
RESUMEN 
A la hora de estudiar el origen de la salinidad y los

mecanismos de salinización que operan en los acuíferos
costeros se encuentra a disposición de los hidrogeólo-
gos un conjunto de herramientas geoquímicas que per-
miten determinar aspectos esenciales del funciona-
miento hidrogeológico del sistema. Estas herramientas
se basan en el uso integrado de parámetros hidroquí-
micos (iones mayoritarios, elementos traza y relaciones
iónicas) e isotópicos (oxígeno, hidrógeno, azufre, carbo-
no, estroncio y boro). El problema de la salinización en
zonas costeras, además de la intrusión activa de agua
de mar, puede verse influenciado por varias actividades
que aceleran la degradación de la calidad del agua,
tales como bombeos concentrados, prácticas de agri-
cultura intensiva con retorno de aguas de riego, o reu-
tilización de aguas residuales urbanas o industriales. La
caracterización de los procesos y mecanismos domi-
nantes es un requisito para una gestión adecuada del
recurso y la implantación de medidas correctoras. En
esta comunicación se describe brevemente el potencial
de varias técnicas isotópicas al abordar estos temas.

Palabras clave: Intrusión marina, acuíferos coste-
ros, salinización, geoquímica isotópica.

ABSTRACT
When assessing the origin of salinity and the

mechanisms of salinization in coastal aquifers, hydroge-
ologists may consider the combined use of certain geo-
chemical tools to assess critical aspects of the hydroge-
ological setting of the system. These tools are based in
the integrated use of chemical (major ions, trace ele-
ments and ionic ratios) and isotope parameters (oxy-
gen, hydrogen, sulphur, carbon, strontium and boron).
The problem of groundwater salinization in coastal
aquifers, besides active seawater intrusion, may be
affected by several human activities that accelerate the
progressive deterioration of water quality, such as con-
centrated pumping, intensive agricultural practices
including return flows or reuse of waste waters from

urban or industrial origin. The characterisation of the
operating processes and mechanisms of salinization is a
requisite for a proper management of groundwater
resources and for adopting remediation strategies. In
this contribution the potential role of several isotopic
tools in these studies is briefly described.

Keywords: seawater intrusion, coastal aquifers,
salinization, isotope geochemistry.

INTRODUCTION
Seawater intrusion into coastal aquifers is usually

assumed when an increase in total dissolved solids
(TDS) or electrical conductivity of the extracted ground-
water is observed. Seawater encroachment is the most
common mechanism operating in well fields located at
short distance from the coast line, mainly due to inten-
sive pumping in selected sites. The magnitude of sea-
water intrusion is controlled by the geological charac-
teristics of the aquifers and the particular hydrogeolog-
ical and hydraulic setting around each particular obser-
vation point. However, the operating salinization mech-
anisms and the involved sources of salt may turn to be,
in some instances, more complex than anticipated.
Although, in most cases, the ultimate source of salt is of
marine origin, the processes leading to salinization are
different from the active (present-day) seawater intru-
sion. The most common processes responsible of salin-
ization in coastal aquifers are:

• Present-day (active) seawater intrusion due to
overpumping and upward displacement of the
freshwater-saline interface.

• In the case of confined aquifers, the natural geo-
chemical evolution of groundwater along a par-
ticular flow-path may result in a progressive
increase of salinity. If the aquifer is made of part-
ly flushed marine sediments, groundwater may
acquire a chemical signturel (either sodium chlo-
ride or calcium chloride facies) similar to the
observed trend in the case of seawater intrusion.
Refreshing of aquifers may lead to important
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changes in water chemistry due to cation
exchange in coastal aquifers (Appelo and
Postma, 1994).

• Dissolution by groundwater of evaporitic minerals
interbedded in the stratigraphic column. Intense
pumping may force groundwater leaching of low-
permeability horizons containing soluble salts.

• Upward leakage from a deeper confined aquifer
into a shallow phreatic water-bearing horizon
may also result in a marked increase of salinity.

• Irrigation return flow or infiltration of industrial
wastewaters or sewage.

• Infiltration from estuaries or artificial canals con-
taining brackish waters. In this case, three differ-
ent water types may be interacting in the aquifer.

• Presence of connate, trapped brines or brackish
waters mixed in different proportions with shal-
low groundwater.

• Incorporation of sea salt spray into infiltrating
waters in the soil layer.

In the simple case of direct seawater intrusion or a
simply mixture of two water types, the mixing propor-
tions of the two end-members (e.g. seawater and fresh
groundwater or river water from an estuary) can be
derived from a simple linear relationship. This approach
can be followed using a series of physical, chemical or
isotopic parameters, as long as there is sufficient con-
trast (in the chemical or isotopic contents) between the
two types of waters, and the parameters are conserva-
tive.Among these parameters, the most commonly used
are: electrical conductivity, chloride, bromide, sodium,
oxygen-18, deuterium, etc.

In most coastal aquifers, the two water types inter-
acting in a given area are characterised by different, but
rather homogeneous, chemical and/or isotope contents.
Several methodologies have been developed to assess
the involved processes, (e.g. Desai et al., 1979;
Gonfiantini and Araguás, 1988; Gomis et al. 1996,
Sukhija et al., 1996, Stüben et al., 1996, etc.). However,
in most case studies dealing with seawater intrusion,
few parameters are systematically measured and for
regular monitoring, electrical conductivity or major ions,
such as chloride, are regularly determined to assess the
evolution of the water quality in certain coastal
aquifers. Certainly, one of the major limitations to carry
out this type of studies is the access to representative
samples or monitoring points in which the analysis will
be performed.

WATER ISOTOPES
Stable isotopes oxygen-18 (δδ18O) and deute-
rium (δδ2H)

The analysis of the natural variations of the heavy
isotope contents of oxygen (18O) and hydrogen (2H and

3H), constitute one of the classical applications of
Isotope Hydrology in studying the origin and dynamics
of groundwater. The natural distribution of the isotope
contents of precipitation results in a particular labelling
of the different water bodies (rivers, lakes, groundwa-
ter). This labelling is used to investigate the origin of
each water type and the possible interconnection
between them. Due to the different isotope contents
usually observed between groundwater and seawater,
18O and 2H have been used to assess or confirm sea-
water intrusion as the main mechanism of salinization.

Stable isotope contents of light elements are gen-
erally expressed in the form of isotope ratios. The ratio
of interest in the case of stable isotopes is the abun-
dance of the heavy isotopes (18O, 13C, 34S, etc.) with
respect to the most abundant isotopic species (16O, 12C,
32S, etc.). Due to the small differences observed in the
isotopic ratios (e.g. 2H/1H, 13C/12C) of most substances,
the isotope concentrations are expressed as deviations
(in per mil) between the ratio of the sample and the
same ratio in an internationally accepted standard. This
deviation is usually expressed as d units, defined as fol-
lows:

In the case of the stable isotopes of hydrogen and
oxygen in water samples, the reference material is a
composite ocean water sample (Vienna-Standard Mean
Oceanic Water). Therefore, negative δ-values corre-
spond to samples with isotope ratios (2H/1H, 18O/16O)
lower than the same ratio in the standard. Positive val-
ues correspond to samples with higher isotopic ratios
(isotopically enriched). Isotope contents for most light
elements are determined by mass spectrometry with a
typical uncertainty for δ18O and δ13C of ± 0.1 ‰, and
±1‰ for δ2H.

The δ18O and δ2H values of seawater (reference
standard for the two isotopes), generally one of the
end-members of the mixture in the case of seawater
intrusion, are very close to a value of 0‰. The isotope
content of seawater for both isotopes may be slightly
different to the mean value of 0‰. Enriched δ-values in
seawater samples are found in closed marine basins
and seas, where the net water balance (precipitation
minus evaporation) is different to that of the open
ocean. Examples of such situation are found in the
Mediterranean, the Caribbean, the Persian Gulf, etc. In
cases where the contribution of fresh water from the
continent is important in the basin or sea (and therefore
the salinity is lower than the average seawater), the iso-
tope composition is lower than 0‰ (negative δ-values).
Examples of this situation are the Black Sea and the
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Baltic Sea (see compiled list for different seas and
oceans in Gonfiantini and Araguás, 1988).

Most coastal aquifers and rivers discharging into
the sea present the isotopic signature of meteoric
waters infiltrated at some distance form the coast, i.e.
depleted (negative) isotopic values and lower salinity
when compared to seawater. The diagrams relating the
isotope contents δ18O and δ2H, as well as δ18O and
salinity used to identify the origin and processes affect-
ing different water bodies is schematically depicted in
figures 1 and 2.

Figure 1. δ18O vs. δ2H diagram illustrating the characteristic
isotopic content of seawater and groundwater in coastal
aquifers as well as the major processes and/or relationships
that can be identified based on the isotope contents.

Figure 2. Relationship between the salt content and δ18O val-
ues for different salinization mechanisms of coastal aquifers.

Groundwater affected by salinization due to other
processes not related to direct seawater intrusion can
be identified considering the hydrogeological setting
and by integrating hydrochemical and stable isotope
contents. The information may be complemented by
other indicators such as surface geophysical methods,

geophysical logs or other geochemical parameters.
A number of case studies on seawater intrusion

carried out under different hydrogeological settings has
been compiled by Gonfiantini and Araguás (1988). The
examples described in the paper illustrate both simple
and complex approaches used to characterise coastal
aquifers and to shed light on the nature of salinization.

Yurtsever and Payne, (1977) presented a typical
case of interaction between three components or water
types, in which most of the observed increase in salini-
ty was due to the upward leakage of deep groundwa-

ter and only in few cases, direct sea-
water intrusion was active. In other
cases, these tools were used to show
complex geochemical behaviour of
dissolved salts in groundwater sys-
tems, due to water rock-interaction
(adsoprtion, cation-exchange), long-
residence time of groundwater in the
aquifer or the presence of deep
brines (connate water).

Tritium
Tritium is the hydrogen isotope

of mass 3. This radioactive isotope is
converted by radioactive decay into

3He through the emission of a low-energy b-negative
particle. The half-life is 4500 ± 8 days (12,3 a). In
Isotope Hydrology, the tritium concentration of water
samples is expressed in tritium units (T.U.). One T.U. is
equivalent to one atom of tritium in 1018 atoms of 1H
or 3.2·10-3 µCi/m3.

This radionuclide is produced in the upper atmos-
phere and incorporated into the water cycle as tritiated
water. The natural production of tritium found in mete-
oric water ranges between 2 and 20 T.U., depending on
latitude and altitude. Tritium derived from man-made
activities is related to the thermonuclear atmospheric
explosions carried in the 1950-1960s or to the emission
from certain industrial activities or nuclear reprocessing
processes.

The presence of tritium in groundwater is interpret-
ed as a clear indication of recent recharge. In many
cases, tritium indicates the mixture of two groundwater
components, each with a particular residence time in
the aquifer. The absence of tritium indicates transit time
of groundwater above 50 a. Tritium is therefore used to
characterise groundwater of rapid circulation (short
transit time) in the system, and distinguish it from slow-
moving or trapped groundwater. Usually, shallow
aquifers contain tritium due to high flow velocities and
short distances of the main flow-paths, while deeper
confined aquifers lack any tritium, since it has decayed
after travelling ~100 a in the aquifer. For a detailed
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explaination of the use of this isotope in hydrogeology
see Solomon and Cook (2000). In cases when it is
required to distinguish between active seawater intru-
sion from mixing with trapped seawater, researchers
may use tritium, or other tracers of similar characteris-
tics for recent-groundwater “dating” such as SF6, CFC,
85Kr, etc.

There are several lumped-parameters models avail-
able for the interpretation of tritium content in ground-
water in terms of “age”. The typical tritium contents
found nowadays in precipitation and seawater in Spain
and surrounding areas is presented in table 1. Also in
this table, a qualitative interpretation of tritium values
found in groundwater is presented.

The three isotopes described are part of the water
molecule, and therefore they can be considered as ideal
tracers of water. The proper interpretation of the
observed isotope contents of the three species
described in previous paragraphs constitue a basic tool
to study the origin and dynamics of groundwater and
the salinization processes.

ISOTOPES IN DISSOLVED CARBON: CAR-
BON-14 AND CARBON-13

Carbon isotopes (13C and 14C) constitute another
tool to investigate additional aspects regarding the
dynamics of groundwater in coastal aquifers. Both iso-
topes can be used in the conventional form for ground-
water “dating” (e.g. Kalin, 2000) and to investigate
water-rock interaction processes affecting coastal
aquifers both in carbonate and detritic aquifers (e.g.
Back and Hanshaw, 1984, Stüben et at., 1996, Sukhija
et al. 1996).

Carbon-14 constitutes the classical radiometric tool
for “dating” old groundwater. The method is based on
the presence of a small fraction of cosmogenic 14C in
the TDIC (total dissolved inorganic carbon). 14C con-
tents are expressed as a percentage of the so-called

“modern carbon”, which corresponds to the 14C activi-
ty of a wood sample grown in 1890. The half-life of this
isotope is 5730 a., extending the range of radiometric
dating by 14C to ~35.000 a. However the complex geo-
chemistry of carbon requires the use of geochemical
models to correct for the contribution of 14C-free rock
carbonates to the TDIC. To compute the required cor-
rections the stable isotope 13C and the chemical analy-
sis of water samples are included in the models.

Carbon-13 is heavy stable isotope of carbon of
interest in geochemistry, whose natural abundance is
~1,1%. The 13C contents in this field are expressed in
δ-notation (as per mil deviation with respect to the
international standard Vienna-Pee Dee Belemnite). The
standard is a carbonate marine fossil of Jurassic age
and therefore, most of the carbonate rocks of marine
origin in the aquifer matrix of many aquifers present a
13C value close to 0‰.

The biogenic sources of carbon to TDIC present a
typical 13C value around -25‰ vs V-PDB. As mentioned,
marine carbonates from the aquifer matrix that incor-
porate to the TDIC present values close to 0‰, while
recent groundwater presents a typical δ13C content
close to -18‰.

Most of the carbon species dissolved into ground-
water are incorporated during infiltration, mostly from
sources related to biogenic CO2, whose 14C content is
similar to that of the atmosphere. The excess of CO2
reacts with the carbonate minerals of the rock matrix of
the unsaturated zone or the aquifer itself, to produce .
The fraction of carbon derived from biogenic and min-
eral sources to TDIC is generally evaluated from the 13C
content measured in each sample.

Radiocarbon dating may be required in studying
groundwater dynamics of deep confined aquifers in
coastal areas to assess the natural geochemical evolu-
tion and the changes in the flow pattern induced by
pumping. The presence of trapped connate waters or
paleowaters is relatively common in coastal aquifers
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Table 1. Tritium contents found in precipitation, groundwater and seawater samples in mid-latitudes (2001) and qualitative inter-
pretation of tritium in groundwater.



and require the combined use of several tools to assess
the response of the system to exploitation. For a com-
pilation of such case studies see Edmunds and Milne
(2001).

ISOTOPES IN DISSOLVED SULPHUR: SUL-
PHUR-34 AND OXYGEN-18

Sulphur isotopes also present a great potential to
investigate the origin of sulphate and other dissolved
salts in groundwater from coastal aquifers. Similarly to
other heavy stable isotopes of light elements, the sul-
phur isotope contents are expressed as per mil devia-
tion with respect to an international standard. The iso-
tope ratio of interest for geochemical research in
hydrology and other fields is 34S/32S. In the case of sul-
phur, the standard is an iron sulphide mineral found in
a meteorite (Vienna-Canyon Diablo troilite, V-CDT). The
range of isotope contents in nature is quite large (~60-
100‰), due to the large number of chemical species
and valence states in which sulphur is found. For a
review of basic aspects regarding the application of
δ34S in hydrogeology, see Krouse and Mayer (2000).

Besides the sulphur isotope ratio in the sulphate
ion, the oxygen isotope ratio (18O)can be precisely
measured and used as additional parameter to study
the origin and evolution of sulphur in the environment.
In this case, the isotope ratio is expressed as per mil
deviation (δ) with respect to V-SMOW.

Present-day seawater presents a rather constant
isotopic contents: δ34S=+21‰, and δ18O=+9.5 ‰.The
isotope composition of dissolved sulphate in ground-
water is, in most cases, significantly different, depend-

ing on the source of dissolved sulphate. If the origin is
related to igneous or magmatic rocks, the δ34S values
are significantly more depleted then the value found in
seawater. In such cases, it is straightforward to eluci-
date the contribution of sulphate derived from seawa-
ter. However, if the origin of sulphate is related to gyp-
sum derived from evaporite deposits of marine origin,
the situation may be more complex, since the original
isotope content is closer to the δ34S value of seawater.
The typical range of δ34S and δ18O contents in dissolved
sulphate for different sources of sulphur is shown in
figure 3.

Besides the origin of the dissolved sulphur (marine,
terrestrial, industrial, pollution, mine drainage, seawater
intrusion, etc.), processes such as sulphate reduction or
mixing different sources can be identified by using the
mentioned isotopes (Krouse and Mayer, 2000). In gen-
eral, sulphate reduction is identified by a marked iso-
tope enrichment in samples with lower sulphate con-
centrations. Similarly, if denitrification is linked to pyrite
oxidation in shallow aquifers, a correlation is found
between the isotope contents of δ15N and δ34S.

BORON ISOTOPES: BORON-11
Natural boron has two natural isotopes, 11B and

10B, also of interest to study hydrogeological processes.
The natural abundance ratio of these two isotopes is
close to 4. The isotope contents, as in the case of other
light-elements, are expressed in δ-notation, with
respect to the accepted standard NIST SRM 951, and is
defined as follows:
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Boron is present in groundwater as boric acid,
borate and polyborate ions. The distribution of these
species is controlled by pH, salinity, cation concentra-
tions and temperature. Boron concentrations in pristine
groundwater is <0.05 mg/L, while in seawater is 4.6
mg/L. Typical contents for raw domestic wastewater is
about 1 mg/L.

Boron isotopes show large fractionation values in
nature (~90‰). Isotope abundance is determined by
negative thermal ionisation mass spectrometry, with a
typical uncertainty of about ±0.3‰. 11B is preferential-
ly partitioned in groundwater into B(OH)3 (dominant
dissolved boron species), while 10B is incorporated into
the , which enters the solid phase (Vengosh et al.,
1998). The observed large fractionation observed in
groundwater makes boron a good candidate to trace
the origin of salts in groundwater. The δ11B of low-B
groundwater (<0.1 mg/L) is controlled by the respective
contribution of leached boron from the rock-matrix
(usually with depleted δ11B) and boron supplied by
marine aerosols (with enriched δ11B values). Therefore
aquifers located on coastal zones tend to present sig-
nificant more enriched δ11B values (~30‰) than those

observed in aquifers located inland (~+5 to –15‰).
Due to the large range of isotope contents

observed in many environments, several examples can
be found in the literature to illustrate the magnitude of
the processes affecting groundwater evolution in
coastal areas. Simple mixing lines between the two
end-members can be drawn in a δ11B-[B] diagram (fi-

gure 4) Non-conservative behaviour of boron can be
observed due to water-rock interaction processes
(boron adsorption), resulting in high δ11B and low B/Cl
ratios relative to seawater values (figure 5). The use of
boron isotope as one additional tool to more conven-
tional geochemical and isotopic tools may contribute to
the understanding of groundwater dynamics, mixing
patterns and the magnitude of the water-rock interac-
tion.

Due to the mentioned properties, boron isotopes
have shown great potential to study contamination
processes in coastal aquifers and distinguish the
sources of salinity. The diagram proposed by Vengosh et
al., (1998) has been considered to relate the δ11B con-
tents and the B/Cl molar ratio to assess the salinization
mechanisms operating in coastal aquifers (figure 5).

OTHER ISOTOPE TOOLS
Strontium isotopes: 87Sr/86Sr

The 87Sr/86Sr ratio constitutes another tool avail-
able to hydrogeologists to study both geological and
hydrogeological processes. Unlike the isotopes of light-
elements, the Sr isotope ratio does not fractionate by
geological processes and therefore it is a good tracer
for the source of the dissolved trace elements in water.
The isotope contents are expressed in absolute values
of the 87Sr/86Sr ratio. Several models have been devel-
oped to simulate the isotopic contents of dissolved
strontium considering different flow models and types
of water-rock interaction (for a review see McNutt,
2000).

Nitrate isotopes: 15N and 18O
Depending on the importance of agriculture activi-

ties on the soil cover over coastal aquifers, a good
knowledge of the nitrogen cycle may be required to
assess the influence of such activities in the degrada-
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Figure 4. Mixing patterns between unpolluted groundwater
of a coastal aquifer and different sources of salinization: sea-
water intrusion and wastewater from urban or agricultural
sources. Arrows indicate possible fractionation associated to
adsorption onto clay minerals of the aquifer matrix, (after
Vengosh et al., 1998).

Figure 5. Typical δ11B contents and B/Cl molar ratios in vari-
ous types of groundwater and seawater (after Vengosh et al,
1998).



tion of water quality. Similarly to the other isotopes
described, these tools have acquired sufficient develop-
ment to be used on routine basis to identify sources of
nitrate in groundwater and the extent of the different
geochemical processes affecting shallow aquifers. For a
review about the potential of these isotope tools, the
reader is addressed to dedicated chapters in isotope
manuals (e.g. Kendall and Aravena, 2000)

CONCLUSIONS
Nowadays there is an increasing number of proven

geochemical and isotope tools available to hydrogeolo-
gists to assess the hydrological setting and the sources
of salinity of groundwater in coastal aquifers. Critical
aspects such as the dynamics of groundwater, intercon-
nection between different aquifers, mixing patterns
with surface waters and the origin of groundwater and
the dissolved salts can be addressed by a combined use
of geochemistry and isotope hydrology.

Due to the development of complex flow patterns
and geochemical interactions in coastal groundwater
systems subject to intense pressure, the hydrogeologi-
cal and geochemical characterisation of these aquifers
and their hydraulic relationship has become a basic
need for their management. The isotope methods briefly
described in this paper offer a number of possibilities to
address many of the questions related to the operating
salinization processes and the flow patterns established
in coastal aquifers. Besides the isotopes briefly
described or mentioned in this paper, there is a long list
of potential tools that are being investigated and test-
ed to address the questions put forward by field hydro-
geologists.
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