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Abstract. The degree of vulnerability of groundwater to pollution can be defined as a group of physical,
chemical and biological characteristics of the unsaturated zone and/or aquitard, which control the
susceptibility of the aquifer to degradation by a contaminating event of anthropic origin. Vulnerability is thus
dependent upon two factors: i) degree of access, in hydraulic terms, provided for penetration of
contaminants, and ii) attenuation capacity offered by the geological medium. Isotopic techniques are useful
in determining vulnerability, to the extent that they allow for a better understanding of these two particular
factors. The possibility of dating groundwater is a powerful tool in estimating hydraulic access to the aquifer.
In the same way, nitrogen and carbon isotopes are able to provide information regarding such contaminant
attenuation processes as the denitrification and biodegradation of halogenated solvents, respectively. This
work shows the way in which some of these techniques can assist in determining vulnerability, based on
examples in Latin America.

Resumo. A vulnerabilidade das aguas subterraneas a poluicao pode ser definida como um conjunto de
caracteristicas fisicas, quimicas e biologicas da zona n30 saturada e/ou do aquitarde que controla a
susceptibilidade do aquifero em ser degradado por urn evento contaminador de origem antropica, A
vulnerabilidade e entao funcao de dois fatores: i) do acesso hidraulico apenetracao do contaminante e ii) da
capacidade de atenuacao que 0 meio geologico oferece . As tecnicas isotopicas suo uteis na deterrninacao da
vulnerabilidade na medida em que permitem um melhor conhecimento destes dois fatores. A possibilidade
de datacao das aguas e uma ferrarnenta poderosa na estirnacao do aces so hidraulico ao aquifero, Da mesma
forma, os isotopes de nitrogenio e de carbono podem fomecer informacoes dos processos de atenuacao de
contaminantes, como a denitrificacao e a biodegradacao de solventes halogenados, respectivamente. Este
trabalho mostra 0 alcance de algumas destas tecnicas como auxiliares na determinacao da vulnerabidade, a
partir de exemplos na America Latina.
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INTRODUCTION

Since the 1980s, there has been a period of
intense development of mapping techniques for
determining the degree of vulnerability of aquifers
to anthropic contamination. More recently, aquifer
vulnerability has served as a basis for man y
groundwater quality control programs in various
countries, principally those in Europe. This has
come about due to the fact that it is more
economical and less harmful to the environment
to control potentially contaminating activities,
using different levels of aquifer vulnerability as a
basis , than to attempt to apply universal control

over all such activities in a generalized manner
(Foster et al. 2001).

In fact, it is difficult to represent the
complexity of aquifer systems and the subsurface
behavior of contaminants in a complete manner
through the use of a simple vulnerability method.
As a result, this has led some hydrogeologists to
advocate that it would be more realistic to analyze
each case of contamination individually.
However, such a procedure is confronted by
human resources and economic limitations,
especially in developing countries, such as those
of Latin America.

Many of these problems can be overcome
if it is made clear that the mapping of
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vulnerability is not a substitute for detailed
studies, but a first step in identification of the
most significant environmental hazards on a
municipal scale, or even a state or provincial
scale. In this way, vulnerability zoning ma y be
ab le to assist in the identification of action
pr iorities on the part of environmental control
agencies, not only indicating tho se activities that
have already been installed and which may be
endange ring the aquifer, but also defining the
env ironmental requirements to be met by new
activities, based on groundwater protection and
support capacity.

Th e correct application of vulnerabil ity
techniques should be preceded by an
understanding of a conceptual groundwater
circulation model , principally those mechanism s
that control aquifer recharge. There is an
unquestionable relationship between recharge and
vulnerabil ity , since the transport of many
contaminants to the saturated zone of the aquifer
occurs in the dissolved phase, as part of the
recharge process (Fo ster 1998) . In this process in
part icular, isotopic techniques, with emphasis on
environmental isotopes, have been found to be
widely applicable, as they allow for identification
of the origin of the water that is infiltrating the
aquifer.

If, on the one hand, the zoning of land is
clearly important as the best way of occupyin g it
(and vuln erability methods can be a useful tool for
this purpose), there are still several technical
aspects that need to be studied in depth and
res olved. One of the se aspects is the need for
studies that validate the results of differ ent
meth ods o f determining vulnerability. Once again,
isot opic techniques can be of great importance, to
the ex tent that the y measure the time of arr ival of
wa ter at the saturated zone of the aquifer and , in
some cases, even provide indication of the origin
of thi s water and the path it has followed through
the rocky medium.

THE CONCEPT OF AQUIFER
VULNE RA BIL ITY

The concept of aquifer vulnerability was
introduced by Le Grand (1964) in the USA ,
Albine t & Margat (19 70) in France and, to a
wid er ex tent in the 1980s by various other authors
(A ller et al. 1987, Bachmat & Collin 1987, Foster
& Hir ata 1988). Since then, this concept has been
used in orde r to express the following:

• Intrinsic characteristics of strata that separate
the saturated zone of the aquifer from .the
surface, which determine the level of
sens itiv ity to adverse effects caused by the
imposition of a contaminant load of
anthropic origin (Fos ter & Hirata 1988);

• Class ification of aquifers based on the
socioeconomic importance of the water
resource at the pre sent time and in the future,
including the possibility of being replaced by
oth er sources; and

• Classification based on the importance of the
aqu ifer in maintaining important ecological
areas .

From a technical-scientific point of view, the
first definition , with some modifications, is that
which is mo st widely used.

Basically, it is possible to gain an
understanding of the degree of vulnerability of an
aquifer based on the following (Foster & Hirata
1988):

• Degree of hydraulic access regarding
contaminant penetration on reaching the
saturated zone of the aquifer (advection of
contam inants) ; and

• Attenuation capacity of the layer that covers
the satura ted zone, resulting from the
retention or physical-chemical reaction of
contaminants (di spersion , retardation and
degradation).

Along the same line s, the authors define the
groundwater pollution ha zard as the probability of
tho se more surfic ial portions of the aquifer being
degrad ed by some kind of surface activity. In this
way, the hazard of contamination of an aquifer is
understood as an interrelationship between the
vulnerability of the aquifer and potential
contaminant load.

It is possible to mention a large number of
vulnerability mapping techniques and their
applicat ion in a variety of hydrogeological
contexts (Vrba & Zaporozec 1994, Hirata &
Reboucas 1999). In Latin America, the most
common methods are as follows : GOD (Fo ster &
Hi rata 1988), DRASTIC (Aller et al. 1987) and
SIN TAC (C ivita et al. 1990) (Fo ster et al. 2001) .

An ana lys is of the various existing methods
of determining vulnerability shows that there are
some problems:

• Although several authors, including two
major professional working groups (NRC
1993, Vrba & Zaporozec 1994) , have coined
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a few definitions, which, in a tentative
manner, would unify the concept of
vulnerability and its application, there is still
no con sensus of opinion among
hydrogeologists regarding this subject
(Fo ster et al. 200 I). One of the most notable
points is that several methods are restricted
to analyzing vulnerability as the arri val of
contaminants at the saturated zone, in other
word s, the extent to which the material
between the surface of the soil and the
saturated zone of the aquifer allows a
contaminant to cross it. Besides this , other
methods also include cons ideration of the
degree of mobility of contaminants in the
sa turated zone. This, however, does not
appear to view vulnerability mapping from
the mo st useful perspective, namely that of
providing a framework for planning and
contro lling activities at the land surface;

The lack of a widely accepted concept makes
it difficu lt to compare di fferent methods,
principally due to the fact that almost all of
them result in relative degrees of
vulnerability. An absolute index of aquifer
pollution vulnerability is far more useful for
all practical applications in land -use planning
and effluent discharge control. An absolute
inde x can be developed provided each cla ss
of vulnerability is clearly and consi stentl y
defined (Table I). In this way it is possible to
overcome most (if not all) the common
obj ect ions to the use of an absolute
integrated vulnerability index as a
framework for groundwater pollution hazard
asse ssment and protection policy formulati on
(Fos ter et al. 200 I);

layer formations, karstic aquifers and dual­
porosity systems. The highl y heterogeneous
nature of the material, resu lting in the
difficult prediction of pollutant flux along
preferential pathways, has had the effect of
making existing methods simplify and
generalize hydrogeological aspects and
lithological groups, often without the
nece ssary detailing of the aquifer medium.
The methods fail to incorporate geological
concepts that describe preferential fluxes in a
more suitable manner. For example, in
fractured aquifers of the kind found in
ancient formations, there sho uld be analysis
not only of the tectonic event that produced
the fracturing, but also tho se that maintain
some fractures open and others closed;

• Although there are a few studies that include
a crit ical analysis of existing methods, most
importantly DRASTIC (Ho lden et al. 1992,
Bate s et al. 1993, Kalinski et al. 1994 , Rosen
1994) , the different techniques invo lved still
lack validation, based on de tai led studies in
the field with the systematic monitoring of
groundwater quality. An analysis of various
contamination cases , including a range of
di fferent anthropic activities, would be able
to pro vide the necessary basis for this
validation. In the same way, this kind of
study would assist in better defining an
absolute vulnerability index, or at least a
sys tem of equi valence between the different
methods.

HOW ISOTOPI C TECHNIQUES ASSIST IN
THE CHARACTERIZAnON OF AQUIFER
V LNERABILITY

vnlnc-rab ilitv cla ss Practica l de finitio n

Extreme vu lnerable to mos t water pollutants with relatively rapid
im nact ill mnnv nolhuion scenarios

l ligh
Vulnerable to many pollutants. except those highly
absorbed or read ilv transform ed. in rnanv scenarios

Medium
Vulnerable 10some pollutants. but only when continuously
discharued/lcachcd

l.ow
Only vulncrubf...10 conservative pollutantsin long term
\\ h (.'11con tinuou slv and widclv dtschnrccd/lcachcd

Negligihle
Confining beds present with no signi ficant vertica l
uroundwater tlow

Table I : Practic al definition of cla sses of aqu ifer
pollu tio n vulnerability (Foster et al. 200 I).

There are basically two factors that control
the vulnerability of an aquifer, namely: degree of
hydraulic access and the protection that surficial
layers offer the saturated zone of an aquifer (non­
saturated zone and/or aquitard) in the form of
attenuation capacity.

lorma lly, vulnerability assessment
methods are lim ited by a lack of hydrogeological
information (Table 2). Isotopic techniques can be
important tools to the extent that they assist in
pro viding part of this information (Table 3).

• The different methods have shown
them selves to be insufficient for assessing
vulnerability in areas of complex geology,
for example, in crystalline bedrock aquifers
(fractured flux ), recent volcanic rocks, multi-
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Co mpone nt ofaquircr po llut ion II ... Jfll1!Culo tical Ja t,l
\ uln..:rahili'\ ldcatlv rcuuircd Nonnullv available
H)".l rau licll l"n ·\ \ ilJi l il \ orthe degree of aquife r conflncrucm ly re ofFrtlUlKh' I1II;r
saturated aquifer III pcuctrmlcn confinement
o fp ollut ants depth to groundwater tableor

groundwater strik e depth tn groundwater table or

un....unrated IJ IflC r uolsturc
hlp ill"confined aqui fe r

\ crtical hvdruulic conductivitv
ufs trata in vudosczone or .
conlininl.:' bed s

A I Il'lI l1:tl iulI 1':\I' :u' i l)' nr~lrnt~ grain and fissure si/ c grade nl"collsn iidat itlll/ lissuring
overlying the S.JIUr: lt ;,:J zone. distribution of strata in vadose these suuta
rcsuhin e fromthe "n ile or cnnfin ing hcd:-.
p h)skl~·h \..mical rete ntion ur
rcact ion ot polhuant s lIIincl11 1n~y ofsmnu in vadose lithological ch aracter uflh..:sc

zoncurcontlnine beds slnl ill

Table 2: Hydrogeological factors controlling aquifer
pollution vulnerability.

It is only possible to develop satisfactory
vulne rability mapping ba sed on adequate
ch aracteri zation of a conceptual model of aquife r
flow and, mo st importantl y , determination of its
recharge area.

Tracers can be utilized 111 es timating
rechar ge, these be ing categorized as
environme ntal (already present in geosphere) and
applied tracers (inje cted by the researcher).
According to Lern er ( 1990), there are severa l
ways tha t tra cers can be used:

• Signa ture methods, in which part icul ar
parcel s o f water are labeled and traced;

Th rou ghput methods, when fluxes of trace r
and water are calculated in the un saturated
zone, usu ally for en vironmental tracers;

Turnover or transit time calculations, which
are used for whole aquifers, usually with
environmental tracers.

1 Amo ng the enviro nmental isotopes,
180

and -H are those mo st widely used in definin g
recharge areas or thei r origin. These isotopes are
affected by isotopic fractionation processes, in
ot her words, changes in the isotop ic re latio nships
b 180/1 60 1 .etween and -I-I/H, dunng the processes
of evapora tio n and co ndensation of water (liquid­
vapo r phase ex change). This ph enomenon labels
th e water and allows its origin to be defined , as it
is a function of altitude, distance fro m the
coast line and rainfall dyn ami cs in a given area .
Trans pira tion by plants do es no t affect thi s
frac tio nat ion process .

An ex ample of the use of these isotopes is
the cha racterization of the recharge area of the
Colima Aquifer, located in the Valle Ce ntra l
region of Costa Rica (Perez & Hirata 2000) . The
aquifer in que sti on is one of the most imp ortant
water so urces supply ing the population of San
Jose. By me an s of geolog ical and isotop ic

I J -

ev idence, it wa s po ssible to det ermine that
recha: ge of the Colim a Aquifer wa s pr incipally
associated with regions of hi gh elevation and did
not co me about as a result of the direct infiltration
of water fro m other aquifers nearer the surfa ce
(F igure .1). At the present tim e, there is increasing
occupa tion of the se highland areas, particularly
for agricultural purposes, with the extensive use
of nit rogenated fertilizers. The rap id movement of
rec ha rge wa ters in thi s kind of aquifer comprised
of recent vo lca nic rock, confirmed using trit ium
dat ing techniques (BGS/SENARA 1988), shows
that this is a vulne rable aquifer. Based on the
ev idence gathe red, it is recommended that the
occupa tion of these highland areas be conducted
in a ca reful manner , wi th a view to protecting the
Co lima Aqui fer. Particularly in thi s area, there
should be de fini tion of effective vulnerability
mapping of the aquifer system .

Groundwater dating is a powerful tool in
identify ing groundwater transit-time until its
arrival at the sat urated zone. Recent waters
present in an aq ui fer ma y indicate rapid
contaminant access to its sat urated zo ne . Thi s
wo uld indica te a lower level of protection , as the
degree of degradation is, in the majority of cases,
proportional to transit-time through the geological
med ium .

Isotopi c dating techniques measure the
time between recharge and collecting a sample
from the aquifer. The presence of tritium, th is
be ing an isotope showing rap id ra dioactive decay
( 12.42 years), is confirmation of recent wa ter s and
may be indication of a vulnerable aquifer, at least
from a hydraul ic point of v iew. On the other hand,
the dating of wa ters that exceed do zens or even
hundreds of years is indi cat ion of a well-protected
aquifer. In the same way, the abs olute dating of
wa ter is an excellent tool for confirm ing the
degree of co nfi neme nt to which the aqui fer is
subjected .

So lis & Araguas (1994) ide ntified that th e
rec harge of aquifers in the Valle de Cochabamba
region (Bo livia) is associated with area s lyin g
close to alluvial fans. Results obtained using 14C
and tritium ma de it po ssible to identify at lea st
three aquifer zones. These are as follo ws: the first
of recent age , with a tr itium content equal to that
observed in rainwater (4-6 UT), followed by a
transit ion zo ne « 2km in wi dth), where the
tri tium
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Figure 1: Isotopic groundwater evolution in Valle Central (San Jose, Costa Rica).

assessments of contaminant
the use of environmental and
have been shown to have

dual-porosity formations.

concentration drops to 0 UT, and a third,
where the radiometric age derived from
radiocarbon content in the water is in the order of
10,000 to 15,000 years. In this third zone,
Stimpson et al. (1992) , also studying the dynamics
of environmental isotopes, showed that recharge
waters should have occurred in a colder climate
than that experienced at the present time. In
addition, the study identified the important
contribution made by contaminated surface water
to the aquifer, thus endangering groundwater
quality. These studies allow for definition of those

land of volcanic origin in Costa Rica is a good
example of estimation of the average rate of
transport of a non-reactive solute (tritium) through
the vadose zone profile and quanti fication of
aquifer recharge.

However,
transport through
artificial tracers
limitations in

areas of the aquifer that are most vulnerable, as
well as future impacts on the groundwater
resource resulting from inadequate occupation of
the land.

Sometimes it is possible to estimate transit­
time in the unsaturated zone through the analysis
of environmental tritium in interstitial water, or
even by means of the injection of tritium itself.
The studies carried out by Araguas et al. (1994)
on agricultural

Unfortunately, there are no studies regarding this
particular problem in Latin America. Through the
accompaniment of environmental tritium profiles
(1.0 m/yr), research carried out in Great Britain on
the Chalk Aquifer has shown that, although there
was very little possibility of contamination, there
was intermittent groundwater contamination with
fecal bacteria in deep (10-25 m) water table areas
(Foster & Smith-Carington 1980) . A possible
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explanation for this problem was the presence of a
fissure flow in a dual-porosity system where the
velocity of water movement was high enough to
prevent full interchange of solutes with the
microporous matrix (Barker & Foster 1981).

Another important factor in studying
vulnerability is assessment of the degree of
degradation of contaminants. With regard to some
contaminants, it is possible to estimate this
through analysis of their isotopic content. Thi s is
especially so in the case of nitrate, but other
pollutants can be analyzed in the same way, for
example, synthetic organic compounds (Stahl
1980), petroleum hydrocarbons and sulfur (Clark
& Fritz 1997).

Denitrification is the chemical reduction of
nitrate, which occurs in low oxygen concentration
environments, producing nitrogen gas (Nz) as an
end product. This chemical transformation,
normally coming abo ut through the mediation of
bacteria, has been considered as a single-step and
unidirectional reaction process, which leads to the
isotopic enrichment of N03- and which follows the
Rayleigh fractionation model (Mariotti et al.
1988).

Dilution of the contaminant plume, which
may sometimes be confused with denitrification,
does not alter the isotopic relationships of
nitrogen present in the nitrate. This would only be
able to occur if both waters of the mixture have
different isotopic compositions. In this case, it
would be possible to arrive at an estimate of this
process through binary mixture models, where
isotopic composition evolves in a hyperbolic
manner, as a function of concentration (Mariott i et
al. 1988).

Finally, isotopes can assi st in determining
the contamination source, based on its isotopic
signature. This would allow an estimation to be
made of the degree of hazard of contamination
(interrelationship between vulnerability and
contaminant load), and would also assi st in
studies carried out with a view to validation of
vulnerability methods . Isotopes are particularly
useful in identifying contamination sources
involving nitrate, synthet ic organochlorinated
compounds (Van Warmerdam et al. 1996 ),
sulphur (Krouse 1980) and chloride (Clark & Fritz
1997 ).

For example, the ongin of contamination
by nitrates can be determined through the
relationship between 15N/ 14N and standard values
( l)15N). Typical l) 15N values for nitrified soil
organic nitrogen fall within the +4%0 to +9%0
range; for nitrogenous fertilizers these values lie
between -4%0 and +4 %0; and for animal and
sewage wastes, > + 10% 0 (Heaton 1986). These
figures may undergo alteration and overlap, in
accordance with the characteristics of the nitrate
generating process. Based on water samples taken
from the aquifer, the results can indicate,
depending on the l)15N relationship and evidence
gathered in the field, the origin of the
contamination.

The sub stitution of agricultural areas
formerly used for coffee cultivation by urban
developments with no adequate sewage collection
network has been one of the causes of an increase
in nitrate concentrations in the water of aquifers in
the Valle Central region of Costa Rica . Using
nitrogen isotopes, Reynolds et al. (in preparation)
demonstrated a relationship between the l)

15N
value, typical of animal origin (> + 10%0) , and
soil use in the capture zones of monitored wells.

Studies analyzing the origin of the
salinization of aquifers in Latin America can be
found in Panarello et al. ( I994), who studied the
La Plata region (Argentina), and in Maldonado et
al. (1994), who utilized environmental isotopes in
aquifers of the River Guayas Delta (Ecuador).

Component of aquifer
pollution vulnerability

Informati on related to Isotope techn ique
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Hydraulic accessibility
of the saturated aquifer to
penetration of pollutants

Atte nua tion capacity of
strata overlying the
saturated zone, resulting
from the physicochemical
retention or reaction of
pollutants

Pollution hazard factors

Definition of pollutant
origin

Identification of
recharge/discharge areas
Degree of aquifer confinement
Definition of period of
recharge
Identification of paleowater
Interconnection of surface and
groundwater

Determination of transit time
of water through the saturated

and unsaturated zones
(advective flow)

Identification of physic­
chemical reactions of

pollutants (degradation)

Information related to

Identification of source of
pollution

180 * in H20

2H* in H20

85 Kr flow through fissured rock
3H in H20 (environmental and applied
tracer)
51 Cr, 58CO, 6OCO, 131 1(applied tracers)

Dating ofyoung-water
3H
3He

Dating mid-age water
39Ar

14C, correction with 13C in HC03­
81Kr

Dating old-water
81 Kr
234U
DN and 1lr0 in N03-, NH/, N 2, microbial
denitrification processes
l3C, biodegradation of synthetic solvents
and fuel
34S, oxidation/reduction of sulfur

Isotope technique
"'S and 1~0 in SO/-, acidification and
acid mine drainage
37CI, lIB, in B(OHk and B(OH)3­
characteristics of brines; sources of
salinity
15N and 180 in N03-, NH/ , N2
180 , 2H in H20, salinization mechanisms
recycling of irrigation water '
14C d 13C S': • • fan lor ongm 0 sources
associated to organic compounds

Table 3: The use of isotope technique for groundwater pollution vulnerability characterization.

Conclusions

In the last few years , techniques for
determining groundwater pollution vulnerability
have been used in an ever-increasing manner in
groundwater protection and management
programs in Latin America. Although some of
these techniques are more than 25 years old, there
are still some problems that should be resolved
with a view to more widespread and reliable use
of the methodology involved, including: i) better
definition of the concept of aquifer vulnerability;
ii) development of methods capable of
establishing vulnerability in such areas of

1935

complex geology as karstic, fractured, semi­
confined and double-porosity aquifers ; and iii)
validation of vulnerability methods, by means of
field studies, together with detailed monitoring.

Although isotopic techniques are important
tools in determining the hydrodynamics of
aquifers, they are still little used in Latin America
One of .t~e m~in problems in mapping 'l\wrrer
vulnerability IS a lack of hydrogeolilgk:at
information, principally those associated with
determination of the recharge zone and time of
arrival of water at the saturated zone. In this
respect, these isotopic techniques have been of
great assistance.
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