m) Combined with Py soil

Combined with P soil

Combined with P, soil Combined with P3 soil

Class Rating Class Rating Class Rating Class Rating
<10m P1 1 P2 2 Pg 3 P3 3
1.0-2.0 m P, 2 P; 3 P; 3 Py 4
>2.0m P3 3 P3 3 P4 4 P4 4




Fig. 8 Modification of the in-
termediate protection factor to

Intermediate protection factor F,,
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Final protection factor F

take runoff processes into
account

O spring

\ topographic contour I:I moderate protection factor

L( surface flow

zone adjacent to the water supply, and no area
corresponding to the “rest of the catchment area” should
be defined closer than 200 m to this S1 zone boundary.

Test site application

The Wysseberg test site is located in the Swiss Prealps to
the south of Bern (flysch of the Niesen Nappe, Canton of
Bern). The aquifer consists of folded and fractured flysch
sandstones and schists (Fig. 9a). Groundwater protection
zones have been delineated for two groups of springs
(three springs to the east, five springs to the west), as
explained below. The springs are aligned along major
fractures. They collect groundwater from the fractured
bedrock and from weathered flysch at shallow depths
(approx. 2 m). The aquifer is covered by approx. 1 m of
brown soil with high proportions of silt and clay in the
bottom layer. Additionally, ground and lateral moraine as
well as slope deposits (scree) are present locally. The
limits of the groundwater catchment area were defined
according to topographical and geological criteria and
have been verified with a water balance calculation. Cattle
rearing and manure spreading between June and Septem-
ber represent the main pollution hazards upstream of the

Table 6 Conversion between the protection factor F and the ground-
water protection zones

Protection factor F Vulnerability S zones

F very low (0, 1) Very high S1

F low (2, 3, 4) High S2

F moderate (5, 6, 7)  Moderate S3

F high (8, 9, 10) Low Rest of the catchment area

. very low protection factor

low protection factor
D (high vulnerability)
high protection factor
D (low vulnerability)

(very high vulnerability)

(moderate vulnerability)

springs. Significant fluctuations in spring discharge, water
temperature and electrical conductivity, as well as indica-
tions of bacteriological contamination, even in winter,
have been observed. Consequently, the springs appear to
be vulnerable to contamination and additional investiga-
tions are needed.

Various systems of structural discontinuities at the
scale of the groundwater catchment as well as at outcrop
level have been observed. They dictate the location of the
springs. Geomorphological depressions constitute poten-
tial locations of concentrated infiltration and open frac-
tures are apparent along stream beds. Tracer tests have
shown highly variable flow velocities for different
injection points in the spring catchment (50600 m/day).
All these data indicate the presence of rapid flow along
interconnected networks of highly permeable joints. Rapid
connections are possible between the springs and surfaces
that may be distributed across the whole catchment area of
the spring. Consequently, the groundwater residence time
does not increase globally or significantly with increasing
distance from the spring, and an assimilation of the
fissured aquifer to a continuous medium is inappropriate.
Under these conditions, only the use of a multi-parameter
groundwater vulnerability mapping method over the
whole catchment area enables effective delineation of
protection zones by taking into account the large degree of
heterogeneity within the aquifer.

With reference to the delineation of protection zones at
Wysseberg test site, strips of 20-30 m in width with the
value D; were assigned along the major faults for the
parameter discontinuities (Fig. 9b). The value D, was
assigned to the rest of the groundwater catchment. For the
parameter protective cover (Fig. 9c), surfaces of aquifer
outcrops (Py), surfaces covered with soil only (P, P;) and
surfaces with an overlay of moraine material (P;) were
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Fig. 9 Wysseberg test site. a Bloc diagram showing the geological setting; b discontinuities parameter map; ¢ protective cover parameter
map; d delineation of groundwater protection zones with the DISCO method

mapped. Accordingly, the value determined for F;, ranges
from 3 (low protective effect) to 7 (moderate protective
effect).

Due to the slope topography and the presence of low
permeability cover over large parts of the groundwater
catchment area at the site, it was necessary to adjust the
F;,« map, taking the runoff parameter into account. Finally,
the protection zone map (Fig 9d) shows that S2 zones
were assigned to the most important draining disconti-
nuities, taking into account the aquifer heterogeneity. S3
zones are only defined in areas characterized both by
the absence of important fractures and the presence
of efficient protective cover. Due to the presence of
collecting drains of unknown extension and the rela-
tively steep gradients of the slopes above the springs
(10 to 20%), the S1 zones were extended to not less
than 25 m.

Conclusions

In Switzerland, specific methodologies for the delineation
of protection zones have been developed and are currently
used for the main aquifer types (unconsolidated porous
aquifers, karst and fractured media). For fractured media,

a new vulnerability-based approach, which takes into
account the great diversity of geological and hydro-
geological conditions observed in this country, was
established. This approach includes a decision process
that alternatively selects one of three methods depending
on the hydrogeological settings considered. It is dedicated
to springs, which are the main water supply in fractured
environments in Switzerland.

This approach has the advantage of globally assessing
the spring vulnerability at an early stage of the investiga-
tion, allowing the selection of a simplified method
(distance method) for uncomplicated cases (low spring
vulnerability). In such hydrogeological settings character-
ized by high residence times and low flow velocities,
detailed hydrogeological investigation would not bring
useful additional data for the protection of the groundwa-
ter supply. More detailed investigation including tracer
experiments and an evaluation of the aquifer’s heteroge-
neity are required for more complicated cases (high spring
vulnerability). The additional data obtained can be used to
determine whether a method considering the aquifer as
homogeneous can be applied (isochrone method), or
whether vulnerability mapping is necessary to adequately
delineate spring protection zones, i.e. for highly hetero-
geneous media (DISCO method).



Investigations carried out at various test sites have
shown the technical feasibility and the suitability of the
vulnerability-based approach for fulfilling the require-
ments of the Swiss regulations concerning groundwater
protection zones. It is applicable to the variable conditions
encountered across the whole country, and gives repro-
ducible results with a financial effort proportionate to the
complexity of the site. The methodology should facilitate
a countrywide harmonization of the groundwater protec-
tion zone delineation in fractured media.

The Swiss environmental authorities recommend this
methodology in their current guidelines (OFEFP 2004).
The delineation of protection zones according to the
proposed methodology and the application of associated
land use restrictions is assumed to prevent the majority of
spring contamination in fractured aquifers in Switzerland.
However, a detailed analysis of the effectiveness of the
approach will only be possible as more case studies are
carried out and data from long-term groundwater quality
monitoring become available.

It is assumed that this approach is also applicable to
fractured media outside Switzerland. Furthermore, this
concept may also be adapted to the delineation of
protection zones around wells and to other aquifer types
(e.g. deep and/or confined aquifers). The implementation
of this approach is believed to contribute to a valuable
improvement of spring drinking water quality in many
regions. It is expected that ongoing research on fractured
media hydrogeology and experience with additional
applications of the approach and its associated methods
will give significant input for further refinement.

Acknowledgements The authors wish to thank all the persons that
have contributed to the completion of the present paper. Fruitful
comments from reviewers were greatly appreciated and allowed
subsequent improvement of the paper structure. Many individuals
have made possible the achievement of the approach and receive
our thanks: the experts group of the Swiss Society of Hydrogeology
for supervising the methodological developments, staff at the Centre
of Hydrogeology of the University of Neuchatel for inspiring input,
cantonal environmental and geological surveys for providing useful
information concerning regional hydrogeology and local authorities
and employees at the test sites for logistical support. The assistance
of Raymond Flynn and James Morris for improving the English text
is acknowledged.

References

Abelin H, Birgersson L, Moreno L, Widén H, Agren T, Neretnieks I
(1991) A large-scale flow tracer experiment in granite, 2: results
and interpretation. Water Resour Res 27(12):3119-3135.
doi:10.1029/91WRO01404

Adams B, Foster SSD (1992) Land-surface zoning for groundwater
protection. J Inst Water Environ Manage 6:312-320

Aller L, Bennet T, Lehr J H, Hackett G (1987) DRASTIC: a standard-
ized system for evaluating ground-water pollution potential using
hydrogeologic settings. US EPA, Ada, OK, 622 pp

Amit H, Lyakhovsky V, Katz A, Starinsky A, Burg A (2002)
Interpretation of spring recession curves. Ground Water 40
(5):543-551. doi:10.1111/j.1745-6584.2002.tb02539.x

14

Baedke SJ, Krothe NC (2001) Derivation of effective hydraulic
parameters of a karst aquifer from discharge hydrograph analysis.
Water Resour Res 37(1):13-19. doi:10.1029/2000WR900247

Barnes BS (1939) The structure of discharge recession curves. Trans
Am Geophys Union 20:721-725

Barton GJ, Risser DW, Galeone DG, Conger RW (1999) Case study
for delineating a contributing area to a water-supply well in a
fractured crystalline-bedrock aquifer, Stewartstown, Pennsylva-
nia. US Geol Surv Water Res Invest Rep 994047, 44 pp

Basabe-Rodriguez PP (1992) Typologie des eaux souterraines du
Flysch de la Nappe tectonique du Niesen, Préalpes Suisses
[Groundwater typology of the Niesen Flysch tectonic Nappe,
Swiss Prealp]). PhD Thesis no. 1073, EPF Lausanne, 200 pp

Bédumle R, Einsiedl F, Hotzl H, Kédss W, Wittiiser K, Wohnlich S
(2001) Comparative tracer studies in a highly permeable fault
zone at the Lindau Fractured Rock Test Site, SW Germany. In:
ATH (ed) Tracer studies in the unsaturated zone and groundwater
(investigations 1996-2001). Beitrag Hydrogeol 52:136—145

Beatrizotti G (1996) Cantone Ticino: evaluazione della permeabilita
delle rocce [Canton Ticino: evaluation of rocks permeability].
Rapp di lav dell’Istituto della Repubb e Cantone del Ticino. Dip
del Territ, Div pianif territ, Bellinzona, Italy, 17 pp

Becker MW, Metge DW, Collins SA, Shapiro AM, Harvey RW
(2003) Bacterial transport experiments in fractured crystalline
bedrocks. Ground Water 41(5):682-689. doi:10.1111/j.1745-
6584.2003.tb02406.x

Berkowitz B (2002) Characterizing flow and transport in fractured
geological media: a review. Adv Water Resour 25(8—12):861—
884. doi:10.1016/s0309-1708(02)00042-8

Besson O (1990) Etude des aquiféres fissuraux associés au synclinal
Permo-carbonifére de Salvan-Dorénaz (Suisse-Valais). [Study of
the fractured aquifers linked to the Permo-Carboniferous
syncline of Salvan-Dorenaz (Switzerland, Valais)]. Proc XXII
IAH Int. Conf. on Water Resources in Mountainous Regions,
Lausane, Switzerland, 1990, pp 1113-1121

Bradbury KR (2002) Delineation of wellhead protection areas in
fractured rock: advances during the last 10 years. GSA Annu
Meeting, Denver, CO, 27-30 October 2002

Bradbury K R, Muldoon M A, Zaporozec A, Levy J (1991)
Delineation of wellhead protection areas in fractured rocks.
Tech. Guid. Doc, US EPA, Washington, DC, 144 pp

Burgess DB, Fletcher SW (1998) Methods used to delineate
groundwater source protection zones in England and Wales.
Geol Soc Lond Spec Publ 130:199-210

Bussard T, Tacher L, Parriaux A, Maitre V (2006) Methodology for
delineating groundwater protection areas against persistent
contaminants. Q J Eng Geol Hydrogeol 39(1):97-109.
doi:10.1144/1470-9236/04-061

Cruchet M (1985) Influence de la décompression sur le comporte-
ment hydrogéologique des massifs cristallins en Basse Mauri-
enne, Savoie, France [Influence of the decompression on the
hydrogeological behaviour of the cristalline massifs in Basse
Maurienne, Savoie, France]. Géol Alp 61:65-73

Daly D, Dassargues A, Drew D, Dunne S, Goldscheider N, Neale S,
Popescu C, Zwahlen F (2002) Main concepts of the “European
approach” for (karst) groundwater vulnerability assessment and
mapping. Hydrogeol J 10(2):340-345. doi:10.1007/s10040-
001-0185-1

DoELG/EPA/GSI (1999) Groundwater protection schemes. Depart-
ment of the Environment and Local Government, EPA, Geol.
Surv. of Ireland, Dublin, 24 pp

Doerfliger N, Jeannin P-Y, Zwahlen F (1999) Water vulnerability
assessment in karst environments: a new method of defining
protection areas using multi-attribute approach and GIS tool
(EPIK method). Environ Geol 39(2):165-172. doi:10.1007/
s002540050446

Dreiss SJ (1989) Regional-scale transport in a karst aquifer, part I:
component separation of springflow hydrographs. Water Resour
Res 25(1):117-125

Dubois JD (1991) Typologie des aquiferes cristallins: exemple des
massifs des Aiguilles Rouges et du Mt - Blanc. [Typology of
crystalline aquifers: example of the Aiguilles Rouges and Mont


http://dx.doi.org/10.1029/91WR01404
http://dx.doi.org/10.1111/j.1745-6584.2002.tb02539.x
http://dx.doi.org/10.1029/2000WR900247
http://dx.doi.org/10.1111/j.1745-6584.2003.tb02406.x
http://dx.doi.org/10.1111/j.1745-6584.2003.tb02406.x
http://dx.doi.org/10.1016/s0309-1708(02)00042-8
http://dx.doi.org/10.1144/1470-9236/04-061
http://dx.doi.org/10.1007/s10040-001-0185-1
http://dx.doi.org/10.1007/s10040-001-0185-1
http://dx.doi.org/10.1007/s002540050446
http://dx.doi.org/10.1007/s002540050446

Blanc Massifs]. PhD Thesis no. 950, EPF, Lausanne, Switzer-
land, 324 pp

Field MS (1999) The QTRACER program for tracer-breakthrough
curve analysis for karst and fractured-rock aquifers. US EPA,
Washington, DC, 137 pp

Ford DC, Williams P (2007) Karst hydrogeology and geomorphol-
ogy. Wiley, New York, 576 pp

Gentry WM, Burbey TJ (2004) Characterization of groundwater
flow from spring discharge in a crystalline rock environment. J
Am Water Resour Assoc 40(5):1205-1217. doi:10.1111/j.1752-
1688.2004.tb01580.x

Golwer A (1983) Underground purification capacity. In: Ground
water in water resource planning, vol 2, Proc. UNESCO-IHP,
Paris, pp 1063—1072

Heath DL (1995) Delineation of a refined wellhead protection area
for bedrock public supply wells, Charlestown, Rhode Island.
Town of Charlestown, RI, USA, 140 pp

Hemmer DH, Beach G (1997) Wyoming’s Wellhead Protection
(WHP) Program. Guidance document, Wyoming Dept. of
Environ. Quality, Cheyenne, WY, USA

Jackli H (1970) La Suisse durant la derniére période glaciaire
[Switzerland during the last glacial period]. Carte 1:550°000 +
notices explicatives. Atlas de la Suisse, Serv topogr féd,
Wabern-Bern, Switzerland

Jamier D (1975) Etude de la fissuration, de I’hydrogéologie et de la
géochimie des eaux profondes des massifs de I’ Arpille et du Mt-
Blanc. [Study of fissuration, hydrogeology and water chemistry
of deep water in the Arpille and Mt Blanc Massifs]. PhD Thesis,
Univ Neuchétel, Switzerland, 153 pp

Jensen ME, Lowe M, Wireman M (1997) Investigation of hydro-
geologic mapping to delineate protection zones around springs:
report of two case studies. US EPA, Cincinnati, OH, 60 pp

Kiss W (1998) Tracing technique in geohydrology. Balkema,
Rotterdam, The Netherlands, 600 pp

Keller B (1992) Hydrogeologie des schweizerischen Molasse-
Beckens: Aktueller Wissenstand und weiterfithrende Betrach-
tungen [Hydrogeology of the Swiss Molasse Basin: current
understanding and additional considerations]. Eclogae Geol
Helv 85(3):611-651

Krasny J, Hrkal Z, Bruthands J (eds) (2003) Proceedings of the
International Conference on Groundwater in Fractured Rocks,
Prague, Czech Rep, September 2003, 426 pp

Lateltin O, Beer C, Raetzo H, Caron C (1997) Instabilités de pente
en terrain de flysch et changements climatiques [Slope
instability in Flysch terrains and climate change]. Rapp final
PNR 31, Hochschulverlag ETH, Ziirich, 168 pp

Lipfert G, Tolman AL, Loiselle MC (2004) Methodology of
delineating wellhead protection zones in crystalline bedrock in
Maine. J Am Water Resour Assoc 40(4):999-1010.
doi:10.1111/j.1752-1688.2004.tb01062.x

Lipponen A (2007) Applying GIS to assess the vulnerability of the
Pdijanne water-conveyance tunnel in Finland. Env Geol 53
(3):493-499. doi:10.1007/s00254-007-0671-4

Maloszewski P, Herrmann A, Zuber A (1999) Interpretation of
tracer tests performed in fractured rock of the Lange Bramke
basin, Germany. Hydrogeol J 7(2):209-218. doi:10.1007/
$100400050193

Mangin A (1982) L'approche systémique du karst, conséquences
conceptuelles méthodologiques [Systemic approach of the karst,
conceptual and methodological consequences]. Proc Reun Monogr
sobre el karst, Larra, France, November 1982, pp 141-157

Mania J, Monnet J-C, Gaiffe M (1998) La protection des eaux
souterraines dans les zones rurales de moyenne montagne a
vocation d'élevage [Groudwater protection in mid mountainous
rural zones with rearing activities]. Hydrogéologie 1998(4):29-32

Maréchal JC (1998) Les circulations d'eau dans les massifs
cristallins alpins et leurs relations avec les ouvrages souterrains
[Groundwater flow in Alpine crystalline massifs and its
relations to underground constructions]. PhD Thesis no. 1769,
EPF Lausanne, Switzerland, 296 pp

NRC (National Research Council US) (1993) Groundwater vulner-
ability assessment - Predicting relative contamination potential

15

under conditions of uncertainty. Natl. Acad. Press, Washington,
DC, 204 pp

NRC (National Research Council, US, Committee on Fracture
Characterization and Fluid Flow) (1996) Rock Fractures and
Fluid Flow: contemporary understanding and applications. Natl
Acad Press, Washington, DC, 551 pp

Novakowski KS, Bickerton G, Lapcevic P (2004) Interpretation of
injection-withdrawal tracer experiments conducted between two
wells in a large single fracture. ] Contam Hydrol 73:227-247.
doi:10.1016/j.conhyd.2004.02.001

OFEFP (2004) Instructions pratiques pour la protection des eaux
souterraines [Groundwater protection guide]. L’environnement
pratique. SAEFL, Berne, Switzerland, 141 pp

OFEFP (2005) Dimensionnement des aires d'alimentation Z, [Dimen-
sioning of Z, groundwater protection areas]. Guide pratique.
L’Environnement pratique. SAEFL, Berne, Switzerland, 33 pp

Ofterdinger US (2001) Ground water flow systems in the Rotondo
Granite, Central Alps (Switzerland). PhD Thesis no. 14108,
ETH Ziirich, Switzerland, 179 pp

Parriaux A (1981) Contribution a I'é¢tude des ressources en eau du
bassin de la Broye [Contribution to the study of the Broye basin
(Switzerland)]. PhD Thesis no. 393, EPF Lausanne, Switzerland,
386 pp

Pochon A, Zwahlen F (2003) Délimitation des zones de protection
des eaux souterraines en milieu fissuré [Delineation of ground-
water protection zones in fractured media]. Guide pratique.
L’Environnement pratique. SAEFL, Berne, Switzerland, 83 pp

Pochon A, Meylan B, Tripet J-P, Zwahlen F (2003) Delineation of
groundwater protection zones in fractured media: presentation
of'a new systematic methodological approach. In: Krasny J, Hrkal Z,
Bruthands J (eds) Proc. of the Int. Conf. on Groundwater in
Fractured Rocks. Prague, Czech Rep., September 2003, pp 373-374

Robinson N, Barker J (2000) Delineating groundwater protection
zones in fractured rock: an example using tracer testing in
sandstone. Tracers and Modelling in Hydrogeology, Publ. 262,
IAHS, Wallingford, UK, pp 91-96

Rossier Y, Sandmeier N (1989) Etude hydrogéologique d’un massif
cristallin fissuré (Massif du Haut du Thiem, Sud des Vosges).
Réponses hydrodynamiques, physiques et géochimiques
[Hydrogeological study of a fractured cristalline massif (Massif
du Haut du Thiem, south of the Vosges): hydrodynamical,
physical and geochemical responses]. PhD Thesis, Univ de
Franche-Comté, France, 200 pp

SAEFL (2000) Groundwater Vulnerability Mapping in Karstic
Regions (EPIK). Practical guide. Environment in practice.
SAEFL, Berne, Switzerland, 56 pp

Sauter M (1992) Quantification and forecasting of regional ground-
water flow and transport in karst aquifers (Gallusquelle, Malm,
SW Germany). PhD Thesis, Univ. of Tiibingen, Germany, 149 pp

Smart CC (1988) Artificial tracer technique for the determination of
structure of conduits aquifers. Ground Water 26(4):445-453.
doi:10.1111.j.1745-6584.1988.tb00411.x

Taylor RG, Howard KWF (1998) The dynamics of groundwater flow
in the regolith of Uganda. In: Dillon P, Simmers I (eds) Shallow
groundwater systems. Int Contrib Hydrogeol 18:97-113

Tripet J-P (2005) Chapter 7, Groundwater. In: Spreafico M,
Weingartner R (eds) The hydrology of Switzerland: selected
aspects and results. Reports of the FOWG, Water series no. 7,
Fed Office for Water and Geol, Berne, Switzerland

Vrba J, Zaporozec A (1994) Guidebook on mapping groundwater
vulnerability. In: Int Contrib to Hydrogeol vol. 16, IAH, Goring,
UK, 131 pp

Wernli HR, Leibundgut C (1993) Der Einsatz von Tracermethoden in
komplexen Molasseaquiferen [On the use of tracer methods in
complex Molasse aquifers]. Steir Beitrag Hydrogeol 44:173-192

WPO (1998) Water Protection Ordinance of 28 October 1998
(814.201), UNECE, Geneva

Zwahlen F (ed) (2004) Vulnerability and risk mapping for the
protection of carbonate (karst) aquifers, COST Action 620,
Final report. European Commission Directorate-General XII,
Science, Research and Development, Report EUR 20912,
COST Action 620, Luxembourg, Belgium, 297 pp


http://dx.doi.org/10.1111/j.1752-1688.2004.tb01580.x
http://dx.doi.org/10.1111/j.1752-1688.2004.tb01580.x
http://dx.doi.org/10.1111/j.1752-1688.2004.tb01062.x
http://dx.doi.org/10.1007/s00254-007-0671-4
http://dx.doi.org/10.1007/s100400050193
http://dx.doi.org/10.1007/s100400050193
http://dx.doi.org/10.1016/j.conhyd.2004.02.001
http://dx.doi.org/10.1111.j.1745-6584.1988.tb00411.x

	Groundwater protection in fractured media: a vulnerability-based approach for delineating protection zones in Switzerland
	Abstract
	Introduction
	Characteristics of fractured aquifers in Switzerland
	Groundwater protection zoning in Switzerland
	Regulations and requirements
	Existing methods and need for a novel approach

	Main concepts and definitions
	Aquifer global characterization: spring monitoring
	Aquifer spatial characterization: heterogeneity and vulnerability mapping
	Spring vulnerability versus vulnerability mapping

	Decision process for method selection
	Overview
	Evaluation of the spring vulnerability: basic data acquisition
	Evaluation of aquifer heterogeneity: additional investigations

	Methods and examples
	Low vulnerability springs
	Distance method
	Test site application

	Vulnerable springs in slightly heterogeneous aquifers
	Isochrone method
	Test site application

	Vulnerable springs in highly heterogeneous aquifers
	DISCO method
	Test site application


	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


