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Abstract. Protection of groundwater intended for human consumption has a transcendental importance in Europe. Its protection is
arranged mainly by the establishment of groundwater source protection areas. In this paper, twelve methods selected as the most
appropriate for granular porosity aquifers will be analysed, comparing results of their application to four catchments in a detritic
aquifer located in the Duero river basin, northwestern Spain, for 1 day, 50 days, 4 years and 25 years travel time. Results obtained
by other methods that do not consider travel time, will also be evaluated. Results from mathematic simulation made with
VisualMODFLOW and VisualMODPATH codes will be used as reference for cartographic overlap of the protection areas.
Comparison of results obtained with the different methods shows that the error is small in zones delineated by 1 and 50 days
travel time, and that it increases for the furthest zone (usually of several years travel time). This analysis will allow to estab-
lish differences between methods and to estimate their accuracy for different hydrogeological conditions, so it might guide
selection of the most suitable ones in any area with similar characteristics.

Key words: source protection areas, groundwater pollution, analytic methods, mathematic models, travel time.

Abstrakt. Ochrona wód podziemnych przeznaczonych do picia ma najwiêksze znaczenie w Europie. Jest ona organizowana
g³ównie przez ustanawianie obszarów ochrony formowania siê zasobów wód podziemnych. W artykule przeanalizowano 12
wybranych metod oceny czasu przep³ywu wód podziemnych dla t = 1 dzieñ, 50 dni, 4 lata i 25 lat w porowym oœrodku skal-
nym, porównuj¹c wyniki obliczeñ wykonanych dla 4 ujêæ znajduj¹cych siê w zlewni rzeki Duero w pó³nocno-zachodniej
Hiszpanii. Oceniono równie¿ wyniki uzyskane innymi metodami, które nie pozwalaj¹ na ocenê czasu przep³ywu wody. Wy-
niki matematycznej symulacji przep³ywu z wykorzystaniem programów VisualMODFLOW i VisualMODPATH pos³u¿y³y
jako odniesienie do kartograficznego odwzorowania obszarów ochronnych.
Wyniki badañ wykonanych ró¿nymi metodami wskazuj¹, ¿e ma³e b³êdy wystêpuj¹ przy ocenie zasiêgu przep³ywu wód dla
czasu od 1 do 50 dni, lecz wyraŸnie zwiêkszaj¹ siê przy dalszych zasiêgach przep³ywu, zwykle dla czasu wynosz¹cego ponad
kilka lat. Przeprowadzone analizy pozwalaj¹ oceniæ ró¿nice miêdzy stosowanymi metodami obliczeñ i okreœliæ ich dok³ad-
noœæ dla ró¿nych warunków hydrogeologicznych, co umo¿liwia wybór najw³aœciwszej metody badañ dla dowolnego ob-
szaru o podobnej charakterystyce.

S³owa kluczowe: tereny ochrony wód podziemnych, zanieczyszczenie wód podziemnych, metody analityczne, modele ma-
tematyczne, czas przep³ywu wód podziemnych.

INTRODUCTION

Protection of the groundwater intended for human consump-
tion has a transcendental importance in Europe because it serves
as water supply for an average of 70% of total population. This
percentage raises to 99% in countries such as Austria and Den-
mark (European Environment Agency, 1999). The protection

means mainly the establishment of groundwater source protec-
tion areas. These may be defined as areas surrounding ground-
water sources. In those areas activities and facilities capable of
polluting groundwater are gradually restricted or prohibited
(Moreno Merino et al., 1991).
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Relevant methods to delineate zones in which these areas
are detached depend on the characteristics of the aquifer
from which groundwater is extracted (with granular porosity
or similar in functioning: karstic or fissured), and which

characteristics have been analysed in several research works
(USEPA, 1987; Environment Agency, 1998; Lallemand-Bar-
r�s, Roux, 1999; Krijgsman, Lobo Ferreira, 2001; Martínez
Navarrete, García García, 2003).

SOURCE PROTECTION AREAS IN POROUS MEDIA AQUIFERS

In porous media aquifers or in those with a similar hydro-
geological functioning, relatively homogeneous media in
which Darcy’s law can be applied are those in which still
more precise methods can be used because of possibility to

use hydrogeological and analytic methods and mathematical
models.

Hydrogeological methods are fundamental, always as com-
plementary to other ones. When used alone, they have an in-
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Fig. 1. Source protection areas delineated by hydrogeological methods
(from Pérez Gonzáles et al., 1990 in: Martínez Navarrete, 2002; modified)
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convenience of delineating a unique zone corresponding to
the catchment area instead of dividing the protection area in
a way allowed by other methods, that allow for easier establish-
ment of gradual restrictions.

Analytic methods use simple equations that need few data.
Their inconvenience is that they make a simplification
of the aquifer characteristics, and the exploitation conditions
that may be noticeably far from reality.

In this paper (Table 1), twelve methods selected by the au-
thors as the most appropriate for granular porosity aquifers will
be analysed, comparing results from their application to four
catchments in a detritic aquifer (sands and gravels embedded in
a sandy, silty, and clayey matrix) located in the Duero river ba-
sin, northwestern Spain (Martínez Navarrete, 2002).

Source protection areas delineated by hydrogeological
methods are shown on Figure 1, being the effect of an analysis
used also for an accurate application of all the considered
methods.

Results obtained from the use of different selected me-
thods, for one day travel time, are shown in Table 2. To carry

out a comparative analysis of the different methods results,
a cartographic overlapping of the protection areas delineated
separately with the use of each singular method has been
applied.

Results from mathematic simulation made with Visual-
MODFLOW and VisualMODPATH codes (Martínez Na-
varrete, 2002) have been used as a reference for the carto-
graphic overlapping of the zones containing protection areas,
delineated with different methods, after 50 days, 4 years and 25
years of travel time. Results obtained by other methods that do
not considered travel time, such as hydrogeological methods or
Rehse’s method, to calculate the self-purification power of the
terrain (Rehse, 1977), have also been evaluated.

Figure 2 shows an example of cartographic overlapping of
protection areas delineated after 50 days travel time, using
Wyssling’s, and Jacobs and Bear’s methods as well as a simple
analytic solution method. Those are the ones that show
the most similar results for this travel time with respect to
the mathematic modelling taken as a reference. These three
methods do also show almost identical results for the upstream
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T a b l e 2

Comparison among quality protection zones obtained through application of different methods
with a 1 day travel time or through alternative criteria

Employed methods San Bartolomé Wellhead
(4)

distances in metres

Puente Alzado Wellhead
(1)

distances in metres

Ca�ada del Abad
Wellhead (3)

distances in metres

Camino del Valle Wellhead
(5)

distances in metres

Hydrogeological method (*) it delineates a unique zone independent from time (see Figure 1)

Flow system analysis combined
with travel time calculus

d = 4 d = 2 d = 4 d = 7

Calculated fixed radius: volumetric
equation

R = 16 R = 16 R = 17 R = 17

Calculated fixed radius:
recharge method (*)

it does not use time; gives a unique value for long times Ex: 4 years (see Figure 4)

Calculated fixed radius: as a function
of drawdown

R = 367 R = 367 R = 367 R = 367

Wyssling’s method
So = 23 (upstream)
Su = 19 (downstream)

So = 22 (upstream)
Su = 21 (downstream)

So= 24 (upstream)
Su=21 (downstream)

So = 26 (upstream)
Su = 19 (downstream)

Flow system analysis combined with
the uniform flow equation (*)

it delineates a unique zone independent from time

Jacobs and Bear’s method

Xa-b = 11 (upstream)
Xa-c = 7 (downstream)
Xa-d = 8 (to the sides)
Xa-e = 8 (to the sides)

Xa-b = 4 (upstream)
Xa-c = 2 (downstream)
Xa-d = 3 (to the sides)
Xa-e = 3 (to the sides)

Xa-b = 10 (upstream)
Xa-c = 6 (downstream)
Xa-d = 7 (to the sides)
Xa-e = 7 (to the sides)

Xa-b = 21 (upstream)
Xa-c = 12 (downstream)
Xa-d = 15 (to the sides)
Xa-e = 15 (to the sides)

Simple analytic solution for an isochrones
defining transport zones approach method

XL = 20 XL = 20 XL = 20 XL = 20

Krijgsman and Lobo-Ferreira’s method L = 19 L = 18 L = 20 L = 22

Rehse’s method for the calculus of
the depurative power of the materials (*)

it does not depend on
time L = 107

it does not depend on
time L = 99

it does not depend on
time L = 0

it does not depend on time
L = 29

Mathematic models. VisualMODFLOW
and VisualMODPATH programs

simulation for 1 day has been not made because of being too small for the established grid

(*) these methods do not use travel time as a criterion; they are include as a reference of the protection area extension obtained using these criteria; they give
a unique zone independent from time



and downstream length of the protection area in this zone and
do usually indicate a smaller area to protect than that shown by
the modelling, even though Wyssling’s method delineates
wider protection zones.

In each one, there is a degree of subjectivity as they have to
define a unique main flow direction by means of the po-
tentiometric values. In those values, error may be induced for
the protection zone orientation in groundwater catchments
with convergent flows, as illustrated by the case of wellhead
number 5 in Figure 2.

In figure 3, the cartographic overlapping for a 4 years travel
time protection zones is shown, obtained with the Wyssling’s,
and Jacobs and Bear’s methods as well as with a simple ana-
lytic solution method. The last one provides much larger zones
upstream than that of the mathematical simulation taken as ref-
erence, and about 1 km larger to that corresponding with
the Jacobs and Bear’s method.

With regard to other methods considered (Martínez Na-
varrete, 2002), their analysis shows that Krijgsman and
Lobo-Ferreira’s method gives results similar to those obtained
with the Jacobs and Bear’s methods. Their fixed calculated ra-
dius as a function of the drawdown gives a circle with a dispro-
portionate radius even greater than the others; the fixed calcu-

lated radius volumetric equation and recharge methods show
practically equal results and give zones defined by a circle that
comprises about a half of the length upstream of the model
value taken as reference and twice the length downstream; and
the results from the flow system analysis combined with
the travel time calculus method are very close to the hydro-
geological method (Fig. 1).

And finally, Figure 4 shows the cartographic overlapping
for 25 years travel time. This shows how Jacobs and Bear’s,
Wyssling’s, simple analytic solution, Krijgsman and Lobo-
-Ferreira’s methods delineate protection zones with very high
lengths which are obviously not viable and very narrow and the
fixed calculated radius as a function of the drawdown gives
enormously sized areas. On the contrary, the fixed calculated
radius recharge method gives very small areas, and the volu-
metric method, even though it reduces significantly the differ-
ences with the reference simulation, protects wide zones down-
stream probably in an unnecessary way.

Last of all, the flow system analysis combined with
the travel time calculus method shows identical results to those
of the hydrogeological method, which is the most similar to
the reference area for such a high considered time.
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Fig. 2. Cartographic overlapping of the source protection areas delineated using different methods
and a 50 days travel time (from Martínez Navarrete, 2002; modified)



68 Pedro Emilio Martínez-Alfaro et al.

Fig. 3. Cartographic overlapping of the source protection areas delineated using different methods
and a 4 years travel time (from Martínez Navarrete, 2002; modified)
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Fig. 4. Cartographic overlapping of the source protection areas delineated using different methods
and a 25 years travel time (from Martínez Navarrete, 2002; modified)



SUMMARY AND CONCLUSIONS

Comparison of results obtained with different methods se-
lected for delineation of protection areas shows that the error is
small in zones delineated by means of 1 and 50 days travel time,
and that it increases for the furthest zone (usually delineated by
means of several years travel time).

Mathematical models, when enough data is available for
their calibration and performance, allow considering variations
of the main hydraulic parameters, aquifer heterogenesis,
pumping influences and others, so they give more precise re-

sults, especially for delineating the moderate restrictions zone,
and even more when the travel time used is extended from 1 to
25 years in this zone.

This analysis allows to establish differences between
methods and to estimate their accuracy for the different hydro-
geological conditions of each of the four analysed catchments,
so it may guide selection of the most suitable ones at the begin-
ning of any project delineating wellhead protection area in sim-
ilar conditions.
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